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Chapter 1

Introduction

In the early 1590s, a Dutch eyeglass maker named Zacharias Janssen invented the
“microscope”. After more than half a century, the Yorkshire scientist Henry Power
published the first observations made with a microscope, and Robert Hooke published
“Micrographia” and opened the “microscopic” world. About 300 years later, Gerd
Binnig and Heinrich Rohrer developed a new type of microscope able to resolve the
atomic structure of solid surfaces [1]. This extremely high magnification microscope
technique was called scanning tunneling microscopy (STM) [1]. During the last two
decades STM and scanning tunneling spectroscopy (STS) techniques have been ex-
tremely developed. The atomically resolved topographic images gave us a wealth
of information. Since it was already clear from the beginning how important these
new microscopy techniques are for different areas in science, their inventors already
received the Nobel Prize in physics in 1986, only 4 years after the first STM had been
constructed.

In the last two decades computer technology developed tremendously as well.
The main cause was the development of epitaxial growth techniques. Using these
techniques we are able to make atomically flat ultrathin films with metals or semi-
conductors. Specially, ultrathin films made of magnetic metals were found to have
unique magnetic properties, which do not exist in bulk. By using these properties
many kinds of new devices have been fabricated. These are called spin electronic
devices. An example is the giant magnetoresistance head, which is used inside hard
disk drives. By using magnetic domains on magnetic thin films, information can be
stored binary. Such small domains are called “bits”. In order to get a higher areal
storage density one has to produce smaller and smaller bits. In 2003, the bit size
was close to ∼100 nm. Although, according to Moore’s law, this size will be smaller
soon (∼10 nm in 2010) [2], the extremely rapid developments to minimize the bit
size are facing problems such as super-paramagnetization. In addition, the magnetic
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properties of nano-magnets are not fully known.
To investigate the magnetic properties at the surface or interface of thin films, sev-

eral methods were reported: spin-polarized (inverse) photoelectron spectroscopy, spin-
polarized low-energy electron diffraction, X-ray magnetic circular dichroism, magneto-
optical Kerr effect, magnetic second harmonic generation and Lorentz microscopy.
However, these techniques cannot resolve magnetic information at an atomic scale.
Magnetic force microscopy showed a magnetic resolution of 30 nm in ultra-high vac-
uum (UHV) in 2002 [3] and scanning electron microscopy with polarization analyzer
(SEMPA) showed a magnetic resolution of 5 nm in UHV in 2001 [4]. However, these
magnetic resolutions are still far from the atomic scale.

With STM/STS magnetic structures at surfaces can be studied when a magnetic
tip is used. These techniques are called spin-polarized scanning tunneling microscopy
(SP-STM) and spectroscopy (SP-STS). Also, from a scientific point of view, it is
very important and interesting to study magnetism at the surface or interface of thin
films at an atomic scale since there are still many questions unanswered concerning
the electronic, magnetic and geometric structure of the magnetic films. The SP-
STM/SP-STS can detect all this information at the same time. The SP-STM/SP-
STS technique was carefully studied during my PhD and we succeeded to detect
spin-polarized tunneling current. Until 2004, only a few laboratories in the world
succeeded to detect magnetic information with SP-STM/SP-STS [5–8].

This thesis presents studies of sub-nanometer scale surface magnetism on Fe /
Mn / Fe(001) multilayer and Au / Mn(001) films by means of STM/STS as well as
SP-STM/SP-STS at room temperature 1.

First, we had to change our UHV-STM setup to one being able to detect spin-
polarized tunneling. As a test magnetic sample we chose the antiferromagnetically
coupled bct-Mn(001) layers grown on an Fe(001)-whisker at 370 K [chapters 2 and
3]. We tried many preparation methods to make Fe-coated W tips and finally a blunt
W tip with a radius larger than 200 nm covered by a 2-10 nm Fe film reproducibly
detected spin-polarized tunneling [chapters 2 and 5]. We also found that after voltage
pulses (1V↔10V) on this test sample, W tips can detect a spin-polarized current.
Also, these voltage pulses can change the tip magnetization direction [chapter 5]. In
this thesis, we used these tips to investigate surface magnetism. We found interesting
magnetic structures at Mn films grown on an Fe screw dislocation [chapter 3]. Also,
locally, an area with a diameter of around 8 nm showed a reversal of spin direction,
particularly, on the fourth and the fifth Mn layer [chapter 3]. We found sub-nanometer
scale antiferromagnetic domain walls on the Mn(001) surface, which are caused by a
hidden Fe step. Using this domain wall we studied the limit of magnetic resolution

1Other results obtained during my PhD are written in my PhD the-
sis for Gakushuin University (Tokyo, Japan), whcih thesis is available at
http://www.gakushuin.ac.jp/univ/sci/top/jimu-info/GT Yamada.pdf. Also both theses will
be available at http://www.evsf2.sci.kun.nl/publications.htm.



1.1 STM 3

in SP-STS images and obtained the best magnetic resolution of 0.4 nm [chapter 4].
In order to investigate magnetization coupling between ferromagnetic and antifer-

romagnetic multilayers, we studied the Fe/Mn/Fe(001) multilayer [chapter 6]. Thicker
Fe layers were found to have the same characteristics as ferromagnetic bcc-Fe(001).
An oscillation of magnetization directions of the thicker Fe layers (∼7 ML) was di-
rectly observed with a period of 2 ML Mn thickness, which corresponds to results
obtained with averaging techniques. However, for the first few Fe layers (interface
layers), which include intermixed Mn atoms and have different electronic and geo-
metric structures, we found non-collinear coupling between these layers; the first Fe
layer couples 124±4 and 116±6 degrees with the top Mn and the second Fe layer,
respectively. Two spin-polarized LDOS peaks were found at 0.3 eV and 1.0 eV above
the Fermi energy for these layers, while the thicker Fe layers (∼7 ML) revealed a
spin-polarized LDOS peak at 0.2 eV above the Fermi energy, similar to bulk Fe.

To investigate magnetism of noble-metal films grown on magnetic layers, Au(001)
layers on Mn(001) films were studied [chapter 7]. Between these layers we found
AuMn-c(2x2)-alloy layers, which have a spin-polarized LDOS peak at 0.1 eV above
the Fermi energy. In these alloy layers, we observed that spins in the same sheet align
in-plane and couple ferromagnetically, while each alloy-layer couples antiferromagnet-
ically with layers below and above.

1.1 STM

In 1961, Bardeen first proposed the basic theory for a tunnel junction using a many-
body transition Hamiltonian [9]. Later several people developed this theory [10–12].
Using this transition Hamiltonian three-dimensional (3D) tunneling in the STM was
studied by Tersoff and Hamann [13], Garcia et al. [14], and Lang [15]. In Tersoff and
Hamann’s theory, the solutions of the Schrödinger equation for a spherical potential of
radius R were taken as tip wave functions, i.e. only the s-wave solution was assumed
to be important. At low voltages, the tunneling current is proportional to the Fermi-
level local density of states (LDOS) at the center of curvature of the tip �ro.

I ∝ ΣEF

Eµ=EF −eV |ψµ(�ro)|2 = eV ρs(�ro, EF ) (1.1)

where ψµ denotes the wave function of the state µ, EF the Fermi energy, and ρs the
LDOS of the sample, which is defined as ρs(z, E) ≡ 1

ε ΣE
Eµ=E−ε|ψµ(z)|2. Thus, in the

s-wave model, a constant current STM image is a Fermi-level LDOS contour of the
sample surface taken at the center of the curvature of the tip �ro, i.e. the STM image
reflects only the properties of the sample [13].

In this model, the simple metal surface with fundamental periodicity a has the
corrugation amplitude (∆z) of the Fermi level LDOS as a function of the tip-sample
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separation (z):

∆z ≈ 2
κ
exp

[−2z(
√
κ2 + π2/a2 − κ)

]
. (1.2)

where κ denotes the decay constant: κ =
√

2mΦ/�, m the electron mass, � the Plank
constant, and Φ the averaged work function of tip and sample. Also, the lateral
resolution (∆x) can be estimated as a function of the tip-sample separation and s-
wave tip radius of curvature (R):

∆x ≈
√

(2Å)(R+ z). (1.3)

Although the s-state tip model explains the contours of the superstructures on the
Au(110) surface [13], it cannot explain the atomic resolution on low-Miller-index metal
surfaces, i.e. the experimentally observed corrugation amplitude was more than one
order of magnitude larger than the Fermi level LDOS corrugation. Baratoff proposed
that the atomic resolution in STM is due to a single dangling bond protruding from
the tip [16]. Especially, the dz2 surface state on W(001) surface is located at the
Fermi level. Also, Ohnishi and Tsukada made a first principles calculation of the
electronic states for a number of W clusters, which showed that there is a dz2 -like
state protruding from the apex atom near the Fermi energy [17]. This d-type localized
state on the tip apex is interpreted as a cause of the large corrugation.

Experimentally, STM was operated as shown in Fig. 1.1. While a certain voltage
is applied to a conductive sample, a conductive tip is brought to the sample until the
tip detects tunneling current. At this moment, the tip-sample distance is around 1
nm. When a positive (negative) bias voltage is applied to the sample, the electrons
tunnel from the tip (sample) Fermi energy to the sample (tip) unoccupied states (see
Fig. 1.1). The tip is scanned over the sample surface. In order to keep a constant
current, the tip moves forward/backward. By detecting the variation of the tip-sample
distance, STM images are obtained (see Fig. 1.1(c)).

1.2 STS

The theory of STS was first studied by Selloni et al. [18] and Lang [19] and it was
concluded that, in the general case of 3D tunneling, the tunneling current cannot be
calculated as a simple convolution of sample DOS and tip DOS. The simple relation
between sample DOS and tunneling current can be obtained in the one-dimensional
(1D) and semi-classical Wentzel, Kramers, and Brillouin (WKB) approximation only
[20]. Until now, theories of STS are limited to 1D. Selloni et al. qualitatively gener-
alized the model of Tersoff and Hamann and suggested that a convolution of sample
DOS and tunneling transmission probability (T ′) is a crude estimation of the tunnel-
ing current [18].
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Figure 1.1: When positive (a) and negative (b) bias voltages are applied to the
sample, electrons tunnel from the tip to the sample and from the sample to the
tip, respectively. (c) shows an example of an atomically resolved STM image in
a three-dimensional mode obtained on an Fe(001) surface covered by 1.2 ML Mn
(6.6×6.0 nm2, VS = −2 mV, I = 2.6 nA ).

The first experimental realization of STS was made on graphite [18]. The results
of differential conductivity (dI/dV ) curves revealed not only the graphite DOS, but
also the influence of the tip DOS and the tunneling transmission probability. To solve
this problem, Stroscio et al. suggested normalization of the dI/dV by the total con-
ductivity (I/V ), which can effectively remove the tip-sample separation dependence
on the current [22]. They claimed that this normalization will exclude not only the
tip-sample separation dependence but also the tip-sample bias voltage dependence in
T ′, and will show the sample DOS. This normalization technique was confirmed to be
correct by simulations with metal-like DOS since the simulations showed a qualita-
tively agreement between the (dI/dV )/(I/V ) and the input sample DOS. However,
there was still a clear influence of the tip DOS on the normalized results [20].

The most successful scheme to recover the DOS from the STS data was proposed
by Ukraintsev in 1996. He showed that the (dI/dV )/(I/V ) method cannot com-
pletely remove the voltage dependence of the tunneling probability [20]. Although
this theory still includes approximations, we applied this normalization technique
to our experimentally obtained STS and found that this normalization is the best
method to recover the sample DOS [8, 23, 24]. Therefore, in this thesis, Ukraintsev’s
method was used to investigate the sample DOS and the spin-resolved sample DOS.
Also, based on Ukraintsev’s method it will be shown how spin-dependent tunneling
influences dI/dV . However, one should keep in mind that the theory of STS and the
proposed normalization method to recover the DOS are still approximations because
all theories are based on 1D semi-classical WKB approximations.

In this thesis, DOS refers to the local DOS, i.e. the DOS at a position �r,
since local probe techniques such as STM/STS detect local information instead of
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space-averaged information. Usually the position �r is the tip position. The tip de-
tects a convolution of all wave functions on the sample surface at the tip position:
DOS(E,�r) = limε→0

1
ε

∑E+ε
Eµ=E |ψµ(Eµ, �r)|2.

The tunneling current between two weakly bounded electrodes using first order per-
turbation theory (Bardeen’s theory) is described as follows:

I(z, V ) =
2πe
�

∑
t,s

|Mt,s|2δ(Et − Es)[f(Et − eV ) − f(Es)], (1.4)

where e is the electron charge, � Plank’s constant, V the sample bias voltage, z the
tip-sample separation, Mt,s the tunneling matrix element between the tip state ψt

and the sample state ψs, f(E) the Fermi-Dirac function, and Et and Es the energies
of ψt and ψs, respectively [12, 13]. The tunneling matrix is described as follows:

Mt,s = − �
2

2m

∫
(ψ∗

t ∇ψs − ψ∗
s∇ψt)dA, (1.5)

where the integral is calculated over an arbitrary surface in the vacuum region between
the tip and the sample [9]. In the tunneling matrix, the electron transition between
different states (s, p, d, and f -state) are included. Usually, the tip and the sample have
several electronic states and each state has a different decay factor. For example, a
transition between an s-state ↔ p-state and an s-state ↔ d-state is different, i.e.
exp(−(κs + κp)z) and exp(−(κs + κd)z), where κ denotes the decay length and z the
tip-sample separation. However, using the 1D semi-classical WKB approximation,
the density of the tunneling current between two planar electrodes is described by
assuming an equal decay length for all electron transitions:

J(z, V ) ∼= 2πe
�

(
�

2

2m

)2
∫ ∞

−∞
T ′(z, V, E)[f(E − eV ) − f(E)]ρs(E)ρt(E − eV )dE,

(1.6)

where T ′ is the tunneling transmission probability function, ρs(E) and ρt(E) are
the sample DOS at the tip position and tip local DOS at the tip apex, respectively
[12, 13]. The tunneling probability for a trapezoidal barrier can be estimated in the
WKB approximation as

T ′(z, V, E) ∼= exp
[
−2z

(2m
�2

[
Φ̄ +

eV

2
− (E − E‖)

])1/2]
, (1.7)

where Φ̄ is the average of the sample and the tip barrier heights, E|| = �
2k2

||/2m is
the component of electron energy parallel to the tip and the sample surface. k|| is the
corresponding electron momentum [21]. Since the DOS at the Γ point in the k-space
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is the main contribution to the tunneling, E|| ≈ 0 [20]. Furthermore, tunneling at low
temperatures is assumed, which changes the Fermi-Dirac function to a step function
[20]. Then,

J(z, V ) ∼= 2πe
�

(
�

2

2m

)2
∫ eV

0

T ′(z, V, E)ρs(E)ρt(E − eV )dE. (1.8)

The tip-sample separation z is included inside the tunneling probability function, but
it is not included in the expression for the sample and the tip DOS. When z is 0, the
tip and the sample are connected. Then, when z increases to d, only the exponential
term changes.

Using Eqs. 1.7 and 1.8 Ukraintsev described dI/dV as follows:

dI(z, V )/dV ∼= A
[
eT ′(z, V, E)ρs(E)ρt(E − eV )|E=eV

+
∫ eV

0

T ′(z, V, E)ρs(E)
dρt(E − eV )

dV
dE

+
∫ eV

0

dT ′(z, V, E)
dV

ρs(E)ρt(E − eV )dE
]
, (1.9)

where A is a proportionality coefficient related to the effective tip-sample contact area
[20]. Ukraintsev neglected the second and the third terms by assuming a constant tip
DOS and negligible variation of T ′ for small sample bias voltages and claimed that
these simplifications help to explain the basic principle of tunneling spectroscopy, but
may lead to quantitatively wrong conclusions. To illustrate this statement, one may
express the dI/dV in a form symmetric with respect to the tip and the sample DOS
by substituting ξ = (E − eV/2) in Eq. 1.9.

dI(z, V )/dV ∼= Ae

2

[
T ′′(z, ξ)ρs(ξ + eV/2)ρt(ξ − eV/2) |ξ=eV/2

+ T ′′(z, ξ)ρs(ξ + eV/2)ρt(ξ − eV/2) |ξ=−eV/2

+
∫ eV/2

eV/2

T ′′(z, ξ)
dρs(ξ + eV/2)

dξ
ρt(ξ − eV/2)dξ

−
∫ eV/2

−eV/2

T ′′(z, ξ)ρs(ξ + eV/2)
dρt(ξ − eV/2)

dξ
dξ

]
, (1.10)

where

T ′′(z, ξ) ≡ T ′(z, V, E) = exp
[
−2z

(2m
�2

(Φ̄ − ξ)
)1/2]

(1.11)

is the appropriate description of the tunneling probability function. T ′′(z, eV/2) is
the tunneling probability from the tip Fermi level to the sample unoccupied states.



8 Introduction

T ′′(z,−eV/2) is the tunneling probability from the sample Fermi level to the tip
unoccupied states [20].

At positive bias voltage, T ′′(z, eV/2) � T ′′(z,−eV/2), the second term in Eq. 1.10
can be neglected. The dI/dV can be described as

dI(z, V )/dV ∼= Ae

2
T ′′(z, eV/2)[ρs(eV )ρt(0) + ∆ρs(eV )ρt(0) − ρs(eV )∆ρt(0)],(1.12)

where ∆ρs(eV ) and ∆ρt(0) are derivatives (effective changes) in the sample and the
tip DOS, respectively, in the proximity of ξ = eV/2, where the T ′′(z, ξ) is close
to its maximum value T ′′(z, eV/2). In the same way, at negative bias voltage,
T ′′(z,−eV/2) � T ′′(z, eV/2), the dI/dV can described as

dI(z, V )/dV ∼=
Ae

2
T ′′(z,−eV/2)[ρs(0)ρt(−eV ) + ∆ρs(0)ρt(−eV ) − ρs(0)∆ρt(−eV )]. (1.13)

Ukraintsev numerically checked the effects of the second and the third terms in
Eqs. 1.12 and 1.13. In Ukraintsev’s simulations, input DOS were modelled to have
some peaks with a constant amplitude [20]. The (dI/dV )/T curves showed peaks at
the same energy positions, but the peak amplitude slightly increases with the sample
voltage. However, these effects are small and the sample (tip) DOS above (below)
the Fermi level were successfully recovered [8, 23, 24].

Thus, with T ′′’s below and above the Fermi energy, the tunneling probability
function (T ) can be described as follows:

T = at exp

[
−2z

(
2m
�2

(Φ̄ − eV/2)
)1/2]

+ as exp

[
−2z

(
2m
�2

(Φ̄ + eV/2)
)1/2]

. (1.14)

The first (second) term of T describes tunneling from the tip (sample) Fermi level to
unoccupied sample (tip) states. at and as are proportionality coefficients related to the
tip-surface effective contact area and are proportional to the tip and the sample DOS
at the Fermi level, respectively. Thus, dI/dV normalized by T represents ρs(eV )·ρt(0)
above and ρt(eV ) · ρs(0) below the Fermi level.

(dI/dV )/T ∼= ρs(eV ) · ρt(0) for V > 0,
(dI/dV )/T ∼= ρs(0) · ρt(eV ) for V < 0. (1.15)

Although, the recovering method of sample DOS proposed by Ukraintsev is theoreti-
cally not perfect, at the moment, only the normalization with T sufficiently recovers
the sample DOS for V>0 for real data. For example, peak energies can be recovered
with an accuracy of 10 mV near the Fermi energy [8, 23, 24].

Using this normalization to recover the sample LDOS, one should be aware of the
following point. As shown in Eq. 1.6, in the theory of STS, only one decay factor
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(i.e. only one electron transition between one tip and one sample state) was assumed.
Therefore, only when the tip and the sample have one state contributing to the
tunnel current, the obtained (dI/dV )/T shows the surface LDOS exactly. However,
practically, the tip and the sample have several states. Thus, it is not clear if the
recovered DOS corresponds to the DOS at the surface or to the DOS somewhere in
the vacuum.

Here, we show how experimentally the spectroscopy curve was obtained (Fig. 1.2,
see also Fig. 2.4). Before measuring the spectroscopy, the tip-sample separation is
determined as shown in Fig. 1.2(a). Fixing the set point value for the sample bias
voltage and the tunneling current, the distance between tip and sample is fixed (zo).
In the case of Fig. 1.2(a) a negative bias voltage is applied, i.e., electrons tunnel from
the sample Fermi energy to the tip unoccupied states. A sketch of the local density
of states (LDOS) of the tip and the sample are shown as well. A constant tip LDOS
and a peak above the Fermi energy in the sample LDOS are assumed.

After the tip-sample separation (z = zo) is determined, the sample bias voltage is
varied from negative (−V) to positive (+V) while the tip-sample separation zo is kept
constant by disconnecting the feedback, as shown in panels (b)-(d) in Fig. 1.2.

When a negative voltage is applied to the sample, electrons tunnel from the sample
Fermi energy to the tip unoccupied states (Fig. 1.2(b)). Next, the voltage is increased
and the value of the tunneling current at each voltage is plotted as shown in Fig. 1.2(b-
1). When the voltage is increased from negative to zero (Fig. 1.2(c)), the tunneling
current decreases since the tip unoccupied states are constant and the barrier height is
lower for higher voltages (Fig. 1.2(c-1)). Next, the polarity of the voltage is changed to
positive. Electrons tunnel from the tip Fermi energy to the sample unoccupied states
(Fig. 1.2(d)). When the voltage is increased from zero to positive, the tunneling
current increases with a shoulder due to the strong LDOS peak that exists in the
sample unoccupied states (Fig. 1.2(d-1)). By numerically differentiating this I(V )
curve (tunneling current as a function of the sample bias voltage), a dI/dV curve
is obtained as shown in Fig. 1.2(d-2). For V>0, dI/dV reveals a sample LDOS
multiplied by an exponential background and a tip LDOS at the Fermi energy (see
Eq. 1.15). Thus, the positive voltage peak in the dI/dV curve corresponds to the
sample LDOS peak in the sample unoccupied states.

Furthermore, in Fig. 1.2(e), an effect of the tip-sample separation into dI/dV
is demonstrated. The tip-sample separation dependence is included only in T as
mentioned before (see e.g. Eq. 1.15). The black (grey) dI/dV curves are simulated
with a tip-sample separation of 0.9 (1.0) nm. Both curves are obtained with the same
tip and sample LDOS.
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Figure 1.2: Spectroscopy measurement is explained from the practical point of
view. (a) First, the tip-sample separation is decided choosing the set point voltage
and the tunneling current with the feedback loop connected. A sketch of the
tip and sample LDOS is shown as well. Here, it is assumed that the tip has a
constant LDOS and the sample has a peak in the LDOS above the Fermi level.
(b-d) Second, disconnecting the feedback loop the tip-sample separation is kept
constant and the sample bias voltage is varied from negative to positive. (b-
1),(c-1), and (d-1) show the obtained spectroscopy curve: tunneling current as
a function of the sample bias voltage (I(V )). (d-2) By taking the derivative of
the I(V ) curve, the sample LDOS peak is recovered. (e) shows the effect of the
tip-sample separation into dI/dV . The black and the grey dI/dV curves are
simulated for tip-sample separations of 0.9 nm and 1.0 nm, respectively.

1.3 SP-STM / SP-STS

Magnetic imaging with STM was first published by Wiesendanger et al. in 1990.
He demonstrated spin-polarized tunneling in the topographic image recorded with
a half metallic CrO2 tip [25]. Recently Prof. Wiesendanger’s group used W tips
covered by thin magnetic films ([5] and refs. therein) in the spin-polarized STM
measurements. An atomically-resolved magnetic image in SP-STM and a magnetic
resolution of 1-2 nm in SP-STS have been reported. These magnetic-film-coated W
tips have to be prepared in ultra-high vacuum. Also, STM with optically pumped
GaAs tips was reported by van Kempen et al. [26] and Suzuki et al. [27]. In order to
detect magnetic information of the sample surface, the use of semiconductor tips with
circular polarized light is ideally the best way to obtain precise spin-resolved sample
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LDOS since the tip does not have a stray field and so does not influence the specimen
surface magnetism. Also, the tip polarization can be changed with high frequency
(80 kHz) resulting in a good signal to noise ratio. However, the preparation and the
control of the GaAs tip take a lot of effort compared to the other methods. Soft
magnetic material tips, e.g. Ni or amorphous FeCoB, were used by Wulfhekel et al.
to detect sample magnetic information by switching the tip magnetization with a coil
surrounding the tip [28]. Recently, a magnetic resolution of ∼1 nm was reported with
this technique.

Three kinds of STM imaging with magnetic sensitivity can be discerned. The first one
is the so-called SP-STM. SP-STM obtains a constant current topographic image, i.e.,
during the measurement the feedback is closed and keeps a constant tunneling current.
In 2000, Heintz et al. published an atomically resolved SP-STM image, which was
recorded on a sample of 1 ML Mn on W(110) [29]. A non-magnetic W tip detected
a p(1×1) structure, whereas an Fe-coated W tip detected a c(2×2) structure. In the
case of 1 ML Mn on W(110), the SP-STM result can be trusted to detect magnetic
structures since this system is close to an ideal system, i.e., the Mn layer does not
include any intermixing and disordered structures. Even using this ideal sample,
calculations were needed to prove whether magnetic information was obtained. A
theory of SP-STM was described by Heintz and Blügel [29, 30], in which the Tersoff
and Hamann’s model was modified by modelling an s-state tip by a spin-polarized
tip. The real DOS of the tip is unknown since the tip DOS depends on the tip shape,
volume, and includes both s, p, d, and f states [31–33].

The weak point of SP-STM is that in this method the magnetic information is
mixed with other effects. Usually to obtain the atomically resolved images, a metal
tip is brought close to a metal sample surface [33]. Under this situation, a strong tip-
sample interaction occurs, which can be observed in SP-STM images as scratched line-
noise along the scan direction (e.g. Fig. 3.13(a)). This strong tip-sample interaction
is known to cause tip-changes and is used to enhance chemical contrast in STM
images. Therefore, it is difficult to prove that the obtained SP-STM image is purely
caused by the magnetic structure of the sample surface. Thus, this technique is not
straightforward to investigate magnetic structures.

The second method, which is called SP-STS, was also introduced by Wiesendanger
et al. [34]. During the SP-STS measurements the feedback loop is closed. This
technique obtains dI/dV values by modulating the sample bias voltage (∼ ±20 mV)
at the set point voltage with a lockin-amplifier with a higher frequency than the
feedback frequency. Simultaneously, STM topographic images are also obtained. By
choosing the voltage (current) set point high (low) enough one can exclude the tip-
sample interaction and only the electronic and the magnetic structure of the sample
are detected. To prove the reliability of this technique, good samples are needed:
atomically flat ordered magnetic layers with homogeneous electronic structure and no
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intermixing. Since the STS measures the sample DOS (as well as the tip DOS and
the tunneling probability), samples with highly spin-polarized d surface states have
been used, e.g. Cr(001) [34], Fe films on W(110) [5], Co(0001) [28] and Mn films on
Fe(001) [8].

However, to obtain quantitative information, such as sample polarization, we have
to measure the full I(V ) curve as a function of sample bias voltage by opening the
feedback. This is the third method. The full dI/dV curves are obtained by a nu-
merically differentiation. Using dI/dV curves normalized by tunneling probability
functions quantitative information can be obtained. Since the dI/dV includes tip-
sample separation, which is itself spin-dependent, the obtained dI/dV values do not
show correct spin-dependent values. In order to obtain quantitative information (e.g.
sample polarization as well as spin-resolved sample LDOS), the third method is the
best since the influence of the spin-dependent tip-sample separation can be removed.
The second method is useful to obtain magnetic images with good spatial resolution
(qualitative information). In this thesis, the second and the third methods are used
to investigate magnetic structures.

To illustrate the physics of SP-STS, simple models of the tunneling on different mag-
netic domains with a non-magnetic tip (Fig. 1.3) and a magnetic tip (Fig. 1.4) are
shown.

Figure 1.3 represents a simple model to understand STS measurements on magnetic
sample surfaces. Here, no spin-flip during tunneling is assumed. The sample surface
is assumed to have in-plane magnetization, but the sample magnetization directions
are opposite between panels (a) and (b) in Fig. 1.3. When a non-magnetic tip is
used, the tip has the same DOS for spin-up and spin-down states at the Fermi level.
When a positive bias voltage is applied to the sample, the spin-up and spin-down
electrons of the tip DOS at the Fermi level tunnel into the spin-up and spin-down
DOS of the unoccupied sample DOS. In Fig. 1.3(a) more spin-up electrons tunnel
and in Fig. 1.3(b) more spin-down electrons. However, the total number of electrons
which tunnel from tip to sample is the same in the panels (a) and (b) of Fig. 1.3.

When the non-magnetic tip is changed for a magnetic tip, SP-STS can be mea-
sured, as shown schematically in Fig. 1.4. The DOS of the magnetic tip is assumed to
have only spin-up electrons at the Fermi level, i.e., the tip is 100 % polarized. When
a positive bias voltage is applied to the sample, spin-up electrons at the Fermi level
tunnel from the tip to the unoccupied spin-up sample DOS. Therefore, only the spin-
up electrons can tunnel to the sample unoccupied spin-up states. Due to different
density of spin-up states in the sample unoccupied LDOS between panels (a) and (b)
in Fig. 1.4, a difference results in amounts of tunneling spin-up electrons.

SP-STS can be described as follows. The polarization is defined by the difference
between the number of electrons in minority and majority bands integrated up to the
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Figure 1.3: Scheme of the tunneling process from a non-magnetic tip to a mag-
netic sample. The tip and the sample LDOS are shown as well. Since a positive
bias voltage has been applied to the sample, electrons tunnel from the tip Fermi
energy to the sample unoccupied states. Transitions of spin-up and spin-down
electrons are shown. Between (a) and (b) the sample magnetization directions are
different. “EF” denotes the Fermi energy. “↑” and ”↓” denote the spin-up and
the spin-down electrons, respectively. “�M” denotes the magnetization vector.

Figure 1.4: Scheme of the tunneling process from a magnetic tip to a magnetic
sample. The tip and the sample LDOS are shown as well. Since a positive bias
voltage is applied to the sample, electrons tunnel from the tip Fermi energy to
the sample unoccupied states. Transitions of spin-up and spin-down electrons are
shown. Between (a) and (b) the sample magnetization directions are different.
“EF” denotes the Fermi energy. “↑” and ”↓” denote the spin-up and the spin-
down electrons, respectively. “�M” denotes the magnetization vector.
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Fermi level. The spin of the majority band electrons is defined as positive. With a
magnetic sample and a magnetic tip, (dI/dV )/T can be described by modifying the
sample and the tip DOS terms in Eq. 1.15. Since the tip-sample separation is deter-
mined by the the feedback loop trying to keep a constant current, the separation is
secondarily influenced by the spin-polarized DOS, and consequently the T is modified.
Since it was checked on the Mn layers that the work function is not spin-dependent
[35], the work function term in T is not modified. To describe the SP-STS data
polarization vectors of the sample (�PS) and the tip (�PT ) are included (Fig. 1.5(a)).
The sample polarization vector (�PS) defines the x-axis. Then, the �PS and �PT can be
described as follows:

�PS = (PS , 0, 0),
�PT = (PT cosφ cos θ, PT cosφ sin θ, PT sinφ), (1.16)

where 0 ≤ φ ≤ π/2, |�PS | ≡ (ρS↑ − ρS↓)/(ρS↑ + ρS↓), and |�PT | ≡ (ρT↑ − ρT↓)/(ρT↑ +
ρT↓). ρS↑ (ρT↑) and ρS↓ (ρT↓) denote spin-up and spin-down sample (tip) DOS,
respectively. Here, the x-y plane is defined as the sample surface. The z axis is
perpendicular to the x-y plane. Based on the basic idea of the “spin-valve” [36],
spin-polarized tunneling depends on the dot product.

�PS · �PT = PSPT cosφ cos θ. (1.17)

Thus, if �PT does not have an x-component, the tunneling current is not spin-polarized.

Figure 1.5: (a) shows the coordinate axis. �PT and �PS denote polarization vectors
of the tip and the sample, respectively. (b) The dependence of the DOS peak in
the dI/dV curve on the polarization directions between the tip and the sample. A
100 % polarized sample DOS (V > 0) and a 100 % tip polarization at the Fermi
energy are assumed. The black, the grey, and the dashed curves denote the cases
that these polarizations are parallel, anti-parallel, and orthogonal, respectively.

By following Ukraintsev’s approximation, dI/dV can be described as ρS(eV ) ·
ρT (EF ) · T for V>0 and ρT (eV ) · ρS(EF ) · T for V<0. Here, only the DOS and the
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tip-sample separation can be spin-polarization dependent. The spin-polarized factor
�PS · �PT is introduced into the DOS and the tip-sample separation terms as follows:

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 + �PS(eV ) · �PT (EF )]︸ ︷︷ ︸

1

· exp
[
−2κ(znon + zsp(�PT (EF ) · �PS(Vsetpoint)))

]
︸ ︷︷ ︸

2

for V > 0,

(1.18)

dI/dV (eV ) =
1
2
ρS(EF )ρT (eV )[1 + �PT (eV ) · �PS(EF )]︸ ︷︷ ︸

1

· exp
[
−2κ(znon + zsp(�PS(EF ) · �PT (Vsetpoint)))

]
︸ ︷︷ ︸

2

for V < 0,

(1.19)

where κ is
√

2m(Φ̄ − eV/2)/�2 above the Fermi level and
√

2m(Φ̄ + eV/2)/�2 below
the Fermi level. ρS and ρT denote the non-spin-dependent sample and tip DOS,
respectively. znon and zsp denote the non-spin and spin-dependent term in the tip-
sample separation, respectively. In Eqs.1.18 and 1.19, 1 denotes tip and sample
DOS including the spin polarization. 2 denotes the tunneling probability includ-
ing spin-dependence. Experimentally, a spin-dependence in the tip-sample separation
was observed [25, 37]. The tip-sample separation is set in the constant current mode
before starting the spectroscopy measurement 2. When the tip and the sample polar-
izations are parallel, the tip retracts from the sample. When the tip and the sample
polarizations are anti-parallel, the tip moves closer to the sample surface. 2 explains
these experimental results. (More details about spin-polarized scanning tunneling
spectroscopy are described in the Appendix.)

2In a spectroscopy measurement, first in the constant current mode the tip-sample separation is
set. The spin-dependency in the tip-sample separation is included at this point. Then, at a constant
tip-sample distance, the tunneling current is obtained as a function of the sample bias voltage (=
I(V ) curve).
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Chapter 2

Experimental details

The preparation methods of magnetic tips have been studied in our group. This
chapter presents our results on the procedure of producing magnetic Fe-coated W
tips. To exclude contaminants the magnetic tip was prepared in UHV. After many
trials, finally, we found that a blunt W tip (>200 nm) coated at room temperature by
a 2-10 nm Fe film is able to detect spin-polarized tunneling current in a reproducible
way. The process to make this tip is described in the following. Also, critical points
for the SP-STM measurements after the tip is made are shown.

As a test magnetic sample, we used Mn(001) films grown on Fe(001)-whisker.
Cleaning of the Fe(001) surface and preparations of the Mn films are shown. Pumping
system and our STM/STS measurement procedure are described as well.

2.1 UHV setup

Figure 2.1 reveals a picture of our UHV system at the University of Nijmegen, the
Netherlands. This UHV system consists of a fast entry chamber, a preparation cham-
ber and an STM chamber. These chambers are mounted on steel frames and the
frame is designed as stiff as possible. It consists of hollow box-sections which are
filled with sand to make them acoustically dead. Four pneumatic air dampers (Fill
and Forget, Laminar Flow Isolator PL2000 series, Newport) are set below the system
to reduce the coupling of vibrations from the floor (above 2 Hz). This floor has a
very low vibration level, about 20 times less than the other basement floors in the
building because it is part of a former atomic shelter. The preparation and the STM
chambers are separated by a gate valve. The preparation chamber is pumped by a
turbo molecular pump (Balzers 170 l/s) which is backed by a two stage rotary pomp
(Edwards 5 m3/hr). The STM chamber is pumped by an ion pump (Varian, Noble
Diode 150 l/s). Also, both chambers contain titanium sublimation pumps (Varian).

19
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Using these pumps, after baking and degassing the system, the base pressure achieves
1 × 10−10 mbar for the preparation chamber and 5 × 10−11 mbar for the STM cham-
ber. The partial pressures of residual gases were checked with a mass-spectrometer
(AccuQuad 100D Kurt J. Lesker). When the pressure of the preparation chamber was
4.6 × 10−9 mbar as measured with the ionization gauge, it showed 1.2×10−9 mbar
for H2, 0.77×10−11 mbar for N2, 2.0×10−11 mbar for CH4, 7.2×10−11 mbar for H2O,
4.7×10−11 mbar for CO or N2, 0.09×10−11 mbar for O2, and 2.3×10−11 mbar for
CO2, i.e. the main residual gas was H2.

2.2 Preparation chamber

Except for STM/STS measurements all experiments and preparations were performed
in the preparation chamber. The preparation chamber includes a transfer-rod with
a goniometer (VG HPLT 50 DH) which can move about 50 cm, i.e. the sample or
tip can be transferred between the two chambers without breaking UHV. Using this
transfer-rod our samples or tips were moved to the STM chamber and transferred
into the STM head with a wobble stick.

The samples and tips were sputtered frequently by Ar+ with a sputter ion gun
(Perkin Elmer). The diameter of the ion beam was about 2 mm. The ion beam
was rastered over a 10 × 10 mm2 area. Roughly speaking, a sputtering rate of ∼0.2
nm/min is estimated for an Fe sample using a 1 kV Ar+ ion beam and a sputtering
current of 3 µA [1]. In combination with the heating system of the manipulator we
can sputter the sample at various temperatures. Usually, Ar gas (purity 99.9999 %)
was introduced in the preparation chamber up to 3-5×10−5 mbar. The Ar gas was
introduced from the bottle through a steel pipe and a variable leak valve (Varian)
into the preparation chamber. Usually the pipe was pumped by an another turbo-
pump (Varian, 45 l/s for H2) which is backed by a rotary pump (Vacuum Research
Corporation 84 l/min). Before sputtering, pumping in the pipe was stopped and
immediately the pipe was filled with Ar. The Ar pressure in the pipe was kept higher
than 1.5 bar. During the sputtering mass spectroscopy detected a slight increase of
the partial pressure of residual gases: 2.2×10−9 mbar for H2, 1.3×10−11 mbar for N2,
3.3×10−11 mbar for CH4, 6.9×10−11 mbar for CO or N2, 0.18×10−11 mbar for O2,
and 3.2×10−11 mbar for CO2. The Fe-whisker sample and the W tip were usually
sputtered under the following conditions: 750 V (2 µA, 50 minutes) at ∼1000 K for
the Fe-whisker and 1000 V (3 µA, 60 minutes) at room temperature for the tip.

Auger spectroscopy (Perkin Elmer, Cylindrical Auger Electron Optics, PHI model
10-155) was used to identify different chemical species on the sample surface. A
primary electron beam (2 kV, 20 µA) with a diameter of 0.1 mm was used. The
typical electronic noise level is lower than 1 % of the Fe 703 eV peak in the differential
mode Auger signal.
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Figure 2.1: Front view of our UHV system. The system comprises a prepara-
tion chamber and an STM chamber. Tips and samples are moved between both
chambers by a transfer-rod. A wobble stick is used to move tips and samples from
the rod to the STM head. The whole system is supported by four air dampers.
1: preparation chamber, 2: STM chamber, 3: gate valve, 4: air damper, 5: turbo
molecular pump, 6: titanium sublimation pump, 7: ion pump, 8: ion sputter
gun, 9: Auger electron analyzer, 10: Knudsen-cells, 11: quartz microbalance, 12:
linear feedthrough with three filaments for tip heating and with field emission
spectroscopy system, 13: transfer-rod with a goniometer, 14: wobble stick. Invisi-
ble behind preparation chamber: fast entry chamber with wobble stick for sample
and tip introduction.

2.3 UHV-STM/STS system

All STM/STS measurements were performed at room temperature. The STM cham-
ber includes a commercial STM (Omicron UHV STM-1), a wobble stick, and sample-
carousel (eight sample-tip holders can be stored.) To minimize electronic noise, the
tunneling current amplifier is integrated in the STM. We use a hybrid IV converter
H1 (Omicron) which has an input protection against voltage peaks up to ±500 V
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(∆t<0.1 ms) instead of the regular IV converter. It is characterized by a large band-
width (>30 kHz) and low current noise. Furthermore, the tunneling current from the
IV converter goes through a filter circuit before it is detected by the controller. A
push-pull motion drive can lock the STM stage including the piezo sliders. When the
STM stage is unlocked it hangs freely on four springs. These springs act as a low
pass filter with resonance frequency lower than 2 Hz. Additional vibrational isolation
is provided by eddy current damping. Copper plates move between the permanent
CoSm magnets when the STM stage is unlocked. This damping is needed to reduce
the response at the resonance of the spring system. The stray field of the permanent
magnets is lower than 1 Gauss at 70 mm apart from the magnets, i.e., at the tip or
the sample position in the STM the stray field is lower than 1 Gauss.

(a)

(b)

(c)

tip
sample

z-piezoCu-plate

magnet

STM stage

tip

IV convertor

tip

sample

Ta holder

Fe whisker

Figure 2.2: Top (a) and side view (b) of the UHV-STM (Omicron 1). (c) Top
view obtained by a CCD camera. An Fe-whisker is mounted on the Ta holder.
The tip is also observed. The tip diameter is 0.5 mm.

In this study we choose a z-gain of 1.6 pm for 1 bit. All STM/STS measurements
are controlled by the commercial Omicron STM controller with the SCALA system
(SPARC SUN4m) using the SPM software version V2.2.0.3. For the STM piezo
calibration, we used as a first approximation the calibration provided by the company
(Omicron): 5.5 nm/V for x-axis, 5.9 nm/V for y-axis and 7.3 nm/V for z-axis. To
check in-plane lattice constants as well as step heights of samples, this calibration was
not good enough. In this thesis, atomically resolved STM images and steps obtained
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on a bcc-Fe(001) surface were used as a reference to get a more accurate calibration.
Figure 2.2 shows images of the STM head viewed from the top (a) and the side (b).
Figure 2.2(c) reveals a tip and a Ta sample holder with an Fe whisker, which was
obtained from the top with a CCD camera.

2.4 STM measurement

Before STM/STS measurements, the turbo pumps (and rotary pumps) were switched
off to reduce vibrations. The tip was brought close to the sample in two steps. The
first step is a coarse approach. Since our sample, an Fe whisker, is small (maximum
width is 1 mm), it is difficult to bring the tip exactly on the Fe whisker. Thus, the tip
is brought closer until we observed the reflection of the tip on the Fe whisker surface
by monitoring with a CCD camera with magnifier. Although the noise current was
usually lower than 4 pA, the tip sometimes detected a leakage current (5-100 pA)
due to a mechanical contact between the sample holder and the STM stage. We
solved this problem by moving the sample holder properly. The second step is an
auto-approach controlled by the STM controller and software. The set point during
the auto-approach was typically VS = −1 V and I = 0.05 nA. The tip was moved
towards the sample by superimposing a linear ramp to the z-piezo. The speed of this
ramp can be selected by the controller. When a tunneling current is detected, the
auto-approach is stopped. At this position we started to scan and checked whether
drops from the tip or crashes between tip and sample occurred during the approach.

The tip can be moved on the surface by x- and y-axis piezo scanners. The tip-
sample separation is varied by a feedback loop to keep a constant current. By detecting
the variation of the z-piezo from pixel to pixel a map is displayed on the computer
screen. This image is called STM topographic image. The experimentally obtained
STM topographic image includes a tilt since the sample surface is not completely
parallel to x,y scan directions. Usually the distortion in the image was removed
by a plane-fitting as shown in Fig. 2.3(a). In this image, the tip moves from the
bottom-left pixel to the top-right pixel by scanning every line (“forward”: left to
right and “backward”: right to left). Grey scale reveals a height difference on the
sample surface. White and black color denote high and low, respectively. When the
sample surface has a homogeneous electronic structure, this STM topographic image
shows the real geometric structure of the sample surface. To obtain the interlayer
distance between a lower and a higher layer, step heights were measured with clean
W tips. A scan area smaller than 100×100 nm2 was used since only for this limited
area the calibration of the sensitivity of the piezo is valid. The step heights were
obtained from a histogram of the plane-fitted STM images, where different levels
appeared as sharp Gaussian peaks in this distribution with their spacings being the
step heights (Fig. 2.3(b)). Only sharp Gaussian distribution profiles for which step



24 Experimental details

heights unambiguously can be defined were included in the analysis 1. Using the Fe
single step height of bcc-Fe(001) which is 0.143 nm, the apparent step heights of our
STM measurements are calibrated (Fig. 2.3(c,d)). The accuracy of the step heights
obtained with this procedure is ±0.007 nm.

Figure 2.3: (a) is an STM topographic image obtained on the surface of 5 ML
Mn on Fe(001) at 370 K. VS = −0.5 V and I = 0.5 nA, 39× 35 nm2. Numbers in
(a) denote the stacking numbers of the Mn atomic layers. (b) shows a histogram
obtained from (a). Five peaks are visible, which represent the different Mn layers
in (a). By measuring the distances between the peaks the apparent step heights
between Mn layers can be obtained. (c) is an STM topographic image obtained
on the surface of Fe(001). VS = +1 V and I = 0.08 nA, 50 × 50 nm2. (d) shows
a histogram obtained from (c), which was used for the calibration of step height
measurements of the Mn layers.

Although the apparent step heights were not influenced by the set point current,
the heights in the topographic images obtained at different set point voltages show
differences when a lower and a higher layer have a different DOS or a different work
function. To exclude these electronic influences the apparent step heights obtained at

1Although from this analysis we cannot identify the thickness of the Mn layers (numbers in
Fig. 2.3(a)), spectroscopy measurements as well as quartz crystal calibration can make proper iden-
tification possible.
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set point voltages below the Fermi energy are used to extract the interlayer distance
since at negative voltage the electronic structure of the tip dominates (see chapter
1) and is the same on different sample terraces. (However, this procedure does not
exclude systematic errors due to variation of the work function.) The experimentally
obtained results are shown and discussed in chapters 6 and 7. If the step height
measurements as a function of the sample bias voltage obtained with Fe-coated W
tips show differences from those obtained by clean W tips, this must be caused by
spin-polarized tunneling.

Typically, when we obtain STM topographic images of more than 30×30 nm2 we
choose a tunneling resistance higher than 109 Ω, e.g., VS = −0.5 V and I = 0.5 nA
with a scan speed of 1 second/line, to avoid a contact or a strong interaction between
tip and sample. When we want to obtain atomically resolved STM images we choose
the area smaller than 30×30 nm2 and bring the tip closer to the sample by decreasing
the tunneling resistance down to 1×105 Ω, e.g., VS = −2 mV and I = 25 nA with a
scan speed of ∼0.3 second/line. Four orders of magnitude difference in the resistance
varies the tip sample distance by about 0.4 nm.

2.5 STS measurement

STS measurements were performed at every pixel of a constant current topographic
image by opening the STM feedback loop at a typical set point of VS = −0.5 V, I
= 0.5 nA since this set point reduces the tip-sample interaction. In this study an
I(V ) curve was recorded at each pixel within a voltage range, typically, from −1 V
to +1 V with a voltage step of about 25 mV, which value corresponds to kBT at
RT (kB and T denote the Boltzmann constant and the temperature, respectively).
dI/dV curves were obtained by numerical differentiation of the I(V ) curves. Figure
2.4 shows a typical example of our STS measurement, where we choose 100×100
pixels (1x1 nm2/pixel) and obtain the tunneling current (I) from −1 V to +2.5 V
with a 25 mV voltage step (i.e., 140 points). Figure 2.4(a) shows the variation of
the tunneling current monitored with an oscilloscope as a function of time during the
STS measurement. During the period “P” (about 100 ms) the tip stays at one pixel
position. During the period “A1” (around 20 ms) the feedback is working and the tip
approaches or retracts to keep the constant current, then topographic information is
recorded. After period “A1” the feedback is opened and the tunneling current as a
function of sample bias voltage is measured (period “B1”: around 80 ms). Then, the
feedback is switched on again and the tip moves to the next pixel position and during
“A2” topographic information is obtained. The same process is repeated for 100×100
pixels, i.e. it takes 16 minutes 40 seconds to finish this STS measurement and the
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amount of data is 2.8 mega bytes 2. By modifying the data points and numbers of
pixels, the measurement time can be varied. Typically 5-20 minutes were taken to get
the STS data. This includes a topographic image (Fig. 2.4(b)) and a spectroscopic
image (Fig. 2.4(c): a dI/dV map at +0.1 V).

Figure 2.4: (a) shows the tunneling current as a function of time obtained from
−1 V to +2.5 V at a set point of VS = −0.6 V, I = 0.4 nA. The tip stops at one
pixel position during “P”. During “A1” the tunneling current is kept constant by
closing the feedback loop to store topographic information. Then, during “B1”
the feedback loop is opened. The tunneling current is measured as a function
of the sample bias voltage, i.e. spectroscopic information is obtained. After this
information is obtained, the feedback loop is closed again and the tip moves to
the next pixel position. In this way we obtained STM and STS information at the
same time. As an example, an STM (70×70 nm2, −0.5 V, 0.5 nA) and an STS
image (a dI/dV map at +0.1 V) shown in (b) and (c), respectively, were obtained
with an Fe-coated W tip at the same time on the surface of 6 ML Mn on Fe(001).

To analyze STS curves from the original data, the commercial omicron software
was used. Usually we took an averaged STS curve from more than 10 single curves
by selecting each curve at each pixel (point mode). Although the averaged curve can
be obtained directly by selecting a boxed area in an STS map (area mode), we found

2Every data point takes 2 bytes of memory. 2 x (STM data + STS data) = 2 x (140 points x
(100x100)pixels) = 2.8 mega-bytes.
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that this method causes an additional shift in the STS value. The shape of the curves
is the same and the peak energy position in STS curves also the same, but only the
STS values shift. The reason might be that the area always includes some noise curves
at RT. Using this mode we cannot compare the peak amplitude in STS curves. Thus,
we only used the point mode.

2.6 Sample preparation

In UHV, all sample preparation was performed on the manipulator. This manipula-
tor can accept the commercial Omicron sample holder by clamping it with Mo leaf
springs (Fig. 2.5(a)). The sample holder (a Ta plate) was modified to mount the Fe-
whisker. This holder can be radiatively heated by a thoria-coated tungsten filament
(VG), which is 1 mm behind the holder. Since the holder and the filament are isolated,
−900 V can be applied to the filament while the holder is grounded. This high voltage
is needed to accelerate the electrons to reach a higher temperature. In this way, the
holder can be heated higher in temperature by direct electron bombardment. The
temperature is detected by two Pt-10%PtRh thermocouples (arrows in Fig. 2.5(a)).
Since the thermocouples are not in direct contacted with the holder, the temper-
ature on the holder was calibrated by a pyrometer (Ircon Radiation Thermometer
Series 300c). Figure 2.5(b) shows temperatures detected by the thermocouple (black
curve) and by the pyrometer focused at the center of the sample (grey curve) when
the sample was heated by electron-bombardment (with applying the high voltage).
The sample holder was heated from time = 0. Both temperatures increase rapidly
in the first five minutes: 58 K/min for the black curve and 137 K/min for the grey
curve. Then, after five minutes, the increasing speed slows down drastically and
the temperatures are asymptotically close to constant values, i.e. the sample holder
nearly achieves thermal equilibrium condition. The temperature at the center of the
sample is about 1.5 times higher than at the thermocouple position. In this thesis,
during sample preparations, the sample temperature was detected by the thermocou-
ples. Figure 2.5(c) shows the sample temperature measured by the pyrometer as a
function of the sample temperature measured by the thermocouples. The triangles
were obtained when the sample was heated radiatively. The black and grey dots were
obtained when the sample was heated by electron-bombardment (applying the high
voltage). The grey dot was obtained with another pyrometer (Minolta Cyclops 52).
The radiative heating can increase the sample temperature only up to 550 K. During
the cleaning of the Fe-whisker with Ar sputtering, the whisker was heated by electron
bombardment to 1020 K. The temperature was limited to this value because of the
martensitic-austentitic phase transition in the Fe-C phase diagram, which occurs at
996 K for a carbon weight concentration of 0.8 % but increases to 1183 K for zero
carbon concentration. Above this phase transition α-Fe (which has a bcc structure)
transforms to γ-Fe (which has a fcc structure).



28 Experimental details

Figure 2.5: (a) shows the manipulator head holding the Ta sample holder with
an Fe whisker. Arrows mark the two thermocouples. (b) Variation of the temper-
ature of the Ta sample holder as a function of time as measured by the pyrometer
(grey curve) and the thermo-couple (black curve). After five minutes both tem-
peratures are close to constant temperature, i.e. the sample holder nearly achieves
thermal equilibrium condition. Since the thermocouple is not directly in contact
with the holder, there a 1.5 times difference is observed between them. (c) The
temperature measured by the pyrometers as a function of the temperature mea-
sured by the thermocouples. The triangles were obtained when the sample was
heated radiatively (without high voltage). The black and grey dots were obtained
with the Ircon Radiation pyrometer and with the Minolta Cyclops pyrometer,
respectively, when the sample was heated by electron-bombardment heating.

To obtain a clean and flat substrate surface, an Fe(001)-whisker [2] was used for
all the studies described in this thesis. Figures 2.6(a) and 2.6(b) show our sample
holders for the Fe whisker. The Fe whisker was fixed by a Ta leaf spring. The
first version of the sample holder fixed both sides of the Fe whisker (Fig. 2.6(a)).
The spring was fixed by a screw. Then, after several annealing treatments, the Fe
whisker was deformed and many ripples were observed probably due to strain-induced
re-crystallization (Fig. 2.6(c)). To solve this problem, we made the second version
sample holder (Fig. 2.6(b)). A channel (1 mm width and 0.3 mm depth) was spark
cut into the Ta sample holder. This channel fitted to the Fe whisker. The Fe whisker
was fixed only at one side and the spring was spot-welded to the Ta holder. The Fe
whisker was able to expand during the heating along the long axis of the Fe whisker.
We observed a drift in STM measurements along the long axis (0.1 nm/min at 12
hours after the preparation of the Fe whisker). With this sample holder many (more
than 200) sputter-anneal cycles were possible without the deformation induced by the
first sample holder. Using Ar sputtering (750 eV) cycles between RT and 1020 K, the
Fe(001)-whisker, with dimensions 7 × 1 × 1 mm3, was cleaned until the concentration
of surface contaminants became lower than 1% as measured by Auger spectroscopy
as well as atomically resolved STM images. Roughly speaking, a sputtering rate of
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Figure 2.6: (a) First version of sample holder. An Fe-whisker was fixed at both
sides by Ta strips. (b) Second version of sample holder. An Fe whisker was put
in the channel and was fixed at only one side by a Ta strip. (c) Fe whisker, which
was used in (a). By repeated heating and cooling the Fe-whisker surface was
deformed.

∼0.2 nm/min is estimated when the Fe-whisker was sputtered by 1 kV Ar+(3 µA) 3

[1]. From the Auger spectroscopy the contaminant was identified as oxygen. Before
STM/STS measurements, the Fe(001) whisker was heated up to 1020 K for 5 minutes
and a flat and clean Fe(001) surface was obtained. Typically, terraces larger than
300 nm were obtained as shown in Fig. 2.7(a). Figure 2.7(b) shows atomically and
chemically resolved STM images. A p(1×1) bcc-Fe(001) surface is observed with a
slight distortion (∼0.3 nm/min.). Close-packed directions are also shown. Dark spots
sitting in the four-fold hollow sites correspond to oxygen contaminants which was also
checked by means of the Auger spectroscopy. The bright ring around the dark spots
seems to be caused by a corrugation reversal due to small tip-sample separation (<0.4
nm) [3]. The bcc-Fe(001) shows a strong peak around +0.2 V in the dI/dV curve
as is shown in Fig. 2.7(c), which is ascribed to a dz2 surface state [4]. The oxygen
contaminants were identified as dark spots in the dI/dV map at +0.2 V due to a 0.04
V shift of the Fe(001) surface state and a 22 % decrease of the LDOS at the oxygen
atom position (Fig. 2.7(d)) [5].

Since the Fe whisker has closed magnetic domains [6], no stray field is considered4.

3Figure 2.7(e) shows an Fe(001) surface sputtered by Ar+ at 750 eV (2 µA) for 1 minute at
RT. Due to the sputtering many trenches (0.1-0.2 nm depth) were made and roughness of the
surface increases from 0.007±0.002 nm to 0.095±0.003 nm. Here, the roughness was defined as
( 1

N
ΣN

i=1(zi − z̄)2)0.5, where N denotes the numbers of pixels in the selected area, zi the height at
the pixel i, z̄ the average height at the selected area. According to the estimation, about 0.2 nm was
removed by this sputtering.

4If magnetic field caused by the Fe whisker exists at the tip position (= vacuum at ∼1 nm from
the Fe surface), this field might be similar to the demagnetization of a single Fe domain. One Fe
single domain with a general ellipsoid with Cartesian axis (a is long axis. b and c are short axis;
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In this study Mn, Fe, and Au were deposited on the sample and the tip from
Knudsen cells. The evaporation sources are surrounded by a liquid nitrogen baffle
which keeps the pressure during growth in the low 10−10 mbar range after sufficient
degassing of the cells. For evaporating Mn, Fe, and Au, we heated the K-cells up
to 1010 K, 1620∼1710 K, and 1420 K, respectively. The evaporation rate was esti-
mated by a quartz crystal microbalance (Leybold inficon): 0.07 nm/min for Mn, 0.6
nm/min for Fe, and 0.02 nm/min for Au. After calibrating the evaporation rate the
microbalance was substituted by the Fe-whisker or the W tip in front of the K-cells.
By opening the shutter during a certain time a precise amount of Fe or Mn or Au was
deposited. Figure 2.8 shows the configuration of K-cells in the preparation chamber.
All K-cells are pointing to the same position. During the evaporation the sample is
set at this position and the shutter is opened.

Mn (purity 99.999 %) was deposited on the Fe(001)-whisker at 370 K at a depo-
sition rate of ∼0.3 ML/min. Here, one ML is defined as one Mn atom per Fe atom
on the (001) surface. The local Mn coverage is obtained from a Gaussian fit to the
distribution of exposed layers. During the growth, the pressure was always around
4×10−10 mbar. Growth at 370 K leads to reasonable flat films [9] and low intermixing
[10].

Fe films were deposited on the Mn layers at RT at a deposition rate of 1 ML/min.
During the growth the pressure remains below 3×10−10 mbar. Due to the position of
the Fe evaporator, Fe films show local variations in thickness. The local Fe coverages
were calibrated with a Au(111) single crystal with a diameter of 8 mm by counting
the local number of Fe islands deposited.

Au films were deposited on the Mn layers at RT at a deposition rate of 0.25
ML/min., where one ML is defined as one Au atom per Mn atom on the (001) surface.
During the growth the pressure remains below 3×10−10 mbar.

2.7 Tip preparation for SP-STM/SP-STS

A W polycrystalline wire (purity 99.99 %) with a diameter of 0.5 mm and a length of
10 mm was chemically etched by 5 M KOH aq. and a 7 mm length W tip was made,
which was spotwelded to the tip holder. Subsequently, the tip was brought inside the
UHV chamber. In UHV, the W tip was heated at 1000 K and self-sputtered by Ar+

(or Ne+) up to 3 kV (10 µA) [12]. After these preparations, the tip usually had a
radius of 10-50 nm.

b = c, a/b = 10), which demagnetizing factor is 0.017 [7], has a demagnetization of ∼400 G. Thus,
the near surface of the side of the ellipsoid might have such magnetic field. However, since the
tip magnetization direction was able to be changed by voltage-pulses (see Fig. 5.10), no stronger
magnetic field than the tip coercive magnetic field (∼50 Gauss is estimated from Fe/W(110) results
in ref.[8].) exists at vacuum near the Fe surface.
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Figure 2.7: STM/STS results obtained on the Fe(001)-whisker surface. (a)
shows an STM topographic image (600×501 nm2; VS = −1 V, I = 0.03 nA).
Terraces larger than 600 nm are exposed on the surface. (b) shows an atomically
and chemically resolved STM image (19×8 nm2; VS = −0.3 V, I = 0.2 nA). The
concentration of contaminants was confirmed with STM and STS images. Dark
spots at the four-fold hollow sites were identified as oxygen impurities by Auger
spectroscopy. It is noted that around each dark spot bright rings appear. This is
caused by a low tip-sample separation (<0.4 nm) [3]. The diagonal lines that run
from the lower left corner to the upper right one are electrical noise. An inset in
(b) shows an enlarged atomically resolved STM image on Fe(001) (3.5×3.5 nm2;
VS = −2 mV, I = 2.3 nA). The closed-packed directions are shown as well. (c)
shows an averaged dI/dV curve of 20 single curves obtained on clean Fe(001) sur-
face. A strong peak around +0.2 V is observed, which is known to be contributed
by a dz2 surface state of bcc-Fe(001). (d) shows a dI/dV map at +0.3 V obtained
at a set point of VS = −0.5 V, I = 0.5 nA (12×21 nm2). Dark spots in the map
correspond to the oxygen impurities. (e) shows an STM image (100×200 nm2;
VS = −0.86 V, I = 0.05 nA) obtained on an Fe(001) surface sputtered by 750 eV
Ar+ (2 µA) at RT for one minute.
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Figure 2.8: Top (a) and side (b) views of the molecular beam evaporation setup
are shown. The sample was set around the center of the preparation chamber.
Mn, Fe, and Au were deposited from 15o out of the normal direction of the sample
surface.

Firstly, we deposited the Fe films on this sharp W tip. After many trials, the
sharp W tips covered by the Fe films did not detect the sample in-plane magnetic
information. The reason might be the following. Since the thin Fe films on W tip
apex has an in-plane anisotropy [11] and the surface of the sharp W tip apex is
almost orthogonal to the sample surface, the in-plane magnetization of the Fe film on
the sharp W tip might be largely orthogonal to the sample in-plane magnetization.
Thus, the tip cannot detect the in-plane sample magnetic information (see chapter
1). Therefore, to detect the in-plane sample magnetic information we concluded that
a blunt W tip was needed instead of a sharp W tip. Figures 2.9(a) and 2.9(b) show
sketches of the magnetizations of the Fe films on the sharp and the blunt W tips,
respectively.

To make clean and blunt W tips in UHV, the tip was self-sputtered by Ar+ (or
Ne+) [12], then sputtered by Ar+ (1 kV, 3 µA, 45 min) and subsequently heated.
During the sputtering the sputter current gradually decreases (from 3.3 µA to 1.7
µA). Then, after ∼45 minutes, it suddenly jumps again (3 µA) (see Fig. 2.9(c)). At
that moment, the sputtering was stopped. (Some tips did not show such a “jump”,
but nevertheless they frequently revealed spin-polarized tunneling after coating with
the Fe film. This indicates that the “jump” may relate to details of the shape of
the tip apex and may be not important.) Since radiative heating 5 can increase the
tip temperature up to only 1000 K, which is not enough to make the tip blunter, we

5The W wire shown in Fig. 2.10(a) was directly contacted to the tip.
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heated the tip by electron-bombardment. A W wire was put about 5 mm above the
W tip apex and a voltage was applied (see Fig. 2.10(b)). Then, the tip was heated
by electron bombardment (600 V × 70 mA = 42 W). Usually, after five minutes
the emission current becomes stable. This heating increased the radius of the W
tip to more than 200 nm, which was estimated by field emission spectroscopy (see
Appendix). Figure 2.10(d) represents an example of the field emission curve. The
black (grey) curve was obtained before (after) the electron bombardment heating.
The grey curve shows no field emission current up to 3 kV. Even macroscopically we
could see the difference (Fig. 2.9(d)). Figure 2.10(c) shows a sketch of the sample and
the tip with a radius of 300 nm with a tip-sample separation of 1 nm on scale.

Remarkably this blunt W tip covered with 2-10 nm Fe at RT reproducibly (always)
detected the spin-polarized tunneling current.

Figure 2.9: (a) and (b) show sketches of the magnetization of the Fe films on
the sharp and the blunt W tips, respectively. Arrows denote the magnetization
directions. (c) The Ar+ sputtering current was recorded during the time in which
a W tip was sputtered (1 kV, 3.5×10−5 mbar). (d) The image obtained by a CCD
camera shows a tip apex of a sputtered and electron-bombarded W tip. (e) shows
a tip set into the tip holder.

During the Fe evaporation the pressure was kept below 2×10−10 mbar. The evap-
oration rate was 0.6 nm/min. After the Fe deposition no external magnetic field was
applied to the tips. It is believed that for these tips the magnetization is parallel to
the sample surface [11]. Furthermore, no voltage pulses were applied during these
SP-STS measurements [13]. Since the magnetic contrast depends on the factor cos θ,
where θ is the angle between the in-plane magnetization directions of the Fe-coated
W tip and the Mn layers, the magnetic contrast is always observed except for the case
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that the tip magnetization is exactly orthogonal to the sample magnetization. The
tip magnetization direction is randomly orientated with respect to the magnetization
direction of the Mn layers and is different from tip to tip. When SP-STS shows the
highest magnetic contrast, the magnetizations of the tip and the sample are believed
to be nearly (anti)parallel.

Figure 2.10: (a) shows the inside of our preparation chamber. (b) Using the W
wire, the tip was heated by electron bombardment. (c) shows a sketch of the blunt
tip and the sample on scale. (d) shows the field emission current as a function of
the bias voltage to the ball. The sharper tip (black curve) becomes blunter (grey
curve) by the heating. The details are described in the text (also see Appendix).

After the Fe-coated W tip has been made, the next critical point is to avoid
drops of material from the tip or a crash during the approach. Sporadically, we
found drops from the tip after the first approach, which seems to be caused when
the tip surface is extremely rough or the coated films are mechanically very unstable.
Figure 2.11(a) shows an STM image obtained on 2.5 ML Mn on Fe(001) after the first
approach, where some drops (∼5 nm diameter and 0.3-2 nm height) were observed.
dI/dV curves obtained on these drops do not have any spectral features (Fig. 2.11(a-
1)). Also, using this tip, spike-like noise was obtained in spectroscopic curves and
many drops were observed at the area where STS measurements had been performed
as shown in Fig. 2.11(b). We did not use such kind of tips for SP-STM/SP-STS
measurements.

During STS measurements, the set point was chosen to keep the resistance higher
than 109 Ω, e.g. VS = −0.5 V, I = 0.5 nA. When we measure spectroscopy at low
resistance, the resolution increases but also the force between the tip and the sample.
This can give rise to a change of morphology on the sample or the tip due to the
force. To avoid this problem, we usually used a set point of VS = −0.5 V, I = 0.5 nA
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during the STS or SP-STS measurements.

Figure 2.11: Sporadically, Fe-coated W tips or W tips cause drops during the
first tip-approach. The drops have a diameter of ∼5 nm and a height of 0.3∼2
nm. (a) shows an STM topographic image obtained on 2.5 ML Mn on Fe(001) at
370 K just after the first tip-approach (VS = −1 V, I = 0.04 nA, 200×200 nm2).
(a-1) The dI/dV curves are averaged over 10 single curves. dI/dV curves “2”,
“3” and “drops” were obtained on the second, the third Mn layer and the drops,
respectively (set point: VS = −0.6 V, I = 0.4 nA). Furthermore, these tips were
very unstable during STS measurements. (b) shows an STM image (VS = −1.0
V, I = 0.04 nA, 150×150 nm2). Around the center of the image three STS maps
(20×20 nm2) were measured.
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Chapter 3

Magnetic structures on
Mn/Fe(001)

In this thesis Mn(001) films grown on Fe(001)-whisker were used as a test sample to
check whether our magnetic tips detect spin-polarized tunneling current. This chapter
describes the magnetic structures found for the Mn layers.

In order to control the Mn films, firstly, we had to study growth, intermixing,
geometric, and electronic structures by means of STM/STS (i.e., with clean W tips).
Mn(001) films thicker than four layers consist of layers with the same body-centered
tetragonal structure with no intermixed Fe atoms. These films have the same elec-
tronic structure (a LDOS peak at +0.8 V). Using these thicker layers, our Fe-coated
W tips revealed magnetic contrast in spectroscopic images, which was found to be
caused by a spin-polarized LDOS peak at +0.8 V. With help of band structure calcu-
lations this peak was found to originate in dz2 surface states. We also present several
interesting magnetic features found on the Mn(001) surface: (1) 8 nm wide areas
which show a reversal of the spin-direction are observed on the fourth and fifth Mn
layer, (2) Mn films deposited on an Fe(001) screw dislocation show an out-of-plane
vortex structure.

3.1 Mn films on Fe(001)-whisker

The study with local magnetic microscopy with sub-nanometer resolution of a system
consisting of an antiferromagnet on top of a ferromagnet is of utmost importance
for fundamental understanding of nanomagnetism and possible applications such as
spin electronics devices. Especially, ultrathin magnetic films evaporated on magnetic
substrates show different magnetic and electronic properties compared to the bulk

37
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caused by their lower dimensions ([1] and refs. therein). Mn films on Fe(001) are a
good sample to study the relation between dimensionality and magnetic properties.
Recent calculations [2–13] and experiments [14–27] show conflicting results indicating
the complicated relation between growth condition, electronic structure, and magnetic
coupling. Previous results showed that body-centered tetragonal (bct) (001) surfaces
can be stabilized by thin film growth at Fe(001) surfaces [25, 28, 29], whereas Mn does
not exist in a bulk bcc phase at room temperature (RT) 1. Recent SEMPA results
suggested that for films thicker than 3 ML the ferromagnetic Mn(001) layers couple
antiferromagnetically whereas the local surface magnetism is unknown [17].

As a good test sample to check the spin-polarized tunneling, magnetic materials
with a high spin-polarization are preferred. Since the STM/STS techniques detect
sample “surface” DOS, a high spin-polarization of the magnetic sample at the surface
is necessary (e.g. a half-metal has a 100 % spin-polarization at the Fermi energy in
bulk, but the spin-polarization at the surface can be lower due to the broken symmetry,
so this might be not a good candidate). It is known that 3d-transistion metals such
as bcc-Cr(001), bcc-Fe(001), and hcp-Co(0001) have a highly spin-polarized d-like
surface state. Thus, these samples were used to check the abilities of the SP-STM/SP-
STS techniques [6, 7, 31–33]. In the periodic table, Mn is not only in between Cr and
Fe, but is also exactly in the middle of the 3d series favoring higher magnetic moments
[34]. A natural question that arises is whether the magnetization of the artificial bct
Mn(001) layers can be related to the existence of highly spin-polarized d-like surface
states.

These motivations made us to choose Mn films grown on Fe(001) as a model system
for the study of SP-STM/SP-STS.

In order to produce the artificial bct Mn films, Fe(001) whiskers were used as
the substrate since the Fe-whisker has closed magnetic domains with a single domain
size of ∼500 µm [35]. In addition the surface preparation of the whiskers in UHV is
relatively easy.

3.2 STM/STS

In order to study the magnetic structure of the Mn films by means of spin-polarized
scanning tunneling microscopy (SP-STM) and spectroscopy (SP-STS), it is necessary
to know the geometric and electronic structure of the films. Therefore using clean W

1Manganese (Mn) is the strangest of the 3d metals and has many features that are not well
understood. Mn has four allotropes in bulk: a cubic α phase with 58 atoms/cell (RT ∼ 997 K);
a cubic β phase with 20 atoms/cell (997 K ∼1368 K); a face-centered cubic γ phase (1368 ∼ 1406
K); a body-centered cubic δ phase (1406 ∼ the melting point 1517 K). α-Mn has antiferromagnetic
properties with a Néel temperature of 95 K. β-Mn has antiferromagnetic properties with a Néel
temperature of <1 K. γ-Mn has antiferromagnetic properties with a Néel temperature of 540 K.
Magnetic properties of δ-Mn are unknown. The artificial bct-Mn has antiferromagnetic properties
with a Néel temperature of >520 K [14, 17, 30].
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tips a detailed study of the electronic and crystallographic structure of the Mn layers
grown on the Fe(001) whiskers at 370 K was performed by means of STM and STS
at RT in UHV. Special care was taken to estimate the degree of intermixing between
Mn and Fe atoms. Atomically and chemically resolved STM images show that the
Mn film grows with the same in-plane lattice constant as Fe(001) and that Fe atoms
intermix with the first (14 %), the second (4 %), and the third (2 %) Mn layer and
do not intermix with Mn films thicker than the fourth layer [29]. Furthermore, STM
images show that the growth mode changes from layer-by-layer to layer-plus-island at
a coverage of 3 ML of Mn. Three-dimensional Mn islands start to appear from this
coverage. Based upon the apparent step height measurements, it can be concluded
that the first two Mn overlayers show significant higher step heights than corresponds
to the Fe lattice constant. The Mn film relaxes by about 0.02 nm at the third layer.
From the fourth layer the interlayer spacings do not change and have a value of 0.165
nm that corresponds to a body-centered tetragonal (bct) structure [29].

The dI/dV curves normalized by voltage-dependent tunneling probability func-
tions (T ’s) show peaks on each Mn layer. These peaks can be attributed to features
in the sample DOS. The first Mn layer shows peaks at +0.35 eV on pure Mn areas
and at +0.28 eV at mixed MnFe areas. The second and the third layers show peaks
at +0.20 eV and +0.8 eV, respectively.

The STM/STS measurements on Mn films thicker than four layers are shown in
Fig. 3.1. These layers consist of pure Mn and have the same in-plane lattice constant
as bcc-Fe(001). Figure 3.1(a) shows an STM topographic image obtained on Fe(001)
covered by 7.2 ML Mn where five different Mn layers are exposed. At each pixel
position of Fig. 3.1(a), STS measurements were performed. Averaged dI/dV curves
are shown in Fig. 3.1(b). The curves obtained on Mn films thicker than four layers are
identical on every layer. Therefore, the dI/dV map at +0.2 V also shows no contrast
between Mn layers (Fig. 3.1(c)). Figure 3.1(d) shows the line profile measured on the
topographic image shown in panel (a). No difference in interlayer spacing between
different layers is observed.

For Mn films thicker than four layers, dI/dV measurements were performed also
within a large voltage range from −2 V to +3 V (Fig. 3.2). The dI/dV curves mea-
sured within this large voltage range can be more accurately fitted by the tunneling
probability function (T ) [36]. T was written as follows (c.f. Eq. 1.14):

T = at · exp[−b
√
φ̄− eV

2
] + as · exp[−b

√
φ̄+

eV

2
], (3.1)

where b = 2
√

2m/�2z 
 1.02z and the dimension of z is Å. T was obtained by a fit to
the dI/dV curves above +2 V and below −1 V, where the dI/dV curve exponentially
increases 2. The dI/dV curves were normalized by the fitted T . With this normalizing

2To obtain the best fit of T , φ̄ was varied from 2 eV to 6 eV step by step and the three parameters
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Figure 3.1: STS measurement on Fe(001) covered with 7.2 ML Mn at 370 K.
(a) is a topographic image obtained at a set point of VS = −0.5 V, I = 0.5 nA.
Scan size is 150×150 nm2. Five different levels are exposed on the surface. (b)
shows the dI/dV curves representative of level 6 to 9. These curves are averages
of typically 10 single curves. (c) shows the dI/dV map at +0.2 V measured at the
same area as (a). Numbers in (a) and (c) denote the stacking numbers of the Mn
layers. (d) shows a line profile across the two steps measured at the white line in
(a). hij indicates the step height between level i and level j.
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technique a peak at +0.8 V can be recovered as shown in Fig. 3.2. In addition, a
weak peak at −0.6 eV is observed.

The fact that the features present in the dI/dV curves taken on the films thicker
than four layers are identical in energy position and intensity make these films suitable
for SP-STM/SP-STS experiments because then all differences between the layers can
be ascribed to spin-polarization effects.

Figure 3.2: dI/dV curves measured on Mn films thicker than the fourth layer
(black dots). The set point of VS = −0.5 V, I = 0.5 nA was used and curves are
averages of typically 20 single curves. A fit of the tunneling probability function
to the dI/dV curve is also shown (“T”). The dI/dV curve normalized by this
“T”, i.e., “(dI/dV )/T”, reveals a strong peak around +0.8 eV and a weak peak
at −0.6 eV.

(at, as, b) were obtained by a least-square fit. Then, the fitting values which showed the minimum
error were used. Details of the fitting are described on page 53 in ref.[39]. Typical values of fitting
parameters are φ̄ = 4.2 eV, at = 5.1×107, as = 7.0×107, and b = 9.3 (i.e. z = 9.1 Å).
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3.3 SP-STM/SP-STS

We changed W tips to Fe-coated W tips and the magnetic structure of the Mn films
thicker than four layers were studied. Figure 3.3 shows SP-STM/SP-STS measure-
ments obtained with an Fe-coated W tip on 10 ML Mn grown on an Fe(001)-whisker.
Since the growth of Mn layers on Fe(001) changes at coverages above 3 ML from
layer-by-layer to layer-plus-islands, five levels are exposed at a coverage of 10 ML Mn
as shown in Fig. 3.3(a). At the area of Fig. 3.3(a), dI/dV curves were measured at
75×75 pixels at a set point of VS = −0.5 V, I = 0.5 nA. At every pixel an I(V ) curve
was measured and numerically differentiated to obtain the dI/dV curve. Numbers in
Figs. 3.3(a) and 3.3(c) denote the thickness of the Mn layers, which was estimated
by a quartz crystal oscillator calibration and Gaussian fits to the fraction of exposed
layers on the surface (see e.g. Fig. 6.3). Figure 3.3(b) shows averaged dI/dV curves
representative of each level. The solid and dotted curves were obtained on the odd
and the even number Mn layers, respectively. Although the dI/dV curves obtained
with clean W tips on the odd and the even Mn layers do not show any difference
(see Fig. 3.1), the dI/dV curves obtained with the Fe-coated W tip on the odd and
the even Mn layers show clear differences above the Fermi energy (Fig. 3.3(b)). In
Fig. 3.3(c) the value of the dI/dV curve at +0.2 V is plotted for all pixels (dI/dV
map). This map shows a strong dark-bright contrast between the different layers.
Clearly, the contrast oscillates with a period of two layers. This oscillating contrast
starts from the fourth Mn adlayer (see Fig. 5.8) [37]. Although the odd layers (>3
ML), i.e., layer “9” and “11”, are darker than the even layers (“8”, “10”, and “12”)
in the dI/dV map, this is not always the case, i.e., with some Fe-coated tips the odd
layers appear darker than the even layers. With the actual experimental setup it is
not possible to determine the absolute magnetization orientation.

We explain the alternating contrast in the dI/dV maps obtained with Fe-coated
W tips by the layered antiferromagnetic magnetization of the Mn(001) layers. This
explanation is corroborated by the following observations: (i) The alternating contrast
in the dI/dV maps has the same onset (>3 ML) and period (two layers) as previous
results obtained with other less-local techniques [17, 20, 25]. (ii) The contrast is
observed with the Fe-coated tips only; it is not observed with clean W tips. (iii)
Reversed contrasts are also observed using different Fe-coated W tips. This indicates
the random character of the tip magnetization direction. The strength and sign of the
contrast (i.e., dark-bright might be reversed) depends strongly on the Fe-coated W
tip used which demonstrates the degree of freedom of the tip magnetization direction.

A tentative model of the Mn films on the Fe(001)-whisker and the Fe-coated W tip
is shown in Fig. 3.3(d). Arrows and bright dots denote the magnetization directions
and the intermixed Fe. At the surface each Mn layer couples antiferromagnetically
with the Mn layers above and below.
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Figure 3.3: SP-STM and SP-STS measurements on Fe(001) covered with 10 ML
Mn at 370 K. These measurements were performed with an Fe-coated W tip. (a) is
the topographic image which was obtained at VS = −0.5 V, I = 0.5 nA. Scan size
is 100×100 nm2 and five layers are exposed. Numbers in (a) and (c) denote the
stacking numbers of the Mn layers. (b) shows dI/dV curves as a function of the
sample bias voltage obtained on the Mn layers in (a). dI/dV curves obtained on
even (odd) Mn layers are shown as solid (dashed) curves, which were numerically
obtained from I(V ) curves measured at a set point of VS = −0.5 V, I = 0.5 nA.
(c) shows the dI/dV map at +0.2 V measured at the same area as (a). (d) reveals
a model of the Mn layers on the Fe(001) whisker and the Fe-coated W tip. Darker
and brighter colors denote Mn and Fe, respectively. The first three Mn layers
include intermixed Fe atoms. Arrows denote magnetization directions.
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Spin-dependent step heights were obtained, for example, h67 = ∼0.15 nm and h78

= ∼0.17 nm when dI/dV curves obtained on the even Mn layers show higher values
above the Fermi level than the odd dI/dV curves (see e.g. Fig. 5.8).

One of the most important issues is to understand the origin of the magnetic
contrast in SP-STS images. Although it was already reported that this magnetic
contrast is related to the spin-polarized peak in spectroscopy [38], this relation is not
straightforward due to the influence of the tunneling probability.

Figure 3.4: dI/dV curves normalized by a fitted voltage-dependent tunneling
probability function is shown, which was obtained on Mn films thicker than three
layers with an Fe-coated W tip. Solid and dotted curves are the dI/dV and
the (dI/dV )/T curves, respectively. Tunneling probability functions (T : dashed
curves) were obtained by a fit to the dI/dV curves below −1 V and above +2
V. Black and grey curves are representative of the odd and the even Mn layers,
respectively.

The dI/dV curves obtained with the Fe-coated W tip on the Mn(001) surface (>3
ML) do not show peaks above the Fermi energy as can be seen in Figs. 3.2 and 3.4,
neither do the dI/dV curves normalized by I/V [39]. In chapter 1, the normalization
of the dI/dV curves by the tunneling probability function (T ) was proposed. The
normalization procedure for the dI/dV curves measured with Fe-coated W tips is
identical to the one described in the previous section. Figure 3.4 shows (dI/dV )/T
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curves averaged over 30 single curves measured with an Fe-coated W tip on Mn films
thicker than three layers. In Fig. 3.4, (dI/dV )/T curves measured on even layers
(grey curve) and odd layers (black curve) show two peaks at the same energies as
peaks obtained with the clean W tips. Contrary to the case of measurements done
with clean W tips, now the amplitude of both peaks oscillates with a period of two
layers and the curves measured on the even and the odd Mn layers cross around the
Fermi level.

Natural occurring 3d metals with a bcc structure such as Fe or Cr have a typical
surface state at the (001) surface. On the other hand, Mn, which is between Fe
and Cr in the periodic table, has a complicated structure in bulk. An interesting
point is whether an artificial bct Mn(001) film would also show such a surface state.
To determine the nature of spin-dependent peaks in (dI/dV )/T curves (Fig. 3.4),
band structure calculations were carried out by Heijnen of the theoretical physics
department (Electronic Structure of Materials) of the University of Nijmegen using
the Vienna Ab initio Simulation Program (VASP) [41, 42]. It is based on spin density
functional theory and the projector augmented wave (PAW) method [43, 44] with non-
local corrections to the exchange and correlation taken into account by a generalized
gradient approximation (GGA). An eight layer slab with the experimental values
for the in-plane (2.87 Å) and out-of-plane (2×1.64 Å) lattice constants was used.
Furthermore, an antiferromagnetically stacking of the Mn(001) layers was assumed
[17].

Peaks are found above the Fermi level in the “minority” band of the surface DOS
3. To confirm that these peaks are surface states which protrude far enough into the
vacuum to be detected by the STM tip, bands with the largest dz2 character at Γ are
selected [31]. These are indicated by thick black lines in Fig. 3.5(a). Three bands are
possible candidates for the experimentally observed empty state (dI/dV )/T peak:
band α at 0.27 eV, β at 0.50 eV, and γ at 0.87 eV above the Fermi level. Our
calculations show the DOS at the Mn(001) surface while the tip detects the DOS in
the vacuum at the tip position. Therefore, to check the distribution of each state
in the vacuum the surface charge density distribution was checked. A plot of the
distribution of these three bands shows that the last one has a stronger decay into the
vacuum (not shown in Fig. 3.5). The first two show surface state like behavior and
their charge densities are plotted in Figs. 3.5(b) and 3.5(c). Opposed to the “minority”
band, no surface states were found above the Fermi level for the “majority” band.
The width of the +0.8 V peak in (dI/dV )/T is about 1 V (Fig. 3.4). This width
is larger than the peak width obtained on Fe(001) (0.13 eV) [31] and Cr(001) (0.2
eV at RT and 0.015 eV at 4.2 K) [32, 33]. One reason is that the +0.8 V peak in
(dI/dV )/T is caused by two surface states: α and β (see Fig. 3.6(d)). The difference
between the calculated peak energies and the experimental peak energy is attributed

3Here, the band with the largest (smallest) amounts of states below the Fermi energy is defined
as the “majority (minority)” band.
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to the limitations of our calculations with the simple model. Nevertheless, based upon
the symmetry of the calculated α and β state, these states must be the origin of the
experimentally obtained +0.8 V peak.

Figure 3.5: (a) Band structure of an eight-layer Mn(001) slab. The plot shows
both “majority” and “minority” bands. The magnetization for each layer is de-
fined by the difference in integrated local DOS of the “majority” and “minority”
bands. Thick black lines indicate dz2 -like states around Γ̄; the dashed line the
Fermi level. α, β, and γ could contribute to the experimentally observed +0.8
V peak. (b) and (c) show the isocharge density distributions of the α and the β
state at Γ̄ in a (110) plane. Dots and dashed lines indicate atom positions and
the boundary between vacuum and bulk, respectively.

Below the Fermi level a weak dz2 state is found at −0.37 eV in the “majority” band:
its charge density does not show a strong vacuum contribution. Nevertheless, since
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the weak peak around −0.5 V in the (dI/dV )/T curve is reproducibly observed with
various tips, we think it is a real feature of the Mn(001) electronic structure and can
be attributed to the “majority” band. In conclusion, we found that two surface states
in the minority band contribute to the peak at +0.8 V in the (dI/dV )/T curves, i.e.
the artificial Mn(001) also has highly polarized surface states similar to Cr and Fe.

3.4 Quantitative information

Since the (dI/dV )/T shows the sample (tip) DOS multiplied by the tip (sample) DOS
at the Fermi energy for V > 0 (V < 0), one can obtain the sample polarization. The
asymmetry of (dI/dV )/T curves is defined as

A(dI/dV )/T =
(dI/dV )/Todd − (dI/dV )/Teven

(dI/dV )/Todd + (dI/dV )/Teven
, (3.2)

where (dI/dV )/Todd and (dI/dV )/Teven denote the (dI/dV )/T curves obtained on the
odd and the even Mn layers, respectively. Then, the asymmetry A(dI/dV )/T obtained
from the (dI/dV )/T curves corresponds to the sample (tip) polarization as a function
of the sample bias voltage multiplied by the tip (sample) polarization at the Fermi
energy for V > 0 (V < 0), i.e. A(dI/dV )/T = Psample(V )Ptip(EF ) for V > 0 and
Ptip(V )Psample(EF ) for V < 0 [39, 40].

A(dI/dV )/T curves in Fig. 3.6(a,b) were obtained from dI/dV curves showing spin-
dependent peaks with the maximum magnetic contrast, which were obtained from
different voltage set points and different Fe-coated W tips. The A(dI/dV )/T is at
maximum 10 % below and above the Fermi energy, while its sign changes around
the Fermi energy. The changes of the fitting parameters of T produce errors in
asymmetries ±2 % as shown in Fig. 3.6(a). The calculated polarization of the Mn(001)
surface divided by a 15 % tip polarization is shown as a solid curve in Fig. 3.6(a) as
well. The calculated curve fits to the experimentally obtained A(dI/dV )/T curve.
(Only a difference is observed around +1.5 V since the calculation includes the bulk
states around this voltage, while SP-STS only detects surface LDOS.) Figure 3.6(b)
shows A(dI/dV )/T obtained for three different situations. White dots and triangles
were obtained with the same Fe-coated W tip and black dots were obtained with
a different Fe-coated W tip. (Here, “different” denotes that the tip was prepared
on a different day.) White and black dots were obtained at a negative voltage set
point and triangles were obtained at a positive voltage set point. The three curves in
Fig. 3.6(b) are similar at positive voltages up to about 1 eV (+10 %), i.e. A(dI/dV )/T

does not depend on set points and tips. The influence of the fitting parameters on
the asymmetry can be observed from the scatter in data points in Fig. 3.6(b).

For positive sample bias voltages, the (dI/dV )/T curves for the odd and the even
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layers can be described as follows:

(dI/dV )even/Teven = (D↑
Fe(EF ) ·Dmin

Mn (V ) +D↓
Fe(EF ) ·Dmaj

Mn (V ))

(dI/dV )odd/Todd = (D↑
Fe(EF ) ·Dmaj

Mn (V ) +D↓
Fe(EF ) ·Dmin

Mn (V )) . (3.3)

D↑
Fe(EF ) (D↓

Fe(EF )) indicates the LDOS at the Fermi level (EF ) for the majority
(minority) bands of the Fe-coated W tip. Since the Fe tip is ferromagnetic, majority-
spin and minority-spin are defined as spin-up and spin-down. Dmaj

Mn (V ) (Dmin
Mn (V ))

indicates the LDOS at (EF +eV ) for the majority (minority) bands of the sublattices
of antiferromagnetic bct Mn films. Since for a layered antiferromagnetic material
the occupation of the majority band switches from spin-up to spin-down electrons
each layer, we prefer to use majority and minority LDOS for the Mn layers, instead.
In Eq. 3.3 we assume that spin-up(-down) electrons of the Fe-coated W tip tunnel
into the minority- (majority-) spin bands of the odd Mn layers and the majority-
(minority-) spin bands of the even Mn layers without spin-flipping. The asymmetry
can be described as

A(dI/dV )/T = PT (EF ) · PS(EF + eV ), where V > 0. (3.4)

Using Eqs. 3.3 and 3.4 the spin-resolved LDOS of Mn(001) can be experimentally
obtained as follows:

Dmaj
Mn =

1
c

(
1 − A(dI/dV )/T

PT
)[(dI/dV )/T ]ave

Dmin
Mn =

1
c

(
1 +

A(dI/dV )/T

PT
)[(dI/dV )/T ]ave, (3.5)

where [(dI/dV )/T ]ave is the average of (dI/dV )odd/Todd and (dI/dV )even/Teven. c is
the sum of D↑

Fe and D↓
Fe. We realized that the tip polarization is the most important

factor to recover the sample spin-resolved LDOS. From a comparison with the band
structure calculations, we obtained the tip polarization of our partially polarized tip.

Using the experimentally obtained (dI/dV )/T and A(dI/dV )/T the spin-resolved
sample LDOS was recovered as shown in Fig. 3.6(c). The calculated spin-resolved
LDOS is shown in Fig. 3.6(d). By comparing these results, due to the tip polarization
the shape of the majority LDOS is changed. Only a tip polarization of 18±5 % leads
to results which are comparable to the calculated LDOS [39]. Thus, we estimated
that our tip polarization is 18±5 %. Also, it is evident that SP-STS only detects the
surface LDOS since the bulk states “B” are not observed in the experimental data.
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Figure 3.6: (a,b) gives the asymmetry (A(dI/dV )/T ) in the normalized even and
odd layer (dI/dV )/T curves with respect to the sample bias voltage. (a) The
white dots with error of ±2 % shows experimentally obtained A(dI/dV )/T ’s and
the solid curve denotes the calculated spin-dependent LDOS. (b) White dots and
triangulars were obtained with the same Fe-coated W tip using negative and
positive voltage set points, respectively. Black dots were obtained with a different
Fe-coated tip (VS = −0.5 V). (c) The majority (grey) and minority (black) LDOS
of Mn(001) obtained by experimentally obtained (dI/dV )/T curves are shown.
These are obtained with a tip polarization at the Fermi level of 10 %, 15 %, and
44 %, respectively. (d) shows the majority (grey) and minority (black) LDOS of
Mn(001) obtained by band structure calculations. ”SS”, ”SR”, and ”B” denote
surface states, a surface resonance, and bulk states, respectively.

With this tip polarization, we experimentally obtained the Mn(001) surface po-
larization (Psample(V ) = A(dI/dV )/T /Ptip(EF )) of 60±16 % at +0.8 eV.
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3.5 Local magnetization reversal

Figure 3.7(a) shows a SP-STM topographic image obtained with an Fe-coated W tip
on 4.5 ML Mn on Fe(001). The topographic image shows two flat terraces: the fourth
and the fifth Mn layer. Only at the fourth Mn layer, dark spots are observed. The
line profile at the arrow in Fig. 3.7(a) reveals a diameter of about 8 nm and a depth
of 10 pm (Fig. 3.7(a-1)). No clear spot was observed on the fifth Mn layer. Figure
3.7(b,b-1) represents I(V ) maps at +0.2 V for (b) and −1 V for (b-1) obtained at
the same area as Fig. 3.7(a). The area of Fig. 3.7(b-1) is boxed in Fig. 3.7(b). Since
spectroscopy maps obtained with clean W tips on the fourth and the fifth Mn layers
did not show any contrast, contrasts obtained with magnetic tips on these layers
are believed to be caused by spin-polarized tunneling. Although the spectroscopic
image shows magnetic contrast between the fourth and the fifth Mn layer, additional
magnetic structures are detected: bright spots on the fourth Mn layer and dark spots
on the fifth Mn layer. On the fourth Mn layer, dark spots in the topographic image
appear as bright spots in the spectroscopy map.

dI/dV curves averaged over 10 single curves representative of “A-D” in Fig. 3.7(b-
1) show a clear magnetic contrast above the Fermi level between terraces of the fourth
and the fifth Mn layer (“C” and “D”) as well as between spots on the fourth and
the fifth Mn layer (“A” and “B”), but the contrast is reversed as can be seen in
Fig. 3.7(c). All the dI/dV curves show the same features and the only difference is
the amplitude. That is higher for “A” and “D” areas and lower for “B” and “C”.
This reveals that the whole surface consists of pure Mn. (Mn surface states are likely
shifted or quenched by the oxygen contaminants and intermixed Fe atoms reveal a
peak at different energy.) The idea that the origin of these 8 nm wide spots could
be contaminants or intermixed Fe atoms present on the surface of the sample can
be discarded. Therefore, the different amplitudes in the dI/dV curves are caused by
locally different magnetization directions between “A-D”. Another remarkable feature
is that the amplitude of the curves is identical within the areas. This observation is
an indication that these spots couple antiferromagnetically with the Mn layer.

The origin of these antiferromagentically coupled spots is considered. Since the
surface electronic structure is the same, the locally different magnetic features can be
a contribution from below the surface, i.e. intermixed Fe atoms in the sub-surface.
The following arguments corroborate this sub-surface origin.
(1) The spots have a circular-like shape. The averaged line profiles obtained from the
spots “1”, “2” and “3” on the fourth Mn layer and “4”, “5”, and “6” on the fifth
Mn layer in Fig. 3.7(b-1) are shown in Figs. 3.7(d-1) and 3.7(d-2), respectively. The
bright spots on the fourth layer reveal an amplitude of 0.10 nA with the width of
∼8 nm and the dark spots on the fifth layer reveal an amplitude of 0.06 nA with the
width of ∼6 nm. This shows that the lateral size and intensity of the spots become
smaller on the higher Mn layers.
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Figure 3.7: (a) shows a SP-STM topographic image obtained with an Fe-coated
W tip on 4.5 ML Mn grown on Fe(001) whisker (100 × 47 nm2; VS = −0.5 V,
I = 0.5 nA). Numbers denote the stacking numbers of the Mn layers. In (a),
a stepped grey scale has been used: the black-white range corresponds to 0.02
nm on both terrace. The black-white step borders are artifacts of the grey scale.
(a-1) reveals a line profile at the arrow in (a). (b) and (b-1) reveal I(V ) maps
at +0.2 V and −1 V, respectively, obtained at the same area as (a). (b-1) was
obtained at the boxed area in (b) (45 × 45 nm2; VS = −0.5 V, I = 0.5 nA). (c)
shows dI/dV curves averaged over 10 single curves obtained at the areas “A”-“D”
in (b-1). (d-1) shows averaged line profiles obtained from the spots “1”, “2”, and
“3” in (b-1). (d-2) shows averaged line profiles obtained from the spots “4”, “5”,
and “6” in (b-1). Grey arrows indicate in-plane sample magnetization parallel to
the tip magnetization direction. (e) shows a dI/dV map at +0.3 V obtained with
a voltage-pulsed tip on Fe(001) covered with ∼4 ML at a set point of VS = −0.5
V, I = 0.5 nA, (38 × 63 nm2). Circles indicates the single spots.

Also, only the fourth and fifth Mn layers showed spots and, above the sixth Mn layer,



52 Magnetic structures on Mn/Fe(001)

it is hard to see the spots in the dI/dV map (Fig. 3.7(e)).
(2) In Fig. 3.7(b-1), the spot “A” (a diameter of ∼8 nm) includes about 500 Mn
atoms and the spot “B” includes about 250 Mn atoms 4. Roughly, more than 20 % of
the Mn surface atoms varies the spin-direction. The first, the second, and the third
Mn layers include intermixed Fe atoms with a concentration of 14 %, 4 %, and 2 %,
respectively. These intermixed Fe atoms may be the origin of the spots on the fourth
and the fifth Mn layer.
(3) Some spots are crossed by a Mn step, as the one marked with a white box in
Fig. 3.7(b-1) presenting a bright and dark half depending on the terrace where they
are.

From these, one can conclude that the spot-like magnetic features have their origin
in sub-surface features. With our analysis we cannot point out the origin of the
magnetic features. In the sub-surface Mn layers, there are only two other materials:
oxygen and iron. We observed these features only on the fourth and the fifth Mn layers
and the size of the spot decreases for thicker Mn layer number. Since the concentration
of the oxygen contaminants is the same for all Mn layers, oxygen in the sub-surface
cannot cause these spots. The most likely candidate is the intermixed Fe in the sub-
surface. We cannot see directly the intermixed Fe atoms below the surface, but it is
obvious that the intermixed Fe has a strong influence on the magnetic structures of
the Mn layers. (Calculations reported that a ferromagnetic bcc-Fe cluster (16 atoms)
is changed to an antiferromagnet by including one Mn atom [45]. A few Fe atoms
inside Mn layers can strongly influence the magnetic structure of the Mn layers.)

It might be noted that we observed these spots most of the times, but sometimes
the contrast of the spots changed from tip to tip compared to the contrast between
Mn layers. This may indicate a non-collinear coupling between the spots and the Mn
magnetization directions.

In Fig. 3.7(c), the dI/dV value at the center of the bright spots (“A”) is similar
to the value at the Mn layers (“D”), i.e., spins at the center of the bright spots are
believed to couple 180 degrees with the magnetization direction of the fourth layer.
On the other hand, the dI/dV value at the center of the dark spots (“B”) shows a
lower value than the value at the Mn layers (“C”), i.e. spins at the center of the dark
spots couple an angle less than 180 degrees with the magnetization direction of the
fifth layer. By comparing amplitudes of the bright and the dark spots in Fig. 3.7(b-1),
it is estimated that spins at the center of the dark spots couple 127 degrees with the
magnetization direction of the fifth layer. The boundary between the spots and the
Mn layers is a domain wall. The local sample in-plane magnetizations parallel to
the tip magnetization direction are shown in Fig. 3.7(d) as marked with grey arrows.
These spots are surrounded by narrow domain walls (∼2 nm).

The width of the bright spots in the STM image shown in Fig. 3.7(a-1) is close

4The number of Mn atoms in the spot is the areal in the spot devided by square of the lattice
constant of Mn(001).
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to the width of the bright spots shown in Fig. 3.7(d-1) (∼8 nm). This indicates that
the dark spots observed in the STM image are caused by spin-polarized tunneling.

3.6 “Babylon tower”-like Mn films

Figure 3.8: STM topographic images (a,b) and a spectroscopic image (a dI/dV
map at +0.2 V) (c) obtained on Fe(001) around a screw dislocation at a set point
of VS = −0.6 V, I = 0.5 nA (70 × 70 nm2) with a voltage-pulsed tip. (b) shows
the STM image of (a) in a three-dimensional mode. In (c), the step appears dark.
Dark spots on the terrace are caused by oxygen contaminants. (d) shows dI/dV
curves averaged 10 single curves obtained at areas “1-5” in (a). Lines indicate the
peak energy position obtained on the terrace (“1,2”) and on the screw dislocation
(“3,4,5”).

From time to time on the Fe(001) surface we found screw dislocations. Figure
3.8(a) shows an STM image obtained at the screw dislocation on the Fe(001) with a
voltage-pulsed tip. The STM image in a three-dimensional mode clearly reveals the
variation of the step height (Fig. 3.8(b)). Figure 3.8(c) shows an STS image (a dI/dV
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map at +0.2 V) obtained at the same area as Fig. 3.8(a). At the step position the black
line is observed. Dark spots on the Fe terrace are caused by contaminants. Although
the dI/dV curve obtained on the Fe(001) terrace shows a dz2 surface state peak at
+0.20 V, at the screw dislocation, the peak position shifts about 20 meV upward as
shown in Fig. 3.8(d). Also, the peak amplitude gradually decreases from the area
“1” to the area “5”. Since Fe has ferromagnetic character, no magnetic structure
around the screw dislocation was observed in contrast with the screw dislocation on
an antiferromagnetic Cr(001) surface [46].

However, this situation changes when antiferromagnetic Mn layers were deposited
on the ferromagnetic Fe screw dislocation. Under these circumstances Mn layers grow
with a spiral structure as is shown in Fig. 3.9. Figures 3.9(a) and 3.9(b) show STM
topographic images obtained with a voltage-pulsed tip on 4.5 ML Mn on Fe(001) at
a hidden Fe screw dislocation. A hidden Fe step is also visible. The STM image in
a three-dimensional mode shows clearly the geometric structure at this area, which
resembles the Babylon tower. The stacking numbers of the Mn layers were determined
by STS curves since the third Mn layer has a characteristic dI/dV curve [29].

A spectroscopic map (a dI/dV map at +0.4 V) obtained at the same area as
Fig. 3.9(a) shows magnetic contrast (Fig. 3.10(a)). In the map several amplitudes of
magnetic contrast can be observed, which are marked “A-I”. On the fourth Mn layer,
specially at the lower part of the image (below the hidden screw dislocation), the
influence of the intermixed Fe atoms is observed as spots in the map. Some spots are
marked by black circles in Fig. 3.10(a). Due to the screw dislocation the degree of the
intermixing is increased. The fifth Mn layer (right-hand side in the map) shows an
oscillation of the magnetic contrast. Figure 3.10(b) shows line profiles of the dI/dV
map at dotted lines “1-3”. The oscillation is visible in the line profile “1” with a
period of about 25 nm. The line profile “2” shows a strong peak at the center of the
“Babylon tower” (end of the hidden Fe step or hidden Fe screw dislocation: the black
arrow in Fig. 3.10(b)), which appears in the dI/dV map as a bright spot. Since other
Mn steps of the Mn layers reveal lower tunneling current due to a quench of the Mn
surface states (the grey arrows in Fig. 3.10(b)), the center of the “Babylon tower”
seems to have an additional electronic or magnetic property, which will be discussed
later. We also checked the magnetic domain wall (DW) width caused by the hidden
Fe step in Fig. 3.10(a) (see also Fig. 4.5). The averaged line profiles obtained from
the white and the grey boxed areas show different widths of the magnetic DW : 3.5
nm between the fourth and the fifth Mn layer and 12.8 nm between the fifth and
the sixth Mn layer as is shown in Fig. 3.10(c). Since we did not observe such a huge
magnetic DW at the Mn layers on a “normal” hidden Fe step, this seems to be also
an influence of the hidden Fe screw dislocation.
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Figure 3.9: (a) An STM topographic image obtained with a voltage-pulsed tip
on the Fe(001)-screw-dislocation covered with 4.5 ML Mn at 370 K at a set point
of VS = −0.5 V, I = 0.5 nA (100 × 100 nm2). Between arrows a hidden Fe step
is running. (b) shows the topographic image at (a) in a three-dimensional mode
with added magnetic contrast. Numbers in (a,b) denote stacking numbers of Mn
layers. (c) shows several “Babylon towers” in historical books [47].

Figures 3.10(d) and 3.10(e) show dI/dV curves obtained on the areas marked “A-
I” in Fig. 3.10(a). dI/dV curves obtained on the fourth (“A”) and the fifth (“B”) Mn
layer show a maximum magnetic contrast (i.e. AAB = (dI/dVB−dI/dVA)/(dI/dVB +
dI/dVA)∼20 % for V>0). dI/dV curves obtained on “C-G” show smaller magnetic
contrast than the magnetic contrast between “A” and “B” (e.g. ACD = (dI/dVD −
dI/dVC)/(dI/dVD + dI/dVC)∼12 % for V>0). The dI/dV curve obtained on the
Mn steps (“I”) shows no peak or shoulder. The Mn surface states are completely
quenched. However, the dI/dV curve obtained at “H” is different; the dI/dV curve
increases strongly above the Fermi level, while the dI/dV does not show any peaks or
shoulders, i.e. a higher exponential background (=tunneling probability) causes the
higher dI/dV . This can be interpretated as a reduction of the tip-sample separation
at “H” due to lower conductivity. If the “Babylon tower” Mn layers have a magnetic
vortex at the center, the magnetization direction at “H” points normal to the sample
surface. Although it is obvious that the tip is detecting in-plane magnetization,
it may also detect out-of-plane magnetization in case the tip magnetization is not
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completely parallel to the sample surface. Another possibility is that the stray field
due to the out-of-plain vortex produce a force on the tip that may vary the tip-sample
separation slightly (<0.1 nm), which is enough to vary the exponential background
of dI/dV shown in Fig. 3.10(e).

Figure 3.10: (a) shows a SP-STS image (a dI/dV map at +0.4 V) obtained at
the same area as Fig. 3.9 (rotated 90 degrees) at a set point of VS = −0.5 V, I =
0.5 nA with a magnetic tip (100 × 100 nm2). Black circles indicate intermixed Fe
atoms. Numbers of “4-6” denote stacking numbers of Mn layers. (b) shows line
profiles at dotted lines “1-3” in (a). The black and grey arrows denote a peak at
the center of the spiral (“vortex”) and quench of the Mn surface states at the Mn
steps, respectively. (c) shows line profiles at the white and the grey boxed areas
in (a). (d) and (e) show dI/dV curves obtained at each area of “A-I” in (a).

Using the magnetic contrast at “A-G” in Fig. 3.10(a), the in-plane magnetization
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direction at each area can be obtained. The highest magnetic contrast was obtained
between the dI/dV curves obtained at the area “A” and “B” in Fig. 3.10. From the
derivations given in chapter 1 (Eqs.1.18 and 1.19), the dI/dV curves obtained on the
odd and the even Mn layers can be described as follows

dI/dVodd = dIo/dV (1 + PtipPMn cos θ) exp(2κ∆z cos θ) (3.6)
dI/dVeven = dIo/dV (1 + PtipPMn cos(θ + π)) exp(2κ∆z cos(θ + π)). (3.7)

dIo/dV denotes the non-spin-polarized term of dI/dV , i.e. dIo/dV = 1
2 ρtipρMn

exp(−2κz), where ρtip(Mn) denotes the tip (Mn: sample) DOS, z the tip-sample
separation, κ the decay length. Ptip(PMn) denotes the tip (Mn) polarization, θ the
angle between the tip and the Mn magnetizations, and ∆z the spin-dependent tip-
sample separation. Although Ptip and Psample are functions of the sample bias voltage
only, ∆z is influenced by the polarization at the set point voltage, i.e. VS = −0.5 V
for Figs. 3.10 and 3.11. Changing from positive to negative voltages, the polarization
of the Mn varies from positive to negative (see Fig. 3.6). Thus, for dI/dV values
at positive voltage obtained on the Mn(001) using the negative voltage set point,
PtipPsample denotes the polarization at the positive voltage, but ∆z denotes the spin-
dependent tip-sample separation at the negative voltage.

The PtipPMn at +0.3 V is known to be 0.1 from the experimentally obtained
(dI/dV )/T curves with the highest magnetic contrast (see Fig. 3.6). The spin-
dependent tip-sample separation (∆z) is also known experimentally as 0.1 Å [37].
When θ = 0 (the tip and the sample magnetizations are parallel), the asymmetry of
Eqs.3.6 and 3.7 (Acal

dI/dV = (dI/dVodd − dI/dVeven)/(dI/dVodd + dI/dVeven)) is cal-
culated to be 0.2. Since the experimentally obtained asymmetry in dI/dV at “A,B”
(AAB

dI/dV ) is also ∼0.2 at +0.3 V (Fig. 3.11(a)), we conclude that the magnetizations
at “A,B” are parallel to the tip magnetization. Also, the odd Mn layers couple 180
degrees with the even Mn layers. “A,C,G” are on the even (fourth + sixth) layers
and “B,D,E,F” are on the odd (fifth) layer. Then, using the dI/dV curves obtained
at “B-G”, the angle (α) between the magnetizations at “B-G” are obtained by

fi(α) =
dI/dVi

dI/dVB
=

(1 + 0.1 cosα) exp(0.1 cosα)
1.1 exp(0.1)

(3.8)

fj(α) =
dI/dVj

dI/dVB
=

(1 + 0.1 cos(α + π)) exp(0.1 cos(α + π))
1.1 exp(0.1)

(3.9)

where, i and j denote the odd and the even layers. The fi(α) and the experimen-
tally obtained (dI/dVi)/(dI/dVB) values at +0.3 V (where i denotes “D,E,F” (the
odd layer)) are plotted in Fig. 3.11(b). The fj(α) and the experimentally obtained
(dI/dVj)/(dI/dVB) values at +0.3 V (where j denotes “C,G” (the even layers)) are
plotted in Fig. 3.11(c). The cross point corresponds to the angle between the mag-
netization at “B” and the magnetization “C-G”. Thus, we found 239o for “C”, 47o
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for “D”, 103o for “E”, 63o for “F”, and 235o for “G”. The obtained magnetization
directions are shown in Fig. 3.11(d) as arrows. In bottom-left of Fig. 3.11(d) due to
intermixed Fe atoms the local magnetization in the fourth Mn layer vary.

It is difficult to calculate the magnetic structure of the “Babylon tower”. How-
ever, simulations for a disk of magnetic material might be used to compare with our
results. In a disk of magnetic material, a vortex structure with perpendicular mag-
netization at the core was found [48]. The magnetic configuration of the disk can
have (meta)stable magnetic states such as normal and twisted onion, in-plane vortex,
out-of-plane vortex, and various buckle states [49]. These magnetic structures are
the results of a competition between exchange energy and stray field distribution.
Thus, it is more difficult to estimate the magnetic structure of the antiferromagnetic
stacking Mn layers. From the observation of our results, the bright spot at the core
might be the out-of-plane vortex and the origin of the oscillation (±24 degrees) of
the magnetic contrast on the fifth Mn layer (D, E and F in Fig. 3.11(d)) might be an
in-plane buckled state.

Figure 3.11: (a) shows asymmetry in dI/dV obtained from “A,B”. (b) shows
fi(α) and experimentally obtained (dI/dVi)/(dI/dVB), where i = D,E,F (the odd
layer). (c) shows fj(α+π) and experimentally obtained (dI/dVj)/(dI/dVB), where
j = C,G (the even layers). (d) shows the same dI/dV map as Fig. 3.10(a) with
local magnetization directions.

Using the magnetization directions found on the Babylon tower, we can find the lo-
cal magnetization directions in larger areas around the Babylon tower. Figure 3.12(a)
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shows a topographic image in a differential mode (400 × 333 nm2). Numbers denote
the thickness of the Mn layers. Hidden Fe steps are also observed as white curves
(surrounded by thin black lines to guide the eyes). 12 dI/dV maps at +0.1 V ob-
tained at several areas in Fig. 3.12(a) are shown in Fig. 3.12(b). The third Mn layer
appears brighter since it has different sample DOS (not due to spin-polarized tun-
neling). Magnetization directions are shown as arrows in Fig. 3.12(a). Although the
right-hand side in the image reveals a true antiferromagnetic coupling between the
layers, the directions rotate around the Babylon tower Mn layers on the left-hand side
of the image. For example, a clear black-white contrast between the fifth Mn layers
marked by boxes in Fig. 3.12(a) is visible in Fig. 3.12(b).

Figure 3.12: (a) shows a SP-STM topographic image in a differential mode ob-
tained with a magnetic tip on 4.5 ML Mn on Fe(001) at 370 K at a set point of
VS = −0.5 V, I = 0.5 nA (400 × 333 nm2). Hidden Fe steps and a hidden Fe
dislocation are observed as white curves surrounded by black curves. Numbers in
(a) denote the stacking numbers of the Mn layers. Arrows denote relative angles
of magnetization directions. Boxes show fifth Mn layers with different magneti-
zation directions. (b) shows 12 dI/dV maps at +0.1 V obtained at several areas
in (a). Due to the thermal drift the 12 dI/dV maps were not connected perfectly.
The top-right table in (b) denotes dI/dV values at +0.1 V obtained at “A-H”.

3.7 SP-STM on Mn/Fe(001)

Here, we show that it is more difficult to get reliable magnetic information using the
SP-STM technique compared to the SP-STS mapping.

Using spin-polarized scanning tunneling microscopy (SP-STM), atomically re-
solved STM images showed spin-dependent atomic corrugation under closing the feed-
back loop [50, 51]. In order to obtain atomically resolved images a low gap resistance
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is used, i.e. small distance between the tip and the sample. This close distance be-
tween tip and sample leads to a strong interaction between the tip and the sample.
Sometimes even at high gap resistance it is possible to measure atomically resolved
images. Frequently in these occasions the apex of the tip is contaminated and there-
fore the tip is “artificially” close to the sample due to the low conductivity of the
contaminants.

Figure 3.13(a) shows an atomically resolved STM image obtained with a W tip
on Mn layers grown on a hidden Fe step, where magnetizations reverse. Mn atomic
corrugation heights on the second and the third Mn layer are ∼3 pm and no clear
difference is observed.

Figures 3.13(b) shows an atomic corrugation obtained with an Fe-coated W tip
on the first Mn layer. A corrugation of 25 pm was measured, which is higher than
the corrugation obtained by the normal W tip (1-5 pm, Fig. 3.13(c)) and is similar
to the corrugation obtained by the special W tip (30 pm, Fig. 3.13(d)) which can
chemically identify elements and enhance the corrugation. No ordered or periodic
spin configuration was observed, whereas reported calculations suggested a p(2×2) or
c(2×2) antiferromagnetic structure [2–13].

Figure 3.13(e-h) shows a direct experiment where spin-dependent atomic corru-
gation can be obtained with a magnetic tip. Figure 3.13(e) shows a SP-STM image
obtained with an Fe-coated W tip, where two Mn layers are exposed. The SP-STS
map (an I(V ) map at +0.8 V) measured at the same area as Fig. 3.13(e) shows a
clear magnetic contrast between the two Mn layers (Fig. 3.13(f)), i.e. magnetizations
of the Mn layers have opposite directions. Immediately after the SP-STS measure-
ment, the tip was brought toward the sample surface by varying the set point from
VS = −0.5 V, I = 0.5 nA to VS = −3 mV, I = 16 nA. Then, the atomically resolved
SP-STM images were obtained from both the Mn layers (Figs. 3.13(g) and 3.13(h)) 5.
The atomic corrugations show a maximum of 10 pm and no clear spin-dependency is
observed. Since the angle between the tip and the sample magnetizations is θ for the
odd Mn layer and θ + π for the even Mn layer, the spin-dependent corrugation may
not be detected as different amplitude of the corrugation on the odd and the even
Mn layer. After we obtained these images again SP-STS maps showed the magnetic
contrast.

These results exhibit that it is more difficult to get reliable magnetic informa-
tion using the SP-STM technique compared to the SP-STS mapping. This SP-STM
technique is not straight forward to detect the spin-polarized tunneling effect. An
unpredictable tip apex and a strong tip-sample interaction likely cause different ob-

5Since we used a blunt W tip with a tip radius >300 nm, the lateral resolution is estimated 25
nm by ((2Å)(R + z))0.5, where R denotes the tip radius and z the tip-sample separation (=0.8 nm)
(chapter 1). However, the surface of the Fe-coated W tip is not completely flat. One single atom or
nanometer scale cluster possibly sticks at the tip apex. When the cluster sticking out only 0.1 nm
from the tip apex, about 90 % of electrons tunnel from the cluster (see Fig. 4.4). Then, the size of
the cluster becomes the tip radius and we can obtain atomic-scale resolution.
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servations in SP-STM [52].

Figure 3.13: Atomic corrugation along the close-packed direction was obtained
from atomically resolved STM images on Mn layers. (a) shows an atomically
resolved STM image obtained with a W tip at a hidden Fe step area covered by
a 2.5 ML Mn film (VS = −25 mV, I = 2.4 nA). The second and the third Mn
layers are exposed. A hidden Fe step is running at the middle of the image. (b)
Atomically and chemically resolved SP-STM images obtained with an Fe-coated
W tip on the first Mn layer on Fe(001) at 310 K (VS = −3 mV, I = 6.6 nA).
(c) and (d) show atomically and chemically resolved STM images obtained with
a normal W tip and a special W tip (see text), respectively, on the first Mn layer
grown on Fe(001) at 370 K (VS = −2 mV, I = 2.6 nA). (e) and (f) show SP-STM
and SP-STS (an I(V ) map at +0.8 V) images, respectively, obtained with an
Fe-coated W tip on the 7.2 ML Mn on Fe(001) at 370 K at a set point of VS =
−0.5 V, I = 0.5 nA. The seventh and the eighth Mn layer are exposed. After we
measured (e) and (f), immediately the tip was brought to the sample surface by
varying the set point and (g) and (h) were obtained (VS = −3 mV, I = 16 nA).

3.8 Conclusion

A magnetic contrast was obtained with Fe-coated W tips on ultrathin bct Mn films
(>3 ML) grown on Fe(001) whiskers by SP-STS. This showed that the in-plane mag-
netization of the Mn(001) islands larger than 1 nm couple antiferromagnetically with
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the Mn layers above and below. By normalizing dI/dV curves with the fitted tun-
neling probability function, we found a spin-dependent peak at +0.8 V on the bct
Mn(001) surface (>3 ML). Band structure calculations showed that the +0.8 V spin-
dependent peak is composed of two dz2 surface states in the “minority” band above
the Fermi energy. With experimentally obtained (dI/dV )/T and A(dI/dV )/T , we ob-
tained a Mn(001) surface polarization of 60±16 % at the spin-polarized LDOS peak
energy.
On the Mn(001) surface, we found the following magnetic features. (1) On the fourth
and fifth Mn layers, we observed local magnetization reversals, which were observed
as spots with a diameter of about 8 nm. The origin of these spots is speculated to
be Fe atoms intermixed into first three Mn layers. (2) Mn films deposited on a screw
dislocation of the Fe(001) grew like the tower of Babylon. We observed an out-of-
plane vortex at the hidden Fe screw dislocation and an oscillation (±24 degrees) of
the magnetization directions on the same Mn sheet.
Also, we confirmed on the Mn(001) layers that it is more difficult to extract quanti-
tative results from SP-STM compared to SP-STS.
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Rev. B 52 (1995) 10127.

[14] D.T. Pierce, A.D. Davies, J.A. Stroscio, D.A. Tulchinsky, J. Unguris, and R.J.
Celotta, J. Magn. Magn. Mater. 222 (2000) 13.

[15] R. Pfandzelter, T. Igel, and H. Winter, Surf. Sci. 389 (1997) 317.

[16] T. Igel, R. Pfandzelter, and H. Winter, Surf. Sci. 405 (1998) 182.

[17] D.A. Tulchinsky, D.T. Pierce, A.D. Davies, J.A. Stroscio, J. Unguris, and R.J.
Celotta, J. Magn. Magn. Mater. 212 (2000) 91.

[18] O. Rader, W. Gudat, D. Schmitz, C. Carbone, and W. Eberhardt, Phys. Rev. B
56 (1997) 5053.

[19] Ch. Roth, Th. Kleeman, F.U. Hillebrecht, and E. Kisler, Phys. Rev. B 52 (1995)
R15691.

[20] T.G. Walker and H. Hopster, Phys. Rev. B 48 (1993) 3563.

[21] S. Andrieu, M. Finazzi, F. Yubero, H.M. Fischer, Ph. Arcade, F. Chevrier, L.
Hennet, K. Hricovini, G. Krill, and M. Piecuch, Europhys. Lett. 38 (1997) 459.

[22] J. Dresselhaus, D. Spanke, F.U. Hillebrecht, and E. Kisker, Phys. Rev. B 56
(1997) 5461.

[23] S. Andrieu, M. Finazzi, F. Yubero, H. Fischer, P. Arcade, F. Chevrier, K. Hrin-
covini, G. Krill, and M. Piecuch, J. Magn. Magn. Mater. 165 (1997) 191.

[24] S.K. Kim, Y. Tian, M. Montesano, F. Jona, and P.M. Marcus, Phys. Rev. B 54
(1996) 5081.

[25] S. Andrieu, M. Finazzi, Ph. Bauer, H. Fischer, P. Lefevre, A. Traverse, K. Hri-
covini, G. Krill, and M. Piecuch, Phys. Rev. B 57 (1998) 1985.

[26] S.T. Purcell, M.T. Johnson, N.W.E. McGee, R. Coehoorn, and W. Hoving, Phys.
Rev. B 45 (1992) 13064.

[27] S. Andrieu, E. Foy, H. Fischer, M. Alnot, F. Chevrier, G. Krill, and M. Piecuch,
Phys. Rev. B 58 (1998) 8210.



64 Magnetic structures on Mn/Fe(001)

[28] V.L. Moruzzi and P.M. Marcus, Solid State Commu. 71 (1989) 203.

[29] T.K. Yamada, M.M.J. Bischoff, T. Mizoguchi, and H. van Kempen, Surf. Sci.
516 (2002) 179.

[30] http://www.agschatz.physik.uni-konstanz.de/treubel/Pt-Mn.htm.

[31] J.A. Stroscio, D.T. Pierce, A. Davies, R.J. Celotta, and M. Weinert, Phys. Rev.
Lett. 75 (1995) 2960.
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Chapter 4

Atomic-scale magnetic
resolution in SP-STS: an
antiferromagnetic domain
wall

We found a sub-nanometer scale antiferromagnetic domain wall (DW) on the Mn
films grown on an Fe step. Using this DW, the highest magnetic resolution of 0.4
nm in SP-STS was obtained. No strong dependence of the DW width on tip-sample
separation was obtained. A DW width on a Mn island (∼30 nm diameter) was found
to be about 1.6 times larger than a DW width measured on a Mn terrace. The origin
of this difference is discussed.

4.1 Mn films grown on a hidden Fe step

When a Mn film is grown across an Fe step, the Mn film tends to produce a flat
surface. A bcc Fe(001) step (0.143 nm) was never observed on the Mn surface. The
step caused by a hidden Fe step is only 0.02 nm and magnetizations reverse at the
step position, i.e. this is a very narrow magnetic DW. No difference in the in-plane
lattice constant is observed. The spectroscopy data obtained with W tips at this
area showed the same electronic structure, i.e. the topological effect in the electronic
structure can be neglected. (A step with a 1 ML height has a different DOS compared
to the DOS on the terrace due to the broken symmetry.) To get high resolution
images 0.1-0.25 nm/pixel was used. Figure 4.1 shows an atomically and chemically

67



68
Atomic-scale magnetic resolution in SP-STS: an antiferromagnetic domain

wall

Figure 4.1: An atomically and chemically resolved STM image obtained from 3
ML coverage of Mn layers (14×4 nm2; VS = −25 mV, I = 2.4 nA). The second
and the third Mn layers are exposed. Dark spots are Fe atoms. A line profile
along the arrow is shown.

resolved STM image obtained on the Mn layers, where a hidden Fe step is running
at the middle of the image from bottom to top. A line profile along the arrow shows
that the height varies 0.018 nm within a lateral length of 1.45 nm in a topographic
image. Figures 4.2(a) and 4.2(b) show SP-STM and SP-STS (a dI/dV map at +0.1
V) images, respectively, obtained on 5 ML of Mn on Fe(001) with a hidden Fe step.
The dI/dV map clearly shows that the magnetic contrast reverses across the hidden
Fe step, i.e. at this hidden Fe step position the in-plane Mn magnetization rotates
180 degrees. Using this magnetic DW the highest magnetic resolution of our SP-STS
setup was found. A model of the hidden Fe step is shown in Fig. 4.2(c) on scale,
where experimentally obtained interlayer distances are used: 0.143 nm for Fe(001),
0.155 nm for the first and the second Mn layer, 0.170 nm for the third Mn layer and
0.165 nm for further layers [1]. Arrows denote magnetization directions.

4.2 Magnetic resolution of SP-STS

The observed width of the DW is defined as follows. A line profile was measured on
I(V ) or dI/dV maps, which was fitted by c tanh[(x − xo)/w/2] + b. c, b, xo, and w
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Figure 4.2: (a) shows a topographic image obtained on 5 ML Mn on Fe(001),
where two terraces are observed and a hidden Fe step is running from bottom
to top at the middle of this image (31×31 nm2, VS = −0.5 V, I = 0.5 nA). (b)
shows a dI/dV map at +0.1 V. The magnetic contrasts observed change across
the hidden Fe step. (c) A sketch of the Mn layers at a hidden Fe step in real
aspect ratio is shown. Arrows denote magnetization directions.

were obtained by fitting. w is defined as the DW width.
In order to obtain atomically resolved STM images, a resistance of 106Ω is usually

used. On the other hand, STS was measured at higher resistance (typically 109Ω).
Thus, the resolution in STS is estimated to be lower than the STM resolution. Figures
4.3(a,b) reveal the highest magnetic resolution which we obtained. The DW width
is 0.4 nm, which value is the smallest width in our measurements. This width is
smaller than the DW width in STM of Fig. 4.1. Since Figs. 4.1 and 4.3 were obtained
with different tips and different sample areas, we cannot compare these DW widths.
Under the same tip condition, the same tip-sample separation and the same area,
we measured that the DW width in STS is usually 0.1∼0.4 nm smaller than the
width in STM. By depending on the conditions of the magnetic tips, we obtained the
DW width in STS from 0.4 nm to 1.5 nm. On the other hand, under the same tip
condition, the DW width scatters ±0.05 nm.

Figure 4.3(a) shows an I(V ) map at +0.03 V obtained on the Mn surface grown
at a hidden Fe step. Across the hidden step the magnetic contrast reverses. The
averaged line profile is shown in Fig. 4.3(b). Figure 4.3(c) shows the dependence of the
resolution in spin-polarized STS on tip-sample separation. The measurements were
performed with the same tip, the same sample area, and the same set point voltage.
One order of change in the tunneling current (at a constant voltage) indicates about
1 Å variation in the tip-sample separation. A higher tunneling current indicates
that the tip moves closer to the sample. Error bars in Fig. 4.3(c) result from the
fitting procedure. No clear dependence of the magnetic resolution on the tip-sample



70
Atomic-scale magnetic resolution in SP-STS: an antiferromagnetic domain

wall

Figure 4.3: (a) An I(V ) map at +0.03 V obtained from the Mn(001) layers
which included a hidden Fe step at a set point of VS = −0.5 V, I = 0.5 nA
(92×28 pixels. 0.1 nm/pixel). The magnetic contrast reverses across the hidden
step. (b) shows an averaged line profile obtained from (a). (c) shows a dependence
of the magnetic DW width on the tunneling current (= tip-sample separation) at
a constant voltage of VS = +0.8 V obtained with the same tip at the same sample
area.

separation was obtained.

An interesting question is why the Fe-coated W tip with a tip radius of >300 nm
can give such a high resolution in SP-STS ? The resolution using such a tip can be
estimated to be about 25 nm 1. Although the resolution in SP-STS also depends on
the states of the tip and the sample [6], this cannot bring down the resolution from 25
nm to 0.4 nm. The possible answer is that one single atom sticks at the tip apex or
nm-size roughness exists on the tip surface. Simple sketches with real aspect ratio are
shown in Fig. 4.4. By following the tunneling probability formula, if an Fe particle
is sticking out 0.1 nm from the tip apex about 90 % of electrons tunnel from the Fe
particle. The effective tip-radius is given by the local radius of the Fe particle sticking
out from the tip apex. For example, when the Fe particle at the tip apex has a radius
of 0.3 nm and the tip-sample separation is 0.8 nm, a lateral resolution of 0.5 nm is
roughly estimated.

1∆x = ((2Å)(R + z))0.5, where R and z denote the tip-radius and the tip-sample separation
(around 1 nm), respectively.
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Figure 4.4: Sketches of Mn layers on Fe(001)-whisker and a 7 nm Fe-coated W
tip with the Fe particle: an Fe cluster due to the roughness of the tip surface (a)
or a single Fe atom (b) in real aspect ratio. The white arrows (→) denote the
direction of the spontaneous magnetization of the Fe films on the W tip.

4.3 Influence of stray field upon DW width

To check if there is any film thickness dependence of the DW width we checked the
magnetic DW on the Mn layers at a hidden Fe step for Mn thickness 4-12 monolayers.
DW widths ranging between 0.4 nm and 1.5 nm were observed on all terraces of the
studied layers (see, e.g., Fig. 4.3(c)), which shows that there is no clear dependence
of the DW width on the Mn thickness 2.

However, we found different DW widths for the Mn island (∼30 nm diameter)
and the terrace. Figure 4.5(a) shows a SP-STM image, where the sixth, seventh, and
eighth Mn layer is exposed. A hidden Fe step is visible on the terrace and the island.
Numbers denote the stacking numbers of the Mn layers. The SP-STS map (a dI/dV
map at +0.4 V) obtained at the same area as Fig. 4.5(a) shows the magnetic contrast
(Fig. 4.5(b)). Figures 4.6(a) and 4.6(b) show averaged line profiles obtained from the
DW on the terrace and the island, respectively (boxed areas in Fig. 4.5(b)). The DW

2These results are inconsistent with results in ref.[3] which showed that the magnetic DW width
increases linearly from ∼1 nm for the third Mn layer to ∼4 nm for the 12th Mn layer. On the
Mn terrace, we never observed DW widths larger than 2 nm. In ref.[3] a FeCoB amorphous ring
tip which can switch the tip magnetization was used. Different kinds of tips may cause different
magnetic stray field, which might influence the obtained DW widths.
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Figure 4.5: SP-STM (a) and SP-STS (b: a dI/dV map at +0.4 V) images were
obtained on 7.2 ML Mn on Fe(001) with an Fe-coated W tip at a set point of
VS = −0.6 V, I = 0.5 nA (70×70 nm2, 0.25 nm/pixel). Arrows in (a) denote
magnetization directions of Mn layers. Numbers in (a) denote stacking numbers
of the Mn layers. The dashed-line in (a) indicates a hidden Fe step position.
The magnetizations were estimated from the magnetization direction of the Fe
whisker, which has a hundreds µm size single magnetic domain along the long axis
[4]. Averaged line profiles obtained from the boxed areas are shown in Fig. 4.6.

widths found on the terrace and the island were 1.16 nm and 1.85 nm, respectively:
i.e. on the island the DW width is 1.6 times larger than on the terrace. Note that
such a large domain wall widths were not observed on the terrace (the maximum
width on the terrace is 1.5 nm). The DW is considered as Nèel-type DW [5], i.e. the
magnetization direction in the DW varies in the plane parallel to the initial and the
final magnetizations. The reasons are that; (1) SEMPA measurements did not show
any out-of-plane component on the Mn films and (2) if the DW is Bloch-type, a huge
stray field is caused which costs more energy than the Nèel-type DW in the ultrathin
magnetic film [5].

Since the Mn islands and the terrace have the same geometric structure (=bct
Mn(001)) and the influence of the tip stray field is equivalent for island and terrace,
the different DW widths might be caused by different stray field energies of the Mn
island and the Mn terrace [5].

In conclusion, we found antiferromagnetically domain walls with a minimum width
of 0.4 nm on Mn(001) layers grown on a hidden Fe step. The domain wall width
does not show a clear dependence on the tip-sample separation. We found different
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Figure 4.6: (a) shows an averaged line profile obtained at the DW on the terrace
from the dI/dV map in Fig. 4.5(b) (96×47 pixels, 0.25 nm/pixel). (b) shows an
averaged line profile obtained at the DW on the island from the dI/dV map in
Fig. 4.5(b) (72×49 pixels, 0.25 nm/pixel).

magnetic domain widths on the Mn terrace and on the island. The different widths
are likely caused by different stray field distributions on the terrace and the island.
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Chapter 5

Spin-polarized STM/STS tips

This chapter describes characterizations of our Fe-coated W tips and voltage pulsed
tips. (In the Appendix our studies of Mn-coated W tips and NiMn tips are also
shown.) Using Mn films grown on Fe(001) as a test sample, we tested more than
50 Fe-coated W tips and voltage-pulsed tips and found interesting behavior of these
tips. Specially, we demonstrated that voltage pulses change the tip magnetization
direction. Magnetic images obtained at the same area with tips which have different
magnetization directions give us the relative magnetization distribution of the sample
surface as will be shown in chapters 6 and 7.

5.1 Several spin-polarized STM/STS tips

Several SP-STM/SP-STS tips were used in the literature as shown in Table.5.1.
Since the half-metal CrO2 has a 100 % spin-polarization in the bulk at the Fermi

level, a CrO2 tip was first used as a SP-STM tip. Also, using optically excited highly
polarized electrons in GaAs, pyramid-like GaAs tips or cleaved GaAs tips were used
to detect magnetic information. Soft magnetic materials such as Ni or amorphous
FeCoB are also good candidates since these tips can detect out-of-plane magnetic
information by switching the tip magnetization using a coil around the tip. Recently,
an FeCoB amorphous ring (2 mm diameter) surrounded by a coil to switch the ring
magnetization was shown to be able to detect in-plane magnetic information. The
disadvantage of the Ni and FeCoB is that these tips have a strong stray field, which
influences the sample magnetic structure and it is difficult to obtain the unperturbed
sample magnetic structure. However, using an antiferromagnetic tip, soft magnetic
samples can also be studied since an antiferromagnetic tip does not have a stray field.
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Table 5.1: Several SP-STM/SP-STS tips were reported until December 2003.
“Mag. direction” denotes that the tip can detect in-plane or out-of-plane sample
magnetizations.

Tip Mag. direction comments Ref.
CrO2 tip out-of-plane half metal tip [1]
GaAs tip out-of-plane Optically pumped spin-polarized [2–4]

electrons are detected.
Ni-rod tip in-plane (?) ferromagnet [5]
Fe-rod tip in-plane (?) ferromagnet [6]

FeCoB amorphous out-of-plane Soft magnetic materials. [7]
Tip magnetization is switched.

FeCoB ring tip in-plane Soft magnetic materials. [8]
Tip magnetization is switched.

NiMn tip in-plane (weak) antiferromagnet in bulk [9, 10]
Fe-coated W tip in-plane ferromagnetic tip [11]
Gd-coated W tip out-of-plane ferromagnetic tip (Hc ≤ 500G) [11]

FeGd-coated W tip out-of-plane ferromagnetic tip [11]
Cr-coated W tip out-of-plane anti-ferromagnetic tip [11]
Mn-coated W tip in-plane anti-ferromagnetic tip [12]

Voltage-pulsed W tip in-plane [13]
(W tip voltage-pulsed

on Mn/Fe films)

The most successful method for preparing tips for SP-STM measurements was sug-
gested by Bode et al. [11]. A W tip is coated with a thin magnetic film in UHV. Since
the spin-polarized-tip making process is performed in UHV, less contaminants are ex-
pected on the tip apex and geometric and electronic structures at the tip apex are
better defined. As ferromagnetic tip, Fe, Gd, and FeGd-coated W tips were reported
and Cr and Mn-coated W tips were reported as antiferromagnetic tip. Although not
very reproducible, the easiest way to make a SP tip is to apply voltage-pulses between
a W tip and a magnetic sample under tunneling condition.

In the following, the properties of the Fe-coated W tips and voltage-pulsed tips
are studied. Clean W tips with a tip radius of >200 nm were used as a substrate.
The details of the preparation of the W tip are described in chapter 2.
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5.2 Fe-coated W tip

Fe-coated W tips were used as spin-polarized tips in the investigations described in
this thesis. As described before several kinds of spin-polarized tips were reported:
GaAs tips [2–4], bulk soft-magnetic tips [5–8], and magnetic thin films-coated W tips
[11, 14]. The last one seems easier to prepare than the others. In addition, the
Fe-coated W tips detect in-plane magnetization at room temperature [11, 14].

5.2.1 Fe on W(110) single crystal

The growth and magnetic structures of the Fe film on the W tip can be compared to
the results of Fe on W(110) single crystal. As described before the annealed W tip is
known to expose a (110) surface at the apex due to its low surface energy [15–18].

The Fe films grow layer-by-layer at RT. Fe films thicker than 2 nm grown at
RT show a high density of atomic steps along the [001] direction [19]. The Fe films
show a pronounced tendency for Stranski-Krastanov (three-dimensional) growth at
higher temperature (500-800 K). Studies of Fe films grown on W(001) show similar
characteristics [20].

Magnetic properties of Fe films on W(110) have been studied by different groups
[18, 19, 21–23]. Fe films with a thickness lower than 6.5±0.5 nm grown at RT show
the easy axis along the [11̄0] direction, with a coercive field around 20-30 G. This
easy axis switches to the [001] direction by annealing (∼700 K) since the Fe films
form three dimensional islands (∼17 nm high). At the same time, the coercive field
increases to 500 G [18, 19, 21, 23]. The Fe film thicker than 6.5±0.5 nm grown at
RT shows the easy axis along the [001] direction. Thicker Fe films (> 6.5 nm) show
a sigmoid hysteresis loop with a coercive field of 100 G [19, 23]. All Fe films showed
in-plane magnetic easy axes.

Although the Curie temperature of the sub-ML Fe film is 200-250 K [24], the Curie
temperature increases to 380 K for Fe films with a thickness of 1.3 ML [25], which
temperature is already higher than RT. Thus, much thicker Fe films likely have a
much higher Curie temperature and it must be close to the Curie temperature of the
bulk Fe (1044 K).

Also, our SEMPA measurements at RT on the Fe films deposited on a polycrys-
talline W crystal showed that the polarization of the Fe films saturates around the
thickness of 2 nm [26].

5.2.2 Fe on W tip

In this work we deposited usually 7-10 nm Fe on the W tip. Since this ferromagnetic
Fe-coated W tip has a stray field, we chose magnetic samples with less influence of
the stray field, i.e. antiferromagnetic samples.
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Table 5.2: Different groups reported different methods to make the Fe-coated W
tip. From the left, the thickness of the Fe film deposited on the W tip, temperature
during the Fe growth, annealing temperature after the deposition, and external
magnetic field to fix the tip magnetization after it made are shown. “Tip-radius”
denotes the tip-radius of the substrate W tip and “Success?” denotes whether
each Fe-coated W tip can detect magnetic information. Using our Fe-coated W
tips the maximum magnetic contrast in dI/dV curves obtained was 20 %.

Fe coverage Temp. Anneal Hex Tip-radius Success? Ref.
1-3 nm RT 600 K 80-400 G 1000 nm Yes [5]
? nm 550 K 150 G ? nm Yes [27]
3 nm RT 0 G <50 nm No [28]
3 nm RT 1000 K 0 G <50 nm No [28]

2-3 nm RT 0 G >300 nm Yes [28]
7-10 nm RT 0 G >300 nm Yes [28]
7-10 nm RT 1000 K 0 G >300 nm Yes [28]

Figure 5.1: The amplitude of the asymmetry in dI/dV (AdI/dV ) curves repre-
sentative of the odd and the even Mn layers. Curves are obtained from dI/dV
curves measured at a negative-voltage set point (VS = −0.5 V, I = 0.5 nA) with
three different Fe-coated W tips. Different amplitudes between these tips are
caused by different orientations of the tip magnetizations. The tip “1”, “2”, and
“3” show AdI/dV of 20 %, 10 %, and 7 % at +0.4 V, respectively.

From our results (see chapter 2), it was found that the W tip radius is the most
important parameter. When we used a sharp W tip (<50 nm tip-radius) made by
self-sputtering, we never obtained an in-plane magnetic structure (see Table.5.2).
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However, when we made a blunt W tip (>300 nm tip-radius) an in-plane magnetic
structure was detected (see Table.5.2). An annealed Fe-coated W tip (up to 1000
K) showed similar results as Fe-coated W tips. Since we did not apply external
magnetic fields, the Fe film on the W tip was magnetized spontaneously. Thus, Fe-
coated W tips have random magnetization directions, which will vary the amplitude
of the magnetic contrast obtained in the SP-STS measurements. Figure 5.1 shows
asymmetries in dI/dV (AdI/dV = (dI/dVodd − dI/dVeven)/(dI/dVodd + dI/dVeven))
obtained on Mn layers with three different Fe-coated W tips. The tip “1” shows the
maximum amplitude (20 % above +0.2 V), which likely occurred when the tip and
the sample magnetization directions are parallel. In the cases of the tip “2” (10 %
above +0.2 V) and “3” (7 % above +0.2 V), the tip magnetizations are not parallel
to the sample magnetization. We only used the data with the maximum magnetic
contrast (20 %, tip “1”) to obtain quantitative information (see chapter 3). Also, the
contrast of 20 % in dI/dV is the highest value found in the literature.

5.2.3 Contaminated tip

The magnetic tip is influenced by contaminants. In the STM chamber the base pres-
sure is lower than 5×10−11 mbar and the partial pressure of CO is estimated to be
lower than 4×10−12 mbar. However, there are still a few contaminants in the STM
chamber, which will stick on the sample surface or the tip. From the STM measure-
ments on the clean Mn(001) or Fe(001) sample surface, we observed a contaminant
concentration lower than 1 % (oxygen impurities) even 10 hours after the sample
preparation. This indicates that the expected concentration of the contaminants on
the tip will also be lower than 1 %. Also, under tunneling condition, oxygen absorp-
tion on the tip and the sample is hampered by the shadow of the tip.

However, frequently, the tip picks up contaminants during STM/STS measure-
ments. Then in the SP-STS measurements a spike-like noise appears and the mag-
netic information is buried in the noise. The tip-sample separation and the averaged
barrier height change, which cause a change in the tunneling probability. This mod-
ifies the exponential background of the dI/dV curve. Figure 5.2 shows an example,
in panels (a) and (b) we show STM and SP-STS (I(V ) map at +0.4 V) images, re-
spectively, which were obtained on the same area as Fig. 3.3 after 10 images were
taken. Suddenly, many spikes were observed at the middle of the image (scanning
direction is from the bottom line to the top). At that moment the Fe-coated W tip
probably picked up some contaminants. The averaged dI/dV curves obtained at the
areas “A”-“D” are shown in Fig. 5.2(c). dI/dV curves obtained at “A” and “B”
show magnetic contrast above the Fermi energy. However, after the tip picked up
contaminants, the noise in the dI/dV curves (“C” and “D”) becomes larger than the
magnetic signal which results in a loss of the magnetic contrast in the upper part of
Fig, 5.2(b). Figure 5.2(d) is an another example with a different Fe-coated W tip.
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The asymmetries of the dI/dV curves obtained every 30 minutes are shown. At six
hours after the first tip-approach, suddenly, AdI/dV includes noise (grey curve).

Figure 5.2: (a) shows an STM topographic image obtained on 9.5 ML Mn films
grown on the Fe(001) whisker at 370 K; VS = −0.5 V, I = 0.5 nA, 100×100
nm2. (b) shows an I(V ) map at +0.4 V. Due to sudden tip-changes the magnetic
contrast became unclear. (c) shows dI/dV curves which are averages of 10 single
curves around the areas “A”-“D” in (a). (d) shows AdI/dV curves obtained with a
different Fe-coated W tip. The tip measured SP-STS data continuously after the
first approach and each black curve was obtained from the data detected every 30
minutes. The grey curve was obtained at six hours after the first tip-approach.

5.2.4 Double tip

Frequently, the Fe-coated tip has double tunneling points (“double tip”). Figure 5.3(a)
shows a topographic image obtained by such a double tip. All islands and steps are
shown twice. From the image the distance of the two points is estimated about 30
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Figure 5.3: SP-STM (a) and SP-STS (b)(c) measurements were performed with
an Fe-coated double W tip on Fe(001) covered with 7.2 ML Mn at 370 K at a set
point of VS = −0.5 V, I = 0.5 nA (200 × 200 nm2). (b) and (c) show a dI/dV map
at +0.2 V and dI/dV curves representative for the numbers in (a), respectively.
(d) shows an STM image obtained at the same area as (a) with a single tip.

nm. The dI/dV map in Fig. 5.3(b) shows three kinds of grey scale. dI/dV curves
obtained at each grey scale are shown in Fig. 5.3(c). The dI/dV curves obtained
on the odd and the even Mn layers (see, e.g., Fig. 3.3(b)) can make three kinds of
curves by the double tip since the tip detects tunneling information at two points
at the same time, i.e. (dI/dV )odd + (dI/dV )even, (dI/dV )odd + (dI/dV )odd, and
(dI/dV )even + (dI/dV )even. By applying a voltage-pulse the double tip changed to a
single tip shown in Fig. 5.3(d). Also, sometimes, an Fe-coated W tip showed “shadow”
which can be observed at steps, e.g. Fig. 7.20(c). To modify this “shadow” tip to a
single tip without a crucial change of the tip magnetization, we performed a scan at
high voltages (3-10 V) or STS measurements up to 3 V, which removes material from
the tip resulting in a single tip, if we have luck.

5.2.5 Tip picking up Fe atoms

The Fe-coated W tip usually contaminates with time (5-20 hours after the first tip-
approach). The contaminants on the tip apex cause noise and the magnetic contrast
becomes hardly detectable. Although such a tip cannot be used to detect reliable
data, we found a method to recover the tip without making a new tip. Figure 5.4(a)
shows an STM image obtained on 0.05 ML Fe on Mn/Fe(001) at a low resistance set
point (VS = −16 mV, I = 12 nA) with an Fe-coated W tip detecting no magnetic
contrast. After several scans at the same area suddenly one island disappeared as
shown in Fig. 5.4(b). It seems that one Fe island was picked up by the tip, i.e. the tip
apex was coated by one ML Fe. The spectroscopy measurement with this tip revealed
magnetic contrast, i.e. the tip was recovered (Figs. 5.4(c) and 5.4(d)).
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Figure 5.4: (a) and (b) show STM images at the same area (40×40 nm2) ob-
tained on 0.05 ML Fe on Mn/Fe(001) at a set point of VS = −16 mV, I = 14 nA
for (a) and VS = −3 mV, I = 4.2 nA for (b). (c) and (d) show STM and STS
images, respectively, obtained after the measurement of (b) at a set point of VS

= −0.5 V, I = 0.5 nA (68×68 nm2).

5.2.6 Hologram TEM measurements of Fe-coated W tips

It is known that the stray field of magnetic tips has an influence on the magnetic
structure of the sample [11]. In our study we use Fe-coated W tips which are consid-
ered to generate a stray field. In order to get an idea of the stray field distribution of
the Fe-coated tips, the local magnetic flux of these tips was studied. Also, the am-
plitude of the stray field is estimated. Here, we present off-axis electron-holographic
interference microscopy results of Fe-coated W tips. This work was done with Dr. A.
Tonomura and Mr. T. Matsuda (Advanced Research Lab. Hitachi, Ltd. Saitama,
Japan) [29].

The Fe-coated W tips were made at the University of Nijmegen and were sent to
Japan. In UHV, clean and blunt W tips were covered by a 10 nm Fe film. To prevent
oxidization, a 2 nm Au film was deposited on the Fe-coated W tips. The tips were
then removed from the UHV chamber and glued to a Mo ring with a silver glue (inset
in Fig. 5.5(a)).

First, the tips were measured by transmission electron microscopy (TEM) with
a 300 keV field-emission electron source at a pressure of about 10−8 mbar. By ap-
plying 30 V to a biprism wire, hologram images were measured (Fig. 5.5(a,b)). Sec-
ond, to obtain a high resolution, the tips were measured by TEM with a 1 MeV
cold field-emission electron source (Fig. 5.5(c,d)) [30]. The obtained hologram im-
ages were Fourier-transformed, and reconstructed and phase-amplified interferogram
images were obtained [29].

Figure 5.5(a,c) represents the reconstructed images, i.e. electron micrographic im-
ages, and Fig. 5.5(b,d) reveals the phase-amplified (x16) interferogram images which
show magnetic force lines as black-white contrast. Figure 5.5(a) shows our tip, that
has a radius of more than 100 nm. The magnetic force lines from this tip are shown
in Fig. 5.5(b). Magnetic flux comes out from the tip apex and turns to the left and
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penetrates the lower part of the tip. Magnetic information inside the tip could not be
obtained from these results since black-white contrasts inside the tip reflect changes
of the phase due to variations of thicknesses and geometry.

Figure 5.5: Electron-holographic interference microscopy results of Fe-coated W
tips. Reconstructed images reveals topology. Black-white contrast in phase-
amplified interference images corresponds to magnetic force lines. (a,b) was ob-
tained by a TEM with a 300 keV field emission electron source [(a) reconstructed
image, (b) phase-amplified interference image]. In (a), the tip set inside the Mo
ring is also shown. (c,d) was obtained by a TEM with a 1 MeV cold emission
electron source [(c) reconstructed image, (d) phase-amplified interference image].
White-solid lines are help for eyes to compare. White-dashed lines in (c) denote
the sample position during STM/STS measurements.

In Fig. 5.5(c), it is observable that the tip apex is covered by a semi-transparent
film with a thickness of 12 nm. Since this thickness corresponds to the thickness of
the deposited 2 nm Au + 10 nm Fe film, we believe that this film is a magnetic film.
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Magnetic force lines of Fig. 5.5(c) are shown in Fig. 5.5(d). By comparing Figs. 5.5(c)
and 5.5(d), one notes that phase of fringes in the tip changes between the film and
the W tip (white lines in Fig. 5.5(c,d)). This indicates a different geometric structure
of the film compared to the W tip. The sample position is marked by a white-dashed
line in Fig. 5.5(c).

In Fig. 5.5(d), although at the left-hand side of the image the magentic flux is
homogeneous, magnetic flux comes out from the right-hand side of the tip. In this
phase-amplified (x16) image, single fringe corresponds to a magnetic flux of h/(16e),
where h denotes the Plank’s constant and e the electron mass. About three fringes
(3× h/(16e) = 0.78×10−15 [Wb = T m2]) come out. If we assume that the magnetic
flux is coming out from the half-area of the tip apex that has a radius of 100 nm, we
can estimate a stray field of 250 G. A more detailed analysis is under way.

5.3 Voltage-pulsed tip

Although the use of tips covered with ultra-thin magnetic layers has great advantages
compared to the use of bulk magnetic tips with respect to stray field effects [7] and
to optically pumped GaAs tips with respect to simplicity [2–4], a lot of effort is
still needed to prepare these tips for spin-polarized tunneling experiments. Here, we
demonstrate that a W tip can detect spin-polarized tunneling after voltage pulses
have been applied between the tip and the magnetic samples (“voltage-pulsed tip”).
We also show that the voltage pulses can vary the direction of the tip magnetization.

5.3.1 Preparation of voltage-pulsed tips

For applying the voltage pulses, we used the Omicron STM software and control unit.
During constant current STM topographic measurements (typically, VS = 1 V, I = 0.1
nA), we changed the voltage by means of the control software. Figure 5.6(a) shows the
results when the voltage pulse (1 V → 10 V) was applied under tunneling condition.
We monitored that the feedback system is too slow to maintain a constant current
during this process. We found that it takes about 15 ms to recover the constant
current (I = 0.1 nA) level. During 15 ms the current has a value larger than 3.7
nA, therefore during this period the current density is drastically increased. Several
processes can occur simultaneously during a voltage pulse [31], but it is unclear which
process dominates. Always, mountains with a height of 10-30 nm were observed on
the sample surface (Fig. 5.7). Then, we changed the voltage range back to 1 V and
moved to a different area. Clean W tips showed magnetic contrast after application of
voltage pulses (Fig. 5.8). When a voltage pulse from 0.1 V to 1 V was applied under
tunneling condition it takes 0.9 ms to recover the constant current and the current
increases to 2.7 nA. No drop or crash happened (Fig. 5.6(b)). Thus, we use a voltage
pulse from 1 V to 10 V.
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Figure 5.6: Tunneling current as a function of time when a voltage-pulse is ap-
plied. At time = 0, the pulse was applied. (a) and (b) were obtained in tunneling.
The current set point was 0.1 nA. For (a) the voltage-pulse was from 1 V to 10
V, for (b) from 0.1 V to 1 V. In (a) the current become overloaded (>3.7 nA).
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Figure 5.7: STM topographic three-dimensional images obtained after an appli-
cation of one voltage-pulse from +1 V to +10 V for (a) and from −1 V to −10 V
for (b). ((a) VS = −1 V, I = 0.01 nA, 200×200 nm2; (b) VS = −1 V, I = 0.01 nA,
300×294 nm2). (a) shows that the pulse makes a big dip (∼100 nm diameter and
5 nm depth) and some mountains (10-15 nm height) inside the dip. Around the
dip many drops are observed as well. (b) shows that the pulse makes a mountain
(10-15 nm height) and there is no drop near the mountain. (c) shows a sketch of
the voltage-pulse process.
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As samples, we used Mn films (>3 ML) which were grown on an Fe(001) whisker. An
external magnetic field was not applied.

Figure 5.8: SP-STS measurement with the voltage-pulsed tip on Fe(001) covered
with 5 ML Mn at 370 K. (a) is a topographic image obtained at a set point of
VS = −0.5 V, I = 0.5 nA. Scan size is 50 × 50 nm2. Seven different levels are
exposed on the surface due to the three dimensional growth mode. (b) shows the
dI/dV curves representative of each level. These curves are averages of typically
10 single curves. Only the lowest level dI/dV curve is a single curve. (c) shows
the dI/dV map at +0.1 V measured at the same area as (a). Numbers in (a) and
(c) denote the stacking numbers of Mn layers which are deduced from the STS
results. (d) shows a line profile across the two steps measured at the black line in
(a). hij indicates the step height between level i and level j.

Figure 5.8 was obtained with the voltage-pulsed tip. Figure 5.8(a) shows a to-
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pographic image of the Fe(001) surface after the deposition of 5 ML of Mn. Seven
different levels are exposed. Averages of typically 10 dI/dV curves representative of
the different layers shown in Fig. 5.8(a) are shown in Fig. 5.8(b). Since the dI/dV
curve obtained on the lowest level of Fig. 5.8(a) is similar to the curve obtained on
the two layer thick Mn films [32], this level can be identified as the second Mn layer.
Figure 5.8(b) shows that at positive voltages the dI/dV signal is larger on the even
layers (i.e., 4th, 6th, and 8th) compared to the odd layers (i.e., 5th and 7th). In
the dI/dV map at +0.1 V, the contrast is observed to oscillate with a period of two
layers starting from the fourth layer (Fig. 5.8(c)). The cross section at the black line
in Fig. 5.8(a) clearly shows the different step heights in Fig. 5.8(d) [33]. The present
results obtained with the voltage-pulsed tip are equivalent to those obtained with
Fe-coated tips [34]. Furthermore, clean W tips do not show any contrast in dI/dV
maps [32, 34]. Therefore, it is concluded that voltage-pulsed tips can detect spin-
polarized tunneling, i.e., voltage pulses can make a non-magnetic W tip sensitive to
the magnetic structure of the sample surface.

5.3.2 Changes of magnetic contrast and exponential background
in dI/dV

The asymmetry obtained from the even and the odd layer dI/dV curves reveals
the sample polarization multiplied by the tip polarization [35], whereas the tip-
sample separation dependence is still included [34]. The asymmetry is defined as
AdI/dV = [(dI/dV )even−(dI/dV )odd]/[(dI/dV )even+(dI/dV )odd], where (dI/dV )even

and (dI/dV )odd are dI/dV curves obtained on the even and the odd layers. Figure
5.9(a) shows the asymmetries (AdI/dV ) at +0.8 V, which were obtained at the set
point of VS = −0.5 V, I = 0.5 nA, as a function of the dI/dV value at +0.8 V. The
data were obtained with different Fe-coated tips, different clean W tips, and different
voltage-pulsed tips [36]. The dI/dV maps obtained with W tips never show magnetic
contrast, i.e., AdI/dV = 0 (triangles in Fig. 5.9(a)). The dI/dV maps obtained with
Fe-coated tips always show a magnetic contrast of 5-20 % (circles in Fig. 5.9(a)).
About 50 % of the dI/dV maps obtained with voltage-pulsed tips show a magnetic
contrast, i.e., in Fig. 5.9(a), 13 data points (some fall on top of each other) reveal
a magnetic contrast between 5 and 20 % while 13 other data points do not reveal a
contrast (<2 %).

The dI/dV value at +0.8 V is used as the horizontal axis of Fig. 5.9(a) since
this value indicates the amplitude of the exponential background in dI/dV [37, 38].
dI/dV values at +0.8 V between 1.5 and 2.5 nA/V for Fe-coated tips and between
2.8 and 4.5 nA/V for W tips are observed, which indicate that W tips have a higher
exponential background. One can conclude that this is caused by the lower barrier
height of the tip apex of W tips compared to Fe-coated tips. On the other hand,
dI/dV values at +0.8 V obtained with voltage-pulsed tips scatter between 1.5 and
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Figure 5.9: (a) The asymmetry in dI/dV curves (AdI/dV ) at +0.8 V obtained
on Mn films thicker than three layers are shown as a function of the dI/dV value
at +0.8 V. All data shown are obtained from dI/dV curves obtained at a set
point of VS = −0.5 V, I = 0.5 nA. Circles, triangles, and diamonds were obtained
by different Fe-coated W, different clean W, and different voltage-pulsed tips,
respectively. (b) and (c) show dI/dV curves obtained on Mn films with voltage-
pulsed tips. dI/dV curves obtained at a set point of VS = −0.5 V, I = 0.5 nA
were used. The dI/dV curves are averages of about 100 single curves. (b) shows
dI/dV curves representative of the second and the fourth Mn layer with a tip which
cannot resolve the second layer peak. (c) shows dI/dV curves representative of
the second and the fourth Mn layer with a tip which can resolve the second layer
peak.

5.0 nA/V, i.e., voltage pulses can vary the exponential background. This suggests
that when a peak cannot be observed in dI/dV curves due to a high exponential
background, this technique can help to resolve the peak by lowering the exponential
background (see also refs.[37, 38]). An example is given in Figs. 5.9(b) and 5.9(c).
Using W tips, the dI/dV curves obtained on the fourth Mn layer show a dI/dV
(+0.8 V) of 4.0 nA/V and the second Mn layer dI/dV curves show only a shoulder
(Fig. 5.9(b)). By an application of voltage pulses, a tip leading to a low background
at high positive voltages in the fourth layer dI/dV curve is obtained (dI/dV (+0.8
V) = 1.7 nA/V) and the second layer dI/dV curve shows a weak peak (Fig. 5.9(c)).
Thus, dI/dV curves with a low background are acquired to observe the peak directly
in the dI/dV curve (i.e. without normalization).

5.3.3 Change of tip magnetization direction

We found that voltage pulses can change the magnetization direction of the spin-
polarized tip. Figure 5.10 shows the dependence of the alternating contrast in the
dI/dV maps on the tip condition. Figure 5.10(a) shows a topographic image, the
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numbers denote the local thickness of the Mn film. Figures 5.10(b)-(d) are dI/dV
maps at +0.2 V, which were measured at the same set point (VS = −0.5 V, I = 0.5
nA) and on the same area as Fig. 5.10(a).

Figure 5.10: SP-STS measurements on Fe(001) covered with 9.5 ML Mn at 370
K showing a reversal of the magnetic contrast. (a) is a topographic image obtained
at a set point of VS = −0.5 V, I = 0.5 nA. Scan size is 100 × 80 nm2. Five different
levels are exposed on the surface. Numbers denote the stacking number of the
Mn layers. (b-d) are dI/dV maps at +0.2 V measured at the same area as (a).
Between (b), (c), and (d) the tip was moved ±500 nm away from this area and a
voltage pulse was applied. A line profile along the line in (a)-(d) is shown below
each image.

A clear contrast (+5 %) can be observed in Fig. 5.10(b). After the measurement of
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Fig. 5.10(b), the tip was moved (>500 nm) to a different area and a voltage pulse was
applied. The tip was moved back to the same area as Fig. 5.10(a), and Fig. 5.10(c)
was measured. The contrast in Fig. 5.10(c) is almost negligible (<±1 %). Again a
voltage pulse was applied in the same way; afterwards Fig. 5.10(d) was measured.
Figure 5.10(d) shows a clear contrast again, but the contrast is inversed (−6 %)
compared to that in Fig. 5.10(b). This contrast clearly depends on the tip condition.
The variation in the contrast can be explained by different angles between the tip
and the sample magnetizations (see chapter II), i.e., the contrast becomes strong
when the tip magnetization is parallel or anti-parallel to the sample magnetization
(Figs. 5.10(b) and 5.10(d)) and becomes negligible when the tip magnetization is
orthogonal to the sample magnetization (Fig. 5.10(c)). These results show that the
tip magnetization is not fixed to one direction by, e.g., the stray field of the Fe whisker.
The tip magnetization apparently is fixed immediately after the mass transport from
the sample to the tip during pulsing because spontaneous contrast reversals during
scanning do not occur.

5.3.4 Conclusion

Magnetic contrasts in SP-STS were found with Fe-coated tips [34]. However, the
present study showed that W tips can present the same characteristics as Fe-coated
tips after applying voltage pulses. These pulses apparently lead to mass transport
from the sample to the tip. This results in the tip apex becoming covered with Fe
or Mn, thus, giving it magnetic properties. Also, the voltage pulses probably make
the tip blunter which is in favor of detection of spin-polarized tunneling for systems
with an in-plane magnetization. Using field emission spectroscopy we checked that a
sharp tip with a tip radius of 20 nm became a blunter tip with a tip radius of 250
nm after applying many voltage pulses [13]. Therefore, this voltage pulsing technique
is proposed as an alternative way to prepare SP-STM tips. In our study, we could
obtain spin-polarized voltage-pulsed tips with a probability of 50 % after applying
voltage pulses.

We also found that this technique can vary the tip magnetization direction of
the voltage-pulsed tip as well as the Fe-coated tips. Furthermore, we found that
voltage pulses can vary the background in the dI/dV curves and can change a double
tunneling tip to a single tunneling tip since voltage pulses can change the chemical
composition, shape, and radius of the tip apex.
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Chapter 6

Fe/Mn/Fe(001) multilayers

In this chapter, using Fe-coated W tips and voltage pulsed tips, we studied the mag-
netic structure of Fe films grown at room temperature on the bct-Mn(001) films on
an Fe(001)-whisker.

Before doing SP-STS measurements, we studied growth, intermixing, and elec-
tronic structure of the Fe films in detail with clean W tips since these properties are
strongly related to the magnetic properties of the Fe films. The Fe films grow almost
layer-by-layer. Although the thick Fe films have the same geometric and electronic
structure as bcc-Fe(001), thinner Fe layers were found to have different structures.
The thinner Fe layers include intermixed Mn atoms.

Finally, we studied the magnetic properties of the Fe films. First, we describe our
results for the thicker Fe layers. Second, we describe the thinner Fe layers, where we
found interesting complicated magnetic structures.

6.1 Introduction

Due to the enormous development of the molecular beam epitaxial growth technique
during the last decades, atomically flat films can be relatively easily prepared. Spe-
cially, the growth of ultra-thin magnetic multilayer films has lead to a considerable
number of practical applications such as spin-electronic devices [1–3]. Especially,
multilayers which comprises a pinning antiferromagnetic base layer, a pinned ferro-
magnetic layer, a spacer layer, and a free ferromagnetic layer are widely used to read
information in magnetic storage devices.

From a scientific point of view, the coupling between two magnetic layers through
a spacer layer is important. Especially, for the ferromagnet / antiferromagnet / fer-
romagnet system, such as Fe/Cr/Fe, the interlayer coupling was found to oscillate
periodically from ferromagnetic to antiferromagnetic as the thickness of the spacer
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layer varies. Until now 50o coupling for Fe/Cr multilayers, 135o coupling for FeNi/Ag
multilayers, and non-collinear coupling for FeCo/Mn/Co, Fe/Cr/Fe, and Fe/Mn/Fe
trilayers were reported. These measurements were performed by means of scanning
electron microscopy with polarization analysis, Kerr microscopy, and Mössbaur spec-
troscopy [5–8]. Since these techniques detect magnetic information from several layers
of the sample, the magnetic structure at each atomic layer is still unknown. Already,
Pierce et al. studied the relation between the growth and the magnetic properties
of magnetic multilayer films (Fe/[Ag,Au,Cu,Cr,Mn,V,Al]/Fe) by scanning electron
microscopy with polarization analysis in combination with reflective high energy elec-
tron diffraction and scanning tunneling microscopy [5–7]. Still, there is a lack of
information concerning the degree of intermixing, the crystallographic structure and
the electronic structure at the interface of such multilayers at atomic level.

Since the magnetic properties of ultrathin magnetic multilayer films are strongly
affected by the local geometry, the electronic structure and possible intermixing [9, 10],
a technique with magnetic resolution at atomic scale, i.e. spin-polarized scanning tun-
neling microscopy/spectroscopy, is essential. It allows us to study the magnetic struc-
tures of the spin-valve or a magnetic trilayer [11] precisely as well as the correlation
between magnetism, electronic structure, morphology, and composition.

6.2 Intermixing, geometric and electronic structures

To elucidate the magnetic properties of a magnetic multilayer film, an understanding
of the local geometry, electronic structure, and possible intermixing at the interfaces
is of utmost importance. By gradually increasing the Fe coverage on the Mn(001)
film, we obtained this information on the interface region by means of Auger spec-
troscopy and scanning tunneling microscopy/spectroscopy. Intermixed atoms and
various geometries and density of states are found to exist in this system.

First, we focus on the study of the growth of a magnetic multilayer by means of
scanning tunneling microscopy (STM), spectroscopy (STS) and Auger spectroscopy.
We studied the growth of Fe on an artificial Mn(001) surface. The Mn(001) surface
was produced by depositing seven layers of pure Mn on an Fe(001) whisker. The Mn
film grown in this way presents a body-centered tetragonal (bct) structure with the
in-plane lattice constant dictated by the Fe whisker and an out-of-lattice constant of
0.165 nm [12]. Body-centered cubic (bcc) Fe(001) and bct Mn(001) have surface states
at +0.2 V and +0.8 V, respectively, which can be used for chemical identification
[11, 13, 14]. Fe layers were grown on the Mn(001) surface at RT with a rate of 0.15
nm/min. During the deposition the pressure remained below 3×10−10 mbar.
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6.2.1 Auger spectroscopy

Since Fe has a much higher surface energy than Mn (1.440 J/m2 for Mn and 2.939
J/m2 for Fe) [15], Mn is expected to segregate on top of the Fe film during the
deposition. Therefore, to prevent intermixing between Mn and Fe, the Fe layers were
deposited at RT. In order to test the degree of intermixing between Mn and Fe an
Auger spectroscopy study was performed. During the deposition of the Fe film we
moved the sample from the evaporation position to the Auger measurement position
without switching off the Knudsen cell. After the Auger spectra were measured we
moved the sample back to the growth position to deposit another fraction of one Fe
layer.

Figure 6.1: (a) Auger peak-to-peak height (APPH) ratios measured on the Fe
layers on a Mn(001) film as a function of Fe coverage. Open circles, trian-
gles, and solid dots indicate Fe(651eV)/Mn(636eV), O(512eV)/Mn(636eV), and
Fe(47eV)/Mn(40eV), respectively. Lines are a guide for the eyes. (b-d) Auger
spectra in differential mode as a function of Fe coverage. From left to right the
thickness of Fe is increased. The progressive appearance of the Fe(47 eV) peak and
the progressive disappearance of the Mn(40 eV) peak can be observed. Dashed
lines indicate the exposed Mn and Fe peak positions.

Figure 6.1(a) shows the Auger peak-to-peak height (APPH) ratio between Fe and
Mn peaks and also oxygen and Mn peaks as a function of the Fe coverage 1 [16].
The ratio between O(512 eV) and Mn(636 eV) peaks (triangles in Fig. 6.1(a)) shows
an almost constant value for all coverages, which indicates that the sample was not
contaminated during these measurements (about 10 hours). The ratio between Fe(651
eV) and Mn(636 eV)peaks (open circles in Fig. 6.1(a)) shows an almost constant
value as well. Only the ratio between Fe(47 eV) and Mn(40 eV) peaks (solid dots

1Peak energies in Auger dN/dE spectra are defined as the energy of the minimum behind the
peak.
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in Fig. 6.1(a)) shows a strong dependence on the Fe coverage. This ratio increases
linearly as the amount of Fe deposited increases.

It is well known that the mean free path for Auger electrons with energies around
40 eV is very short (3-5 atomic layers) [17]. Therefore the ratio between Fe(47 eV)
and Mn(40 eV) peaks gives us information about the presence of Mn in the top layers
of the Fe film. Figure 6.1(b) shows the Auger spectra in a differential mode within the
energy range between 35 eV and 50 eV for different Fe coverages. By increasing the
Fe coverage the peak at 47 eV that corresponds to Fe is observed to appear gradually
as the Fe thickness is increased and simultaneously the Mn peak amplitude at 40 eV is
gradually lowered and finally disappears 2. From these observations we can conclude
that there is no segregation of Mn to the surface of the Fe film.

6.2.2 STM study of growth of Fe on Mn(001)

Figure 6.2(a) shows an STM image of the surface of 5 ML of Mn grown on the
Fe(001) whisker. Four different Mn layers are exposed on the surface. Hidden Fe
steps (marked with black arrows in Fig. 6.2(a)) and three dimensional (3D) islands
produced during the Mn deposition are also observed. Details about the growth of
Mn on Fe(001) and the structure of the films are given in chapter 4. Figures 6.2(b)-
6.2(f) show topographic images obtained for different thicknesses of Fe grown on
Mn(001). When 0.05 ML Fe is deposited on the Mn surface, small islands appear on
the surface as shown in Fig. 6.2(b). These islands become larger as the Fe coverage
increases (Fig. 6.2(c)). Figure 6.2(d) was obtained after the deposition of 1.5 ML of
Fe. Although the Fe film follows the original morphology of the Mn(001) surface,
the whole surface is now covered by 1 ML of Fe and small Fe islands appear on the
first layer. For a coverage of 3 ML, up to three different layers are exposed on the
surface as can be seen in Fig. 6.2(e), where the second, the third, and the fourth Fe
layers are observed. (Also, the fifth layer starts to grow as tiny islands.) Figure 6.2(f)
was obtained after the deposition of 7 ML of Fe. It is still possible to recognize the
Mn(001) surface morphology. On this film up to five different layers of Fe are exposed
and there are no 3D Fe islands present on the surface.

In order to elucidate if there is a change in the growth mode with the thickness we
measured the distribution of exposed Fe layers for various Fe coverages following the
method of ref.[19]. We fitted the distribution of exposed Fe layers using a Gaussian
curve (Fig. 6.3(a)). The half width at half maximum (σ) is plotted as function of
the nominal coverage (Fig. 6.3(b)). There is a linear increase of σ as a function of Fe
coverage but there is no drastic variation. From this analysis we can conclude that
the growth of Fe on Mn(001) is not perfect layer-by-layer.

2For these measurements we can only give a rough estimation of the Fe coverage: more than 3-5
ML.
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Figure 6.2: STM images obtained for clean Mn(001) and for different thicknesses
of Fe films grown on the Mn(001) surface at RT: (a) Mn(001) surface, 200×200
nm2, VS = −0.90 V, I = 0.05 nA; (b) 0.05 ML Fe, 200×200 nm2, VS = −0.54 V, I
= 0.44 nA; (c) 0.5 ML Fe, 200×200 nm2, VS = −1.00 V, I = 0.03 nA; (d) 1.5 ML
Fe, 200×200 nm2, VS = +0.17 V, I = 0.19 nA; (e) 3 ML of Fe, 55×55 nm2, VS

= −1.00 V, I = 0.04 nA; (f) 7 ML of Fe, 100×100 nm2, VS = −1.00 V, I = 0.03
nA. (a) shows a topographic image in combination with a differentiation along
the scanning direction. Black arrows in (a) indicate the position of the Fe hidden
steps. The numbers in (e) indicate the local thickness of the Fe film. Dashed
curves in (f) are guide for the eyes to mark the substrate Mn morphology.

Figure 6.3: (a) Distribution of exposed Fe layers at a coverage of 7 ML Fe. The
half width at half maximum (HWHM), σ, is obtained from a Gaussian fit. (b)
HWHM is plotted as a function of the Fe coverage. The line is a guide for the
eye.
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6.2.3 Atomically and chemically resolved STM images

Figure 6.4 shows atomically and chemically resolved STM images. Figure 6.4(a)
was measured on the Fe(001) surface. In this image, besides a faint square lattice
randomly depressions are distributed. In a theoretical and experimental work, Hofer
et al. studied the atomic corrugation obtained by STM on the Fe(001) surface [20].
They used the oxygen contaminants as a marker to identify the atomic positions and
to study the changes in the atomic corrugation of the Fe atoms as a function of the tip
sample distance. For all the set points used in their experiments and calculations, the
oxygen atoms always appear like depressions. The concentration of these depressions
is about 1 % and is constant for all the films that we have studied. Around 1 %
oxygen contaminants were measured by Auger spectroscopy on the clean Fe whisker.
Therefore, we tentatively identify these depressions as oxygen atoms adsorbed on the
surface. Later on, using I(V ) curves measured on these defects we will confirm this
assumption.

Figure 6.4(b) was measured on the Mn(001) surface after the deposition of 0.2 ML
of Fe. In this image a square lattice is clearly seen and two different types of lattice
positions can be distinguished. Most of the atomic positions appear bright and few of
them appear dark. Contrary to the previous case, the number of these dark atomic
positions increases with the amount of Fe deposited, while we had checked by Auger
that the oxygen signal stays constant during the Fe deposition. Figure 6.4(c) was
obtained after depositing 1.5 ML of Fe at room temperature. With this amount of
Fe, the Mn surface is covered with a complete layer of Fe and in some areas the
second layer can be seen as is shown in Fig. 6.4(c). In contrast with the image shown
in Fig. 6.4(b), at this coverage most of the atomic positions are dark and a small
percentage, that depends on the Fe thickness, is bright. The concentration of these
bright atomic positions is 12±2 % for the first Fe layer and 7±1 % for the second Fe
layer as measured from atomically and chemically resolved images as the one shown
in Fig. 6.4(c). In Fig. 6.4(d), a line profile taken in Fig. 6.4(c), four bright atomic
positions are seen. The corrugation of these bright sites is 50 pm and the full width
at half maximum (FWHM) is 0.17 nm. We can compare these values with the values
obtained in two different experimental systems like Pd/Cu(111) [21] where the Pd
atoms are embedded in the Cu(111) surface and the apparent corrugation is 70 pm
and the FWHM is 0.20 nm and Fe/Pt(111) where the Fe atoms are adsorbed on the
surface and present an apparent height of 0.12 nm and a FWHM of 0.7 nm [22].
We can conclude that the bright spots correspond to foreign atoms embedded in the
surface and not to atoms adsorbed on the surface. If we consider also the decrease
in the number of these bright atoms with the increase in the Fe deposited and the
contrast between Mn and Fe found in our previous experiments on the growth of Mn
on the Fe(001) surface [12], we tentatively identify the bright spots as Mn atoms.

In order to identify better the nature of these features we measured I(V ) curves
on every pixel of the topographic images. In Fig. 6.5(a) we show an STM topography
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Figure 6.4: Atomically and chemically resolved STM images obtained on a
Fe(001) surface, a Mn(001) surface and on 1.5 ML Fe on Mn(001). (a) Fe(001)
clean surface, 19×8 nm2. Some black holes at atomic positions are clearly seen.
The diagonal lines that run from the lower left corner to the upper right one are
likely a 50 Hz noise. (b) Image measured on a Mn(001) surface covered with 0.2
ML Fe: 5×5 nm2, VS = −0.1 V, I = 0.5 nA. (c) was obtained on a 1.5 ML Fe
film: 20×6.7 nm2, VS = −2 mV, I = 9.8 nA. The close-packed directions are
shown in (b). The images are slightly distorted by thermal drift (∼0.3 nm/min.).
The in-plane lattice constants along the [100] and the [010] directions in the Mn
and the Fe layers are the same as the lattice constant of Fe(001). To enhance the
bright spots the grey scale in (c) was modified. (d) shows a line profile obtained
at the arrow in (c) across the first and the second Fe layers. Arrows denote the
bright spots in (c). Heights of these spots are about 50 pm.
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measured on a Mn(001) surface covered with 0.2 ML of Fe. As we have shown before
(Figs. 6.2(b) and 6.2(c)) the deposition of submonolayer amounts of Fe leads to the
formation of monoatomic high islands. The Fe islands present on the surface are
labelled as 1 ML Fe. In Fig. 6.5(c) we show the value of the I(V ) curve at +0.3 V.
From this image it is clear that after the deposition of 0.2 ML of Fe the Mn substrate
and the deposited Fe island are far from homogeneous in composition.

Figure 6.5: (a) STM image of 0.2 ML of Fe deposited on Mn(001) at RT, 20×22
nm2 taken with VS = −0.5 V and I = 0.5 nA. (b-d) Images constructed with
the value of the I(V ) curves at +0.2 V for (b), +0.3 V for (c), and +0.4 V for
(d) measured in every pixel of the image shown in panel (a). (e) dI/dV curves
obtained from the I(V ) curves measured in the Fe island (black solid line) and in
the Mn substrate (solid gray line). (f) The grey and black drawn lines correspond
to dI/dV curves obtained from the I(V ) curves measured in the spots marked in
the STM image in panel (a). The dashed line has been measured on one of the
impurities tentatively identified as oxygen.

The dI/dV curves measured on this area are plotted in panels (e) and (f) of
Fig. 6.5. In panel (e) of Fig. 6.5 we show the dI/dV curves measured on the bright
areas of the Fe island (solid black curve) and on the grey areas on the Mn terrace (solid
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grey curve). With the help of our previous experiments and theoretical calculations
on the Mn films grown on Fe(001) whiskers we can identify one of the dI/dV curves
as originated from the Mn(001) electronic structure [8]. It has been shown that the
dI/dV curves measured on the Mn(001) surface always present a dip at +0.1 V (grey
arrow in Fig. 6.5(e) and (f)). The dI/dV curves measured on the Fe areas present a
shoulder at +0.3 V. Therefore, the grey areas in panels (b), (c) and (d) of Fig. 6.5
correspond to the Mn atoms present on the surface (grey solid curve in panels (e)
and (f) in Fig. 6.5) and accordingly the bright spots corresponds to the Fe positions
(black solid curve in panels (e) and (f) in Fig. 6.5). For comparison we included
in Fig. 6.5(f) (dashed black curve) the dI/dV curve taken on one of the impurities
present on the surface, as the ones shown in Fig. 6.4(a). This curve does not show
any of the characteristic signatures found on the Mn and Fe curves. Panels (b), (c)
and (d) in Fig. 6.5 are constructed with the value of the tunneling current for three
different values of the bias voltage. It is clear that the position and contrast between
bright and dark spots are perfectly preserved in the three panels. These spectroscopic
measurements proof that the surface is not homogeneous and is composed of Mn and
Fe atoms.

Once we have been able to identify the chemical identity of the features observed
on the surface of the different films we proceed to estimate the relative abundance.
We found that the first layer consists of 12 % of Mn and 88 % of Fe. The second layer
consists of 7 % of Mn and 93 % of Fe. These observations are consistent with the Auger
measurements that show a decrease of the amplitude of the Mn(40eV) peak with the
Fe coverage. In summary, from the observations of the atomically and chemically
resolved STM images, Auger spectroscopy and STS data we can conclude that for Fe
films grown on Mn(001) at RT, the intermixing between Mn and Fe decreases with
the increase in the Fe thickness. It turned out that the concentration of Fe decays
below 1 % for the Fe films thicker than four layers.

6.2.4 Geometric structure of the Fe layers

In order to determine the geometric structure of the Fe layers we measured the in-
plane and out-of-plane distances with the STM. In a previous work [12] we had shown
that Mn films grown pseudomorphycally on Fe(001), having a bct structure with the
same in-plane lattice constant as the Fe(001), i.e. 0.287 nm. An atomically resolved
image of such a surface can be seen in Fig. 6.4(b). The Fe films deposited on these
Mn(001) surfaces also grow pseudomorphycally, presenting the same in-plane lattice
constant as the bcc Fe(001) surface.

We measured the apparent step height for different Fe layers as a function of
sample bias voltage. We did the measurements in this way to rule out any influence
due to changes in the electronic structure of the films with the thickness. The heights
were obtained from histograms of plane fitted STM images taken at different bias
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voltages. Figure 6.6(a) shows one of these STM images measured at VS = −1.0 V. In
Fig. 6.6(b) we show the histogram of heights present on the image of panel (a). By
measuring the distance between the peaks we can determine the height of the steps
present in the image. We took the half width at half maximum as error bar for the
step heights values. This method for measuring the steps heights is more accurate
than making individual line profiles across the steps.

Figure 6.6: (a) STM image of 1.5 ML of Fe deposited on a Mn(001) substrate
at RT, 50×45 nm2, measured at VS = −1.0 V and I = 0.04 nA. (b) Histogram
showing the heights distributions present in the image of panel(a). By measuring
the distance between the peaks in the histogram we obtain the step height. The
numbers on the STM image do not represent the Fe thickness.

Figures 6.7(a), (b), (c), (d), and (e) correspond to h01, h12, h23, h34, and h67, h78,
respectively. hij denotes the interlayer distance between layers i and j. The step
height does not show a strong dependence on the sample bias voltage, but changes
slightly with the thickness. h01 and h12 scatter around 0.160±0.007 nm. h23 is
slightly higher (∼0.165±0.007 nm), but almost the same as h01 and h12. h34 is
around 0.155±0.007 nm. Above the fourth layer the interlayer distances are around
0.145±0.007 nm as shown in Fig. 6.7(e).

The averaged values of hij ’s below the Fermi level taken from panels (a)-(e) of
Fig. 6.7 are plotted in Fig. 6.7(f) [23]. This figure shows clearly that there is a change
in the step height with the Fe thickness. The first and the second Fe layer have
the same step height: 0.160±0.007 nm. The third Fe layer has a slightly higher step
height: 0.165±0.007 nm. The fourth Fe layer has a lower step height: 0.155±0.007 nm.
Then, the Fe film above the fourth layer has an equivalent interlayer distance of 0.145
nm±0.007 nm. In the studies of bct-FexMn1−x/Ir(001) superlattices [24], a sharp
change of the interlayer distance was observed from 0.165±0.001 nm for Fe0.7Mn0.3
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to 0.153±0.001 nm for Fe0.9Mn0.1 by X-ray diffraction measurements. In that work
the authors linked the reduction in the Mn percentage in the films with the change
in the interlayer distance. It is worth to mention that STM is not the best technique
to get precise crystallographic information because the step height measured can be
affected by changes in the electronic structure between different layers and also by
changes in the work function. In our case the former has been excluded by measuring
the apparent step height at different bias voltages but with our experimental data the
later cannot be excluded 3.

Figure 6.7: Apparent step heights of the Fe layers as a function of the sample
bias voltage. hij indicates the step height between layers i and j. Since the heights
are independent of the current, the height at each voltage is obtained from the
STM images measured at current set points between 0.02 nA and 1 nA. (f) shows
the interlayer distances obtained at negative voltages [23].

Therefore, from these step height measurements we can conclude that for Fe films

3By measuring a dependence of tunneling current on the tip-sample separation, the work function
is obtained. Unfortunately, we forgot to measure this dependence.
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thicker than four layers, the Fe film presents a bcc structure. For the first four layers
we can tentatively conclude that the interlayer distance is enhanced.

6.2.5 STS measurements on the Fe layers

Using the spectroscopic capabilities of the STM we studied the surface electronic
structure of the Fe layers. STS measurements were performed in the following way.
I(V ) curves were obtained at every pixel of a constant current topographic image by
opening the STM feedback loop. dI/dV curves were obtained by numerical differen-
tiation of the I(V ) curves.

We will first focus on the electronic structure of the thick Fe films. As we have
shown before Fe films thicker than four layers present a bcc structure with a lattice
parameter that corresponds to bulk Fe. We also know that for these thick films there
is no intermixing with the atoms from the substrate. Figure 6.8 was obtained on a
7 ML Fe film. As was explained before, with the increase of the Fe thickness, the
number of exposed layers increases and therefore the surface becomes rougher (Fig.
6.2(f)). For a 7 ML Fe film four Fe layers are exposed. All these layers reveal the
same dI/dV curve that presents a clear peak at +0.2 V (Fig. 6.8(a)). The presence
of this peak in the STS spectra measured on the surface of the Fe(001) whisker was
first described by Stroscio et al. [13]. With the help of a theoretical calculation they
traced the origin of this peak back to a nearly unperturbed d orbital. The dI/dV
curves shown in Fig. 6.8(b) are identical to the ones that we measured on a Fe(001)
whisker [25].

The situation for the first four Fe layers is more complicated because, as we have
shown before in this chapter, there is intermixing between Fe and Mn that changes
from layer to layer. In order to retrieve the surface density of states the dI/dV curves
were normalized. We used the curves measured on the thick Fe layers as a reference
during the normalization procedure. Following the method proposed by Ukraintsev
[26], we fitted the exponential background of the dI/dV curves with a function T ,
and then we used this function to normalize the dI/dV curves. (For an extensive
discussion see chapter 1 and 3.) Figure 6.9(a) shows a representative dI/dV curve
for the four first layers of Fe on Mn(001) (solid curve). The dI/dV curve shows
two shoulders at +0.2 V and ∼+1.7 V. For negative and higher (>+2 V) positive
voltages the dI/dV curve increases exponentially. This energy range was used to fit
the exponential background (T ) (grey dashed curve in Fig. 6.9(a)). In Fig. 6.9(b) we
show the normalized conductance ((dI/dV )/T ) curve (black curve). In the normalized
conductance the two shoulders that appear in the dI/dV curves show up as one blunt
peak. In order to determine the position in energy of this peak we fit the normalized
conductance with Gaussian curves. From this fit we found two peaks at +0.3±0.1 V
and +1.0±0.1 V that are shown in Fig. 6.9(b) (grey curve).

Figures 6.8(b) and 6.9(c) show the tunneling conductance (dI/dV ) obtained on
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Figure 6.8: (a) STM topographic image obtained on the Mn layers covered by
about 7 ML Fe (VS = −0.5 V, I = 0.5 nA (90×90 nm2)). About four Fe layers
are exposed. At this area spectroscopy measurements were performed. (b) shows
an averaged dI/dV curve. A peak at +0.2 V is visible.

an Fe film thicker than four layers. In this case the dI/dV curve shows a peak at 0.2
V above the Fermi level. Following the same procedure described above we just fit the
exponential background of the dI/dV curve (grey dashed curve in Fig. 6.9(c)). Figure
6.9(d) shows the normalized tunneling conductance ((dI/dV )/T ) with a solid curve
and using a Gaussian curve we determined the energy position of the peak present in
the spectra (grey solid curve in Fig. 6.9(d)). We found that the energy position is 0.2
V above the Fermi level, this energy corresponds to the energy of the surface state of
bcc Fe(001)[13].

According to the above observations, we conclude that: (1) The first four Fe layers
(which have a bct structure and include intermixed Mn) show peaks at +0.3±0.1 V
and +1.0±0.1 V in the density of states ((dI/dV )/T ). (2) The Fe layers (>4 ML)
(which have a bcc structure and do not contain intermixed Mn) show a peak at +0.2
V in the density of states ((dI/dV )/T ).

Figure 6.10(a) shows an STM image obtained with a clean W tip on a 1.7 ML
Fe film grown on the Mn films. The first and second Fe layers deposited on odd
and even Mn layers are observed. The magnetization of the odd Mn layers couples
antiferromagnetically with the even Mn layers as shown in chapter 3. A dI/dV map
at +0.2 V obtained at the same area as Fig. 6.10(a) shows no contrast (Fig. 6.10(b))
between the first and the second Fe layers on the odd and the even Mn layers demon-
strating that they have the same electronic structure. Intermixed Mn atoms cannot
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be detected in these images measured with 1 nm/pixel resolution.

Figure 6.9: (a) The dI/dV curve obtained experimentally on the first four Fe
layers (black solid curve) was normalized by a fitted tunneling probability func-
tion (T ) (grey dashed curve). The grey solid curve in (a) denotes the dI/dV
curve obtained with the fitted T multiplied by two fitted Gaussian curves. (b)
(dI/dV )/T curve (black solid curve) shows a broad peak in the energy range
between the Fermi level and +2.5 V, it can be fitted with two Gaussian curves
(grey solid curve) centered in energy at +0.3±0.1 V and 1.0±0.1 V, respectively.
(c) The dI/dV curve obtained on the Fe film thicker than four layer (black solid
curve) was normalized by a fitted T (grey dashed curve). (d) (dI/dV )/T curve
(black solid curve) shows a peak at 0.2 V above the Fermi level. It can be fitted
by a single Gaussian curve (grey solid curve). (a) and (c) were measured at set
points of VS = −0.6 V, I = 0.3 nA and VS = −0.5 V, I = 0.5 nA, respectively.
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Figure 6.10: (a-d) Measurements done with non-magnetic W tips. (a) A topo-
graphic image was obtained on the Mn layers covered by 1.7 ML Fe (VS = −0.5
V, I = 0.2 nA (100×100 nm2)). The first Fe layer and the second Fe layer on
different Mn terraces are visible as terraces and islands, respectively. Numbers in
(a) denote the stacking numbers of the Fe layers. (b) shows an dI/dV map at
+0.2 V obtained at the same area as (a). (c) A topographic image was obtained
on the Mn layers covered by about 7 ML Fe (VS = −0.5 V, I = 0.5 nA (200×200
nm2)). About four Fe layers are exposed. (d) shows a dI/dV map at +0.2 V
obtained at the same area as (c). Three-dimensional Mn islands appear darker in
(d) due to a quench of the surface states.

Figures 6.10(c) and 6.10(d) show an STM and an STS (a dI/dV map at +0.2 V)
map, respectively, obtained with a clean W tip on a 7 ML Fe film grown on the Mn
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films. The dI/dV curves obtained on the Fe film which is thicker than four layers
are identical (Fig. 6.8(b)), therefore the dI/dV map shows no contrast. The three-
dimensional (3D) Mn islands present on the image are due to the imperfect growth
of the Mn layer on the Fe whisker and appear darker.

In conclusion, with non-magnetic W tips, we did not observe any contrast on the
Fe films for coverages between 0-7 ML.

6.2.6 Conclusion

In this study we investigated the geometric structure, the concentration of the in-
termixed Mn atoms, and density of states for the Fe/Mn magnetic multilayer film
with STM, STS, and Auger spectroscopy. The Fe film grows almost layer-by-layer.
The in-plane lattice constant is the same as bcc-Fe(001). Intermixed Mn atoms were
observed with a concentration of 12±2 % for the first and 7±1 % for the second Fe
layer. The concentration of Mn was found to decrease with an increase of the number
of Fe layers. Interlayer distances of 0.160±0.007 nm for the first and the second layer,
0.165±0.007 nm for the third layer, 0.155±0.007 nm for the fourth, and 0.145±0.007
nm for the following Fe layers were found. From this it follows that Fe films thicker
than four layers grow in a bcc structure and we tentatively conclude that the first
four Fe layers grow in a bct structure. The surface density of states of the Fe layers
show that: (1) The first four Fe layers have peaks around +0.3±0.1 V and +1.0±0.1
V. (2) The Fe film thicker than four layers has one peak at +0.2 V, which energy
corresponds to the bcc-Fe(001) surface state energy.

One can conclude that around the fourth layer both the electronic structure and
the interlayer distance change. We attribute these changes to the relaxing of the Fe
film from a bct to a bcc structure. The onset of this structural transition is probably
related to the intermixing behavior at the Fe/Mn interface [24].

This indicates that in typical magnetic multilayer films some monolayers at the
interface can have different geometric and electronic structures. This might cause
unexpected magnetic structures at the interface of magnetic multilayer films.
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6.3 Magnetic structures

We changed the non-magnetic W tips for ferromagnetic Fe-coated W tips. The spec-
troscopy data measured with ferromagnetic tips show differences due to spin-polarized
tunneling. In this section, we show the magnetic structures of the Fe/Mn/Fe(001)-
trilayer obtained with Fe-coated W tips and voltage-pulsed tips. Measurements
done on this system with our setup are comparable to the spin-valve structure:
Fe(tip)/vacuum/Fe/Mn(sample). The contents of this section are: (1) thick Fe layers
(>4 ML) on the Mn/Fe(001), (2) thin Fe layers (<4 ML) on the Mn/Fe(001), (3) the
interface between the first Fe layer and the top Mn layer, and (4) Fe layers grown on
a stepped area.

Spin-polarized scanning tunneling spectroscopy measurements were performed in
two different ways. (1) I(V ) curves were obtained at every pixel of a constant current
topographic image by opening the STM feedback loop at a given current and voltage
(set point). dI/dV curves were obtained by numerical differentiation of the I(V )
curves. (2) In order to improve the signal to noise ratio, frequently dI/dV maps
were obtained with a lock-in amplifier. Typically, the sample bias voltage (∼+0.1 V)
was modulated by ±0.04 V at 2 kHz. The main disadvantage of using the lock-in
amplifier is that the feedback loop is closed during this measurement [27]. Due to
spin-dependent tunneling, different tip-sample separations occur on different magnetic
domains. This influences strongly the magnetic contrast in dI/dV [11], and makes it
difficult to obtain quantitative information from the dI/dV obtained by the lock-in
amplifier technique. Thus, to obtain the density of states (DOS) as well as quantitative
information (sample polarization), we used the first method (1).

A higher step density is observed on the Fe films compared to the Mn surface. In
the dI/dV map, the Fe terraces and the steps appear with a strong contrast, which
makes the contrast between the Fe terraces unclear. Therefore, frequently, I(V ) maps
are used instead of the dI/dV maps.

6.3.1 Oscillating magnetic interlayer-coupling: thick Fe layers

SEMPA measurements show a periodic oscillation of the interlayer coupling for Fe
/ Mn / Fe(001) trilayer, where the in-plane magnetization of the Fe films oscillates
with a period of 2 ML of the Mn spacer [7]. Using this technique, the averaged
magnetic information of several layers is obtained, i.e. magnetic information of single
atomic layers cannot be obtained. However, using spin-polarized scanning tunneling
spectroscopy (SP-STS) we can detect magnetic information from single atomic layers
at the surface. Here, we show a study of a thick Fe(>4 ML) film/Mn/Fe(001)-trilayer
by means of SP-STS. (The Fe film was deposited at RT and a 7 ML Mn film was
grown at 370 K on the Fe(001)-whisker.) We will present a direct proof that the
magnetizations of the Fe films oscillate with a period of 2 ML of the Mn spacer.
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Figures 6.11(a) and 6.11(b) show a SP-STM and a SP-STS (an I(V ) map at +0.4
V) image, respectively, obtained with an Fe-coated W tip on the surface of a 7 ML
Fe film. Several Fe layers are exposed at the surface and two substrate Mn layers
are visible (a terrace and islands with a ∼100 nm diameter), i.e. the Fe films was
grown on an odd (seventh) and an even (sixth) Mn layer. Since the thick Fe layers
have the same geometric and electronic structure as bcc-Fe(001), the thick Fe film
is ferromagnetic. Therefore, no magnetic contrast between the Fe layers grown on a
locally equally thick Mn film is expected. Indeed, the I(V ) map does not show a clear
difference in the magnetic contrast in the Fe layers grown on the Mn terrace. Neither
is there a contrast visible in the Fe layers grown on the Mn islands. This reveals
that layers in the thick bcc-Fe(001) couple ferromagnetically with the Fe layer below
and above. Dark spots in the I(V ) map are caused by the tiny Fe islands. Since
the image was obtained with a resolution of 0.7 nm/pixel, the spectroscopy from the
tiny island includes a strong influence from the step, appearing as dark spots. This
behavior was also observed with W tips. Although the spectroscopy map obtained
with clean W tips did not show any contrast (see Fig. 6.10), the spectroscopy map
obtained with an Fe-coated W tip (Fig. 6.11(b)) shows a black-white contrast between
the Fe films on the odd and the even Mn layers. Since the Fe-coated W tip detects
the in-plane sample magnetization, this contrast is attributed to the different in-plane
magnetization directions of the thick Fe films on the odd and the even Mn layers.

Figures 6.11(c) and 6.11(d) show a SP-STM and a SP-STS (an I(V ) map at +0.4
V) image, respectively, obtained with an Fe-coated W tip on a 7 ML thick Fe film.
Several Fe layers are exposed on the surface and four substrate Mn layers are observed
(“1-4” in Fig. 6.11(c)). Here, the Fe film was grown on Mn layers with four different
stacking numbers, i.e. the Fe film at “1-4” is grown on different thickness of the Mn
spacer. The I(V ) map of Fig. 6.11(d) obtained at the same area as Fig. 6.11(c) shows
magnetic contrasts between “1-4”. The area “3” appear brighter and the areas “2”
and “4” appear darker. Thus, the in-plane magnetization directions of the Fe films
between “2-4” change periodically. This is the direct observation of the oscillation
of the interlayer coupling between the Fe film and the Fe-whisker with a period of 2
ML of the Mn spacer. The different magnetization directions are caused by the odd
or the even number of the Mn spacer layer. Also, it is noted that even the Fe film
grown on the Mn island with a diameter of 30 nm varies the magnetization direction
by following the interlayer coupling angle.

The images with the highest magnetic contrast obtained are shown in Fig. 6.11.
The dI/dV curves obtained from Fig. 6.11 show a magnetic contrast (AdI/dV ) of about
4 % at +0.3 V. This contrast is much smaller than the highest magnetic contrast
obtained on the Mn layers (AdI/dV ≈20 % at +0.3 V). It was already reported that
a bcc-Fe(001) has a highly spin-polarized dz2 state in the minority band [13] and
the Mn(001) also has highly spin-polarized dz2 states in the minority band [11]. In
the following it is assumed that the polarization of the Fe(001) layers equals that of
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the Mn(001) layers. Although the tip detects the highest contrast on the Mn(001)
layers when the tip and the sample magnetizations are parallel (the odd Mn layer
couples 180 degrees with the even Mn layer), for the thick Fe film the tip detects a
highest magnetic contrast of only 3-5 %. If the Fe film on the odd Mn layer couples 30
degrees with the Fe film on the even Mn layer, the tip detects only sample polarization
multiplied by sin 15o ≈ 1/4. Thus, the maximum contrast for the thick Fe film to
be expected 1/4 of the full contrast, i.e. 3-5 %. According to SEMPA results of
Fe/Mn/Fe(001) in ref.[7], the magnetization direction of a thick Fe film (∼10 ML:
grown at 420 K) couple 85 degrees for even Mn spacer layers and couple 105 degrees
for odd Mn spacer layers with the substrate Fe-whisker magnetization. The defferece
in angles is only 20 degrees. Thus, a weak magnetic contrast we obtained between
thick Fe films on odd and even Mn spacer layers can be explained by the SEMPA
results.

6.3.2 Antiferromagnetic and non-collinear Fe films: thin Fe
layers

Our experimental setup corresponds to the “spin-valve” structure: ferromagnetic (tip)
/ vacuum / ferromagnetic / antiferromagnetic (sample) layers. The magnetizations
of the ferromagnetic layers on the antiferromagnetic layers are pinned and are uni-
directional. In the previous section we discussed the ferromagnetic properties of the
thick Fe layers. Since we found with non-magnetic W tips that the first few Fe layers
have different geometric and electronic structure and include intermixed Mn atoms
as well, the magnetic structure of these layers is quite interesting. Previous studies
showed a strong dependence of the exchange coupling on interface alloying on the
Fe/Cr/Fe(001) system studied by means of magneto-optical Kerr effect [28]. Here,
the magnetic properties of the thin Fe films (1-4 ML) on the Mn layers are presented.

Figure 6.12 shows SP-STM (a,c,e) and SP-STS (b,d,f) images obtained with three
Fe-coated W tips on different Fe film with coverages of 1.5 ML for (a,b), 2.2 ML for
(c,d), and 3 ML for (e,f). Figure 6.12(a-d) were obtained using the lockin amplifier
and Fig. 6.12(e,f) were obtained by measuring the tunneling current as a function
of the sample bias voltage at each pixel position. The model for each thickness of
Fe is shown below each image. The SP-STM images show several Fe layers on the
surface and the SP-STS images show contrast. Since the STS images obtained with
non-magnetic W tips did not show any contrast (see Fig. 6.10), the contrast in the
SP-STS images obtained with Fe-coated W tips can be ascribed to the spin-polarized
DOS of the Fe layers. Since we know that the first four Fe layers have the same
electronic structure, the magnetic contrast reveals that the Fe layers have different
directions of the in-plane magnetization. Compare this result with the observations of
Fig. 6.11 in which there is no magnetic contrast visible between Fe islands grown on
the same Mn layer. Figure 6.12(a,b) was obtained on the surface of a 1.5 ML Fe film,
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Figure 6.11: Magnetic structures obtained on a thick Fe film (∼7 ML) on the
Mn(001) layers. (a) and (b) show a SP-STM and a SP-STS (an I(V ) map at
+0.4 V) image, respectively, obtained with an Fe-coated W tip at a set point of
VS = −0.6 V, I = 0.5 nA (200×200 nm2). (a) shows several Fe layers as well
as the two substrate Mn layers. (b) shows that the Fe films grown on the odd
(even) Mn layer appear darker (brighter). This magnetic contrast shows that the
Fe films on the odd and the even Mn layers have different in-plane magnetization
directions. (c) and (d) show a SP-STM and a SP-STS (an I(V ) map at +0.4 V)
image, respectively, obtained with an Fe-coated W tip at a set point of VS = −0.5
V, I = 0.5 nA (200×200 nm2). Four different thicknesses of the Mn layers are
observed. The I(V ) map shows magnetic contrasts between areas marked “1-4”
in (c). This is a direct evidence that the interlayer coupling between the Fe films
and the substrate Fe whisker varies with a period of a 2 ML Mn thickness.
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in this image Fe was deposited on two Mn terraces. The complete surface is covered by
the first Fe layer and the second Fe layer is present as small islands. The first Fe layer
on the odd (“1odd”) and the even Mn (“1even”) layers presents a magnetic contrast
as shown in Fig. 6.12(b). In the same way, the second, the third, and the fourth
Fe layers on the odd and the even Mn layers show magnetic contrasts: 2odd ↔ 2even

(Fig. 6.12(b,d)), 3odd ↔ 3even (Fig. 6.12(d,f)), and 4odd ↔ 4even (Fig. 6.12(f)). This
shows that each Fe layer from the first to the fourth has a spin-polarized DOS and
that the Fe magnetization follows the magnetization of the antiferromagnetic Mn
layers. Since these layers have the same electronic structure as Fig. 6.9: peaks at
+0.3±0.1 V and +1.0±0.1 V, these peaks must be spin-polarized. In order to confirm
this statement, dI/dV curves obtained on the first four Fe layers were normalized by
the fitted tunneling probability functions (T ). The dI/dV curves obtained with an
Fe-coated W tip on the third Fe layer on the odd (black) and the even (grey) Mn
layers are shown in Fig. 6.13. The (dI/dV )/T curves reveal two spin-dependent peaks
at +0.3 V and +1.0 V. Since the peaks in the (dI/dV )/T curves were interpreted as
a superposition of two peaks (see Fig. 6.9), the energy of the spin-polarized states
can be found by a fit of Gaussian curves to the obtained (dI/dV )/T curves. The
Gaussian curves show spin-dependent peaks at +0.2 V and +1.1 V. We conclude that
these spin-dependent peaks are the origin of the magnetic contrast in the spectroscopy
maps.

In general, body-centered-cubic Fe has a ferromagnetic phase at room tempera-
ture. This means that each Fe layer couples ferromagnetically with the Fe layer below
and above. However, the spectroscopy images in Fig. 6.12 show magnetic contrasts
between the first four Fe layers (1odd(even) ↔ 2odd(even) ↔ 3odd(even) ↔ 4odd(even)), i.e.
the first four Fe layers couple antiferromagnetically.

In order to find the coupling angle between the first four Fe layers, we measured SP-
STS maps at the same area with different tip magnetization directions. The different
magnetization directions were obtained by the voltage pulse method (see chapter 5).
Figure 6.14 shows a SP-STM image (a) and SP-STS images (b,c) obtained on the
surface of a 1.5 ML Fe film with an Fe-coated W tip (b) and the same Fe-coated tip
after a voltage pulse was applied (c). These SP-STS images were obtained with the
lock-in amplifier technique at the same set point of VS = +0.2 V, I = 0.2 nA (∆V
= 44 mV, 2.146 kHz). A line profile at the arrow in Fig. 6.14(a) is shown below the
image. At this area two exposed Mn layers are completely covered by the first Fe
layer and the second Fe layer is observed as islands. An Fe-coated W tip detected
magnetic contrasts between all terraces as well as islands (Fig. 6.14(b)). After we
obtained Fig. 6.14(b) the tip was moved >500 nm and one voltage pulse was applied
to change the tip magnetization direction. Then, the tip was moved back to the
same area as Fig. 6.14(a,b) and the image shown in Fig. 6.14(c) was obtained. Figure
6.14(c) shows magnetic contrast only between the first Fe layers and the contrast is
reversed compared to Fig. 6.14(b). There is no clear magnetic contrast between “A”
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Figure 6.12: SP-STM/SP-STS images obtained from the thin Fe layers (1-4
ML). All Fe films were deposited on a 7 ML Mn(001) film at RT. (a) and (b)
show a SP-STM and a SP-STS (a dI/dV map at +0.2 V) image, respectively,
obtained with an Fe-coated W tip on the surface of a 1.5 ML Fe film using the
lock-in amplifier technique at a set point of VS = +0.2 V, I = 0.2 nA (100×100
nm2). (c) and (d) show a SP-STM and a SP-STS (a dI/dV map at +0.2 V)
image, respectively, obtained with an Fe-coated W tip on the surface of a 2.2 ML
Fe film using the lock-in amplifier technique at a set point of VS = +0.2 V, I =
0.2 nA (49×49 nm2). (e) and (f) show a SP-STM and a SP-STS (an I(V ) map at
+0.3 V) image, respectively, obtained with an Fe-coated W tip on the surface of
a 3 ML Fe film at a set point of VS = −0.4 V, I = 0.3 nA (37×37 nm2). Numbers
denote the stacking numbers of the Fe layers. “odd” and “even” denote the Fe
films grown on the odd and the even Mn layers, respectively. The sketches for
each coverage of the Fe film are shown below each SP-STS image.
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Figure 6.13: The dI/dV curves obtained with an Fe-coated W tip on the third
Fe layers on the odd (black) and the even (grey) Mn layers are shown as dotted
curves. T , Gaussian, and (dI/dV )/T curves are plotted by dashed, thin-solid,
and thick-solid curves, respectively. The obtained (dI/dV )/T curves show two
spin-dependent peaks. The LDOS peak energies are obtained by a fit of Gaussian
curves to the (dI/dV )/T curves.

and “B”. Between Figs. 6.14(b) and 6.14(c) the sample magnetization directions were
not changed. Only the tip magnetization direction is changed. If the magnetization
of the first Fe layer couples antiferromagnetically (=180o coupling) with that of the
second Fe layer, the magnetic contrast between 1odd ↔ 1even as well as 2odd ↔ 2even

is always observed or completely disappears (when the angle between the tip and the
sample magnetizations is 90o), i.e. Fig. 6.14(c) should show the inversed magnetic
contrast between 2odd ↔ 2even as well. All this can be understood when the first Fe
layer couples with the second Fe layer in a non-collinear way.

In the following we obtain a quantitative value of the coupling angle between the
first and the second Fe layer using experimentally obtained spectroscopy data. The
tip magnetization angle before and after applying a voltage pulse is also obtained.

Figure 6.15(a) shows a diagram of the sample and the tip polarization vectors.
�Pt1 and �Pt2 denote the tip polarization vectors when the tip detects Fig. 6.14(b) and
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Figure 6.14: Magnetic structures obtained on the surface of a 1.5 ML Fe film.
(a) and (b) were obtained with an Fe-coated W tip. A SP-STM image (a) and
SP-STS images (b,c: dI/dV maps at +0.2 V) were obtained with the lock-in
amplifier technique (100×85 nm2). The set point was VS = +0.2 V, I = 0.2 nA.
Numbers in (a) denote the stacking number of the Fe layers. A line profile along
the arrow in (a) is shown below the image. After measuring (b), the tip was
changed by applying a voltage pulse at a different place and (c) was obtained.
In (b), dI/dV values at “A”, “B”, “C”, and “D” are −3.35nA/V, −3.45nA/V,
−3.40nA/V, and −3.47nA/V, respectively, where the error bars are ±0.01nA/V.
In (c), dI/dV values at “A”, “B”, “C”, and “D” are −3.11nA/V, −3.11nA/V,
−3.17nA/V, and −3.11nA/V, respectively, where the error bars are ±0.01nA/V.

6.14(c), respectively. �P 1st
s and �P 2nd

s denote the polarization vectors of the first and
the second Fe layer, respectively. The angle between �Pt1 and �P 2nd

s is named θ1 and
the angle between �Pt1 and �Pt2 is named θ2. α denotes the angle between �P 1st

s and
�P 2nd

s + 180o, where 0o ≤ α < 90o.
To avoid confusions, the dI/dV maps in Fig. 6.14 were measured with the same

parameters: modulation frequency 2.146 kHz, modulation voltage 44 mV, sensitivity
500 mV, gain 5.1, 4.44 second/line, VS = +0.2 V, I = 0.2 nA. We found no-spin-
dependence in the tip-sample separation when we use the positive voltage set point
(see page 67 in ref.[29]), i.e. the influence of the spin-dependent transmission on the
tip-sample separation to the magnetic contrast in the dI/dV maps is neglected. The
tip conditions for Fig. 6.14(b) and 6.14(c) are named “tip1” and “tip2”, respectively.
When the tip polarization has a parallel component to the sample polarization, the
dI/dV shows higher values (brighter in the dI/dV map). And, when the tip polar-
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ization has an anti-parallel component to the sample polarization, the dI/dV shows
lower values (darker in the dI/dV map). Between Figs. 6.14(b) and 6.14(c) we as-
sume that the parallel component between tip and sample polarizations changes to
anti-parallel (and vice versa) since the magnetic contrast between the first Fe layers
reverses.

dI/dV obtained on the second Fe layer with tip 1 (Fig. 6.14(b)) can be described
as

dI/dV 2nd
t1 A = dIo/dV (1 + Pt1Pscosθ1) at A, (6.1)

dI/dV 2nd
t1 D = dIo/dV (1 − Pt1Pscosθ1) at D, (6.2)

where dIo/dV = 1
2ρsρtexp(−2κz) (see chapter 1). dI/dV obtained on the first Fe

layer with tip 1 (Fig. 6.14(b)) can be described as

dI/dV 1st
t1 C = dIo/dV (1 + Pt1Pscos(θ1 + α+ π)) at C, (6.3)

dI/dV 1st
t1 B = dIo/dV (1 − Pt1Pscos(θ1 + α+ π)) at B. (6.4)

dI/dV obtained on the second Fe layer with tip 2 (Fig. 6.14(c)) can be described as

dI/dV 2nd
t2 A = dIo/dV (1 − Pt2Pscos(θ2 − θ1)) at A, (6.5)

dI/dV 2nd
t2 D = dIo/dV (1 + Pt2Pscos(θ2 − θ1)) at D. (6.6)

dI/dV obtained on the first Fe layer with tip 2 (Fig. 6.14(c)) can be described as

dI/dV 1st
t2 C = dIo/dV (1 − Pt2Pscos(θ1 − θ2 + α+ π)) at C, (6.7)

dI/dV 1st
t2 B = dIo/dV (1 + Pt2Pscos(θ1 − θ2 + α+ π)) at B. (6.8)

(6.9)

Here, the tip polarization 1 (�Pt1) and the second Fe layer polarization (�P 2nd
s ) are

assumed to be parallel since the second Fe layers in Fig. 6.14(b) reveal the highest
magnetic contrast, i.e. θ1 = 0. Since dIo/dV is the same for the first four Fe layers
(see Fig. 6.9), we can state that |�P 1st

s | = |�P 2nd
s | = Ps. Then,

A2nd
t1 = (Eq.6.1 − Eq.6.2)/(Eq.6.1 + Eq.6.2) = PtPs cos θ1, (6.10)
A1st

t1 = (Eq.6.4 − Eq.6.3)/(Eq.6.4 + Eq.6.3) = −PtPscos(θ1 + α+ π), (6.11)
A2nd

t2 = (Eq.6.5 − Eq.6.6)/(Eq.6.5 + Eq.6.6) = −PtPscos(θ2 − θ1), (6.12)
A1st

t2 = (Eq.6.8 − Eq.6.7)/(Eq.6.8 + Eq.6.7) = PtPscos(θ1 + α+ π − θ2)).
(6.13)

By taking the ratio of these asymmetries, we can obtain the angle α and θ2. These
asymmetries are obtained experimentally from Fig. 6.14.
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Figure 6.15: (a) shows angles between the tip and the sample polarization di-
rections. �P 1st

s , �P 2nd
s , �Pt1, and �Pt2 denote the polarization vector of the first Fe

layer, the polarization vector of the second Fe layer, the tip polarization vector
before one voltage-pulse was applied, and the tip polarization vector after one
voltage-pulse was applied, respectively. (b) and (c) show the same dI/dV maps
as shown in Fig. 6.14. White arrows denote the magnetization directions of the
Fe layers and black arrows denote tip magnetization directions.

A2nd
t1 /A1st

t1 = −2.41 = cos θ1/(− cos(θ1 + α+ π)), (6.14)
A2nd

t2 /A1st
t2 = 0.00 = (− cos(θ2 − θ1))/(cos(θ1 + α+ π − θ2)). (6.15)

With Eq. 6.14 we obtained α=64±6o, i.e. the first Fe layer magnetization couples
116 ± 6o with the second layer (non-collinear coupling). Eq. 6.15 shows that θ2=90o,
i.e. the tip magnetization direction changes 90o from “tip1” to “tip2”.

Figures 6.15(b) and 6.15(c) show the same dI/dV maps as Fig. 6.14. The obtained
sample and tip magnetizations are shown as white and black arrows.

Also, Fig. 6.12(f) shows the similar grey scale between the second and the third
Fe layers and the magnetic contrast between the third and the fourth Fe layers, while
the magnetic contrast was obtained between the second and the third Fe layers in
Fig. 6.12(d). This indicates the non-collinear coupling between the second and the
third Fe layers. Then, the second, the third, and the fourth Fe layers couple non-
collinearly.

With our experimental results we determined directly the non-collinear coupling
between the thin Fe layers grown on the antiferromagnetic Mn layers. The question
that arises is why these Fe layers have non-collinear coupling. There are different
possible explanations: (1) the different geometric structure of the thin Fe layers (body-
centered-tetragonal (bct) structure) compared to the thick Fe layers (body-centered-
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cubic (bcc) structure), (2) the thin Fe layers include intermixed Mn atoms and (3)
coupling from Mn underneath.

6.3.3 Magnetic coupling at the interface of Fe/Mn

The magnetic coupling at the interface of a ferromagnetic layer and an antiferro-
magnetic layer is an important issue for the understanding of the fundamentals of
nanomagnetism. Here, SP-STS results obtained on the surface of a sub-ML Fe film
grown on the Mn layers are presented.

Figures 6.16(a) and 6.16(b) show a SP-STM image and a SP-STS image (a dI/dV
map at +0.3 V), respectively, obtained with an Fe-coated W tip on the surface of a 0.7
ML Fe film on the Mn surface. The Fe islands on the odd and the even Mn layers are
marked by “Feodd” and “Feeven”, respectively. The spectroscopic map in Fig. 6.16(b)
obtained at the same area as Fig. 6.16(a) shows magnetic contrasts between Feodd ↔
Feeven as well as Mnodd ↔ Mneven. The origin of this contrast is attributed to the
spin-dependent peaks in (dI/dV )/T curves (Figs. 3.4 and 6.13). Since the first Fe layer
and the Mn surface have spin-polarized peaks in “minority” states above the Fermi
energy, the contrast between Feeven(odd) ↔ Mneven(odd) indicates that the first Fe layer
does not couple ferromagnetically with the top Mn layer, i.e. antiferromagnetically
or non-collinearly. In the dI/dV map of Fig. 6.16(b), not only the strong magnetic
contrast but also slight variations in the grey scale are observed. These are caused
by intermixed Fe or Mn atoms since the intermixed atoms have different electronic
structure. Figures 6.16(c) and 6.16(d) show I(V ) and dI/dV curves, respectively,
obtained on the Mn layers (dotted curves) and the Fe islands (solid curves). The
curves obtained on the films on the odd (even) Mn layers are shown as grey (black).
dI/dV curves obtained on the Mn layers show magnetic contrast above the Fermi
energy. A shoulder around +0.3 V is also visible, which is caused by the superposition
of the LDOS of the Mn(001) and the LDOS of the intermixed Fe. (The dI/dV curves
were measured every 0.4 nm.) The dI/dV curves obtained on these Fe islands (solid
curves) show magnetic contrast above the Fermi energy as well.

Figure 6.17 shows a SP-STM (a) and a SP-STS (b) image obtained with an Fe-
coated W tip on the surface of 0.2 ML of Fe deposited on the odd and the even Mn
layers using a high resolution of 0.15 nm/pixel (30×18 nm2). In these highly resolved
images, it is possible to distinguish the intermixed Fe atoms from the Mn atoms.

The SP-STM image shows the odd (Mnodd) and the even (Mneven) Mn layers and
a few Fe islands. Dark spots are also observed on the Mn terraces and the Fe islands.
The spectroscopy map in Fig. 6.17(b) shows a magnetic contrast between the odd
and the even Mn layers. The small Fe islands also show a magnetic contrast, but it
is reversed. In Fig. 6.17(b), bright spots on the odd Mn layer and dark spots on the
even Mn layer are observed. The concentration of these spots is 4 %. A single spot
is assumed to be produced by a single Fe atom. It can be seen that the embedded
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Figure 6.16: (a) and (b) show a SP-STM image and a SP-STS (a dI/dV map at
+0.3 V) image, respectively, obtained with an Fe-coated W tip on the surface of
a 0.7 ML Fe on the Mn layers at a set point of VS = −0.5 V, I = 0.5 nA (80×42
nm2). (c) and (d) show I(V ) and dI/dV curves, respectively, representative on
the Fe islands and the Mn terraces.

Fe atoms in the odd and the even Mn layers show the inverse contrast to the Mn
layers. If the embedded single Fe atoms have the d LDOS in the minority band, this
result indicates that even single Fe atoms in the Mn(001) sheet have an opposite spin
direction compare to the Mn spin direction. (The Mn(001) also has the dz2 -LDOS in
the minority band.)

Figure 6.17(c) shows an atomically resolved STM image obtained on the Mn ter-
race. The concentration of the darks spots at the atomic sites (marked by the arrows)
is 4 %. This concentration is the same as the bright (dark) spots on the odd (even)
Mn layers. We can identify that these spots are intermixed Fe atoms. In this area
a bigger bright spot (surround by the white circle) is observed at a four-fold hollow
site. The surface concentration of these spots is 1 %. Since we have confirmed with
atomically and chemically resolved STM images and Auger spectra that the concen-
tration of the oxygen impurities on the Mn surface and the Fe surface is lower than
1 % even at 5 hours after sample preparation [12, 18], the spot at the hollow sites
might be identified as an oxygen atom.
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Figure 6.17: (a) and (b) show a SP-STM and a SP-STS (a dI/dV map at +0.2
V) image, respectively, obtained with an Fe-coated W tip on the surface of a 0.2
ML Fe film on the Mn layers at a set point of VS = −0.5 V, I = 0.5 nA (0.15
nm/pixel, 18×30 nm2). Fe islands on the odd Mn layer have a dI/dV of 1.8 nA/V
at +0.2 V and Fe islands on the even Mn layer have a dI/dV of 1.4 nA/V at +0.2
V. (c) shows an atomically and chemically resolved STM image obtained on the
same surface (4.2×4.2 nm2, VS = −0.1 V, I = 0.5 nA).

It might be noted that the Fe LDOS peak shifts at the small islands or at the
embedded Fe atoms shown in Fig. 6.17. This shift will cause different grey scale in the
SP-STS map of Fig. 6.17(b) and will confuse the analysis of the obtained contrast.
However, dI/dV curves obtained on the islands and at the embedded Fe atoms in
Fig. 6.17(b) showed similar dI/dV curves as dI/dV curves in Fig. 6.16(d). No strong
peak shift in the dI/dV curves was observed. Thus, the contrast in Fig. 6.17(b)
reveals the magnetic structure instead of the electronic structure (the peak shift).

Although Fig. 6.16 indicates an antiferromagnetic coupling between the first Fe
layer and the top Mn layer, to investigate the magnetic coupling more carefully, we
changed the tip magnetization direction by applying one voltage pulse in an area far
from the studied region (>300 nm). After Fig. 6.16 was obtained, the tip magneti-
zation direction was changed and Fig. 6.18 was obtained at an area close to the one
shown in Fig. 6.16. Figures 6.18(a) and 6.18(b) show a SP-STM and a SP-STS image
(a dI/dV map at +0.3 V), respectively, obtained with a voltage-pulsed tip at the same
set point as Fig. 6.16. The odd and the even Mn layers and Fe islands are observed
(Fig. 6.18(a)). The dI/dV map shows that only the Fe islands show the magnetic
contrast and the contrast is reversed compared to Fig. 6.16. The same observations
were done on the surface of a 1.5 ML Fe film (Fig. 6.15), i.e. the magnetization of
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Figure 6.18: (a) and (b) show a SP-STM and a SP-STS (a dI/dV map at +0.3
V) image obtained with a voltage-pulsed tip on the same surface as Fig. 6.16 at
a set point of VS = −0.5 V, I = 0.5 nA (100×100 nm2). After the measurements
in Fig. 6.16 one voltage-pulse was applied at a different place to change the tip
magnetization direction. dI/dV values at Feodd, Feeven, Mnodd, and Mneven are
1.71 nA/V, 1.47 nA/V, 1.67 nA/V, and 1.68 nA/V, respectively.

the top Mn layer couples non-collinearly with that of the first Fe layer.

From the spin-dependent step heights and dI/dV curves, we can estimate the
angle between the magnetizations of the top Mn layers and the first Fe layers as well
as the tip magnetization angle before and after applying a voltage-pulse. To estimate
the angle we follow the same procedure as shown in Eqs. 6.1-6.15. However, here,
we have to include the exponential term of the spin-dependent tip-sample separation
(see also chapter II) since experimentally a spin-dependent tip-sample separation (∆z
= 0.1 Å) was measured from the topography shown in Figs. 6.16 and 6.18. The tip
conditions of Figs. 6.16 and 6.18 are named “tip1” and “tip2”, respectively. �tip1 and
�tip2 denote the magnetization vectors of “tip1” and “tip2”, respectively. �Fe and �Mn

denote the magnetization vectors of the first Fe layer and the Mn layer, respectively.
The diagram of the angles between the tip and the sample polarizations is shown
in Fig. 6.19(a). θMn

tip1 (θMn
tip2) denotes the angle between �tip1 ( �tip2) and �Mn. θFe

tip1

(θFe
tip2) denotes the angle between �tip1 ( �tip2) and �Fe. Also, from experimental results

in Figs. 6.16-6.18, the angle between the first Fe layer and the top Mn layer (θ) is



6.3 Magnetic structures 123

deduced 90o < θ < 270o. The dI/dV curves can be described as follows:

dI/dV Mn−odd
tip1 = dIo/dV

Mn · (1 + Ptip1PMn cos θMn
tip1) exp[2κ∆z cos θMn

tip1]
(6.16)

dI/dV Mn−even
tip1 = dIo/dV

Mn · (1 − Ptip1PMn cos θMn
tip1) exp[−2κ∆z cos θMn

tip1]
(6.17)

dI/dV Fe−odd
tip1 = dIo/dV

Fe · (1 + Ptip1PFe cos θFe
tip1) exp[2κ∆z cos θFe

tip1]
(6.18)

dI/dV Fe−even
tip1 = dIo/dV

Fe · (1 − Ptip1PFe cos θFe
tip1) exp[−2κ∆z cos θFe

tip1]
(6.19)

dI/dV Mn−odd
tip2 = dIo/dV

Mn · (1 + Ptip2PMn cos θMn
tip2) exp[2κ∆z cos θMn

tip2]
(6.20)

dI/dV Mn−even
tip2 = dIo/dV

Mn · (1 − Ptip2PMn cos θMn
tip2) exp[−2κ∆z cos θMn

tip2]
(6.21)

dI/dV Fe−odd
tip2 = dIo/dV

Fe · (1 + Ptip2PFe cos θFe
tip2) exp[2κ∆z cos θFe

tip2]
(6.22)

dI/dV Fe−even
tip2 = dIo/dV

Fe · (1 − Ptip2PFe cos θFe
tip2) exp[−2κ∆z cos θFe

tip2]
, (6.23)

where the dI/dV Fe−odd(even)
tip1 denotes the dI/dV curve obtained with the tip1 on the

first Fe layer grown on the odd (even) Mn layer, the dI/dV Fe−odd(even)
tip2 the dI/dV

curve obtained with the tip2 on the first Fe layer grown on the odd (even) Mn layer,
dI/dV

Mn−odd(even)
tip1 the dI/dV curve obtained with the tip1 on the odd (even) Mn

layer, dI/dV Mn−odd(even)
tip2 the dI/dV curve obtained with the tip2 on the odd (even)

Mn layer. Ptip and Psample: Mn or Fe denote the tip and the sample polarization
above the Fermi energy, respectively, ∆z the maximum spin-dependent tip-sample
separation (0.1 Å), and κ the decay length (∼0.5 Å−1). dIo/dV denotes the non-
spin-polarized term of the dI/dV , i.e. dIo/dV = 1

2ρtipρsample exp(−2κz), where
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ρtip(sample) denotes the tip (sample) DOS, z the tip-sample separation. At nega-
tive set points z is spin-dependent (see page 67 in ref.[29]). Since the polarization
of the Mn layers is negative at negative set points, the dot product Psample · Ptip is
negative when the tip and sample polarizations are parallel, and z decreases to z−∆z.
For the same reason, z increases to z + ∆z when the tip and sample magnetizations
are antiparallel. This leads to a factor exp[+2κ∆z] in dI/dV for the odd Mn layers
(assuming that the sample magnetization of the odd Mn layers is parallel to the tip
magnetization: exp[−2κz] → exp[−2κ(z − ∆z)] = exp[−2κz] · exp[+2κ∆z]), and a
factor exp[−2κ∆z] in dI/dV for the even layers. This factor is determined by the
set point and holds for every voltage at which dI/dV is measured since during this
measurement the feedback loop is opened which means that the tip-sample distance
is fixed. Since Figs. 6.16 and 6.18 show dI/dV maps at +0.3 V, at which voltage
the Mn polarization is positive (see Fig. 3.6), the values in these maps are propor-
tional to ((1 + PtipPsample) exp[+2κ∆z]) for the odd Mn layers and proportional to
((1 + PtipPsample) exp[−2κ∆z]) for the even Mn layers.

Using Eqs.6.16-6.23 and experimental results, we can obtain the relative angle
between the Mn and Fe layers as well as tip 1 and tip 2.

First, we assume that Ptip1 = Ptip2 = Ptip. Also, θMn
tip1 = 0 since the Mn layers

in Fig. 6.16 reveal the highest contrast. Thus, the variation of the magnetic contrast
only depends on the angle between the tip and the sample magnetizations.

With experimentally obtained dI/dV curves, the asymmetry in dI/dV (A) on the
Mn layers was obtained. From Fig. 6.16 (obtained with tip 1) it is deduced AMn

tip1

= (Eq.6.16-Eq.6.17)/(Eq.6.16+Eq.6.17) = 0.1 at +0.3 V. From Fig. 6.18 (obtained
with tip 2) it is deduced AMn

tip2 = (Eq.6.20-Eq.6.21)/(Eq.6.20+Eq.6.21) = 0.02 at
+0.3 V. Then, AMn

tip1/A
Mn
tip2 = 5 was obtained, which can be described as [(Eq.6.16-

Eq.6.17)/(Eq.6.16+Eq.6.17)] / 5 = [(Eq.6.20-Eq.6.21)/(Eq.6.20+Eq.6.21)]. We found
experimentally that PtipPMn = (dI/dV )/TMn has a value of 0.1 at +0.3 V. Next, as
shown in Fig. 6.19(b), the right (grey curve) and the left (black curve) side of this
equation were plotted as a function of the angle θMn

tip2. The angle at the cross point
of the grey and black curves is 282 degrees. This means that the tip magnetization
direction changes 78 degrees from the tip 1 to the tip 2.

In the same way, with experimentally obtained dI/dV curves on the first Fe lay-
ers, the asymmetry in dI/dV was obtained. Figure 6.16 (obtained with tip 1) shows
AFe

tip1 = -0.08 at +0.3 V. Figure 6.18 (obtained with tip 2) shows AFe
tip2 = 0.08 at

+0.3 V. Then, AFe
tip1/A

Fe
tip2 = -1 was obtained, which can be described as −[(Eq.6.18-

Eq.6.19)/(Eq.6.18+Eq.6.19)] = [(Eq.6.22-Eq.6.23)/(Eq.6.22+Eq.6.23)]. We also found
experimentally that PtipPFe = [(dI/dV )/T ]Fe has a value around 0.05-0.1 at +0.3 V.
By using θFe

tip2 = θMn
tip2 − θFe

tip1 (θMn
tip1 = 0), the angle θFe

tip1 can be obtained. (The θMn
tip2

was already obtained.) Subsequently, as shown in Fig. 6.19(c), the right (grey curve)
and the left (black curve) side of this equation were plotted as a function of the angle
θFe

tip1. The angle at the crossing of the grey and the black curves is 236±4 degrees.
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Figure 6.19: (a) shows the diagram to show the angles of the tip and the sample
polarizations. (b,c) shows the functions described in the text as a function of the
angle. (d) shows the same STM image as Fig. 6.16(a) including tip and sample
polarizations (arrows). The directions of the polarizations were obtained from our
analysis in the text.

This reveals that the polarization of the Mn layer couples 124±4 degrees with the
polarization of the Fe layer.

The obtained polarization directions of the Mn layers and the first Fe layers, as
well as the tip polarization directions before and after applying one voltage-pulse are
shown in Fig. 6.19(d). This reveals that the first Fe layers couple non-collinearly with
the substrate Mn layers.

6.3.4 Stepped area

In the previous sections we studied Fe films deposited on relatively flat Mn layers
grown on the Fe(001)-whisker. The question we want to address now is how the
magnetic structure of the Fe/Mn/Fe is influenced when the Fe is deposited on Mn
films grown on stepped areas of the Fe whisker. Here, we show the SP-STS results
obtained with an Fe-coated W tip on the surface of a 0.8 ML Fe film deposited at
RT on the Mn layers grown in a step-flow mode on a high step-density area of the
Fe(001)-whisker.

Figures 6.20(a) and 6.20(b) show SP-STM and SP-STS (I(V ) map at +0.2 V)
image, respectively. Since at this area the Fe-whisker surface has a terrace width
smaller than 50 nm, Mn films grow in a step-flow mode. Many Fe islands are observed
on the terrace and many of them are connected to the Mn steps. At the right-upper
side several three-dimensional Mn islands are observed, which usually grow at the
hidden Fe steps. The I(V ) map shows a strong magnetic contrast between the Fe
islands and the Mn terrace at some areas as well as a weak contrast at other areas.
The three-dimensional islands appear dark in the map due to quenching of the surface
states.
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Figure 6.20: (a) and (b) show a SP-STM and a SP-STS (an I(V ) map at +0.2
V) image, respectively, obtained with an Fe-coated W tip on the surface of a 0.8
ML Fe film grown on the Mn layer deposited on the stepped Fe(001) areas using
a set point of VS = −0.5 V, I = 0.5 nA (250×250 nm2). (c) show an enlarged
images from the white-boxed area in (a) at the area including a hidden Fe step.
The dashed-line indicates the hidden Fe step. (d) reveals an I(V ) map at +0.2
V obtained at the same area as (c). (e) shows dI/dV curves representative of the
areas “1-4” marked in (c) obtained at the same set point as (a).

We also found that areas with magnetic contrast and with no magnetic contrast
appear alternatively following the hidden Fe steps. Figures 6.20(c) and 6.20(d) are
enlarged images from Figs. 6.20(a) and 6.20(b), respectively, at the position where
the magnetic contrast changes. The STM image (Fig. 6.20(c)) shows two Mn terraces
and Fe islands on them. On the upper terrace a hidden Fe step is observed as a
small height difference (0.02 nm) in the topographic image (at the dashed-line in
Fig. 6.20(c)). Figure 6.20(d) shows that the magnetic contrast changes exactly across
the hidden Fe step. The averaged dI/dV curves obtained on the areas marked “1-4”
in Fig. 6.20(c) show clearly different amplitudes of the magnetic contrast between



6.3 Magnetic structures 127

“1,2” and “3,4”.
Figure 6.21(a) represents another magnification of the left-bottom side of Fig.

6.20(a). Figure 6.21(b) shows an I(V ) map at +0.2 V obtained at the same area as
Fig. 6.21(a). The STM image shows five hidden Fe steps marked by dashed lines. The
areas divided by the hidden Fe steps are named “A-F”. The line profiles along the
white line in Fig. 6.21(a,b) are shown below each image. By using the experimentally
obtained information from Fig. 6.21(a), a schematic model of this area is shown in
Fig. 6.21(d). Magnetic contrast was obtained at the areas “A, C, E” and small contrast
was obtained at “B, D, F”. The amplitude of the contrast is the same within the areas
“A, C, E” as well as within the areas “B, D, F”. During the measurements the tip
magnetization direction did not change. The different amplitudes of the in-plane
magnetic contrast can be explained by different magnetization directions between the
areas “A, C, E” and “B, D, F” as follows.

Since the observed contrast is caused by different in-plane magnetization directions
of the Mn and the Fe layers, we can estimate the relative angle of the magnetization
at each area. Using the same approach in Eqs.6.16-6.23, the dI/dV curves on the Mn
surface can be described as follows:

dI/dVMn−odd = dIo/dV · (1 + PtipPMn cos θ) exp[2κ∆z cos θ] (6.24)
dI/dVMn−even = dIo/dV · (1 − PtipPMn cos θ) exp[−2κ∆z cos θ] (6.25)

The angle θ denotes the angle between the magnetization of the tip and the Mn
layer. The asymmetry in dI/dV can be described as AdI/dV = (dI/dVMn−odd −
dI/dVMn−even)/(dI/dVMn−odd+dI/dVMn−even). The experimentally obtainedAdI/dV

is 0.18 at the strong contrast areas (“A,C,E”) and 0.03 at the weak contrast ar-
eas (“B,D,F”). Using the Eqs.6.24 and 6.25 the asymmetry in dI/dV is also ob-
tained (Acal

dI/dV ). PtipPMn = (dI/dV )/T at +0.2 V = 0.1 and 4κ∆z = 0.1 were
used, which were previously experimentally confirmed. In Fig. 6.21(c), (Eq.6.24-
Eq.6.25)/(Eq.6.24+Eq.6.25) (black solid curve), AdI/dV =0.18 (black dotted line), and
AdI/dV =0.03 (grey line) are plotted as a function of θ. The angle at the crossing be-
tween the black solid curve and the black dotted line denotes the angle of the sample
between the polarization at the areas “A,C,E” and the tip polarization. The angle at
the crossing between the black solid curve and the grey line denotes the angle of the
sample between the polarization at the areas “B,D,F” and the tip polarization.

An angle of 27 degrees for the strong contrast areas (i.e. not complete parallel
to the tip magnetization) and an angle of 82 degrees for the weak contrast were
obtained, i.e. the magnetization switches 55 degrees by the hidden Fe step. The
obtained magnetization directions are schematically shown in Fig. 6.21(d). Since we
obtained from Figs. 6.16 and 6.18 that the magnetic coupling angle between the top
Mn layer and the first Fe layer is 124±4 degrees, the magnetization directions of the
Fe islands are also shown in Fig. 6.21(d).
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Figure 6.21: (a) and (b) show a SP-STM and a SP-STS (an I(V ) map at +0.2
V) image, respectively, obtained with an Fe-coated W tip on the surface of a
0.8 ML Fe film grown on the Mn layer deposited on the stepped Fe(001) areas
using a set point of VS = −0.5 V, I = 0.5 nA (150×150 nm2). In (a) five hidden
Fe steps are running (the dashed lines). Line profiles along white lines in (a,b)
are shown below each image. (c) shows a plot of the Acal

dI/dV (black solid curve),
the Aexp

dI/dV = 0.18 at +0.2 V obtained from the strong contrast between Mn

layers (black dotted curve), and the Aexp
dI/dV

= 0.03 at +0.2 V obtained at the

weak contrast areas (grey curve). (d) shows a schematic model obtained from
(a). The areas “A-F” correspond to the areas in (a). In the “side view” and the
“top view”, white arrows denote magnetizations of the Mn layers. In the “top
view” black arrows inside circles denote magnetizations of the Fe islands. The tip
magnetization direction is also shown.

But, why do the magnetization directions vary between the areas “A-F” alterna-
tively when crossing the hidden Fe steps ? A possible explanation is the existence of
nanometer-scale magnetic domains on the stepped Fe(001). This speculation could
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have been easily confirmed on a clean Fe whisker. Stepped areas were seen often on
the Fe(001) surface. If the Fe substrate terraces have different magnetization direc-
tions, the magnetization direction of the Mn layers (and the Fe layers) will follow the
magnetization direction of the substrate Fe terrace.

Furthermore, the study of the magnetic materials on non-magnetic vicinal sur-
faces showed that steps can induce magnetization reversals and pin the motion of
the domain wall [35]. So, the step anisotropy also seems to influence the magnetic
structure of Fig. 6.21.

6.3.5 Discussion

Our studies of ultrathin Fe layers grown on the bct Mn(001) films by means of SP-
STS show a non-collinear coupling between these layers, i.e. 124±4o between the top
Mn and the first Fe layer and 116±6o between the first and the second Fe layers.
The coupling between the layers changes from non-collinear to ferromagnetic with an
increase of the Fe thickness. The sixth, the seventh, and the eighth Fe layer couple
ferromagnetically. Also, these ferromagnetically coupled Fe layers on the Mn films
with an odd (even) number of MLs couple 80 (100) degrees with the substrate Fe-
whisker [6, 7], i.e. the magnetization direction of the ferromagnetically coupled Fe
layers varies ±10o with a period of a 2 ML Mn spacer thickness. We also observed
this oscillatory exchange coupling in SP-STS maps. With these experimental results,
we can estimate the magnetization direction of each Fe layer of a 7 ML thick Fe film
on the Mn layers.

The Fe(001) layers epitaxially grown on bct-Mn(001) shows a bct-structure (pos-
sibly due to intermixed Mn atoms) with the same in-plane lattice constant (0.29 nm)
as the substrate bct-Mn and the bcc-Fe. However, the step height is enlarged but
approaches to that of the normal bcc-Fe at from the fifth layer up: 0.160 nm for the
first and the second Fe layers, 0.165 nm for the third Fe layer, 0.155 nm for the fourth
Fe layer and 0.145 nm for the seventh Fe layer 4.

Let us put an angle of in-plane magnetization between kth layer and (k−1)th layer
as θk and the interlayer exchange coupling energy as Eex = −2JkS

2 cos θk, where S
represents spin of an Fe atom. The stable coupling is ferromagnetic (θk=0) for Jk>0
and anti-ferromagnetic (θk=π) for Jk<0. In order to introduce non-collinear helical
spin configuration, we have to take into account the exchange interaction between the

4The bct structure likely relates to the intermixed Mn atoms into the Fe layers. The first few
Fe layers include intermixed Mn atoms, e.g. 12 % for the first Fe layer and 7 % for the second Fe
layer. The FeMn alloy was studied by many groups. The main reason is that the Fe0.5Mn0.5 alloy
film is one of the most popular antiferromagnetic films as a pinning layer in the spin-valve structure
(ref.[4] and refs. therein). Although this Fe0.5Mn0.5 alloy film has a fcc-(111) structure instead of
bcc or bct [30–32], still several studies for a bcc or a bct FeMn alloy were reported [24, 33, 34].
These suggested that Fe1−xMnx-alloy has a bct structure as well as antiferromagnetic properties as
the Mn concentration increases (>0.1).
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second nearest neighbor layers, Jk2 in addition to Jk. Putting θ = θk ≈ θk+1 ≈ θk−1,
we get stable helical spin structure.

Eex = −2S2(Jk cos θ + Jk2 cos 2θ). (6.26)

By taking a local minimum of Eq.6.26,

∂Eex

∂θ
= 2S2(Jk sin θ + 2Jk2 sin 2θ)

= 2S2 sin θ(Jk + 4Jk2 cos θ)
= 0. (6.27)

θ has solutions of not only 0 or π, but also

cos θ = − J1

4J2
. (6.28)

Figure 6.22(a) shows energetically stable spin-configuration condition for exchange
interaction Jk and Jk2 [36]. When Jk2 < 0, the helical magnetic structure is favorable.
In helical configuration, Jk > 0 for θ<π/2 and Jk < 0 for θ>π/2.

Figure 6.22(b) shows the coordinate axis. The magnetization of the Fe-whisker
( �MFe−whisker) is assumed to be on the x-axis. �Mk denotes a magnetization of kth
layer.

Since the first and the second Fe layers couple non-collinearly (θ=124o and θ=116o),
J1 < 0 and J2 < 0. A magnetic contrast was observed between the second, the third,
and the fourth Fe layers. This indicates that the coupling angles between these layers
are 90-180 degrees. At the fifth and the sixth Fe layers, θk becomes smaller than 90
degrees, i.e. J1 becomes positive. Thicker Fe layers couple ferromagnetically. From
these experimental results, we can describe the coupling angle with respect to the Fe
thickness (Fig. 6.22(c)). We can estimate the interlayer coupling angle between the
third-fifth Fe layer as white dots in Fig. 6.22(c). In Fig. 6.22(c), we also consider
an exchange coupling between Fe films and the substrate Fe-whisker. When only
the coupling between the Fe layers is considered, the magnetization direction of the
ferromagnetically coupled Fe layers on the Mn films with an odd number of MLs is
180 degrees different from the direction of the ferromagnetically coupled Fe layers on
the Mn films with an even number of MLs. However, SEMPA results showed that the
magnetization directions of the ferromagnetic Fe films on the odd and the even Mn
layers point almost in the same direction [7]. Pierce et al. made a model in which
all magnetization directions of the antiferromagnetic Mn layers are modified by the
exchange interaction between the two ferromagnets [7].
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Figure 6.22: (a) Spin-configurations of a helical magnetic structure for exchange
interactions [36]. (b) shows the coordinate axis. �MF e−whisker denotes the magne-
tization vector of the substrate Fe-whisker. �Mk denotes the magnetization vector
of the layers grown on the Fe-whisker. θ is the angle between �MF e−whisker and
�Mk in the x-y plane. (c) The angle between the magnetization of the substrate
Fe(001) and that of kth layer. (d) Step height of each layer of Fe and Mn on the
Fe(001). The first layer of Fe on bct-Mn is denoted k=1, i.e. the first layer of Mn
on the Fe(001)-whisker is denoted k=−7 or −6.

The magnetization direction of the antiferromagnetic Mn layers and the non-collinearly
coupled Fe layers are varied by the coupling angle between two ferromagnets (φ: the
angle between �MFe−whisker and �M6,7,8) divided by the number of the Mn and the Fe
layers below the sixth Fe layer. According to the proximity model for the antiferro-
magnetic spacer [7], the magnetization directions of our system are twisted by φ/n =
80/(7+6) ≈ 6 degrees for the Mn layers with an odd number of MLs and (π−φ)/n =
(180-100)/(6+6) ≈ 7 degrees for the Mn layers with an even number of MLs. Thus,
from Fig. 6.22(c), it is known that Jk2 < 0 for 0 < k < 7, and Jk changes its sign, i.e.
Jk < 0 for k < 4 and Jk > 0 for k > 5.

Figure 6.22(d) shows interlayer distances of layers on the Fe(001). By comparing
Figs. 6.22(c) and 6.22(d) it is found that the interlayer exchange coupling constant,
Jk, turns out to be strongly correlated to the step height or interlayer distance, d,
i.e., Jk < 0 for d > 0.155 nm and Jk > 0 for d < 0.155 nm.

6.3.6 Conclusion

The magnetic structure of the Fe/Mn/Fe(001)-trilayer was studied by means of spin-
polarized scanning tunneling spectroscopy. It was found that the angle between the
magnetization directions of the top Mn layer and the first Fe layer is 124±4 degrees,
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while the angle is 116±6 degrees between the first and the second Fe layers. A
magnetic contrast was observed between the second and the third Fe layers as well
as between the third and the fourth Fe layers. This shows that the coupling between
these layers is not ferromagnetic, i.e. antiferromagnetic or non-collinear coupling.
For these layers, two spin-dependent LDOS peaks were found at +0.3±0.1 V and
+1.0±0.1 V.

At 7 ML thick Fe films, no magnetic contrast was observed between the Fe layers.
This reveals that the angle between the magnetization directions of the thick Fe layers
is close to 0 degrees, i.e. the thicker Fe layers couple ferromagnetically with Fe layers
below and above. However, a very interesting magnetic feature was observed on the
thick Fe films. A weak magnetic contrast showed up between Fe films grown on odd
and even numbers of Mn spacer layers. This contrast oscillates with a period of 2
MLs of Mn spacer thickness. By comparing this results with results of other less-local
techniques, it is estimated that the angle between the magnetization directions of the
∼7 ML Fe films grown on the odd and the even Mn layers is around 20 degrees.

Thus, in this study it is found that the Fe layers close to the interface of antiferro-
magnetic Mn layers, which have a bct structure due to intermixed Mn atoms, couple
non-collinearly with layers below and above. The non-collinear coupling changes to
ferromagnetic coupling around 5 ML thickness.
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Chapter 7

Magnetic structures at the
Au/Mn(001) interface:
c(2×2)-AuMn(001)-alloyed
interface layers

This chapter describes studies of spin-dependent phenomena on Au films deposited at
room temperature on the antiferromagnetically coupled bct-Mn(001) sheets measured
with Fe-coated W tips and voltage pulsed tips.

Before performing SP-STS measurements, we studied growth, geometry, inter-
mixing, and electronic structure of the interface layers with clean W tips since these
properties could influence the magnetism of the Au/Mn interface layers. We found
that the Au films grow layer-by-layer. Also, we found that the deposited Au films are
mixed with Mn and form a c(2×2) AuMn alloy for the first three layers. From the
fourth layer pure Au grows. These alloy layers have LDOS peaks at 0.1 V, 0.9 V, 1.9
V above the Fermi energy.

Next, SP-STS measurements were performed on the AuMn alloy. We found that
the +0.1 V peak is spin-polarized. The magnetic images showed that these alloyed
layers are ferromagnetic and couple antiferromagnetically with the layers below and
above.
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7.1 Introduction

It is known that the oscillation of the interlayer coupling between two ferromagnetic
films separated by a noble-metal spacer film is caused by the confinement of electrons
inside the noble-metal film. Typical examples are Co/Cu/Co and Fe/Au/Fe system
[1–6]. Quantum well states were also observed on the noble-metal film grown on
magnetic films, such as Cu/Co, Cu/Fe, Ag/Fe, and Au/Fe [7–9]. These quantum well
states are spin-polarized at the Fermi level, even in the noble metal films. This is
caused by the spin-dependent band structure of the confining ferromagnet. The study
of these ultrathin noble/magnetic films is important for making new spin-electronic
devices (e.g. [10, 11]) as well as for the understanding of fundamental magnetism. The
oscillation of the magnetic coupling was also observed for a tunnel magnetoresistance
system (magnetic/noble/insulator/magnetic metal layers) [12, 13]. However, all these
results were obtained with non local techniques.

Using our setup, we can study the intermixing, geometric and electronic and mag-
netic structures at atomic scale. Here, a study of the interface layers of noble metal
and magnetic metal films by means of scanning tunneling microscopy (STM) / spec-
troscopy (STS) and spin-polarized scanning tunneling spectroscopy (SP-STS) is pre-
sented. Since we can control the antiferromagnetically coupled Mn layers, these layers
were used as an ideal substrate to study spin dependent effects. During this investi-
gation we also found that it is difficult to grow pure Au layers on Mn(001).

Figure 7.1(a) shows an atomically resolved STM image obtained on the surface af-
ter deposition of 7 ML of Mn at 370 K on the Fe(001)-whisker precovered with sub-ML
amounts of Au. On the Mn(001) surface, usually, we observed only p(1×1)-Mn(001)
atoms and oxygen contaminants at the four-fold hollow sites (<1 % concentration).
However, in Fig. 7.1(a) an additional structure is observed. Figure 7.1(b) shows a
model of the boundary between the p(1×1) structure and the additional structure
of Fig. 7.1(a). The additional structure has a c(2×2) structure. Christensen et al.
calculated that (without strain correction) Au impurities in the Mn film have a posi-
tive segregation energy [14], this means that the impurities prefer to segregate to the
top of the Mn film. Also, the surface mixing energy of the segregated Au impurities
on the Mn film was shown to be 0 eV [14], i.e. this suggests that Au may mix with
Mn. Also, reported studies of Mn/Au(001) [15], Mn/Ag(001) [16], and Mn/Cu(001)
[17–26] showed that the Mn forms a c(2×2) surface alloy with noble metals. Thus,
the observed c(2×2)-structure is probably caused by the AuMn surface alloy. Since
Au has a larger atomic size, Au atoms might buckle from the surface and appear
brighter in Fig. 7.1(a). However, this speculation might be wrong since a study of
CuMn-c(2×2)-surface-alloy showed that Mn appears brighter in STM images due to a
strong electronic effect [27]. A tentative atomic configuration is shown in Fig. 7.1(b).
dI/dV curves obtained at the p(1×1)-Mn and the c(2×2) structure showed only a
small difference in the dI/dV amplitude.
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Figure 7.1: (a) shows an atomically resolved STM image obtained on the surface
of a 7 ML Mn film grown at 370 K on the Fe(001)-whisker pre-covered by a sub-
ML Au film (20×20 nm2, VS = −11 mV, I = 2.9 nA). A c(2×2)-AuMn alloy and
a p(1×1)-Mn area are observed in the same sheet. The lines in (a) denote the
atomic lattice. (b) A model of the atomic configurations. Dots and white-circles
denote Mn and Au atoms, respectively. Lines denote the atomic lattice.

To confirm that the c(2×2) structure is energetically stable on the surface, first, a
∼0.7 ML Au film was deposited at RT on a ∼0.7 ML Mn film grown on the Fe(001)-
whisker. Figure 7.2(a) shows an STM image of the surface of this film. The Auger
spectrum obtained from this film shows a Mn 40 eV peak, a Fe 47 eV shoulder, and a
Au 69 eV peak (Fig. 7.2(b)). This indicates that the surface is dominated by Au and
Mn (Au and Mn have much lower surface energy than Fe: 2.123 J/m2 for Fe, 1.298
J/m2 for Mn, and 1.333 J/m2 for Au [28], i.e. Fe does not segregate). The sample
was then annealed up to 520 K for 5 minutes. After this annealing procedure, the
surface changes to Fig. 7.2(c). The complete surface shows the c(2×2) structure. The
Auger spectrum (Fig. 7.2(d)) obtained from this surface shows a Mn 40 eV peak, a
Fe 47 eV shoulder, and a Au 69 eV peak again and the peak amplitude is very similar
to Fig. 7.2(b). Since the surface is dominated by Au and Mn, the c(2×2) structure
is identified as a AuMn surface alloy. This shows that: (1) the c(2×2)-AuMn alloy
structure is energetically the most stable state when Au and Mn mix. (2) Since the
peak amplitude of the Auger spectra did not change before and after the annealing,
Au likely forms the c(2×2)-AuMn alloy structure even at RT.

In this investigation we first studied with non-magnetic W tips the alloying, the
geometric, and the electronic structures of the Au films on the Mn layers in detail.
Second, the magnetic structures on the Au films on the Mn layers will be described.

To avoid intermixing between Fe and Mn, the Au films were deposited at RT
on the Mn(001) layers (>4 ML) grown on the Fe(001)-whisker. In this chapter, the
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Figure 7.2: (a,b) were obtained on the surface of a ∼0.7 ML Au film deposited
at RT on the Fe(001)-whisker pre-coated by a ∼0.7 ML Mn film at RT. (a) shows
an STM image obtained at a set point of VS = −1 V, I = 0.02 nA (10×10 nm2).
(b) The Auger spectrum shows a Mn 40 eV, a Fe 47 eV shoulder, and a Au 69 eV
peak. (c,d) were obtained on the same film as (a,b) after annealing up to 520 K
for 5 minutes. (c) shows an atomically resolved STM image (10×10 nm2, VS =
−9 mV, I = 2 nA). A homogeneous c(2×2) surface is observed. (d) The Auger
spectrum shows the same peaks and shoulder as (b).

thickness of the Mn layers is 7 ML.

7.2 Geometric structure

Figure 7.3 shows STM images obtained on the surface of a 0.4 ML (a), a 0.7 ML (b), a
2.2 ML (c), and a 4.1 ML (d) Au film grown on a 7 ML Mn(001) film. Since a second
layer appears after the deposition of 0.7 ML, the Au layer grows in a layer-by-layer
mode (Fig. 7.3(b)). The roughness of the surface increases with the coverage, but the
films grow in a layer-by-layer mode (Fig. 7.3(c,d)). In all the layers exposed on the
surface, there are areas that are slightly brighter than the rest of the terrace. The
distribution of these bright areas changes with the thickness. On the first layer, these
are observed around steps as marked by arrows in Fig. 7.3(a,b). On the second layer,
these are observed in the middle of the terraces, e.g., as shown in the dotted-circle in
Fig. 7.3(c). The number of bright lines increases on the fourth layer (Fig. 7.3(d)). The
height of these bright areas/lines is about 0.04 nm with respect to the surrounding
terrace.

Figure 7.4(a) shows an atomically resolved STM image obtained on the Mn sur-
face after deposition of 0.7 ML of Au 1 at RT. The complete surface is covered
by the c(2×2) structure. Near the step edges of the first layers the image appears
bright. These areas are marked by black circles in Fig. 7.4(a). The histogram of this

1In the present study, the coverage was estimated from the histogram of each STM image.
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Figure 7.3: STM topographic images obtained on the Mn surface covered
by Au films with coverages of (a) 0.4 ML [VS=−1V,I=0.1nA], (b) 0.7 ML
[VS=−0.5V,I=0.1nA], (c) 2.2 ML [VS=+0.8V,I=0.1nA], and (d) 4.1 ML
[VS=−1.2V,I=0.1nA] (100×100 nm2). Arrows denote bright areas, which are
0.04 nm higher than the surrounding terrace. Numbers denote the stacking num-
bers of the Au layers. The circle in (c) denotes the bright line, which is ∼0.04 nm
higher than the terrace.
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surface shows the height differences on the different terraces as peaks or shoulders
(Fig. 7.4(b)). The peak corresponding to the first layer presents a shoulder on the
right hand side. From the area of the shoulder compared with the total area of the
peak we can estimate that the 19 % (=11/(11+48)) of the first layer is about 0.04
nm higher.

We know that the substrate Mn terraces always have a rounded shape (see e.g.
chapter 3) and that the first Au layer starts growing from the step edge of the Mn
substrate. Since several holes and a defect line are observed and these keep the shape
of the substrate steps (Fig. 7.4(c)), the position of the substrate step edge is easily
known. The Mn step edge is indicated by the dashed line in Fig. 7.4(c).

Figure 7.4: (a) shows an atomically resolved STM image obtained on the Mn
surface covered by a 0.6 ML Au film at RT (20×20 nm2, VS = −14 mV, I = 3.3
nA). The surface shows the c(2×2) structure of the AuMn surface alloy. Near the
step edge, the first layer appears brighter (dashed circles). The white lines outside
the islands marked by black arrows are an artifact of the jumped grey-scale. (b)
shows the histogram obtained from this surface. 19 % of the first layer is ∼0.04
nm higher (bright areas). (c) shows an atomically resolved STM image obtained
on the same film as (a) near the substrate layer step (20×20 nm2, VS = −12
mV, I = 5.1 nA). The first layer islands connect to the substrate layer step. The
dashed line denotes the Mn step. Numbers in (a,c) denote the stacking numbers
of the layers.
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Figure 7.5(a) shows an STM image obtained on the Mn surface covered by a 1.8
ML Au film at RT. The first, the second, and the third layer are observed. The
histogram of this surface shows two peaks from the second layer. The peak at the
higher z is caused by the bright areas on the second layer. The concentration of the
bright area increases to 45 % (=29/(35+29)). The bright areas are about 0.04 nm
higher than the terrace as can be seen in the line profile obtained at the position
indicated by the arrow in Fig. 7.5(a). Figure 7.5(d) shows an atomically resolved
STM image obtained on this surface. The first and the second layers show the c(2×2)
structure.

Figure 7.6 was obtained on the Mn surface covered by a 2.2 ML Au film at RT.
The STM image shows the first, the second, and the third layers (Fig. 7.6(a)). On
the third layer, again the bright lines are observed. The bright lines occupy 43 %
(=9/(9+12)) of the third layer as shown in the histogram of this surface (Fig. 7.6(b)).
The line profile along the arrow in Fig. 7.6(a) shows that the bright area is about 0.06
nm higher than the terrace (Fig. 7.6(c)). Figure 7.6(d) shows an atomically resolved
STM image. Here, atoms of the first, the second, and the third layers are observed.
The first and the second layers show the c(2×2) structure. Although the bigger
islands of the third layer show the c(2×2) structure, the small islands marked by
white dashed-circles in Fig. 7.6(d) show the p(1×1) structure. The p(1×1) structure
is not alloyed. This structure consists of one kind of material only, i.e., Au or Mn.
Since Au prefers to segregate on the surface, the atoms of the p(1×1) structure might
be identified as pure Au atoms. If this is a pure Au islands, these Au atoms have
in-plane lattice constants similar to the substrate bct-Mn(001), which has the same
in-plane lattice constant as the bcc-Fe(001), i.e. 0.287 nm. The height of the p(1×1)
islands is the same as the height of the c(2×2) islands of the third layer.

Figure 7.7 was obtained on the Mn surface covered by a 4.0 ML Au film at RT.
The STM image shows many bright areas on the fourth layer (Fig. 7.7(a)). Although
this is comparable to the results obtained on the first three layers, the difference is
that now the bright areas make periodic rows. The width of each row is about 1.5 nm
(Fig. 7.7(b,c)). The corrugation of the rows is about 0.05 nm. The histogram of this
surface shows that 47 % of the fourth layer is covered by the bright areas (Fig. 7.7(d)).
These parallel arrangement and the width are similar to the (5×23) reconstruction
of Au(001) [29]. The reconstruction is also present on Au layer deposited on Fe(001)
[30]. If the bright rows on the fourth layer correspond to the reconstruction, the
bright rows are composed of pure Au and include 120 % of Au. This could indicate
that a pure Au layer starts from the fourth layer. (The structure at the non-bright
areas of the fourth layer is not clear.)

From all these STM images we propose a model for each Au coverage (Fig. 7.8).
Since the Au and Mn are miscible in the bulk there is no dealloying like in the case
of Au on Fe [30]. So, after deposition of 3 ML of Au, up to six layers of AuMn alloy
with the c(2×2) structure are formed. On the AuMn-alloy layers bright areas were
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Figure 7.5: (a) shows an STM image obtained on the Mn surface covered by
a 1.8 ML Au film at RT (26×26 nm2, VS = −1.4 V, I = 0.26 nA). (b) shows
the histogram obtained from the same surface. 45 % of the second layer appears
brighter (∼0.04 nm higher). (c) shows the line profile along the arrow in (a). (d)
shows an atomically resolved STM image obtained on the surface of a ∼1 ML Au
film on the Mn layers (20×16 nm2, VS = −3 mV, I = 8.5 nA). The grey scale
was modified to make the atomic contrast visible at all terraces.
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Figure 7.6: (a) shows an STM image obtained on the Mn surface covered by a
2.2 ML Au film at RT (24×24 nm2, VS = +0.5 V, I = 0.2 nA). (b) shows the
histogram obtained from (a). 43 % of the third layer appears brighter. (c) shows
the line profile along the arrow in (a). The bright area is about 0.06 nm higher.
(d) shows an atomically resolved STM image in constant current mode on the
same surface as (a) (20×20 nm2, VS = −12 mV, I = 3 nA). Numbers in (a,d)
denote the stacking numbers of the layers.

always observed with a height of 0.05±0.01 nm. This height was also checked to
be independent of the sample bias voltage (Figures 7.4-7.7 were obtained at several
voltages between −1.4 V and +0.5 V). Thus, we believe that this height difference is
not due to an electronic effect, but to a change in geometric structure. After deposition
of 4 ML of Au, six layers of AuMn-c(2×2)-alloy are formed and an additional layer
is formed on the top. If the bright rows of the top layer are an indication of Au
(5×23) reconstruction [29], we speculate that the layers on the six AuMn-alloy-layers
consist of pure Au. The experimentally obtained interlayer distances are 0.165 nm
for Mn(001), 0.170 nm for the AuMn-alloy, and 0.210 nm for the bright areas on the
AuMn-alloy layers and bright rows on the Au layers.

At the bright areas on the AuMn-alloy layers, atomically resolved images showed
the c(2×2) structure, i.e. no difference in the in-plane lattice constant, and only the
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Figure 7.7: (a) shows an STM image obtained on the Mn surface covered by a
4.0 ML Au film at RT (28×11 nm2, VS = −0.5 V, I = 0.5 nA). (b) and (c) show
line profiles along the white and the black arrow in (a), respectively. The periodic
rows have a corrugation of ∼0.05 nm. The width of a bright row is about 1.5
nm. (d) shows the histogram of the same surface as (a). 47 % of the fourth layer
is covered by bright areas. Numbers in (a) denote the stacking numbers of the
layers.

interlayer distance expands 0.05±0.01 nm. These bright areas were observed always
near steps. The atoms at steps have lower coordination and therefore they can relax
the strain easily, so the bright areas are probably caused by the relaxation of strain.

Figure 7.8: Models of the Mn films covered by Au films of 0 ML (a), 0.6 ML
(b), 1.8 ML (c), 2.2 ML (d), and 4.0 ML (e). (b), (c), (d), and (e) correspond to
Figs. 7.4, 7.5, 7.6, and 7.7, respectively.
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7.3 Electronic structure

To study the magnetic properties of the Au films on the Mn(001) layers, it is im-
portant to know precisely their electronic structure because if each Au layer has a
different electronic structure, we cannot prove whether the obtained differences in the
spectroscopy measurements are caused by spin-polarized tunneling. The electronic
structure was first measured with non-magnetic W tips. The dI/dV curves presented
are the average of at least 10 individual measurements.

Figure 7.9 was obtained with a W tip on a Mn surface covered by a 0.6 ML Au film.
The substrate and the first layers are exposed on the surface (Fig. 7.9(a)). The whole
surface shows the c(2×2) structure (see Fig. 7.4). The dI/dV curves representative
of the substrate (“0”), the first (“1”), and the bright area on the first layer (“B”) are
shown in Fig. 7.9(b). The dI/dV curves of the c(2×2) structure (the substrate and the
first layers) are the same and increase linearly above the Fermi energy. However, the
dI/dV curve obtained at the bright area shows lower dI/dV values above the Fermi
energy. Consequently, the spectroscopy map (a dI/dV map at +0.4 V) obtained at
the same area as Fig. 7.9(a) shows the same grey scale on the substrate and the first
layers, but a darker contrast on the bright topographic areas. Also, the step appears
darker due to the quenching of the DOS peaks at the step (due to broken symmetry).

Figure 7.9: (a) shows an STM image obtained with a W tip on the Mn surface
covered by a 0.6 ML Au film at RT (30×30 nm2, VS = −0.5 V, I = 0.5 nA).
Numbers denote the stacking numbers of the layers. “B” denotes the brighter
areas on the first layer, which are observed near the step edges. (b) shows dI/dV
curves obtained on the areas marked “0”, “1”, and “B” in (a). The curves obtained
on the substrate and on the first layers are the same. The dI/dV curves increase
linearly above the Fermi level. The curve obtained on the bright area (∼0.04 nm
higher) shows a lower dI/dV and increases exponentially. (c) shows a dI/dV map
at +0.4 V obtained at the same area as (a). The substrate and the first layers
show the same grey scale. The bright area on the first layer in (a) appears darker.
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Figure 7.10: (a) shows an STM image obtained with a W tip on the Mn surface
covered by a 2.2 ML Au film at RT (25×17 nm2, VS = −0.5 V, I = 0.5 nA).
Numbers denote the stacking numbers of the layers. The island inside the circle
has the p(1×1)-structure. (b) shows dI/dV curves representative of each layer
in (a). All curves are equivalent. A weak shoulder is observed around +0.7 V.
(c) shows a dI/dV map at +0.4 V obtained at the same area as (a). The first
three layers show the same grey scale. The steps and the bright topographic areas
appear darker.

Figure 7.10 was obtained with a W tip on the Mn surface after the deposition of
2.2 ML of Au film. The STM image shows the first, the second, and the third layers
on the surface (Fig. 7.10(a)). The first, the second, and the third layer have the
c(2×2) structure, while the tiny third layer island has the p(1×1) structure (marked
by the circle in Fig. 7.10 and see Fig. 7.6). The dI/dV curves representative of the
first, the second, and the third layer are identical and show a shoulder around +0.7
V. The bright areas on the second and the third layers show a lower dI/dV value
above the Fermi energy similar to the dI/dV curves obtained on the bright area on
the first layer (see Fig. 7.9(b)). The spectroscopy map (a dI/dV map at +0.4 V)
obtained at the same area as Fig. 7.10(a) shows the same grey scale for the first, the
second, and the third layer. Although the second layer island marked by the circle
in Fig. 7.10(a) has the p(1×1) structure, no clear difference in the spectroscopy map
is observed. This indicates that, even with spectroscopy curves, we cannot identify
chemical species of the p(1×1)-island. The steps and the bright topographic areas
appear darker.

Figure 7.11 was obtained with a W tip on the Mn surface coated by a 4 ML Au
film. The STM image shows the fourth and the fifth layers (Fig. 7.11(a)). The dI/dV
curves obtained on the fourth (“4”) and the fifth (“5”) layers are the same, but the
dI/dV curves do not show any peaks or shoulders and increase exponentially above
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the Fermi energy (Fig. 7.11(b)), while dI/dV curves in Figs. 7.9 and 7.10 show a
linear increase and a shoulder above the Fermi energy. Although Fig. 7.11(b) has a
much lower background than dI/dV curves in Figs. 7.9 and 7.10 (see Fig. 5.9), no
peak or shoulder is observed. This indicates no LDOS peaks above the Fermi energy,
i.e. the fourth and the fifth layers have a different structure or composition (pure
Au). The bright rows of the fourth layer (“R”) show lower dI/dV values above the
Fermi energy. The spectroscopy map (an I(V ) map at +0.5 V) obtained at the same
area as Fig. 7.11(a) shows the same grey scale on the fourth and the fifth layers, but
darker at the bright-row areas. The spectroscopy curves obtained on the fourth and
the fifth layer contain more noise, as seen in Fig. 7.11(c), than the noise observed in
the first three alloy layers.

This noise seems to be caused by a high mobility of the Au atoms (i.e. Au atoms
seem to stick on and off the tip apex). This also indicates that the fourth and the
fifth layers consist of pure Au. Furthermore, no clear contrast was observed between
4odd ↔ 4even as shown in Fig. 7.11(c).

Figure 7.11: (a) shows an STM image obtained with a W tip on the Mn surface
covered by a 4 ML Au film at RT (54×55 nm2, VS = −0.5 V, I = 0.5 nA).
Numbers denote the stacking numbers of the layers. 4odd and 4even denote the
fourth layers grown on the odd and the even Mn layers. “R” denotes the bright-
row areas (c.f. Fig. 7.7). (b) shows dI/dV curves obtained on the areas in (a).
The curves obtained on the fourth and the fifth layer are equivalent and increase
steadily above the Fermi level. The curve obtained at the reconstructed areas
shows no peaks or shoulders and increases exponentially above the Fermi energy.
(c) shows an I(V ) map at +0.5 V obtained at the same area as (a). The bright-row
areas appear darker (“R”).

The first three layers (with the c(2×2) structure) show the same electronic struc-
ture (a kink around +0.7 V). But, the fourth layer shows a different electronic struc-
ture and the bright-row area does not show any structure in this voltage range. The
dI/dV curves obtained on the fourth and the fifth layers are always noisy. Thus, we
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focus on the investigation of the DOS peaks on the substrate, the first, and the second
layers (i.e. AuMn alloy layers).

Figure 7.12: (a) shows (dI/dV ) curves obtained with W tips on the substrate
(grey) and the first (black) layers (solid curves), which were obtained on the Mn
surface after deposition of 0.7 ML of Au. The dI/dV curves were normalized by
the fitted tunneling probability functions (T : dashed curve). (b) shows (dI/dV )/T
curves of the substrate (grey) and the first (black) layers. Above the Fermi energy,
with a fit of offsetted Gaussian curves, peaks at +0.9±0.1 V and +1.9±0.1 V are
found (dotted curves). Also, a peak at +0.1 V is observed as a small shoulder
marked by the arrow. (c) shows the dI/dV curve (solid curve) and the (roughly)
fitted tunneling probability function (dashed curve) obtained from the second
layer, which were obtained on the Mn surface after deposition of 2.5 ML of Au.
(d) shows the (dI/dV )/T curve obtained from (c). The peaks are at the same
energy positions as (b): −0.6±0.1 V, +0.1 V, +0.9±0.1 V, and +1.9±0.1 V. Here,
the +0.1 V peak is clearly observed. (a-d) were obtained with W tips.

To recover the DOS peaks from the dI/dV curve, dI/dV curves were measured up
to +3 V and normalized by its fitted tunneling probability function (T ) [31–33]. The
obtained (dI/dV )/T curve corresponds mainly to the sample DOS above the Fermi
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energy for V > 0 (see chapter II). Figure 7.12(a) shows dI/dV curves representative
of the substrate and the first layer obtained with a W tip (solid curves). Both curves
are identical. The (dI/dV )/T curves obtained are shown in Fig. 7.12(b). There are
three different features distinguishable in the curves. A peak at −0.6±0.1 V, a small
feature (marked with a black arrow) at +0.1 V and a broad peak at +0.9±0.1 V. The
broad peak can be fitted with two Gaussian curves. The obtained Gaussian curves
have maxima at +0.9±0.1 V and at +1.9±0.1 V (dotted curves in Fig. 7.12(b)). Since
all the peaks described were reproducibly obtained with different tips, they reveal the
sample DOS instead of the tip DOS. Thus, the substrate and the first layers have four
DOS peaks at: −0.6±0.1 V, ∼+0.1 V, +0.9±0.1 V, and +1.9±0.1 V.

The dI/dV curve obtained with a different W tip on the second layer is also
normalized by its (roughly) fitted tunneling probability function (T ) (Fig. 7.12(c)).
(The fitting is not perfect since the dI/dV curve was measured only up to +2.4 V.) The
(dI/dV )/T curve shows again four peaks at the same energy positions: −0.6±0.1 V,
∼+0.1 V, +0.9±0.1 V, and +1.9±0.1 V. Thus, one can conclude that different layers
with the c(2×2) structure have the same electronic structure.

7.4 Apparent step height

The step heights (=interlayer distances) were measured from the STM images. First,
we diminished the distortion in the STM image with a plane-fitting. Then, we made
a histogram from this STM image (see chapter III). Each atomic layer appears as a
sharp peak (see e.g. Figs. 7.4-7.7). By measuring the distance between the peaks, we
obtained the step heights with an error of ±0.007 nm. The error was obtained from
the half width at half maximum (HWHM) of the peak. The coverage was estimated
from the quartz crystal microbalance and STM.

The obtained apparent step heights are influenced by the electronic structure of
the sample surface (the sample DOS as well as the barrier heights). To check the
influence of the sample DOS, the apparent step heights were measured as a function
of the sample bias voltage. Barrier height measurements were not performed. (All
measurements shown in Fig. 7.13 were obtained between the c(2×2)-alloy layers. It
is assumed that all c(2×2)-alloy layers have the same work function.) Figure 7.13
shows the apparent step heights as a function of the sample bias voltage. hij denotes
the step height between the layer i and j. Since the STM images obtained at the
voltage set point above the Fermi energy include influences of the sample DOS, the
step heights obtained at high negative voltages (<1 V) are believed to show the real
geometric step heights. The interlayer distances obtained are 0.168±0.007 nm for h01,
0.170±0.007 nm for h12, and 0.170±0.007 nm for h23. This is a little larger than the
interlayer distance of the bct-Mn(001) (0.165 nm).

Figure 7.13(d) shows that the heights of the bright areas on the third layer are
0.200±0.007 nm. (Work function of the AuMn-alloy and the bright area might be
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different.)

Figure 7.13: Apparent step heights of the films of the Au/Mn(001) layers. hij

denotes the step height between i and j layers. The step heights were obtained
by measuring the distance between the sharp peaks in the histogram as shown in
Figs. 7.4-7.7. (d) shows the heights of the bright area on the third layer in STM
images.

7.5 Magnetic structure

Magnetic structures obtained with tunnel junction techniques showed the spin-polarized
confinement effects in thick noble-metal layers (>2 ML) [13]. When depositing Au on
Mn(001), first four alloyed layers are formed. On top of this pure Au films grow. The
pure Au has a different electronic structure compared to the first four mixed layers.
The reconstruction of the Au surface does not show any clear structure in the dI/dV
curves (see ref.[34]). Furthermore, the spectroscopy curves obtained on the pure Au
are very noisy. Thus, these thicker layers are not suitable for studying the magnetic
structure by means of SP-STS. On the other hand, the substrate and the first three
layers have the same geometric and the electronic structure and these layers have the
c(2×2)-AuMn alloy structure. Thus, we decided to study the interface layers between
Au and Mn films: the c(2×2)-AuMn alloy layers by means of SP-STS.

Only a few groups have studied the magnetic structure of the c(2×2)-noble-metal-
antiferromagnetic alloy layers. No magnetic measurements on the c(2×2)-AuMn-alloy
thin films have been reported. On the other hand, experimental and theoretical stud-
ies of the magnetism of the c(2×2)-CuMn alloy layers were reported. The calculations
for the c(2×2)-CuMn(001)-alloy layer identified the magnetism of Mn as the driving
force for the buckling and for the stability of the alloy [35]. Authors of ref.[35] ten-
tatively suggested that the magnetic ordering of the alloy layer is determined by
the indirect in-plane RKKY-type interaction due to the hybridization of the Mn d
with the Cu sp electrons and the in-plane spin configuration was expected to be
ferromagnetic [35]. Also, a high local magnetic moment for the Mn was found by (in-
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verse)photoemission studies and the calculations for the c(2×2)-CuMn(001) surface
alloy layer [19]. Another calculations of the c(2×2)-CuMn(001) alloy layers showed
the ferromagnetic ordering within the layer (the second-neighbor Mn-Mn interactions
are ferromagnetic) and antiferromagnetic coupling between the layers. A high mag-
netic moment of 4 µB was also obtained [36].

Figure 7.14: (a) and (b) show an STM image and an I(V ) map at +0.5 V,
respectively, obtained with a W tip on the Mn surface covered by a 0.6 ML Au
film (50×50 nm2, VS = −0.5 V, I = 0.5 nA). (c) and (d) show an STM image and
an I(V ) map at +0.5 V, respectively, obtained with a W tip on the Mn surface
covered by a 2.2 ML Au film (50×50 nm2, VS = −0.5 V, I = 0.4 nA). Numbers
denote the stacking numbers of the layers. Nodd and Neven denote the Nth layers
grown on the odd and the even Mn layers.

In bulk, Au-Mn alloys showed several magnetic properties. MnAu4 is ferromag-
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netic with a Curie temperature of 373 K [37]. MnAu3, Mn2Au5, and AuMn are
antiferromagnetic with Néel temperatures of 140 K, 354 K, and 513 K, respectively
[38–40]. AuMn2 has a helical magnetic structure with a Néel temperature of 365 K
[37].

Band structure calculations of a tetragonal L10 MnAu alloy system reported that
the spin configuration is strongly influenced by the lattice distortion [41].

Figure 7.15: (a) and (b) show an STM and an I(V ) map at +0.1 V, respectively,
obtained with an Fe-coated W tip on the Mn surface covered by a 0.4 ML Au film
(150×150 nm2, VS = −0.6 V, I = 0.5 nA). (c) and (d) show an STM and an
I(V ) map at +0.2 V, respectively, obtained with an Fe-coated W tip on the Mn
surface covered by a 0.6 ML Au film (50×50 nm2, VS = −0.5 V, I = 0.4 nA).
(e) and (f) show dI/dV curves obtained on the substrate and the first layers in
(d), respectively. In (e,f) black and grey curves were obtained on the film grown
on the even and the odd Mn layers, respectively. Numbers denote the stacking
numbers of the layers. Nodd and Neven denote the Nth layers grown on the odd
and the even Mn layers.

Figure 7.14 shows STM images (a,c) and STS images (b,d: I(V ) maps at +0.5
V) obtained with W tips on the surface of a 0.6 ML Au film for (a,b) and a 2.2
ML Au film for (c,d) grown on the odd and the even Mn layers (>3 ML). Numbers
in the STM images denote the stacking numbers of the layers. The “odd” and the
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“even” denote that the layers were grown on the odd and the even Mn layers, re-
spectively. In Fig. 7.14(b), the bright areas appear darker and a similar grey scale
is observed between all terraces and islands (0odd ↔ 0even, 1odd ↔ 1even, and 0 ↔ 1).
In Fig. 7.14(d), all area shows the similar grey scale as well, i.e. no clear contrast is
observed between 2odd ↔ 2even and 2 ↔ 3.

This shows that the electronic structure of the AuMn layers on the odd and the
even Mn layers are the same. Thus, we can use these layers to investigate the magnetic
structure.

Next, we changed the non-magnetic W tip for a ferromagnetic Fe-coated W tip.
Figure 7.15(a) shows a SP-STM image obtained with an Fe-coated W tip on the Mn
surface covered by a 0.4 ML Au film (150×150 nm2). The Au was deposited on the
odd and the even Mn layers. The substrate and the first layers appear as terraces and
small (10-20 nm) islands on the surface, respectively. The spectroscopy map (an I(V )
map at +0.1 V) at the same area as Fig. 7.15(a) shows contrasts between 0odd ↔ 0even

and 1odd ↔ 1even (Fig. 7.15(b)). This contrast is understood as magnetic contrast
since W tips did never show such a contrast. Figure 7.15(c) shows an STM image
obtained with an Fe-coated W tip on the Mn surface covered by a 0.6 ML Au film
(50×50 nm2). The whole surface is covered by the c(2×2) structure and the second
layer starts to grow on the first layer. The spectroscopy map (an I(V ) map at +0.2
V) at the same area as Fig. 7.15(c) shows magnetic contrast between 0odd ↔ 0even,
1odd ↔ 1even and 0 ↔ 1 (Fig. 7.15(d)). The dI/dV curves obtained from Fig. 7.15(d)
are shown in Figs. 7.15(e) and 7.15(f) within the small voltage range from −0.1 V
and +0.4 V. Both dI/dV curves show similar magnetic contrast. This shows that the
c(2×2) structure of the substrate and the first layer have a spin-polarized DOS around
+0.1 V and that the first layer couples antiferromagnetically with the substrate layer.

Subsequently we investigated if this antiferromagnetic stacking continues in the
thicker AuMn films. Figure 7.16 shows a SP-STM image (a) and a SP-STS image (b:
an I(V ) map at +0.1 V) obtained with an Fe-coated W tip on the Mn surface covered
by a 1.1 ML Au film (80×80 nm2). The first and the second layers are exposed on
the surface. (The substrate layers are still observed as trenches.) The whole surface
is covered by the c(2×2) structure. The I(V ) map shows magnetic contrast between
1odd ↔ 1even and 1 ↔ 2. The dI/dV curves obtained from Fig. 7.16(b) are shown in
Fig. 7.16(c). The dI/dV of the first layers grown on the odd and the even Mn layers
show magnetic contrast only around +0.1 V (solid curves in Fig. 7.16(c)). Also, the
second layer grown on the odd Mn layer shows the magnetic contrast with respect
to the first layer grown on the same (odd) Mn layer around +0.1 V. The amplitude
of the contrast is the same. The (dI/dV )/(I/V ) curve cannot be used to recover
the spin-dependent peak because by definition (dI/dV )/(I/V )=1 at 0 V. The dI/dV
curves were roughly normalized by a fitted quadratic function (T : the dashed curve
in Fig. 7.16(c)) (see chapter II). This recovers the spin-dependent peak at +0.1 V
(Fig. 7.16(d)). This shows that: (1) Since the contrast in the dI/dV curves was only
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observed around +0.1 V, the origin of the contrast must be the spin-polarized DOS
peak at +0.1 V. (2) The second layer couples antiferromagnetically with the first
layer.

Figure 7.16: (a) and (b) show an STM and an I(V ) map at +0.1 V, respectively,
obtained with an Fe-coated W tip on the Mn surface covered by a 1.1 ML Au film
(80×80 nm2, VS = −0.5 V, I = 0.5 nA). (c) shows dI/dV curves obtained with an
Fe-coated W tip at areas in (a,b) (VS = −0.2 V, I = 0.5 nA). The dashed curve
denotes the fitted quadratic function (T ) to the dI/dV curve. (d) The obtained
dI/dV curve normalized by the obtained T . A spin-dependent peak is observed
at +0.1 V. The dotted line denotes the peak energy position. Numbers denote
the stacking numbers of the layers. Nodd and Neven denote the Nth layers grown
on the odd and the even Mn layers.
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Figure 7.17: (a) and (b) show an STM and an I(V ) map at +0.1 V, respectively,
obtained with an Fe-coated W tip on the Mn surface covered by a 2.2 ML Au film
(70×70 nm2, VS = −0.5 V, I = 0.5 nA). (c) shows dI/dV curves obtained at areas
in (a,b). The dashed curve denotes the fitted quadratic function (T ) to the dI/dV
curve. (d) The obtained dI/dV curve normalized by the obtained T . A spin-
dependent peak is observed at +0.1 V. The dotted line denotes the peak energy
position. Numbers denote the stacking numbers of the layers. Nodd and Neven

denote the Nth layers grown on the odd and the even Mn layers.

Figure 7.17 shows a SP-STM image (a) and a SP-STS image (b: an I(V ) map at
+0.1 V) obtained with an Fe-coated W tip on the Mn surface covered by a 2.2 ML
Au film (70×70 nm2). The second layers on the odd (2odd) and the even (2even) Mn
layers are observed. The third layer starts to grow on the second layer. The complete
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surface is covered by the c(2×2) structure except the tiny third layer islands (that
presents a p(1×1) structure; see Fig. 7.6). The I(V ) map shows magnetic contrast
between 2odd ↔ 2even and 2 ↔ 3. Since the third layer on the odd Mn layers are small,
the contrast between 3odd ↔ 3even is difficult to observe from the map. The dI/dV
curves obtained on the second layers in Fig. 7.17(b) show the magnetic contrast again
around +0.1 V (Fig. 7.17(c)). The dI/dV curves were roughly normalized by a fitted
quadratic function (T : the dashed curve in Fig. 7.17(c)) (see chapter II). This can
roughly recover the spin-dependent peak at +0.1 V (Fig. 7.17(d)). This shows that
the second layer also has a spin-polarized DOS with a peak at the same energy as the
first layer. Also, the second layer couples antiferromagnetically with the third layer.

Thus, from the experiments described in this chapter, one can draw the following
conclusions about the interface layers between Au and Mn films. The c(2×2)-AuMn-
alloy structure has (1) an in-plane magnetization component (the spins in the same
sheet couples ferromagnetically), (2) a spin-dependent DOS peak at +0.1 V, and (3)
antiferromagnetically coupling between the layers.

The first statement may be explained by the indirect in-plane RKKY-like inter-
action due to the hybridization of the Mn d and the Au sp electrons and the second-
neighbor Mn-Mn interactions being ferromagnetic as was suggested in the papers on
the calculations of the c(2×2)-CuMn alloy layer [35, 36].

7.6 Conclusion

We studied ultra-thin noble metal films on antiferromagnetically coupled metal layers
by means of STM/STS as well as SP-STM/SP-STS. We used Au films grown at RT
on Mn(001) layers. (The antiferromagnetically coupled Mn(001) layers were grown
on the Fe(001)-whisker at 370 K.)

The substrate, the first, the second, and the third layers show the c(2×2) AuMn
surface alloy structure. In addition, near steps, we observed bright areas (∼0.04 nm
high) which surface occupation increases from 19 % for the first layer to ∼45 % for
the second and the third layers. These bright areas are likely caused by a relaxation
of the stress which the film has and STS shows a different LDOS at these areas. Tiny
third layer islands shows the p(1×1)-Au structure. The fourth layer shows about 50
% reconstructed (5×23) areas and 50 % unreconstructed areas. From this layer on,
the layers likely consist on pure Au.

With non-magnetic W tips, we found that the electronic structure is the same
on the c(2×2) structure for the substrate, the first, the second, and the third layers.
The (dI/dV )/T shows that these layers have DOS peaks at −0.6±0.1 V, +0.1 V,
+0.9±0.1 V, and +1.9±0.1 V. Films thicker than four layers did not show any peaks
or shoulders in the dI/dV curves.

Apparent step heights were measured as a function of the sample bias voltage for
these layers. Excluding the electronic structure effects the first three layers have an
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interlayer distance of 0.170±0.007 nm.
The magnetic structure of the substrate, the first, the second, and the third layers

with the c(2×2) structure were obtained with ferromagnetic Fe-coated W tips at
room temperature. The c(2×2)-AuMn-alloy layer has an in-plane magnetization (a
ferromagnetic coupling between spins in the same sheet) and a spin-dependent DOS
peak at +0.1 V (this peak is the origin of the magnetic contrast). The c(2×2)-AuMn-
alloy layer couples antiferromagnetically with the c(2×2)-AuMn-alloy layers below
and above.
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[23] Y. Huttel, S. Gallego, M.C. Muñoz, and M.C. Asensio, Surf. Sci. 482-485 (2001)
540.

[24] F. Schiller, S. Danzenbacher, and C. Laubschat, Surf. Sci. 482-485 (2001) 442.

[25] S. Gallego, F. Sonia, and M.C. Muñoz, Surf. Sci. 524 (2003) 164.
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Appendices

A.1 Spin-polarized scanning tunneling spectroscopy

Here, we will show how the spin-dependent tip-sample separation strongly influences
the spin-polarized scanning tunneling spectroscopy curves. In Eqs. 1.18 and 1.19 in
chapter 1, it must be noted that the spin-dependency in 2 is set by the set point
voltage (Vsetpoint) instead of the measuring voltage (V ). The spin-dependency of z
depends on the integral of the tip and the sample polarization from the Fermi energy
to the set point voltage. The magnetization directions of the tip and the sample are
assumed not to change during the spectroscopy measurements, i.e. the angle between
the tip and the sample polarization is assumed to stay the same at the same tip-
sample separation. Then, the tunnel current at a positive set point voltage can be
described as

Isetpoint =
∫ Vsetpoint

EF

1
2
ρS(V ′)ρT (EF )[1 + �PS(V ′) · �PT (EF )]

· exp
[
−2κ(znon + zsp(�PT (EF ) · �PS(V ′)))

]
dV ′ for V > 0. (7.1)

Since the highest contribution in the integral comes from exp
[
−2κ(Vsetpoint) · (znon +

zsp(�PT (EF ) · �PS(Vsetpoint)))
]
,

Isetpoint 
 1
2
ρS(Vsetpoint)ρT (EF )[1 + �PS(Vsetpoint) · �PT (EF )]

· exp
[
−2κ(Vsetpoint)(znon + zsp(�PT (EF ) · �PS(Vsetpoint)))

]
for V > 0.

(7.2)

Now, the model shown in Fig. 1.4 is considered. It is assumed that the tip polarization
is oriented 0 or 180 degrees with respect to the sample polarization direction. Then,
the tunneling current at the set point voltage on the different terraces can be described
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as

I↑↑setpoint 
 1
2
ρSρT [1 + PSPT ] · exp

[
−2κ(znon + zsp(PSPT ))

]

I↑↓setpoint 
 1
2
ρSρT [1 − PSPT ] · exp

[
−2κ(znon − zsp(PSPT ))

]
. (7.3)

Since I↑↑setpoint = I↑↓setpoint,

∆z ≡ zsp(PTPS) =
1

4κ(Vsetpoint)
ln

1 + PS(Vsetpoint)PT (EF )
1 − PS(Vsetpoint)PT (EF )

for V > 0,

∆z ≡ zsp(PTPS) =
1

4κ(Vsetpoint)
ln

1 + PT (Vsetpoint)PS(EF )
1 − PT (Vsetpoint)PS(EF )

for V < 0,

(7.4)

where, at the set point voltage, zsp(�PS · �PT ) ≡ ∆z cos θ cosφ is used. So, zsp(PTPS) has
the property that zsp(−PTPS) = −zsp(PTPS). Since experimentally the maximum
∆z obtained was around 0.1 Å for the Mn(001), ∆z = 0.1 Å is assumed. (Experi-
mentally the spin-dependent tip-sample separation of 0.2Å was obtained as shown in
Fig. 5.8. This value corresponds to 2∆z.) Also, it should be noted that when the po-
larity of the polarization at the set point voltage (Vsetpoint) is negative, and assuming
a constant positive polarization of the tip zsp(�PS

�PT ) becomes −zsp(�PS
�PT ). Then,

e.g., Eq.1.18 changes to dI/dV (eV ) = 1
2ρSρT [1+ �PS

�PT ] ·exp
[
−2κ(z−zsp(�PS · �PT ))

]
.

To understand the DOS term in Eqs.1.18 and 1.19 [12ρSρT (1+PSPT cos θ)], dI/dV
curves were simulated as a function of voltage using this term (V > 0) (Fig. 1.5(b)).
A 100 % spin-polarized Gaussian peak in the sample DOS and a 100 % polariza-
tion for the tip DOS at the Fermi energy are assumed. Then, when the tip and the
sample polarizations are parallel, the Gaussian peak is observed in the dI/dV curve
[12ρSρT (1 + 1)]. When the tip and the sample polarizations are orthogonal, the am-
plitude of the Gaussian peak decreases [12ρSρT (1 + 0)]. However, when the tip and
the sample polarizations are anti-parallel, the Gaussian peak is completely quenched
[12ρSρT (1 − 1)].

Figure 7.18(a-f) show more practical descriptions of SP-STS measurements and
explains different observations in the SP-STS caused by different set point voltages.
Figure 7.18(a-d) show the tip and the sample LDOS, configurations of the tip and
the sample, and the tunneling probability functions. “↑” and “↓” denote the spin-up
and the spin-down states, respectively. The tip LDOS has a spin-polarized peak at
the Fermi energy and the sample LDOS has a spin-polarized peak above the Fermi
energy at 0.5 eV. A positive bias voltage is applied to the sample, i.e, electrons tunnel
from the tip Fermi energy to unoccupied states of the sample. In Fig. 7.18 panels
(a) and (b) represent cases that voltage “ 1 ” is applied to the sample and panels (c)
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and (d) represent cases that voltage “ 2 ” is applied to the sample. Before measuring
spectroscopy, the tip-sample separation is fixed by the set point voltage in constant
current mode.

At the set point voltage “ 1 ”, electrons tunnel from the tip Fermi energy to the
sample LDOS which is not spin-polarized 2. At the set point voltage “ 2 ”, electrons
tunnel from the tip Fermi energy to the sample LDOS which is spin-polarized.

For the set point voltages “ 1 ” and “ 2 ”, cases where the tip and the sample
polarizations are parallel (case 1a and case 2c) and anti-parallel (case 1b and case
2d) are considered, i.e. φ = 0o and θ = 0o (180o), then Eqs. 1.18 and 1.19 change as
follows:

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 ± PS(eV )PT (EF )] · exp

[
−2κ(z ± ∆z)

]
for V > 0, (7.5)

dI/dV (eV ) =
1
2
ρS(EF )ρT (eV )[1 ± PT (eV )PS(EF )] · exp

[
−2κ(z ± ∆z)

]
for V < 0. (7.6)

At the set point voltage “ 1 ”, the number of tunneling spin-up and spin-down elec-
trons are the same for the case 1a and 1b. Thus, the tip-sample separation is the
same. However, at the set point voltage “ 2 ”, much more spin-down electrons than
spin-up electrons tunnel to the sample for the case 2c and much less spin-down elec-
trons tunnel for the case 2d. Thus, different tip-sample separations occur for case 2c
and case 2d.
Different tip-sample separations have a strong impact on the tunneling probability
functions (i.e. the exponential part of Eqs.7.5 and 7.6). Since the tip-sample sep-
arations are the same for cases 1a and 1b, the tunneling probability functions (T1a

and T1b) are the same. However, the tip-sample separations are different for cases 2c
and 2d, i.e. different tunneling probability functions (T2c and T2d). The tunneling
probability functions shown in Fig. 7.18(a-d) are simulated by the following Eq. 7.7.
Here, 2

√
2m/�2z ≈ z is used, where m denotes electron mass, � Plank’s constant.

TA = TB = 1.5 × 108exp(−9.2
√

4 + eV/2) + 1.5 × 108exp(−9.2
√

4 − eV/2),

TC = 1.5 × 108exp(−9.4
√

4 + eV/2) + 1.5 × 108exp(−9.4
√

4 − eV/2),

TD = 1.5 × 108exp(−9.0
√

4 + eV/2) + 1.5 × 108exp(−9.0
√

4 − eV/2).
(7.7)

2In the constant current mode, the tunneling current governs the tip-sample separation. The
tunneling current is an integral of dI/dV from the Fermi energy to the applied voltage. The tunneling
from the tip Fermi energy to the empty sample states at the energy of the applied voltage is the
main contribution at positive bias voltages.
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An average work function of 4 eV and tip-sample separations of 9.2 Å for the cases 1a
and 1b, 9.4 Å for the case 2c, and 9.0 Å for the case 2d are used. A proportionality
coefficient of 1.5×108 (=typical experimentally obtained value) was obtained by a fit
to the experimentally obtained dI/dV curves.

dI/dV curves for the cases 1a-2d are simulated as shown in Figs. 7.18(e) and
7.18(f). The sample and the tip LDOS shown in Fig. 7.18(a-d) are used. Polarizations
of 50 % for PT (EF ) and 0 % for PS(EF ) are assumed.
The dI/dV curve for the case 1a is shown as the black curve in Fig. 7.18(e):

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 + PS(eV )PT (EF )] · TA for V > 0,

dI/dV (eV ) =
1
2
ρT (eV )ρS(EF )[1 + PT (eV )PS(EF )] · TA for V < 0. (7.8)

The dI/dV curve for the case 1b is shown as the grey curve in Fig. 7.18(e):

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 − PS(eV )PT (EF )] · TB for V > 0,

dI/dV (eV ) =
1
2
ρT (eV )ρS(EF )[1 − PT (eV )PS(EF )] · TB for V < 0. (7.9)

The dI/dV curve for the case 2c is shown as the black curve in Fig. 7.18(f):

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 + PS(eV )PT (EF )] · TC for V > 0,

dI/dV (eV ) =
1
2
ρT (eV )ρS(EF )[1 + PT (eV )PS(EF )] · TC for V < 0. (7.10)

The dI/dV curve for the case 2d is shown as the grey curve in Fig. 7.18(f):

dI/dV (eV ) =
1
2
ρS(eV )ρT (EF )[1 − PS(eV )PT (EF )] · TD for V > 0,

dI/dV (eV ) =
1
2
ρT (eV )ρS(EF )[1 − PT (eV )PS(EF )] · TD for V < 0. (7.11)

Differences between the black and grey curves in Fig. 7.18(e) indicate a magnetic
contrast in the dI/dV curves. The contrast is only observed above the Fermi level.
However, the black and grey curves in Fig. 7.18(f) show different magnetic contrasts.
The magnetic contrast is observed even at negative voltages. This analysis shows that
there is a clear influence of the set point voltage on the magnetic contrast observed
in the dI/dV spectra.

A.2 Field emission spectroscopy

Figure 2.10(a) shows our field emission spectroscopy setup. While gradually increasing
the applied voltage between the metal ball and the tip from 0 V to 3 kV (with a typical
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Figure 7.18: Influence of set point voltage on magnetic contrasts in dI/dV
curves. (a-d) shows tunneling between tip LDOS and sample LDOS when pos-
itive bias voltages are applied to the sample, configurations of the tip and the
sample, and tunneling probability functions. z denotes the tip-sample separation.
↑ and ↓ denote the spin-up and the spin-down states, respectively. (a,b) reveals

the case that the tip-sample separation is set at voltage “ 1 ”. (c,d) reveals the

case that the tip-sample separation is set at voltage “ 2 ”. (a,c) and (b,d) show
the cases that the sample and the tip polarizations are parallel and anti-parallel,
respectively. (e) represents dI/dV curves obtained at the set point voltage “ 1 ”.
Black and grey curves were obtained from the cases 1a and 1b, respectively. (f)

represents dI/dV curves obtained at the set point voltage “ 2 ”. Black and grey
curves were obtained from the cases 2c and 2d, respectively. One can conclude
that the magnetic contrast in the dI/dV curves is strongly influenced by the set
point voltage.
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speed of 10 V/s), the field emission current was measured. The field emission current
starts to increase at a particular voltage, which is mainly determined by the tip-radius
(the noise level was ±0.1 nA). Since the curves in Fig. 7.19(b) show starting voltages
of about 1-1.5 kV to extract 1 nA emission current, tip radii of 50-70 nm are estimated
from a fit of the field emission current formula 3 to the experimentally obtained curve
[1]. When we varied the tip-ball distance ±2 mm the onset voltage shifts about 200
V. This leads to only a 10 nm difference in the obtained tip radius. When the voltages
to extract 1 nA are about 300 V and >3 kV, the tip radii are estimated to be about
10 nm and >300 nm, respectively. Figure 2.10(c) shows field emission currents as a
function of the voltage. This is an example of how the tip radius varies by sputtering
and heating. Here the same tip-ball distance was used. The shift of the onset voltage
of the field emission current towards higher voltages indicates that the tip becomes
blunter.

A self-sputtered sharp tip was sputtered by Ar+ (1 kV) for 45 min and was sub-
sequently heated at 1600 K for 10 min by a direct contact to the W tip. The field
emission curve of this tip is shown in Fig. 7.19(c) as curve 1 (V(1nA)=639V). In the
same way this tip was again sputtered by Ar+ (1 kV) for 45 min and was subse-
quently heated to 1600 K for 10 min. Curve 2 shows that the tip became blunter by
this procedure (V(1nA)=1.1 KV). Furthermore, this tip was sputtered by Ar+ (1 kV)
for 160 min and was subsequently heated to 1600 K for 45 min. Now, the tip became
a bit more blunt (curve 3: V(1nA)=1.3 kV). Nevertheless, using this technique it was
hard to make a very blunt tip with V(1nA)>3kV from a sharp tip. A different W
tip was sputtered by Ar+ (1 kV) for 45 min and was subsequently heated by electron
bombardment (600V, 50mA) for 6 min. Curve 4 shows the field emission curve of the
prepared tip. The tip is relatively blunt(V(1nA)= 2kV). These tips with V(1nA) of
about 2 kV were frequently able to detect a spin-polarized current, but our experience
is that it depends much on luck. However, when the tip was heated with 42 W (600V,
70mA), first the emission current (70mA) was unstable. 2-10 min later, we observed
a drop of the current, e.g. from 70 mA to 65 mA. Then, the current became stable.
This preparation leads to tips which give never a field emission current up to 3 kV

3From this field emission curve, the tip radius is estimated by a fit with the following equation.

J = 1.537 × 1014 E2

Φt2
exp −0.683Φ3/2

E
x ,

x = 1.0029 − 0.1177y + 1.1396y2 − 0.2561y3,

t = 0.9967 + 0.0716y + 0.0444y2,

y = 3.79
√

E/Φ,

E = 0.368
V (1 + 0.00425α − 0.137α2)

r0.9(R0.1 − 0.75r0.1)
,

where J denotes the density of the field emission current, V the applied voltage, α the angle from the
tip axis, r the tip radius, R the tip-sample distance and Φ the average work function. By integrating
J over the entire frontal hemisphere of the tip the total field emission current is obtained.
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Figure 7.19: (a) Using the ball the field emission spectroscopy measurement was
performed. “d” denotes the tip-ball distance [mm]. (b) shows the field emission
current as a function of positive bias voltage for three different tip-ball distances.
When the distance becomes smaller, the onset voltage of the current increase shifts
toward lower voltage. (c) shows the field emission current as a function of the bias
voltage to the ball. The sharper tip (“1”) becomes blunter (“5”) by sputtering
and heating. The details are described in the text.

(curve 5). Remarkably, this tip reproducibly (in fact always) detects a spin-polarized
tunneling current.

A.3 Mn-coated W tip

The use of antiferromagnetic Cr-coated or Mn-coated W tips was reported by Bode
et al. [2] and Yang et al. [3]. Since the antiferromagnetic tip has no stray field, this
tip is especially suitable to image single isolated magnetic nanoparticles [4] or single
magnetic molecules [5]. Here, we show the magnetic properties of an antiferromagnetic
Mn-coated W tip. The Néel temperature of bulk α-Mn and β-Mn is much lower than
RT while fcc γ-Mn and bcc δ-Mn have a Néel temperature which is higher than RT.
If Mn films grown on the W(110) tip apex form γ or δ-Mn, the tip can detect spin-
polarized tunneling at RT. Mn was deposited at RT on a clean and blunt W tip with
a radius of >300 nm. W tips coated with different thickness of Mn films (3 and 6
nm) and annealed Mn-coated W tips were tested. Mn films on Fe(001) were used as
a test sample. Annealed Mn-coated W tips were prepared as follows. A W tip which
was coated with 3 nm Mn was heated for 5 min. by direct contact between the heater
filament (10W) and a point at 3 mm below the tip apex.

The magnetic structures of Mn on the W tip may be compared to studies of Mn
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on W(110). Mn layers grow pseudomorphically on W(110) single crystal at RT [6].
Highly strained bcc δ-Mn was observed up to 3 ML and three-dimensional islands (α
or δ-Mn) start to grow for thicker coverages.

Figure 7.20 shows our SP-STM/SP-STS results obtained with Mn-coated W tips.
Panels (a), (b), and (c) were obtained with a 3 nm Mn-coated W tip, a 6 nm Mn-
coated W tip, and an annealed 3 nm Mn-coated W tip, respectively. Each figure
shows a SP-STM image, a SP-STS image (I(V ) maps) and dI/dV curves obtained
on the odd and the even Mn layers. All tips showed magnetic contrasts, but the
amplitude of the contrast in the dI/dV curves is smaller than the magnetic contrast
obtained by the Fe-coated W tips.

The maximum contrast (∼3 %) was obtained with the annealed Mn tip. For the
3 nm Mn-coated W tip one out of three tips shows magnetic contrast. The 3 nm
Mn-coated W tip showed a magnetic resolution of 1.73 nm, which is comparable to
the Fe-coated W tip (the inset of the I(V ) map in Fig. 7.20(a)). The 6 nm Mn-coated
W tip shows only a tiny magnetic contrast in our results.

In conclusion, to establish the best method to prepare Mn-coated W tips which
detect a spin-polarized tunnel current, more measurements with tips made at various
conditions are needed.

A.4 NiMn tip

Here, we show the SP-STM/SP-STS results obtained with NiMn tips [7, 8] and Mn
films on Fe(001) as a test sample. This work was carried out in collaboration with
Drs. Sergio F. Ceballos and Prof.dr. I.V. Shvets, Trinity College, Dublin, Ireland.

Bulk NiMn alloy which has the CuAu-I type face-centered tetragonal structure
with lattice parameters of a = 3.714 Å and c = 3.524 Å is an antiferromagnet. Each
Mn atom has large magnetic moments around 4 µB and is antiferromagnetically
aligned orthogonal to the c-axis (i.e. either [001] or [110]). Ni atoms have much
smaller magnetic moments below 0.6 µB. However, all this applies to bulk NiMn. The
size and direction of the magnetic moments at the apex of a NiMn tip are unknown.
NiMn tips were fabricated from NiMn polycrystalline rods. The NiMn rod with a
diameter of about 0.5 mm was put into a Teflon tube (Fig. 7.21(a)). Then, the rod
and the Teflon tube were put into a 0.5 M HCl aq. as shown in Fig. 7.21(b) and the tip
was electro-chemically etched by applying +4 V for 20 minutes (current: 20 mA → 17
mA). When the etching was completed, the Teflon tube with the tip dropped down.
The tube was picked up and checked with an optical microscope (see Fig. 7.21(c)).
Carefully, the tip was pushed out by a needle and set into the tip holder by silver
epoxy (dried at 390 K for 60 minutes) (Fig. 7.21(d)). Then, the tip was moved inside
the UHV chamber.

We self-sputtered the tip to remove contaminants although this may cause a change
in composition since the sputtering efficiency is different for Ni and Mn. It is unpre-
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Figure 7.20: SP-STM/SP-STS results obtained with Mn-coated W tips on Mn
films thicker than four layers grown on an Fe whisker. Black and grey curves
denote dI/dV curves obtained on the odd and the even Mn layers, respectively.
(a) shows an STM topographic image (VS = −0.5 V, I = 0.3 nA, 30×30 nm2), an
I(V ) map at +0.2 V, and dI/dV curves obtained with a 3 nm Mn-coated W tip.
At the middle of the maps a hidden Fe step is running. A maximum contrast of 2
% is observed. The averaged line profile obtained from the boxed area (19.4×3.6
nm2, 0.1 nm/pixel) in the I(V ) map at +0.2 V shows a magnetic resolution of 1.73
nm. (b) shows an STM topographic image (VS = −0.5 V, I = 0.5 nA, 147×147
nm2), an I(V ) map at +0.1 V, and dI/dV curves obtained with a 6 nm Mn-coated
W tip. Only a tiny contrast can be observed around the Fermi energy. (c) shows
an STM topographic image (VS = −0.5 V, I = 0.5 nA, 104×102 nm2), an I(V )
map at +0.5 V, and dI/dV curves obtained with an annealed 3 nm Mn-coated W
tip. This tip showed the highest contrast (∼3 %).
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Figure 7.21: (a) shows a NiMn rod which is fixed into a metal tube. This rod
is covered by a teflon tube. The diameter of the rod is about 0.5 mm. (b) The
NiMn rod was chemically etched. (c) shows an optical microscope image of the
etched NiMn rod. (d) The tip was pushed out of the tube and was fixed to the
tip holder with silver epoxy.

dictable which atom (Ni or Mn) is exposed at the tip apex .
After we introduced the NiMn tip in the STM chamber we observed a lot of

contaminants (∼7 % concentration) on the Mn sample surface. These were identified
as oxygen by Auger spectroscopy. Their presence may be caused by degassing glue.

We sputtered the NiMn tip by Ar+ (1 kV, 3 µA) for 45 min at RT. Field emission
spectroscopy measurements were tried to check the tip radius. However, the op-amp
broke at that moment. This accident may be caused by the bad connection of the
glue between the tip and the tip-holder. Although this tip worked well to get STM
images, it was difficult to obtain good STS curves, i.e. a lot of spike-noise was present.
We sputtered the NiMn tip again by Ar+ (2 kV, 3 µA) for 10 min at RT. Using this
tip steps of Mn layers in STM images appeared bright at a high set point voltage
(>+1.5 V). However, when the voltage was increased more than +3 V, drops from
the tip were observed (2-5 nm diameter, 0.1-0.5 nm height). After we observed the
drops, the tip became stable and a small magnetic contrast was detected on the Mn
layers. Using the NiMn tip, we could not get in-plane magnetic contrast after the first
tip-approach. Occasionally a weak magnetic contrast (<1 % in dI/dV ) was observed.
Figure 7.22 shows a SP-STM image (a) and a SP-STS image (b: an I(V ) map at +0.1
V) obtained on 4.5 ML Mn on Fe(001) at 370 K at a set point of VS = −0.5 V, I =
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Figure 7.22: (a) shows a SP-STM topographic image obtained on 4.5 ML Mn
on Fe(001) with a sputtered NiMn tip at a set point of VS = −0.5 V, I = 0.5 nA
(40×35 nm2). Numbers in (a) denote the stacking numbers of the Mn layers. (b)
shows an I(V ) map at +0.1 V obtained at the same area as (a). A tiny magnetic
contrast is visible between the fourth, the fifth, and the sixth Mn layers. (c) shows
dI/dV curves representative of each layer in (a).

0.5 nA (40×35 nm2). Four layers are exposed on the surface. Numbers in Fig. 7.22(a)
denote the stacking numbers of the Mn layers. Figure 7.22(c) shows dI/dV curves
representative of each layer in Fig. 7.22(a). Since the DOS of the third Mn layer is
different compared to the DOS of subsequent layers, the third layer appears brighter
in the spectroscopic map. A tiny magnetic contrast (<1 %) is observed between the
fourth, the fifth and the sixth Mn layers 4.

Although the NiMn tip has no stray field, the tip apex is always unpredictable
and the magnetic contrast was too small compared to other spin-polarized tips.

A.5 Magnetic structures of Fe/Mn/Fe(001) at rough
areas

Here, Fe/Mn/Fe(001) near three-dimensional Mn islands was studied by an Fe-coated
W tip. Magnetic structures at these areas are more complicated than idealized system
studied.

4Since we did not obtain the magnetic contrast after the first approach, the contrast might be
caused by the tip picking up Mn from the sample.
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Figure 7.23: (a) and (b) show a SP-STM and a SP-STS (an I(V ) map at +0.1
V) image, respectively, obtained with an Fe-coated W tip on the surface of a 7
ML Fe film grown on the Mn layers using a set point of VS = −0.6 V, I = 0.5 nA
(200×200 nm2). In (b), five different grey scales are observed (“1-5”). The edge of
the grey scales of “3,4” are marked by grey lines in (a). These show rectangular
shapes. Several three-dimensional Mn islands are observed (“5”). Hidden Mn
steps are marked by dashed curves in (a). (c) shows dI/dV curves representative
of the areas “1-5” in (a,b).

Figures 7.23(a) and 7.23(b) show SP-STM and SP-STS (I(V ) maps at +0.1 V)
images, respectively, obtained with an Fe-coated W tip on the surface of a 7 ML Fe
film grown on the Mn(001) layers. At the areas marked “1” and “2” in Fig. 7.23(a)
the Fe film grows on the atomically flat Mn layers. The Fe films at the areas marked
“3” and “4” in Fig. 7.23(a) include several three-dimensional Mn islands (“5”). The
roughness (R) of the Fe films at “3” and “4” (including the three-dimensional Mn
islands) is higher than at “1” and “2” (R = 0.2 nm for “1,2” and 0.5 nm for “3,4”).

(Here, the roughness was defined as
√

1
N ΣN

i=1(zi − z̄)2, where N denotes the pixel
number of the selected area, zi the height at the pixel i, z̄ the average height at the
selected area). At this area spectroscopy measurements were performed. The I(V )
map shows the three-dimensional Mn islands as black since the islands do not have
any peaks or shoulders in the DOS. The I(V ) map of Fig. 7.23(b) shows two types of
magnetic contrast. The magnetic contrast between “1” and “2” shows the oscillation
of the interlayer coupling (the same origin as Fig. 6.11) since the magnetic contrast
varies on the different Mn layers. However, the magnetic contrast in the areas which
include several three-dimensional Mn islands shows a stronger contrast (between “3”
and “4” in Fig. 7.23(b)) than the magnetic contrast caused by the interlayer coupling
[the magnetic contrast at “3,4” in dI/dV (AdI/dV ) is 27 % (Fig. 7.23(c)) 5]. Also,

527 % is higher than the maximum contrast that we obtained on the odd and the even Mn layers
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the grey scale at “3” and “4” shows a rectangular shape and does not follow the
substrate Mn morphology. In addition, the magnetic contrast at “3” and “4” reveals
nanometer-scale magnetic domains induced by the surface roughness. This shows that
the local roughness strongly influences the local magnetic structure. In this case, the
local roughness overcomes the interlayer coupling between the thick Fe film and the
Fe-whisker and causes nanometer-scale magnetic domains.

A.6 Fe nano-clusters

As shown in chapter 6, Fe islands (>5 nm) on the Mn terraces have in-plane magne-
tization and couple non-collinearly.

Figure 7.24: (a) and (b) show a SP-STM and a SP-STS image (a dI/dV map
at +0.1 V), respectively, obtained with an Fe-coated W tip on the Mn surface
covered by 0.03 ML of Fe (VS = −0.5 V, I = 0.5 nA, 39×37 nm2).

When less than 0.05 ML of Fe is deposited on the Mn surface, Fe clusters (∼3
nm) were grown (Fig. 7.24(a)). These clusters include about 85 atoms. Using an
Fe-coated W tip which can detect the sample in-plane magnetization, we observed
that such small Fe clusters have an in-plane magnetization since the obtained dI/dV
map at +0.1 V shows magnetic contrast between the Fe clusters on the odd and the
even Mn layers (Fig. 7.24(b)).

(20 %). This indicates that the polarization of the Fe film is higher than the Mn polarization.
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Figure 7.25: SP-STM/SP-STS measurements were performed with a voltage-
pulsed tip on the Mn surface covered by 0.05 ML of Fe. (a) and (b) show an STM
and an STS (an I(V ) map at +0.4 V) image, respectively, obtained at a set point
of VS = −0.5 V, I = 0.4 nA (100×100 nm2). All Fe clusters in (a) are marked
by numbers. A hidden Fe step is running between the arrows in (a). (c) shows
the diameter of each Fe cluster in (a).In (c), white and black circles denote Fe
clusters appearing brighter and darker in (b), respectively. Triangles denote the
Fe clusters appearing half-black and half-bright in (b). (d) and (e) show an STM
and an STS (an I(V ) map at +0.4 V) image, respectively, obtained on the Mn
terrace at a set point of VS = −0.5 V, I = 0.4 nA (66×66 nm2). The center of
the three Fe clusters in the boxes in (d) appears brighter in (e).

However, using a voltage-pulsed tip we observed different magnetic features on
the Mn surface covered by 0.05 ML of Fe. Figures 7.25(a) and 7.25(b) show a SP-
STM and a SP-STS (an I(V ) map at +0.4 V) image, respectively. This tip is a
very blunt tip since the step edge in the STM image is very smeared out compared
with Fig. 7.24(a). Two hidden Fe steps marked by the arrows in Fig. 7.25(a) and
several Mn steps are observed on the surface. Although the I(V ) map shows in-plane
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magnetic contrast between the odd and the even Mn layers, the magnetic contrast is
extremely weak (close to 0 % in dI/dV at +0.2 V: see Fig. 7.26(g)). By comparing
with Fig. 7.24(b) a remarkable difference is that several Fe clusters, especially near the
Mn steps or the Fe hidden steps, appear brighter. Since these bright spots were never
observed with the W tips and the Fe-coated W tips, the bright spots are believed to
be magnetic structures only detected by this voltage-pulsed tip.

We found that only Fe clusters larger than 3 nm appear brighter as shown in
Fig. 7.25(c). These Fe clusters are mainly observed near the Mn steps.

On the Mn terrace a few Fe clusters appear as bright spots (Fig. 7.25(e)). These
Fe clusters are always close to other Fe clusters (Fig. 7.25(d)). Only the center Fe
cluster appears brighter.

Figure 7.26(a,b) shows line profiles obtained along Fe clusters which appear as a
bright (a) and a dark (b) spot in the I(V ) map. Black and grey curves were obtained
from the STM and the I(V ) map, respectively. The size of the bright spots is bigger
than the size of the Fe cluster (Fig. 7.26(a)).

We also observed switching of the Fe cluster from dark to bright in spectroscopy
maps. First, images shown in Fig. 7.26(c,d) were obtained. The three Fe clusters in
the box in the STM image (Fig. 7.26(c)) appear dark in the I(V ) map at +0.4 V
(Fig. 7.26(d)). Second, the same area was scanned by the tip eight times. Then, we
measured the image shown in Fig. 7.26(e,f). Now, two of the three clusters appear
as bright spots. This switching seems to be caused by the tip stray field, i.e., this
voltage pulsed tip has a higher stray field than Fe-coated W tips. From the hologram
TEM measurements is estimated that Fe-coated W tips have a stray field of a few
hundred Gauss (see chapter 6).

Figure 7.26(g) shows dI/dV curves obtained from the bright spot (black solid
curve), the dark spot (grey solid curve), and the odd and the even Mn layers (dotted
curves). The Mn layers show almost no in-plane magnetic contrast. The dI/dV
curve obtained at the dark spots shows no peaks or shoulders. It is worth to describe
that due to the blunt tip the Fe islands do not show a flat surface. The dI/dV
curve obtained at the bright spots shows a strong shoulder around +0.5 V and the
(dI/dV )/T curve recovers a peak at +0.5 V. Since the first Fe layer LDOS has a
peak at +0.3 V, the obtained peak might be a shift of the +0.3 V peak due to the
confinement effect [10].
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Figure 7.26: SP-STM/SP-STS measurements were performed with a voltage-
pulsed tip on the surface of a 0.05 ML Fe film grown on the Mn layers. (a,b)
shows line profiles along the Fe cluster in the STM image (black curve) and the
I(V ) map at +0.4 V (grey curve). (a) and (b) were obtained from Fe clusters
appearing as a bright and a dark spot in the I(V ) map, respectively. (c,e) and
(d,f) show STM and STS (I(V ) maps at +0.4 V) images, respectively, obtained at
a set point of VS = −0.5 V, I = 0.4 nA (105×74 nm2). After (c,d) were obtained,
the same area was scanned eight times and (e,f) was obtained. (g) shows dI/dV
curves obtained on the odd and the even Mn layers (dotted curves), the Fe clusters
appeared as dark (grey solid curve) and bright (black solid curve) spots in the
I(V ) maps. The (dI/dV )/T curve of the Fe cluster appearing as a bright spot in
the I(V ) map shows a peak at +0.5 V (dashed curve).

From these experimental results, it is speculated that the bright and the dark spots
relate to ferromagnetic and antiferromagnetic coupling between the Fe cluster and the
top Mn layer. According to our calculations, if the first Fe layer consists of pure Fe,
the first Fe layer couples ferromagnetically with the Mn layer. However, the first Fe
layer includes intermixed Mn atoms. If a cluster with less than 85 atoms includes one
Mn atom, the Mn atom influences strongly the magnetic coupling of the cluster. The
strong influence of a single Mn atom in a bcc-Fe cluster was reported by Paduani et
al. [11], i.e. when a single Mn atom was put into a bcc-Fe cluster with 15 atoms,
the cluster changes from a ferromagnet to an antiferromagnet. Thus, a cluster with
less than 85 atoms likely couples antiferromagnetically with the top Mn layer. For a
cluster with more than 85 atoms, a single intermixed Mn atom still can change the
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magnetic property of the Fe cluster to antiferromagnetic coupling. But, the energy
difference between ferromagnetic and antiferromagnetic coupling becomes smaller. If
the tip has a strong stray field, this field can overcome the antiferromagnetic coupling
of the cluster with the Mn layer and switches it to ferromagnetic coupling.

Results concerning the Fe nano-clusters could be explained in another way. From
the step width it can be observed that the tip in Fig. 7.25 is blunter than the tip
in Fig. 7.24. The dark and bright spots were observed with the blunter tip. This
indicates that we observe a convolution of the tip shape and the real island. The real
size of the island could be smaller. It was reported that the Fe(001) surface state +0.2
V peak shifts to higher energies in smaller Fe islands [10]. Thus, Fe islands smaller
than 3 nm may have a peak at much higher energies and no peaks are observed in
Fig. 7.26(g). The 3 nm Fe islands have a peak at +0.5 V, which may be a shift of
the Fe(001) surface state. The switching behavior might be due to Ostwald Ripening.
When islands reach a critical size, the surface state may shift towards +0.2 V. If
these speculations are true, our results for the Fe islands are not due to a magnetic
effect. Now, we cannot make a strong statement for the results obtained on the Fe
nano-clusters.

A.7 Steps

Features obtained with Fe-coated W tips around steps on Mn or Fe films are presented.
On Mn(001) and Fe(001) surfaces, LDOS peaks are quenched at the steps. However,
Fe-coated W tips revealed additional features in the magnetic images obtained at
steps.

A different electronic structure has been found at the step compared with the
DOS on the terraces. This change in the electronic structure is caused by the broken
symmetry at the steps, i.e., the number of nearest-neighboring atoms varies at the
step compared to the atom at the terrace. For example the amplitude of the surface
state at the steps is greatly reduced and therefore in the spectroscopy maps the steps
appear as dark lines. This has been observed for Fe and Mn but, peculiarly, not for
vanadium. Figures 7.27(a) and 7.27(b) show a SP-STM image and a SP-STS image
(an I(V ) map at +0.2 V) obtained with an Fe-coated W tip on the Fe(001)-whisker
surface. Several steps in Fig. 7.27(a) show dark lines in the SP-STS image due to the
quenching of the dz2 surface state.

However, using magnetic tips, Fe-coated W tips and voltage-pulsed tips, frequently
interesting features are observed at the Mn step edge. We confirmed that Mn surface
states are quenched at Mn steps with clean W tips. In this thesis, a few spectroscopic
images obtained with clean W tips or magnetic tips show that one side of the Mn step
appears darker and another side of the Mn step appears brighter due to the delay of
the feedback. However, magnetic tips showing a sharp step edge in the STM image
detected additional structures at the steps in the SP-STS maps, i.e. a Mn step shows
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dark and white contrast in the SP-STS maps.

Figure 7.27: (a) and (b) show SP-STM and SP-STS (I(V ) map at +0.2 V)
images obtained with an Fe-coated W tip on the Fe(001)-whisker surface at a set
point of VS = −0.5 V, I = 0.5 nA (250×250 nm2).

Figure 7.28 shows more careful measurements at the Mn steps with an Fe-coated
W tip. Figure 7.28(a) shows a SP-STM image obtained on 7.2 ML Mn on Fe(001).
The I(V ) map at +0.2 V obtained from the enlarged image of one side of the Mn island
in Fig. 7.28(a) shows the step as a dark feature, while magnetic contrast between the
Mn layers is visible (Figs. 7.28(b) and 7.28(c)). The dI/dV curves obtained on the
Mn terraces show a ∼2 % magnetic contrast (dashed curves in Fig. 7.28(d)). The
dI/dV curves at the step increase exponentially as a function of voltage and clearly
the Mn surface states are quenched (solid curve in Fig. 7.28(d)). The averaged line
profile obtained at the white line in Figs. 7.28(b) shows a step with one atomic layer
height (black curve in Fig. 7.28(e)). The averaged line profile obtained at the white
line in Figs. 7.28(c) shows a dip at the middle of the step and the width of the dip
is the same as the width of the step (grey curve in Fig. 7.28(e)). Figures 7.28(f) and
7.28(g,h) show a SP-STM image and SP-STS images (I(V ) maps at +0.2 V) obtained
at the enlarged area on the other side of the Mn island in Fig. 7.28(a). It is obvious
that an additional bright feature next to the dark feature appears at the step in the
I(V ) map. The forward (Fig. 7.28(g)) and the backward scan (Fig. 7.28(h)) show a
similar image, i.e. the bright feature is not influenced by the stray field of the tip
nor by the scan direction. dI/dV curves obtained on the Mn layers show the same
magnetic contrast (2 %) as Fig. 7.28(c) (dashed curves in Fig. 7.28(i)). The dI/dV
curve obtained at the dark feature at the step (solid-black curve in Fig. 7.28(i)) looks
similar to the solid-curve in Fig. 7.28(d), i.e. Mn surface states are quenched. The
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dI/dV curve obtained at the bright feature at the step (solid-grey curve in Fig. 7.28(i))
shows also a quenching of the Mn surface states, but a higher exponential background
(=tunneling probability). Figure 7.28(j) shows averaged line profiles obtained along
the white lines in Figs. 7.28(f) and 7.28(g). The bright and dark curves in the SP-STS
map appear as a peak and a dip in the grey line profile in Fig. 7.28(j). The sum of
the widths of the peak and the dip is the same as the step width in the STM image
(black line profile in Fig. 7.28(j)). Here, it should be noted that the peak appears
outside of the Mn island.

Figure 7.28: (a) shows a SP-STM image obtained on 7.2 ML Mn on Fe(001) at
a set point of VS = −1 V, I = 0.1 nA (200×200 nm2). (b) and (c) show the
enlarged image (25×25 nm2, 0.1 nm/pixel) from (a) and an I(V ) map at +0.2
V at (b). (d) shows dI/dV curves obtained on the Mn terraces (dashed curves)
and the step (solid curve) in (c). (e) shows averaged line profiles from (b) (black
curve) and from (c) (grey curve). (f) and (g)(h) show the enlarged image from (a)
and I(V ) maps at +0.2 V at (b). (g) and (h) were obtained during the forward
and the backward scan, respectively. (i) shows dI/dV curves obtained on the Mn
terraces (dashed curves) and the bright side of the step (grey-solid curve) and the
dark side of the step (black-solid curve) in (g). (j) shows averaged line profiles
from (f) (black curve) and from (g) (grey curve).

We also found similar features at (or near) the step of sub-ML Fe grown on the
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Mn layers (Fig. 7.29). Figures 7.29(a) and 7.29(c) show STM images obtained with
an Fe-coated W tip on 0.2 ML Fe grown on the Mn layers at RT. I(V ) maps at +0.2
V obtained at the same area as Figs. 7.29(a) and 7.29(c) are shown in Figs. 7.29(b)
and 7.29(d), respectively.

Figure 7.29: (a) shows an STM image obtained on 0.2 ML Fe grown on the Mn
layers on Fe(001)-whisker at RT with an Fe-coated W tip at a set point of VS =
−0.5 V, I = 0.2 nA (100×90 nm2). (b) shows an I(V ) map at +0.2 V obtained
at (a). (c) and (d) are enlarged images from (a) and (b), respectively, (12×11
nm2). (e) shows dI/dV curves obtained on the Mn terraces (dashed curves), the
dark curve at the step in (b) (black solid curve), and the bright curve at the
step outside the island in (b) (grey solid curve). (f) shows averaged line profiles
obtained along the white lines in (c) (black) and (d) (grey). The black and grey
arrows denote dips and a peak, respectively, in the line profile of (d).

Again, in the I(V ) maps, one side of the Fe islands reveals a bright curve next to a dark
curve. It is clearly observed that the bright features appear completely outside the
Fe island. Bright spots on the Mn terrace in Fig. 7.29(d) are identified as embedded
Fe atoms into the top Mn layer by chemical identification using STS since Fe and Mn
in the (001) plane have surface states at different energies. dI/dV curves obtained on
the Mn layers show no magnetic contrast (dashed curves in Fig. 7.29(e)). The dI/dV
curve at the dark feature at the step shows a quench of the surface state above the
Fermi energy (black curve in Fig. 7.29(e)). The dI/dV curve at the bright feature
shows a similar shoulder as the dI/dV curve obtained on Mn(001), but with a higher
exponential background above the Fermi energy (grey curve in Fig. 7.29(e)). A tip
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state can be observed around −0.8 V in all dI/dV curves. Usually we did not observe
such a tip state, but now apparently this magnetic tip has a “special” electronic or
magnetic structure. Line profiles along the white lines in Figs. 7.29(c) and 7.29(d)
are shown in Fig. 7.29(f) as a black and a grey line profile, respectively. The black
arrow “m” and “n” denote dips at the step due to the quench of the surface state.
The grey arrow denotes a broad peak outside of the Fe island.

As regarding these results, the bright curve at the step always appears outside the
island and the electronic structure shows only a higher exponential background (=
tunneling probability). One can speculate that this observation is not caused by the
electronic structure at the step, but by magnetic features such as a magnetic force on
the tip due to stray field from the step. The tip-sample separation can be changed by
the magnetic force (i.e. like in a magnetic force microscopy). In Fig. 7.29(f), the width
of the dip (black arrow “m”) is bigger than the width of the dip (black arrow “n”).
This is also observed between the dips in Figs. 7.28(e) and 7.28(j). This suggests that
the dip with a larger width includes an influence of the quench of the surface states
as well as an effect of the stray field. If the stray field comes out from one side of the
step, the stray field comes in at the other side of the step. So, if the tip detects the
stray field, one side appears brighter (a smaller tip-sample separation) and another
side appears darker (a bigger tip-sample separation) in the SP-STS maps. Further
analysis is going on.
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Summary

From a fundamental physical point of view and also from a technological point of view
(e.g. data storage media), it is very interesting and important to know the magnetiza-
tion behavior of magnetic thin film. Many studies of magnetic coupling with less-local
techniques have been reported. However, there is no clear understanding of magnetic
structures at the interface between ferromagnetic and anti-ferromagnetic as well as
between magnetic and non-magnetic films. With less-local techniques it is difficult to
detect information directly from the interface. Here, we show the first direct observa-
tions of magnetic structures at the interface layers of magnetic multilayers by means
of spin-polarized scanning tunneling microscopy/spectroscopy (SP-STM/STS). This
technique gives us sub-nanometer scale information of intermixing, crystal, electronic
and magnetic structures simultaneously. As a sample, we chose (1) Fe/Mn/Fe(001)-
multilayer for studying interface layers between ferromagnetic and anti-ferromagnetic
films and (2) Au/Mn(001) layers to investigate interface layers between non-magnetic
and magnetic films.

First, at the start of my PhD project a spin-polarized scanning tunneling mi-
croscopy/spectroscopy setup had to be developed. Bct-Mn(001) layers grown on
Fe(001)-whisker at 370 K were used as a test sample since from the literature it
was well established that these layers couple antiferromagnetically. Different prepa-
ration methods for Fe-coated W tips were studied. Finally, a blunt W tip with a
radius larger than 200 nm covered by a 2-10 nm Fe film appeared to be able to re-
producibly detect spin-polarized tunneling. It was also found that W tips to which
voltage pulses (1V↔10V) were applied can detect a spin-polarized current as well.
Using this technique it was demonstrated that the tip magnetization can even be
changed. In this thesis, these two tip-preparation techniques are used to investigate
surface magnetism. Using these tips, we observed an out-of-plane vortex and an in-
plane oscillation of the magnetization directions at the surface of the Mn films grown
on an Fe screw dislocation. Also, locally, magnetization reversals on the fourth Mn
layer were observed as spots with a diameter of around 8 nm. These spots showed an
opposite spin direction compared to the spin direction of the surrounding Mn layer.
The precise cause of this effect is not yet known but the intermixing of Fe in the Mn
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layers might play a role. Sub-nanometer scale antiferromagnetic domain walls were
detected on the Mn(001) surface. These domain walls were shown to be caused by
hidden Fe steps. Using the widths of these domain walls the limit of the magnetic
resolution in SP-STS images is estimated to be 0.4 nm.

After we finished to inverstigate our test sample and were able to control our
magnetic tips, we started to study interface layers of magnetic multilayers.

In order to investigate magnetization coupling at the interface layers between
ferromagnetic and antiferromagnetic multilayers, Fe films were grown on the test
sample to make an Fe/Mn/Fe(001) multilayer. For the first few Fe layers (interface
layers) which include intermixed Mn atoms and have different crystal, electronic and
geometric structures, a non-collinear coupling between the top Mn layer and the first
Fe layer (124±4 degrees) as well as between the first and the second Fe layers (116±6
degrees) was found. It was qualitatively confirmed that the second, the third and the
fourht layers do not couple ferromagnetically, i.e. antiferromagnetic or non-collinear
coupling. The non-collinear coupling changes to ferromagnetic coupling for Fe layers
thicker than 5 ML. Also, on a 7ML thick Fe film, it was observed that the magnetiza
tion direction of Fe films grown on odd numbers of Mn spacer layers switches about
20 degrees from the direction of films grown on even numbers of Mn spacer layers.
Two spin-polarized LDOS peaks at 0.3 eV and 1.0 eV above the Fermi energy were
found on interface layers, while thicker Fe layers (>4 ML) revealed a spin-polarized
LDOS peak at 0.2 eV above the Fermi energy.

To investigate magnetism between non-magnetic and magnetic layers, Au films
were deposited on the test sample: Au/Mn(001). At the interface layers a AuMn-
c(2x2)-alloy was observed. This alloyed interface layer was found to have a spin-
polarized LDOS peak at 0.1 eV above the Fermi energy. In these alloy layers, it was
observed that the spins in one layer align in-plane and couple ferromagnetically, while
each alloy-layer couples antiferromagnetically with layers below and above. Further-
more, films thicker than 4 ML are pure (non-magnetic) Au.

Thus, using the abilities of SP-STS we first observed the local magnetic structures
on the interface layers of magnetic multilayers. In both cases studied we found that
the crystal structure, the electronic and the magnetic structure at the interface are
different from those in the rest of the film. The main cause is intermixing.



Samenvatting

Een goed begrip van de magnetische eigenschappen van extreem dunne films is van
uiterst belang vanuit zowel fundamenteel fysisch als technologisch oogpunt (bijvoor-
beeld voor toepassing in data opslag media). Tot nu toe is veel onderzoek naar dit
soort films gedaan met behulp van niet lokale technieken. Deze studies verschaffen
echter geen duidelijk begrip van de magnetische verschijnselen aan de grensvlakken
tussen ferromagnetische en antiferromagnetische films, of aan de grensvlakken tussen
magnetische en niet magnetische materialen. Met de tot nu toe gebruikte niet lokale
technieken is het immers onmogelijk om directe informatie te verkrijgen van het
grensvlak. In dit proefschrift worden spin-gepolarizeerde scanning tunneling micro-
scopie (SP-STM) en spectroscopie (SP-STS) gebruikt om magnetische grensvlakken
lokaal te bestuderen. Met SP-STM/STS kan voor iedere atoomlaag afzonderlijk
op sub-nanometer schaal informatie verkregen worden over menging, kristal struc-
tuur, elektronische structuur, en magnetische structuur. Als preparaten worden
Fe/Mn/Fe(001) en Au/Mn(001) multilagen gebruikt. Het eerste systeem biedt de
mogelijkheid om grensvlakken tussen ferromagnetische en antiferromagnetische films
te bestuderen. Het tweede systeem geeft een grensvlak tussen een magnetische en een
niet magnetische film.

Aangezien spin-gepolarizeerde STM een nieuwe techniek is, moest deze techniek
eerst zelf ontwikkeld en onderzocht worden. In deze test fase werden antiferromag-
netisch gekoppelde bct-Mn(001) lagen gebruikt die bij 370 K op een Fe(001) preparaat
waren gegroeid. Een aantal methoden om wolfraam STM naalden met Fe te bedekken
werden onderzocht. Uiteindelijk bleek een relatief botte W naald (straal groter dan
200 nm) die bedekt was met 2-10 nm Fe film reproduceerbaar een spin-gepolarizeerde
tunnel stroom te kunnen detecteren. Ook W naalden waaraan spanningspulsen (1-
10 V) waren aangebracht bleken een spin-gepolarizeerde tunnel stroom te kunnen
detecteren. Met deze laatste techniek was het zelfs mogelijk om de richting van de
naald magnetisatie-vector te veranderen. Beide soorten naald-preparatie technieken
zijn vervolgens gebruikt bij de in dit proefschrift beschreven studies aan magnetische
grensvlakken.

Met deze naalden (”tips”) zijn een aantal interessante magnetische verschijnse-
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len waargenomen op het test preparaat. Op een Mn film die over een Fe schroef-
dislocatie heengroeide is een magnetische vortex structuur waargenomen waarbij de
magnetisatie-richting loodrecht op het oppervlak staat. Rondom de vortex blijkt
de magnetisatie richting heen-en-weer te oscilleren. Ook zijn lokale fluctuaties van de
magnetisatie waargenomen op de vierde Mn laag. Deze fluctuaties worden gekenmerkt
door gebiedjes van circa 8 nm diameter die een omgekeerde spin-richting hebben als
de omringende Mn laag. De precieze oorzaak van dit effect is nog niet bekend, maar
menging van Fe in de Mn lagen kan zeker een rol spelen.

Sub-nanometer brede antiferromagnetische domein wanden zijn waargenomen op
het Mn(001) oppervlak. Deze worden veroorzaakt door atomaire stappen op het Fe
substraat (die zich dus onder het Mn oppervlak bevinden). Aan de hand van de
waargenomen breedtes van de domain wanden is de maximale resolutie van de SP-
STS techniek bepaald op 0.4 nm.

Na deze test metingen was het duidelijk dat onze SP-STM/STS opstelling in staat
was om op subnanometer schaal magnetisme te bestuderen.

Om de magnetische koppeling tussen de grenslagen van een ferromagnetisch /
antiferromagnetische multilaag structuur te kunnen bestuderen, werd Fe op het test
preparaat gegroeid. Zo ontstonden Fe/Mn(001) multilagen. De eerste Fe lagen (de
grenslagen), die Mn atomen blijken te bevatten en een andere kristal structuur blijken
te hebben, tonen een niet-evenwijdige magnetische koppeling tussen de bovenste Mn
laag en de eerste Fe laag (124 graden). Ook de koppeling tussen de eerste en de tweede
Fe laag is niet evenwijdig (116 graden). Kwalitatief is aangetoond dat de tweede,
de derde en de vierde Fe laag antiferromagnetisch of niet-evenwijdig koppelen. Pas
na circa 5-7 monolagen (ML) wordt de koppeling ferromagnetisch. Ook blijkt uit de
metingen dat de richting van de magnetisatie-vector van de Fe films die op een oneven
aantal Mn lagen zijn gegroeid 20 graden gedraaid is ten op zichte van de magnetisatie-
vector van Fe films die op een even aantal Mn lagen zijn gegroeid. Spectroscopie
metingen aan de grenslagen tonen twee spin-gepolarizeerde LDOS pieken bij 0.3 eV
en 1.0 eV boven het Fermi niveau. Op dikkere lagen (>4ML) werd slecht een spin-
gepolarizeerde piek bij +0.2 eV waargenomen.

Om de magnetisatie rond het grensvlak van niet-magnetische en magnetische la-
gen te kunnen bestuderen, werd Au op het test preparaat gegroeid. Zo ontston-
den Au/Mn(001) multilagen. Op het grensvlak werd een AuMn-c(2×2) legering
waargenomen. Deze gemengde grenslaag laat in de spectroscopie metingen een spin-
gepolarizeerde piek zien bij +0.1 eV. Uit de metingen kan geconcludeerd worden dat
de spins in de grenslagen in de vlakken liggen en dat de spins in gelijke vlakken
ferromagnetisch koppelen terwijl spins in aangrenzende vlakken antiferromagnetisch
koppelen. Vanaf de vierde laag bestaat de Au film uit puur Au en is (logischerwijs)
niet meer magnetisch.

Met behulp van de mogelijkheden van de nieuwe techniek SP-STS zijn lokale mag-
netische structuren aan de grensvlakken van magnetische multilagen waargenomen.
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In beide gevallen toonde de experimenten dat de grenslagen gemengd zijn, en een
kristal structuur, elektronische en magnetische structuur hebben die afwijken van die
in de rest van de film. De voornaamste oorzaak is menging.
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