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Memory effects in individual submicrometer ferromagnets
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We have used ballistic Hall micromagnetometry to study the magnetization of individual submicrometer
nickel disks~80 nm high, 0.1–1.0mm diameter!. At low temperatures, hysteresis loops of the disks no longer
show inversion symmetry in a magnetic field, as if the time reversal symmetry were broken. Furthermore, the
magnetization of the smallest disks can be ‘‘frozen’’ in two possible states that are characterized by hysteresis
loops which areeach other’sinverse. At temperatures below 19.5 K a magnetic field as high as 2 T cannot
switch between the states, proving that it is extremely difficult to fully polarize a small ferromagnetic particle.
On the other hand, at slightly higher temperatures~only T.19.8 K), a field as low as 0.1 T appears to be
enough to fully polarize the disks. We attribute this extraordinary behavior to the glass-liquid transition
experienced by spins at the particle surface.@S0163-1829~98!06542-4#
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I. INTRODUCTION

With the increasing need for high-storage-density me
there has been an increasing research activity in the stud
magnetization of small ferromagnetic particles. From a fu
damental point of view measurements of the magnetiza
of an individual small particle are equally interesting, sin
they can provide on a microscopic level proof of the vario
theoretical models for magnetization reversal in larger, m
complex systems. Newly developed techniques such as m
netic force microscopy,1 microsquids,2 and high-resolution
near-field optical techniques3 have provided many interestin
results on magnetization reversal in submicrometer fe
magnetic particles,4–6 among which are the experiment
demonstration of coherent magnetization reversal in an e
soidal g-Fe2O3 particle7 and experimental proof for Ne´el-
Brown thermally activated magnetization reversal in
single-domain particle with an activation volume equal to
particle volume.8

We have developed the technique of ballistic Hall mic
magnetometry, a noninvasive technique that can be use
study the magnetization of submicrometer ferromagnetic
superconducting particles at any temperature below 7710

Here we present results on the magnetization of a se
submicrometer ferromagnetic nickel disks~80 nm high,
0.1–1.0mm diameter!. One of our most surprising result
which cannot be explained by current theories, is that at t
peratures below 19.8 K the hysteresis loops of our nic
disks no longer show inversion symmetry, which seem
violation of time reversal symmetry. Furthermore, we o
serve that the magnetization of the smallest disks~0.1 and
0.2mm diameter! can be ‘‘frozen’’ into two possible states
neither of which show inversion symmetry. Instead, the h
teresis loop associated with the first state is theinverseof the
hysteresis loop associated with the second state. At temp
tures below 19.8 K these two states are very stable w
PRB 580163-1829/98/58~18!/12201~6!/$15.00
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respect to the magnetic field~i.e., application of a static mag
netic field of 110 T or 210 T never flipped the magneti
zation from one state the other!, showing that it is very hard
to fully polarize the disks. At slightly higher temperature
on the other hand, a field of only10.1 T or 20.1 T fully
polarizes the disks. The extremely sharp behavior ver
temperature is suggestive of a phase transition, but the a
ciated change in magnetization is smaller than 43104mB
~the sensitivity of our technique!.

Our paper is organized as follows. First, we briefly d
scribe the fabrication of our samples and magnetome
Next, the principle of the operation of our magnetometer
explained. Finally, we present our measurements with a
cussion of the experimental results.

II. MAGNETOMETER AND SAMPLES

Using a first round of lithography electrical contac
~NiAuGe! are defined onto a molecular beam epitaxia
grown AlGaAs-GaAs heterostructure containing a tw
dimensional electron gas~2DEG! only 60 nm below its sur-
face. Subsequently the contacts are annealed at 420°C
min. Next, electron beam lithography is used to pattern
Hall bar into the PMMA ~polymethyl methacralate! resist
spun on the surface of the heterostructure. After develop
the resist the Hall bar is etched onto the heterostructure u
wet chemical etching in a 1:1:80 solution of H2O2:NH4:
H2O. Finally, using a last round of electron beam lithogr
phy, the ferromagnetic material is evaporated over our str
ture and after lift-off only the material on top of the center
the Hall crosses remains. In this case the material is nic
and x-ray analysis of a thin film evaporated simultaneou
with our samples shows that the material is polycrystalli
Initially samples were kept in a helium atmosphere but
results discussed below were not altered after aging
samples in air for 4 weeks.

Figure 1 shows a scanning electron microscopy~SEM!
12 201 ©1998 The American Physical Society
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micrograph of one of our working devices. It is a multite
minal wire with an effective width of only 1mm. Nickel
disks with a height of 80 nm and diameters ranging from
down to 0.1 mm appear as bright spots on top of the cen
of the four most left Hall crosses. The height of the disks
monitored during evaporation with a film thickness me
~uncertainty 20%! while the other dimensions of the disk
and magnetometer are obtained from SEM micrographs~un-
certainty;30 nm). The disks are 5mm apart and thus in-
teractions between them are negligible. Note that there is
electrical contact between the 2DEG channel and the ni
disks, because the 60 nm nonconducting GaAs cap layer
vides a perfect electrical insulation. The outmost right cr
is left empty to serve as a reference and as a sensor o
applied magnetic field.

III. METHOD

The principle of operation of our magnetometer is bas
on the fact that electrons moving in a magnetic field exp
ence the Lorentz force and therefore a Hall voltage deve
in the direction perpendicular to the current. This Hall vo
age is easily detected using standard low-frequency loc
techniques. The small ferromagnet, which is placed only
nm above the 2DEG, produces an additional magnetic fi
in the junction. As is the case for all near-field techniqu
we do not measure the magnetization directly. It is the p
jection of the extra magnetic field caused by the ferrom
netic disk in the direction perpendicular to the 2DEG tha
measured. We have used a 2DEG as a field sensor~and not
an ordinary metal! because of its high mobility so that ele
trons moveballistically through the junction. For ballistic
transport~unlike diffusive transport! the Hall voltage is pro-
portional to the average magnetic field in the cross,9 and thus
after subtracting the contribution to the signal of the appl
magnetic field, the remaining signal is directly proportion
to the magnetization of the disk, i.e.,

DRHall~G!54pM5
1

AE E
A
Bz, f errodx dy, ~1!

FIG. 1. SEM micrograph of one of our working devices. Nick
disks of various sizes appear as bright spots on top of the cent
the Hall crosses. The micrograph is taken under an angle; in
life the side arms are perpendicular to the current-carrying wire
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with A the area of the Hall cross andBz, f erro the z compo-
nent of the magnetic field produced by the ferromagne
disk. For the simple case of a magnetic field profile th
below the disk area is equal to 4p times the saturation mag
netization (Msat) and outside the disk area is equal to ze
the response of our magnetometer depends quadraticall
the diameter of the disk~d! and is given by DRHall
5(a/A)(4pMsat)pd2 (a51). In reality, the flux lines
close and the finite distance to the 2DEG needs to be ta
into account. For uniformly magnetized disks placed 60
above the 2DEG, the functional dependence is still appro
mately quadratic~for diameters,0.83 the width of the
2DEG channel!, however with a numerical factor in fron
that corrects for the finite separation (a50.04960.004).

Finally, the large Hall coefficient of the 2DEG assur
easily detectable signals. At liquid nitrogen temperature
have reached for our 1mm2 crosses a sensitivity that is lim
ited by the Johnson noise which corresponds to 1024F0 or
less than 104mB . In order to circumvent significant degrada
tion of the sensitivity at lower temperatures~arising from
universal conductance fluctuations!, we use a high excitation
current~typically 3 –5mA) by which we heat up our electron
gas to temperatures of about 20–30 K. Note that this is
effective temperature of electrons in the 2DEG. We verifi
that the disks are not influenced by this high current and
over the entire temperature range studied~0.3–77 K! the
disks remain at the set base temperature of our insert.
want to stress that this technique is completely noninvas
and for further details we refer to Ref. 10. The magne
fields used in this study are produced either by a superc
ducting magnet or by an electromagnet, sweep rates ra
from 30 to 0.7~G/s!, and the measurements were perform
with the magnetometer either at the end of a cold finger o
3He variable temperature insert or immersed directly into
3He liquid or gas~depending on temperature!.

IV. RESULTS

Figure 2 shows the hysteresis loops obtained for th
nickel disks with diameters of, respectively, 400, 200, a
100 nm at liquid helium temperature after subtraction of
background that is due to the penetration of the applied m
netic field through the cross. The magnetic field is appl
along the axis of the disk~i.e., perpendicular to the 2DEG!
within 4°, but the results presented are not sensitive to
exact orientation of the magnetic field and are reproduc
after remounting and thermal cycling to room temperatu
The hysteresis loops presented in Fig. 2 are characterize
small jumps followed by a smooth increase of the magn
zation in the region in between the jumps. The small jum
correspond either to a rearrangement of the domain struc
in the particle4 or to the depinning of a single domain wa
jumping from one local minimum~where it was pinned! to
the next, while the smooth increase of the magnetizatio
due to the free movement of a domain wall through the cr
tal, in such a way that domains with a magnetization orien
in the direction of the magnetic field grow at the expense
less favorably oriented domains. The field over which t
disks show coercivity increases with increasing diameter
the disk because of the increasing demagnetization fa
and this is merely a magnetostatic effect. Furthermore,
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observe that the amplitude of the magnetization signal
creases quadratically with increasing disk diameter. Fro
least squares fit to the experimental data with the satura
magnetization as the only fitting parameter, we deduc
value of the saturation magnetization of nickel of 4
650 G, which is in good agreement with the value of 400
found in literature11 for unannealed nickel. The error in th
saturation magnetization is partly due to the data scatter
partly due to the inaccuracy by which the various dimensi
of the sample and the magnetometer are known.

The second observation is that the two smallest disks
not show any coercivity in the region around zero appl
magnetic field. This probably indicates a flux-closure dom
structure arrangement in these particles as was observe
thin, rectangular polycrystalline Permalloy particles in R
4. For nickel disks with a diameter greater than 300 nm
always observe that the hysteresis loop in zero applied m
netic field has opened up, in agreement with previous inv
tigations on small particles.2,4

Figure 2 also presents our main result: the hyster
loops of the three disks do not show inversion symme
i.e., when mirrored in the origin they do not map onto the
selves. Even when we start from a very large positive field
1 10 T ~which is ;500 times the anisotropy field of nicke
and;20 times the bulk saturation field! and sweep to a very
large negative field of210 T, the magnetization curve i
not the same as that from a sweep in the opposite direc
when mirrored in the origin. Instead exactly identical hyst
esis loops as those presented in Fig. 2 are measured.
absence of inversion symmetry in the hysteresis loops i
obvious disagreement with the expected field reversal s
metry and it is only observed at low temperatures. At te
peratures above 19.8–25 K hysteresis loops for the diffe

FIG. 2. Hysteresis loops for three nickel disks~80 nm high; 400,
200, and 100 nm diameter, respectively! measured at 4.2 K, clearly
showing the absence of inversion symmetry. Curves for the 400
disk are offset,120 G; curves for the 100 nm disk are offse
220 G.
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disks do show the expected inversion symmetry~see Fig. 3
top panel curve measured at 19.8 K!.

One could argue that since our crosses are not comple
symmetric on a microscopic scale12 and since a Hall resis-
tance measures an off-diagonal element of the Onsag
Casimir matrix, the Hall resistance is in general not identic
when mirrored in the origin13 and that irregularities in the
2DEG arising at low temperatures cause the observed
sence of inversion symmetry in the hysteresis loops. Ho
ever, we verified that this is not the case by interchangi
voltage and current contacts upon reversing the magne
field polarity. For the empty crosses the Hall resistance me
sured at a positive field is equal to the Hall resistance me
sured at a negative field when current and voltage conta
are interchanged, while for crosses with disks on top we s
measure the same hysteresis loops as those presented in
2.14

Moreover, for the smallest disk we observe an even mo
drastic effect. At temperatures below 19.8 K the hystere
loop for this disk no longer shows inversion symmetry. In
stead, the magnetization of the disk is frozen in one of tw

m

FIG. 3. Upper panel: hysteresis loops for the 100 nm nickel di
at 19.8 K ~showing the expected inversion symmetry! and at 5 K
after cooling in a positive field~1B! and after cooling in a negative
field ~2B!. Lower panel: the difference in measured signal betwe
a sweep up and a sweep down, to further illustrate that the hys
esis loops measured at 5 K are each other’s inverse.~Curves are
offset vertically for clarity.!
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possible states that are characterized by hysteresis loops
areeach other’sinverse. The top panel of Fig. 3 shows th
hysteresis loops measured at 19.8 K and at 5 K after cooling
~from 19.8 K! in, respectively, a magnetic field of10.05 T
and 20.05 T. The hysteresis loop measured at 19.8
shows the expected inversion symmetry; i.e., when mirro
in the origin it maps onto itself~note that the curves in Fig. 3
are offset vertically!. For either one of the two hysteres
loops measured at 5 K this is no longer the case. Furthe
more, if we denote the hysteresis loop after cooling in
positive field byM (B), the loop after cooling in a negativ
field is 2M (2B) and thus these hysteresis loops areeach
other’s inverse. To further illustrate this inversion symmet
of the two possible magnetizations of this disk, the low
panel of Fig. 3 plots the difference between a sweep up
a sweep down. At 19.8 K this difference shows the expec
symmetry with respect to inverting the magnetic field, wh
at 5 K neither the difference after cooling in a positive fie
nor the difference after cooling in a negative field displa
this symmetry. Instead it is clearly seen that the differen
after cooling in a positive field is the mirrored image of th
obtained after cooling in a negative field. To quantify ho
well these hysteresis loops are each others inverse, we d
a correlation factorQ5* u$M 1B(B)2@2M 2B(2B)#%udB/
* u$M 1B(B)1@2M 2B(2B)#%udB with Q50 for perfect
agreement andQ51 for no correlation. For both sweep d
rections we obtainQ,0.03. Furthermore, numerous co
downs from temperatures above 19.8 K in different magn
fields ~between210 T and110 T) always lead to hyster
esis loops that are eitherM (B) or 2M (2B) ~depending on
the magnetic field polarity in the expected way!. Also, at 16
K repeatedly applying a~static! magnetic field of1 or
210 T never flipped the magnetization of the disk from o
state into the other, nor did a~static! field of 1 or 22 T at
19.5 K, while at 19.8 K the hysteresis loop has become
version symmetric on applying a magnetic field as low as
T. Cooling from 19.8 K in a small positive~negative! field of
only 10.05 T (20.05 T) always flips the magnetizatio
into the1B state (2B state!.

For the 200 nm disk we observed the same effect~i.e.,
two possible hysteresis loops that are each other’s inve!,
although the temperature at which the hysteresis loop of
disk becomes inversion symmetric is slightly higher~24 K!.
Also for this disk it was not possible to use the magne
field to change from one hysteresis loop to the other at t
peratures below that at which the hysteresis loop shows
version symmetry~24 K!.

V. DISCUSSION

From the extraordinary behavior of the smallest nic
disk we can conclude that at temperatures below 19.5 K~16
K! a magnetic field of62 T (610 T) does not destroy th
‘‘memory’’ of this disk, as it still ‘‘remembers’’ in which
state it has frozen its magnetization. This unambiguou
proves that at temperatures below 19.8 K the smallest dis
not fully polarized by applying these huge magnetic fie
and thus that at 19.5 K~16 K! the initial state in a magnetic
field of 12 T ~110 T! is not the mirror image of the state i
a magnetic field of22 T (210 T) ~i.e., not all spins in
the disk are reversed!. In view of this remarkable result th
hat
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above observed absence of inversion symmetry in the h
teresis loops of the disks at low temperatures is due to
incomplete polarization of the disks.

Furthermore, we can estimate from the temperature
pendence an upper limit to the amount of magnetic mom
with a spin opposite to the field direction by comparing th
mal and magnetostatic energies. At 19.5 K an applied m
netic field of 2 T is not enough to overcome the barrier th
separates the state of incomplete polarization from the s
of complete polarization. On the other hand, a change
temperature as small as 0.3 K is enough to overcome
barrier. If the barrier itself does not depend on temperatu
then the change in thermal energy (kBDT54.1310224 J) is
larger than the change in magnetostatic energy that is ga
by applying a 2 Textra magnetic field (M•DB). This poses
an upper limit to the amount of antipolarized magnetic m
ment of only 0.22mB . Similar reasoning for a 10 T extra
applied magnetic field at 16 K leads to a slightly higher va
of 0.6 mB . So far we assumed that internal and appli
magnetic fields are equal. We note that a microscopic
inhomogeneous distribution of the magnetic field near ed
of the particle or pits in the particle surface may lead
considerable demagnetization fields. However, even w
we assume that the local internal field at the position of
nonpolarized spins is only 1% of the applied magnetic fie
still a magnetic moment of less than 22mB is involved. This
corresponds to a reversed spin of less than 36 nickel atom
a volume of reversed spins of less than 0.4 nm3.

Of course on this small length scale the above reason
is too simplistic, sinceM will not be uniform and since there
will be a gradual change in the angle between succes
spins farther away from the center of the antipolarized p
Nevertheless, we can exclude the possibility that so-ca
vestigial domains that have been observed in macrosc
samples near sharp corners or scratches on the surface
that persist in applied magnetic fields that are somew
larger than the quoted saturation fields15 are responsible for
the ‘‘memory’’ of our disks.

Instead the behavior versus temperature is suggestive
phase transition~i.e., a temperature-dependent barrier!. We
therefore analyzed more carefully hysteresis loops meas
after cooling in various positive and negative magne
fields, yet under otherwise identical experimental conditio
but found that they overlap within our experimental reso
tion of 43104mB . Furthermore, temperature sweeps duri
which the temperature is slowly increased to above 19.8
and which are measured in a constant applied magnetic
of 0.1 T after the sample had been cooled in1 or 22 T do
not reveal any jump in magnetization within the noise lev
@(53103)mB#, confirming that the amount of unpolarize
magnetic moment is truly nanoscopic.

From experiments on collections of nanometer-siz
particles16–18 it is known that field cooling can drasticall
alter the magnetic properties of collections of small particl
In particular, field cooling can result in shifted hysteres
loops or enhanced magnetic moments and this has bee
tributed to the behavior of spins located at the~possibly oxi-
dized! surface of the particles that freeze below a cert
temperature into a spin-glass-like layer in which their orie
tation is pinned along the direction of the magnetic field th
was applied during cool down. A spin-glass-like phase tr



d
fe

er
w
lly

e
-

c

va
ar
e

is
n

cl
n
isk
in
te
ie
is
in

-
g

th
p

o-
ain

ld,
ell

ain
etic
uc-

at
t on
x-
all

f a
ure
red.
del

two

of
g

w
is
e-
in-
gne-
y

m
to
of

rsus
ase

ng

o
li

ion
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sition can explain the fact that for the different particles stu
ied, the hysteresis loop becomes symmetric at slightly dif
ent temperatures~between 19.8 and 25 K!. Also, in a
disordered oxidized surface layer, canted spins serve
nucleation centers for domain walls and this explains diff
ent hysteresis loops after field cooling. On the other hand,
note that if the surface of our 100 nm disk were atomica
flat ~which it certainly is not!, still 1.3% of the atoms would
be at the particle surface which corresponds to a magn
moment of about (43105)mB . Considering the above
quoted detection limit, this would imply thatat mostonly
10% of the total magnetic moment carried by the surfa
spins is frozen in the spin glass.

Finally, we want to comment on the remarkable obser
tion of two possible hysteresis loops in one particle that
each other’sinverse. As stated above this effect is observ
only for the smallest disks. The hysteresis loop of these d
does not show coercivity in zero applied magnetic field a
this points to a flux-closure domain structure in the parti
schematically sketched in Fig. 4. By arranging domains i
more or less head-to-tail alignment in the plane of the d
the particle avoids free poles at its surface and thus m
mizes its free energy. At high temperatures when the hys
esis loop shows field reversal symmetry, if in zero appl
magnetic field this flux-closure domain structure is clockw
and we sweep the magnetic field down to zero after apply
a ‘‘saturation’’ field of 10.1 or 10.25 T, the counterclock
wise flux-closure domain structure appears. After applyin
saturation field of20.1 or20.25 T, again in zero field the
clockwise flux-closure domain structure appears. On
other hand, at low temperatures when the hysteresis loo

FIG. 4. Schematic drawing of the two possible flux-closure d
main structure arrangements in the smallest disks in zero app
magnetic field. Arrows indicate the direction of the magnetizat
in the domains.
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longer shows field reversal symmetry, we believe the ‘‘fr
zen’’ surface spins to serve as nucleation centers for dom
walls in such a manner that after cooling in a positive fie
both on sweeping the magnetic field up through zero as w
as down through zero, the clockwise flux-closure dom
structure appears, while after cooling in a negative magn
field, always the counterclockwise flux-closure domain str
ture is present in zero applied magnetic field~or vice versa of
course!. So the pinning mechanism active in the particle
low temperatures breaks the field reversal symmetry, bu
application of a positive magnetic field to the clockwise flu
closure domain structure exactly the same domain w
movements or annihilations will occur as on application o
negative magnetic field to the counterclockwise flux-clos
domain structure and thus part of the symmetry is recove
Provided there is a strong pinning mechanism, the mo
described above naturally explains the observation of
possible hysteresis loops in one particle that areeach others
inverse.

VI. CONCLUSIONS

In conclusion we have investigated the magnetization
individual submicrometer polycrystalline nickel disks usin
the technique of ballistic Hall micromagnetometry. At lo
temperatures (T,;20 K) we observed that the hysteres
loops of the nickel disks no longer show inversion symm
try. Furthermore, we showed for the two smallest disks
vestigated the existence of two possible states of the ma
tization ~within one disk! which are characterized b
hysteresis loops that areeach other’sinverse. An applied
magnetic field of 10 T never flipped the magnetization fro
one state into the other, proving that it is very difficult
fully polarize the disks at low temperatures. The pinning
the magnetization in these disks shows a behavior ve
temperature and magnetic field that is suggestive of a ph
transition experienced by spins at the particle surface.
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