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Abstract. The development of femtosecond lasers has opened the way to creating
external stimuli such as optical or magnetic field pulses that are much shorter than
fundamental timescales such as spin- lattice relaxation or precession times and can
be used to change the magnetization direction on an ultrafast timescale. In this
chapter, two such approaches arve discussed: precessional switching by exploiting
specifically designed magnetic field pulses, generated by photoconductive switches,
and ultrafast thermomagnetic writing using femtosecond lasers in combination with
an external static field. Consequences for applications in magnetic storage (MRAM
and MO recording) are discussed.

“How fast can the magnetization of a magnetic medium or element be
changed” or “what are the fundamental and practical limits of the speed
of magnetic writing and reading”? .

The answers to these questions will have far reaching consequences for
the future of data storage and retrieval, topics that are connected to large
commercial markets. Moreover, asking these gquestions is connected with a lot
of exciting research that addresses, very fundamental issues of spin- and mag-
netization dynamics as well as very practical points of how to generate and
detect the magnetization dynamics of interest.

Traditionally, magnetization dynamics was studied under quasi-equilib-
rium conditions and thought of as a rather slow process, limited to the
nanosecond regime [1] by domain-wall motion and spin-lattice relaxation
time, The development of femtosecond (fs) laser sources has opened the way
to creating external stiimuli {optical, field, or current pulses) that are much
shorter than the fundamental timescales such as spin-lattice relaxation times
and precession times. The use of these short stimuli allows us to study mag-
netization dynamics for real nonequilibrium conditions and has already led
to exciting results demonstrating ultrafast changes in magnetization on pi-
cosecond timescales,

Optical excitation of ferromagnetic systems with ultrashort laser pulses
leads to the heating of electrons far above equilibrium and consequently can
lead to the reduction or even erasvre of magnetization A4 within very short
times. Though great care should be taken to separate real magnetization
dynamics from optical artifacts due to spin-independent changes in elec-
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tron distribution, time-resolved (pump-probe) linear and nonlinear magneto-
optical experiments have clearly demonstrated the collapse of AJ within less
than 2ps in itinerant ferromagnets {2,3,4,5,6,7). These experimental results
demonstrate unambiguously that the traditional point of view has to be re-
vised. However, until today there is no microscopic theory reported in the
literature that can explain all experimental results consistently.

In addition to the variations in the magnitude of M with thne, optical
excitation can also lead to coherent precession of the magnetization direction.
The latter was attempted in a clever approach by Ju et al. [8], who used a fem-
tosecond laser pulse to reduce the antiferromagnetic coupling in an exchange-
conpled FM/AF bilayer, thereby indeed inducing ultrafast magnetization ro-
tation. Similar, but less pronounced precession dynamics was also observed by
Koopmans et al. in 2 thin nickel {ilm and explained by temperature-dependent
variations in the anisotropy field 7). A rather unique approach was developed
by Siegmann etal. [9] who used a short {picosecond) current pulse to induce
precessional switching. This requrired, however, quite a special current sonrce,
namely the Stanford Linear Accelerator, which rather linits the gencral ap-
plicability of this approach.

Despite the large number of publications on ultrafast magnetization dy-
namics, only a few reports address the technologically relevant process of
magnetizalion reversal. It is obvious that for true rotation or reversal of
magnetization, simply heating the clectron system above the Curie tempera-
ture is not suflicient, However, in combination with either a static or pulsed
magnetic field, optical excitation by femtosecond laser pulses induces mag-
netization reversal that cau be extremely fast [12]. Recent experiments also
showed generation of ultrashort ficld pulses in a Schottky diode [10]. An al
ternative approach is using a short magnetic field pulse that, by exerting
a torque on magnetization M, leads to subsequent precession of M [13].
In principle, one should be able to switch Ad at 2 maximum rate of half
the precessional frequency (typically 10-1000 ps}, if not for the fact that the
damping of this precession is usually very slow {in the nanosecond regime).
Thersfore, precessional switching faces two challenges: generation of short
magnetic field pulses {much shorter that the inverse of the precessional fre-
quency) and suppression of the precession {or ringing) at the proper time.

In the past 3 ycars, we have developed some strategies in Nijmegen to
address these issues of magnetization reversal by exploiting combinations of
femtosecond laser excitation with static magnetic fields and generating ul-
trashort magnetic field pulse using photoconductive switches excited by fem-
tosecond laser pulses. In both cases, we have been able to obtain very fast real
switching of the magnetization of the magnetic elements of interest, though
using very different mechanisms — precessional switching and femtosecond
laser-pulse-induced reversal. In precessional switching by short magnetic field
pulses, we have obtained a solution to the “ringing” problem [25,26], not by
increasing the damping but by “designing” proper magnetic field pulse that
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stop the precession at the desired moment, i.e., at half the precessional pe-
riod. For femtosecond laser-pulse-induced reversal, which is basically nothing
other than thermomagnetic writing using femtosecond lasers, we were able
to accelerate the speed of the writing process tremendously, i.e., the reversal
of the magnetic bit, by increasing the laser fluence.

In this chapter, we will address switching by magnetic ficld pulses as well
as laser-induced reversal in the presence of a magnetic field. In both cases,
we will start with a brief introduction of the basic phenomena, describe the
experimental approach, and follow with a discussion of the results obtained.
Finally, an outlook for future development will be given. For more extensive
introductions to some of the topics relevant to this chapter, we refer readers
to the preceding book in this series [14].

1 Switching by Short Magnetic Field Pulses

Field-induced magnetization dynamics has already been studied for more
than half a century [15]. The theoretical description goes back to the phe-
nomenological precession equation formulated by Landan and Lifshitz in
1935.

1.1 Precessional Dynamics

Including the phenomenological dmmping constant o leads to the so-
called Landau—Lifshitz—Gilbert (LLG) equation of magnetization motion for
small a:
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The first torm describes the precessional motion where ~ is the gyromagnetic
ratio given by gug/h; g and pp are the spectroscopic splitting factor and the
Bohr magneton, respectively. The second term describes damping, using the
phenomenclogical (Gilbert) damping constant «. Magnetic motion is driven
by the total effective field, Hepy, that includes the external bias field, the
fields due to anisotropy, and the applied pulse field, T'ypical numbers for
v and « for Permalloy are v = 17.6 ¥ 107/Gs and a = 0.01, leading to
precession frequencies of the order of several GHz and damping times of the
order of nanoseconds. These values imply that magnetic field pulses with
typical rise times or delay times in the 10-ps range are required to trace the
“true” intrinsic imagnetic response of magnetic Permalloy elements unaffected
by external field pulses.

Regardingprecessional switching, it is important to note that magnetiza-
tion always precesses about the direction of the effective field. Thercfore, pre-
cessional reversal of a magnetic bit is possible only by effective fields that have
at least an infinitesimal component opposite and a component perpendicular
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to the initial M. In addition, demagnetization in thin films significantly in-
creases the speed of bit reversal. In an infinitely thin filin, the demagnetizing
fiekd is exclasively given hy the polar component of M and is generally much
larger than the applicd bias field and pulse field. The demagnetizing ficld is
the driving force for ultrafast reversal of a single bit by precessional motion
because it gives rise to torque for the in-plane motion of M. In summary,
a large cffective field component perpendicular to M is necessary for ultra-
fast switching. This can be achicved by short rise-time and high-peak field
pulses of appropriate length.

Weak excitations, for which the magnetization component along the bias
field remains almost constant, lead to small M components normal to the
film plane, and the tip of the magnetization vector describes an elliptical orbit
about the equilibrium state for a static equilibrium state and zero damping.
For field pulses with strengths mch larger than the bias field, the component
of M along the bias ficld also changes strongly, and the demagnetization fields
may even be so strong that the magnetization reverses.

Nunerical solutions of the LLG equation that illustrate magnetic motion
for weak and strong excitations are shown in Fig. 1. The simulations are
carried out for a typical field pulse, used in the present experiments, with
a rise time of 10 ps and a decay time of 400 ps. (More extended simulations
can be found in the chapter by Russek et al.)

Investigations of the magnetization dynamics following weak excitation
are useful for obtaining information about sample properties, like damping
constants and anisotropies. This information can then be used to estimate
the proper experimental conditions for strong execitation experiments that
will lead to precessional switching. As mentioned earlicr, the possibility of
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Fig. 1, Simulations of the precessional motion of M for weak (a,b} and strong (c}
pulse excitation, {a) The projection in the thin-film plane. It can be seen clearly
that the motion of M can be linearized for small angle excitations because Afpias
does not change. The motion then is clliptical, as shown in {b), where the projec-
tion in the plane perpendicular {o the thin film and parallel to the field pulse is
shown. The in-plane projection of M for a strong pulse excitation is given in (c).
M follows a circular path because the polar component of M is small due to large
demagnetization fields. The arrows in the figure show the initial magnetization
state
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generating ultrashort magnetic field pulses is one of the most important
prerequisites for corresponding measurements and will be discussed in the
Tollowing.

1.2  Generation of Field Pulses using Photoconductive Switches

To generate short magnetic field pulses, we use so called photoconductive
Auston switches, triggered by a femtosecond opiical laser pulse that generates
a current transient in a coplanar wave guide. This approach, well known
for electro-optic sampling, was first exploited by Freeman et al. to generate
picosecond magnetic field pulses [16].

We use the direet gap semiconductor GaAs as a photoconducting material
because its band gap is extremely well fitted for excitation by a Ti:sapphire
laser. A bias voltage is applied to the two copper electrodes that are struc-
tured into a coplanar waveguide, While illuminating the gap between the
electrodes, an electrical pulsc is penerated and travels through the waveg-
uide. The risc time of the electrical pulse at the gap depends on the capac-
itance, the inductance, and the resistance of the gap [17]. While traveling
through the wavegnide, dispersion and attenuation of the teraherts pulse is
observed [18]. The decay tiue of the pulse is determined by the carrier lifetime
of the material, Undoped GaAs has typical lifetimes of 100-500 ps, whereas
low-temperature-grown GaAs may have lifetimes of a few picoseconds [19].

Figure 2a is a photograph of the two Auston switches that are attached
to our waveguide structure. Fach switch consists of a finger structure, which
enlarges the area for the excitation of carriers and thus the total current. The
gap between the electrodes is 15 pnt. As the pump-laser beam hits the device
at a certain angle, the elecirodes would shade some area within the photo-
switch, which would decrease the generated current. Our finger structure is

Phoic conductve swilch
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Fig. 2. {a) Photograph of photoswitches. Another electrode can be seen between
the finger structure. This is a thin copper electrode that should prevent shadow
effects from the larger electrodes. {b) Cross section of the device. The 100-fs laser
pulses pump carriers across the gap within the finger electrodes. A current pulse
is coupled into the waveguide and passes the sample, while inducing an in-plane
magnetic field. 'The 10-nm copper layer is used to overcome shadow effects due to
the thick electrodes [27]
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designed so that at the edges of the thick electrodes, 10-nm thin electrodes
are present, which arc separated by 5 pm from each other. Because the thick-
ness of the electrodes chosen is smaller than the skin depth of the incoming
laser beam, light can travel through and excite carriers beneath. So no resis-
tance due to dark areas within the switch is present. This technique allows
us to vary the angle of incidence of the pump beam without changing the
resistance of the photoswitch,

A cross section of our device is shown in Fig. 2b. The copper electrode
consists of a thick 250-nm layer and a thin 10-nm layer. The magnetic el-
ement is normally deposited on top of the electrode but is isolated from it
by a thin SiO; layer. An insulating layer of SiOq deposited beneath the cop-
por electrodes ensures that the electrodes arve insulated from each other. No
leakage current can flow from the signal line to the waveguide ground flats
through the wafer. Only the photoswitches are kept free. As a substrate, we
used undoped GaAs. Large currents and small signal lines are needed to gen-
crate large magnetic fields on the signal lne. Large currents require large
photoswitches because the total current I generated in a photoswitch and
sent through the waveguide depends on the carrier density times the area of
the photoswitch. Small signal lines lead to large current densitics and thereby
to large magnetic fields. The magnetic field close to the surface of the signal
line is given by H = I/2w, where I is the current and w the width of the
signal line.

Figure 3 is & photograph of the complete waveguide structure. The two
photoswitches with dimensions of 65 um x 65 um {white arrows) are rather
big in comparison to the signal line, which is only 10 ym wide (black arrow).
A tapered conncction between the signal line and the switches takes care of
charge transfer. The design of the waveguide is based on a model [18,20] for
propagating current pulse on a signal line that describes the attenuation and
dispersion due to the surface impedance of a coplanar strip line, including the
dielectrics surrounding it. We chose the dimensions of the signal line so that
0.01-1THz pulses would have the lowest possible attenuation and dispersion.
The width of tire signal line chosen was 10 pm. The spacing between the
signal line and the ground flats was also 10 yum. To squeeze the current into
the signal line without reflections, the ratic between the middle line and the
spacing was kept constant, so that the impedance of the waveguide did not
vary [18,20]. A change in impedance would causc reflections on the signal
line, thereby broadening the current pulse and lowering the maximum field
obtainable.

The purpose of the second photoswitch will be elucidated in Sect. 3
on field-pulse shaping. For the experiment presented in this section, both
switches are excited simultancously and act as one single switch.
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Fig. 3. A photograph of the waveguide used in the experiment. The taper concen-
trates the cmrent onto the 10-mum signal line. A thin 10 x 20 um Permalloy film is
placed at the end of the taper. Two big ground flats ave placed around the signal
lisie as a waveguide [27]

1.3 The Experimental Setup

A stroboscopic femtosecond time-resolved pump-probe technigue is applied
to follow the precessional dynamics induced by a short magnetic field pulse
within the first nanoseconds; the corresponding experimeittal setup is shown
in Fig. 4. We uge 100-fs, 300-nm pulses generated at a repetition rate of
76 M Hz by a Ti:Sapphire laser for our measurements on magnetic thin films.
The laser is sent to a BK7 beam splitter, which divides the beam into two
parts — a pump beam and a probe beam. The pump beam is used to cxcite
the photoswitch. The probe beam detects the magnetization state of the
magnetic element. The time delay between probe and pump beam is used
for scanning the magnetic response in the time domain stroboscopically, at
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Fig.4. The experimental setup for time-resolved pump-probe MOKE experi-
ments [27]
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which the bias field is used to recover the initial state. The pump beam is
brought onto a retroreflector, mounted on a 50-mm long translation stage.
This translation stage has a step width of 1 micron, which corresponds to
a pump-beam time dolay of ~ 7fs in air. The translation stage is mounted
onto a 1-m long delay line. We can move the translation stage on the delay
line with an accuracy of 0.5 mrm = 3.3 ps. The combination of a long delay
line and a short translation stage with small steps allows us to measure hoth
nanosecond and femtosecond dynamics. (To improve our system further, we
recently replaced this combined delay line by a new, fully motorized delay
line of 500 mm. ) Returning from the retroreflector, the pump beam is directed
by another mirror to the device, where it is focused at normal incidence onto
the photoswitch.

The probe beam travels to a Babinet—Soleil compensator, which is used to
change the polarization of the beam. Alter the Babinet—Soleil compensator,
the probe beam is expanded by a factor of 5 and subsequently focused by
a Jong-working-distance microscope objective {(N.A. 0.3) to a spot size of at
least 5 um on the magnetic filin. The use of a long-working-distance objective
was hecessary to avoid screening the pump beam.

The whole setup is designed so that we can probe the magnetization at
an angle of incidence of 45° as well as at normal incidence. Thus, we can
individually probe the polar effeet at normal incidence, whereas mixing of
the longitudinal and polar effect is seen at 45°. The 45° configuration also
altows us to detect the in-plane magnetization components by magnetization-
induced second-hiarmonic generation (MSHG) [23] (see also Sect. 3). Figure 5
is a schematic dvawing of the time-resolved MOKE measirement. A longitu-
dinal magnetic bias field is applied to the sample. The pump beam is chopped

+ lolockln

Fig. 5. Scheme of the setup of the time-resolved MOKE experiment and single
field-pulse excitation. The 100-fs pump pulse excites a current pulse, which is con-
centrated in the laper and launched into the signal line. The response of the mag-
netic element to the related field pulse, i(#), is measured by detecting the Kerr
rotation of the 100-fs probe pulse as a function of the pump-probe delay At {27]
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and activates the photoswitch, With the probe beam, we measured the lin-
ear MOKE signal by using the balancing diodes and lock-in technique [16].
While delaying the pump beam, we can get temporal information about the
magnetic system due to the short magnetic field pulsc.

1.4 Field-induced Precession Dynamics

In this section, we will discuss the precession dynamics obtained for weak
excitation by a single field signal. The sample was a 16-mu Nile {81 : 19)
film, fabricated by magnetron sputtering and located on top of the signal line
(the middle electrode of the wavegnide). Its lateral dimensions are 10 x 20 pm
and it is covered with a 3-nm Cr layer to prevent corrosion, The Permalloy
elements are small in comparison to the signal line width and are located in
the middle and close to its surface to cnsure that the ficld is homogeneous
and in-plane inside the element.

The magnetic response of the NiFe fihn that is induced by the in-plane
field of 9 Oe along the y axis perpendicular to the in-plane bias field of 94 Qe
in the x direction was investigated hy time-resolved detection of the Kerr
rotation {see Fig. 5}, For the present large hias fields and weak excitations,
the chauge in the longitudinal Ad; component is small, and therefore the
contributing longitudinal Kerr signal due to a change in A can be neglected
compared to the polar Kerr signal. Thus, the corresponding data in Fig. G
shows the z component of magnetization precession.
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Fig. 6. Precession of the ferromagnetic NiFe system, as measured by a time-resolved

pump-probe MOKE experiment in the 45° configuration. The bias ficld for this

measurement was 94 Oe. The solid line shows the LLG simulation for the given

system. The dashed line shows the shape of the magnetic field pulse derived from
this simulation [27]
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A stronger effective field causes an increase in the precessional frequency
[see (1) and (3)], so the observed asymptotic decrease of the precession fic-
quency toward a lowest value can be attributed to the decay of the field-pulse
amplitude (dashed line}. The asymptotic value is then determined by the bias
field and the anisotropy of the film eclement. After the signal field has van-
ished, the x axis of the system constitutes the ceniral axis of precession.

The shape of the magnetic field can be derived from these data via fits
based on the LLG equation and can be described by

3
R{t} = hg - (l — e"”“) o Tt (2)

where fig is the maximum field-pulse amplitude, 7, is the rise time, and ¢
denotes the decay time of the pulse. By fitting this pulse to the change
in precessional frequency in time, we obtained Ay = (94 1) Oc and 7t =
(600 £+ 100) ps. For the rise time of the pulse, we could only determine
a lower and upper limit of 10ps and 60ps, respectively. The fit also pro-
vided the saturation magnetization of the film, and the corresponding value
of M, = (800420} emu/ cm?® confirmed by the results of additional Vibrating
Sample Magnetometer (VSM) measurements. For the simulation presented
in this part, we used a 9-Oe field pulse with a rise time of 30 ps and a decay
time of 600 ps. A more precise characterization conld have been achieved by
direct sampling of the ficld-pulse shape by a time-resolved magneto-optical
method [16] or by directly probing the current pulse by using a photoconduc-
tive sampling technique with a picosecond Scanning Tunneling Microscope
(STM) [22].

For sinall excitation, the precessional frequency w is given by the deter-
minant of the coupled system of differential equations. For bias fields that
are large compared to the field-pulse amplitude, however, one can assume
that M, remains constant and equal to the saturation magnetization Ad; and
obtain the following analytical approximation for the resonance:

W = - (Hy 4 4T My + He)(Hy + Hap) - (3)

Here, I, represents an effcctive field in the 2 divection that includes the sum
of the induced and the in-plane magnetostatic anisotropy of the thin-film ele-
ment. Hy, is the applied bias field. H,, was determined by measuring the hard-
axis liysteresis loop of the element that could be well described by two uniaxial
anisotropic constants for a second-order anisotropy Kj = 5.2 x 10%erg/ cm?®
and Ko = —3.0 x 10%erg/ em?, yiclding an effective anisotropy field of 2 Oe
along the long axis of our element for small excursions from the cquilibrium
state. This field is small compared to the in-plane magnetostatic anisotropy
field, which ean be accessed for the central region of a rectangular film. We cal-
culated the demagnetization factors: Ny = 0.0002; N, = 0.0009; N, = 0.9989.
This gives a magnetostatic anisotropy field of 4w M [N, — Ng] = 7 Oe. Because
K; and K represent all anisotropies due to the properties of the element,
we can conclude that except for magnetostatic anisotropy, other anisotropic
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cffects, such as field-induced anisotropy and magnetoclastic anisotropy at the
edges of the thin film, play a dominant role.

Pigure 7 shows the bias field dependence of the precessional frequency.
From (3), it follows that the square of the precessional frequency depends
linearly on the applied bias field and that the anisotropy field of the film
element can be determined for w = 0. We plotted this dependence, with
M, = 800emu/cm® and Hy; = 20c¢, and got good agreement with the
measured data (see solid line in Fig. 7).
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Fig. 7. Observed precessional frequency f{= w/2r) as function of the magnetic
bias field Hy,, showing f% oc Hy, in accordance with (3)]27)

2 Coherent Magnetization Reversal
by Field-Pulse Shaping

Coherent magnetization reversal of thin-film magnetic elements can be in-
duced by in-plane field pulses when the magnetization is pulled out of the
plane so that the effeetive field is almost along the surface normal and the pre-
cession s confined 1o the film plane (see Fig. 1b). This can be accomplished by
strong excitations, i.e., when the amplitude of the applied field pulse is much
larger than the bias field. To reverse the magnetization in the shortest time
given by hall the precessional period, one should stop the precessional motion
at exactly that moment. This can be achieved either by tuning the damping of
the ferromagnetic system to the critical value [17] or by controlling the shape
of the magnetic excitation pulse {see also the contribution of Russeketal.
in this book). Because the reversal time for critical damping is longer than
the period of underdamped magnetization precession, we will concentrate on
the possibility of taming a ferromagnetic system by controlling the magnetic
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excitation pulse length, as shown before by the Hillebrands group and the
Silva group just below the nanosecond regime [25,26]. By superimposing two
independently triggered magnetic ficld-pulse sources as described above, we
can modify ficld-pulse shapes on a picosecond timescale. By modifying the
amplitude and duration of the applied field pulse, the course of the torque
M x H exerted on the magnetization and thus the magnetic motion can be
controlled. Stopping this motion is of primary interest in ultrafast switching.
It can be achieved by aligning H ¢ parallel to M while M passes an en-
ergetic minimum, so that the torque acting on the magnetization becomes
ZEFO.

2.1 Experimental Approach for Pulse Shaping

The experimental techuigue for generating shaped magnetie ficld pulses of
varying width, amplitude, and strength is based on using two independent
photoconductive switches integrated in the waveguide. As discussed in Sect. 4,
the trailing edge of the current burst of one single switch is characterized by
exponential decay, dominated only by one time constant. This fact can be ex-
ploited for generating field pulses with varving pulse widihs by superimposing
the signals of two switelies. Experimentally, this means that we use a pump-
pump probe scheme with two independently controlled pump pulses that
together generate the required magnetic field pulse to excite the magnetic
element. Figure 8 shows schematically that due to the exponential character
of the photoconductive response, the total current can be canceled at the
trailing edge of the second {quenching) ficld burst by adapting its strength.

|

pulse 1 ’ suparposifion

+ =
pulse 2 Fig. 8. Principle of magnetic field pulse cancelation
due to the exponential character of the trailing edge

2.1.1 Pump-Pump-Probe Setup

A schematic drawing of the waveguide structure designed to launch two inde-
pendent eurrent pulses down the signal Yine is shown in Fig. 9 (a photograph
of the actual switches can be seen in Fig. 2). As schematically shown in the
figure, the two photoswitches are excited by two independent femtosecond
laser pulses — pump-pulse 1 {excitation pulse) and pump-pulse 2 {quenching
pulse). Adjustment of the two voltages at the source clectrodes and of the
mutual time delay between the excitation of the switches opens the way to
varying the width of the magnetic field pulses. In particular, generation of
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Fig. 9. Schematic drawing of the double photoswitch setup that allows one {o
control the shape of the field pulses generated 28]

magnetic field pulses that ave limited only by the rise time (= 10ps) and
not by the decay time (== 600ps) of the photoconductive switches is possi-
ble by choosing the right combination of voltages with opposite polarity at
the somrce electrodes. Voltages up to £30V could he applied and the usual
peak power of the laser pulse excitation is 100 MW/ cm?. The optical puinp
and probe pulses are generated by sphlitting oune single laser pulse, so the
magnetic field is perfectly synchronized to the probe pulse. The jitter in-
cuced by changes in optical paths is negligible compared to the width of the
laser pulse, so that extremely high temporal resolution is achicvable. Thus,
well-defined magnetie field pulses of 100 Oe, of duration less than 50 ps, and
a jitter considerably better than 1ps can be gencrated.

The experimental setup is shown in Fig. 10 and is similar to that used
in Seet. 3. After the delay line DL1, the pump beam is split at a 50:50

Fig. 1.0. Schematic experimental setup for pump-ptitnp probe experiments, allowing
us to generate shaped in-plane magnetic field pulses and 3 d prebing of the induced
magnetization dynamics [30]
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beam splitter (BS2) into two equal pump-laser pulses. The transmitted part
is directed to a second 100-mm delay line (DL2) that is used to adjust the
delay between the two pump pulses. Proper adjustment of the strength of
the current pulses is achieved by adapting the voltages at the switches of the
source electrodes.

2.1.2 Three-Dimensional Probing of M

The three individual components of M are measured by using polar MOKE
and longitudinal as well as transversal MSHG [34,35]. Three independent
successive measurements of the complete response of the magnetic system
have been done to reconstruct the 3d trajectory of the magnetization vec-
tor. For the polar MOKE, the incident beam should be perpendicular to
the surface to prevent any contribution of the longitudinal component of
M to the signal obtained. Using the mumerical aperture of the MO and
a knife-edge (KE} {0 block all large-angle photons, the longitudinal contri-
bution is sufficiently reduced because the incoming photons ave nearly at
normal incidence, whereas the sample is af 45° with respect to the optical
axis of the incident beam (sec Fig. 10}. The light is collimated by a colli-
mation lens (CL) and directed to a dichroic mirror, where the fundamental
800-nm pulse is reflected onto a Wollaston prism (WP) and equally split
onto two photodiodes. The differcnce signat of the two photodiodes is put
into a lock-in amplifier with the modulation frequency of the chopped pump
beam (C} as a reference. The MSHG is measured after transmission through
the dichroic mirror and without the knife-cdge in front of the collimation lens.
An analyzer is used to separate the measurement for the two in-plane (ay)
compotients of M. The longitudinal compenent is measured by detecting the
s-polarized sccond-harmonic yield that is generated by the p-polarized funda-
mental {p;,, — Sout ). The transversal component is measired via the pin — Pout
polarization combination. The second-harmonic yield was measured by a pho-
tomultiplier tube (PMT) in combination with a photon counter (PC). As
recently shown by Kabos etal. [33], it is also possible to measure the in-plane
components simultaneously; however, we prefarred to measure these compo-
nents separately because the analysis is casier.

2.2  Excitation by Shaped Magnetic Field Pulses
2.2.1 Pulse Width Conirolled Excitation

The data presented in Fig, 11 show the individual response due to individual
ficld pulses and also their combined effect, as observed by polar MOKE. The
open squares correspond to the signal from excitation by the first switch at
which a positive voliage is applied. The open triangles represent the pulse
from the second switch — the quenching pulse for the first pulse. The two exci-
tations are separated hy 180 ps, and their amplitudes were 25 Oe and —20 Oe,
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Fig. 11. Dynamics of A, due to two single magnetic field pulses of opposite sign
(upper part) and due to their combined effect (lower part). Symbols ave data points;
solid line in the lower graph represents the sum of the individual excitation data
shown int the upper part [28]

respectively. The quenching pulse was started at the maximum excursion of
M out of the thin-film plane. The open squares in the lower graphs corre-
spond to the system’s response to the combination of the two currents. The
graph elearly shows that the motion direetly after launching the quenching
pulse is accelerated by the sudden increase in the torque acting on M due to
the bias and anisotropy field present. The solid line represeunts the superpo-
sition of the individual excitation data of the first pulse and the guenching
pulse. A clesw difference between the superposition of the data and the ex-
perimentally observed response due to the shaped pulse can be observed,
which originates in the nonlinearity of the magnetic response {the effective
field depends on M),

2.2.2 Stopping the Precession without Reversal

Our system with two individual photoswitches now allows us to tune the
magnetic field pulse by adjusting the delay and amplitude of the second
pulse, in this way stopping the precessional motion, as shown in Fig. 12. The
initial excitation was carried out by a 30-Oc field puise {open circles). The
biag field of 49 Oe guarantees that the maximum excursion is smaller than
G0° and that no reversal occurs. The quenching pulse follows the first pulse
502 ps later with an amplitude of —200c¢ (open squares). It compensates
for, i.e., it quenches, the field due to the first switch at its trailing edge.
This compensation is ahnost perfect due to the exponential character of the
decay. The response due to the shaped pulse is represented by the open
{riangles. Clear stopping of the system’s motion can be observed after ouc
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Fig.12. The precession of M is stopped by using two pump pulses of 30 and
—20 Oe, respectively, separated in time by exactly one precession period (here
502 ps). Top graphs show the response to individual field pulses; botiom graph shows
the combined effect leading to almost perfect suppression of ringing [28]. The solid
line in the bottom graph is the sum of the individual excitation data and completely
overlaps the experimental results obtained for the combined effect

full round-teip when M passes the thin-Blm plane. At this moment, the
usually large vertical demagnetizing ficld is zero, and the in-plane quenching
pulse aligns H g parallel to M. Now, the nonlinearity plays a minor role,
and the excursion from equilibrium due to the fivst signal is negligible. The
solid line in Fig. 12 is the superposition of the two independent signals; it
shows no difference with regard to the shaped field excitation, indicating that
the magnetization state is the same when the total field is quenched.

2.2.3 Large-Angle Excitation with Reversal

For the switching experiments, the patterned maguetic structures are ellip-
tically shaped 8-nm thin Permalloy films, situated on the strip line just in
front of the taper. The clliptic shape of the elements was chosen to achieve
a uniform demagnetization field that is expected to facilitate uniform switch-
ing, Large-angle excitation is achieved by applying a 70-Oe amplitude ficld
pulse and a bias field of only 10 Oe. The bias field is just strong cnough to
evoke a uniform initial magnetization state; the elliptical shape of the ele-
ment guarantees uniformity of the demagnetizing field and thus of the torque
on the spins, as long as the motion is coherent. For fast switching, coherence
of the system is indispensable, implying that the magnitude of the mean
magnctization in the spot area does not change. Therefore, we measured all
three magnetization components, the in-plane ones by MSHG and the polar
component by polar MOKE,
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Fig. 13. In-plane {zy) projection of large fictd excitation without stopping pulse, as
probed by MSHG. The ringing effect is still present, as shown in the insets represent-
ing the response of the y and z components of M, vespectively. After a maximum
excursion of 160°, the nonzero {orque acling on M drives the magnetization back
to its initial state [29]

Figure 13 shows the data obtained for the large pulse excitation. A 160°
rotation of Ad could be observed. The in-plane projection of M clearly shows
that the magnetization is coherent inside the spot area. Note that the polar
component is negligible, as follows from the nonchanging amplitude of the in-
plane magnetization component. The dynamics of the A, component along
the field pulse and the polar A, component, shown in the insets of Fig. 13,
demonstrate that ringing of the magnetization motion after reversal is due
to the fields acting. The coherence of the rotation in the elliptical element
has been further verified by measuring the x and y components of M for five
different spots on the clement that showed exactly the same response. The
3 d probiug of M allows us to follow the trajectory of M in space and time.
This three-dimensional trajectory of M is shown in Fig. 14. (Note that the
polar A, component is given in arbitvary units and has been enlarged for
clarity.)

Figures 13 and 14 show that a strong excitation pulse {here, 70 Oe) alone
is not sufficient to obtain switching because the combined fields that act
on A at s maxiimum exeursion (= 160°, i.c., almost reversed) give rise
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Fig. 14, 3d trajectory of M probed by MSHG {in-plane) and polar MOKE. Note
that the polar component is enlarged for clarity [29]
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Fig.15. Strong pulse stop: After maximum excursion of M by a strong field,
a quenching feld is sent, by which the motion of M is terminated and finally
reversed [29]

to a strong torque that drives M back to its starting direction. To obtain
actual switching, the delay of the quenching pulse must be adjusted so that
the motion is stopped at balf the precessional period. Figure 15 shows the
response of the magnetic system with and without such a guenching-field
pulse. The quenching field is launched at the maximum in-plane excursion
from the initial state, so that its cancelation becomes effective when A, is
zero and M is reversed.
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A clear magnetization reversal, now followed by stopping of the motion
and thus suppression of the ringing is observed when the guenching pulse is
present, Note that this reversal is reached in about 200 ps, which is about an
order of maguitude faster than the natural damped motion, with a typical
time constant of 1.5ns (see Fig, 6). This indicates a possible switching rate
of 5 Gz for the present configuration.

These results show that by proper engineering of magnetic field pulses,
very fast switching of magnetic elements is possible. Using multiplexing of
many parallel pulses, this would imply tremendous opportunities for appli-
cations in MRAM devices (see also Sect. 2.2.4 below). One might argue that
femtosecond laser pulses may not be very suitable for large-scale applications
in real devices. However, so far, state-of-the-art electronic pulse generators
have a hard time generating the required short (100-ps) current pulses (sec
chapter by Russek et al.}. In particular, their temporal stability (jitter) is of-
ten of the same order as the required pulse width, thereby hindering perfect
suppression of ringing. In our technique, on the contrary, the only sources
of jitter are variations in the optical path length that arve restricted to the
fermntosecond regime.

2.2.4 Application to MRAMSs

Based on the expcrimental results presented in Sect. 2.2.3, we can now see
what the implication of our technigue would be for application to a magnetic
random access memory {MRAM)} device. The progress in magnetic funncl
junetion (MTJ) technology has stimulated au cnormous effort to develop
MRAMNSs. In such MRAMSs, each memory clement consists of a MTJ in be-
tween a magnetic layer with fixed magnetization and a softer magnetic layer
with umiaxial anisotropy by which the two binary states are defined. In a prac-
tical situation, one is forced to replace the hard layer by complicated multi-
layer structures to guarantee the stability of its magnetization {44]. Writing
information then corresponds to switching the soft layer relative to a fixed
one.

The present study has direct implications for the operation of MRAM cells
becaunse the properties of their memory layer (soft layer) correspond to the
characteristics of the clements investigated above. Using our experimental
regults, we can access the consequences of our switching method for these
memory devices.

A MRAM consists of a matrix of word and bit lines, as shown in the
inset of Fig. 16. A memory element is located at each crossing of a bit and
word line. The element, whose magnetic state has to be defined, is selected
by the crossing of those bit and word hnes, through which current pulses
are sent. The aim is to define the divection of M in the element(s) at the
crossing and leave the magnetization states of all other elements along thesc
lines unchanged. The technique presented uses pulses of single polarity, by
which the binary state of the magnetic element is reversed independently of
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Fig. 16. Simulations based on the experimental switching results show a possible
application of the pulsc-shaping technigue to the future MRAM. Ulsrafast switching
with single polarity pulses on the bit line and suppression of ringing after excitation
is possible, The fnset shows the scheme of a typical MRAM cell [30]

its initial state when no bias field is present, In the MRAM, the bias field
is provided by the word line current. The bias ficld can be either parallel or
opposite to M in the sclected element, In both cases, the dynamic changes
should occur without ringing,.

That this is possible is clearly demonstrated in Fig. 16 which shows sim-
ulations on the basis of the Landau—Lifshitz equation. Bear in mind that all
reversals shown in the sections above could well be sinnilated by this equation
while using the same set of intrinsic parameters, so that we should expect
good reliability from these simulations. Both the reversal {solid line} and
the return to the initial state {dotted line) should take place without oscil-
lations about the equilibriun:. The torque on the other elements along the
selected word line is about zero because the field and the magnetization are
about parvallel. However, the motion of the other elements on the selected bit
line, which experience an orthogonal field, must also be terminated without
oscillation. It can easily be shown by simulations that these elements can
unintendedly be switched by subsequent write actions, when they are not
stabilized properly. However, by an adeguate sequence of pulses, the ringing
of these clements can simultaneously and cfficiently alse be suppressed (sec
dashed line). As clearly demonstrated in Fig. 16, all of these demands can
gimmultancously be accomplished by a single-polarity bit-line field pulse, con-
sisting of three independent pulses, for a given bias field on the word line.
This pulse sequence consists of an excitation pulse, one intermediate pulse,
and the stop pulse. The concept of biased excitation with suppression of ring-
ing by a sequence of two pulses has already been demonstrated in [28}. The
intermediate pulse is needed to get all possible individual responses in phase,
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so that the subsequent stop pulse suppresses ringing for all possible excited
sbates.

At this point, we should briefly discuss alternative approaches toward
magnetic field-pulse switching, as were recently demonstrated by both the
NIST [31] and Orsay groups [32]. In comparison with our approach, these
groups use high-bandwidth electronics instead of ultrafast lasers, allowing
the generation of magnetic field pulses with typical rise times of 50--100ps
and minimum pulse duration of 100- 200 ps. As shown above (and explained
in more detail in the chapter by Russek etal.), for coherent rotation, onc
needs both a high enough pulse amplitude and a short enough pulse rise time
and pulse duration. From an experimental point of view, a major advanlage
of the optical approach is its extreme stability, Le., the total absence of jitter
(Hmited to a few femioseconds) in comparison with the typical values of
10-50 ps for high-bandwidth electrontcs. The price one pays for this is, of
course, a slightly more evolved experimental setup.

2.3 Summary

We have developed a technigue that allows controlling the precessional mo-
tion of a ferromagnetic system on a picosecond timescale, Pronounced preces-
sional ringing after excitation can be suppressed and the precessional motion
of the system can be controlled. Large field-pulse excitation showed oscillation
after reversal in elliptically shaped clements. A stop pulse can terminate that
motion when Ad is in a local energy minimum at the maximum excursion
angle, With this technigue, control of ultrafast precessional magnetization
reversal in critically underdamped systems with switching rates of at least
several GHz is possible. We have also shown, by simulations, that this tech-
niguie can be used to improve the switching rate and the data integrity in
MRAM devices.

3 Laser-induced Switching of Magnetic Media

Magnetic recording started in the early 1940s and the resulting tape recording
technique still prevails today, though it is rapidly being replaced by alterna-
tives in the past decade. Apart from audio and video applications, magnetic
recording has found large-seale application in backup and archival storage of
information.

3.1 Magneto-Optical Recording — Introduction

Since the start of the computer industry in the late 1950s, magnetic hard
disks have been used as mass storage devices and achieved an exponential
growth of bit density that is now close o 100 Mbits/ in%. Despite strong devel-
opments of MRAMS and other alternatives, magneto-optical (MO} recording
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ig still one of the most important technologics for removable storage media.
In particular, new developments like the invention of magnetieally amplitied
magueto-optical systems (MAMMOS) [36] bas led to an enormous improve-
ment in accessible bit densities of up to 23 Gbits/in® [37]. Because the corre-
sponding size of recorded bits is far too small to give a reasonable magneto-
optical effect, their magnetic state is first copied to a so-called read-out layer
and subsequently amplified within this layer by domain expansion due ei-
ther to an external magnetic field or the intrinsic magnetic properties of the
read-out layer itself (zero-field MAMMOS). Both processes, copying and ex-
panstoi, are governed by transient temperature profiles that arve induced by
the focused lascr beam that is also used for reading the information and are
thus closely rvelated to conventional thermomagunetic writing. The quality of
magneto-optical disks depends on high bit densitics and perfect read reli-
ability and also on bit writing speed and access time, so the dynamics of
thermomagnetic writing drew high technological interest again.

In this section, time-resolved polar Kerr effect data on femtosecond pump-
pulse-induced magnetization reversal of a typical MO read-out layer is pre-
sented for various pump fluences. Three different configurations of an external
field Hexr were chosen to study (i) temperature-induced magnetization dy-
namics within single domain states, (il) pump-pulse-induced magnetization
reversal, and {iii) the dynamics of remanent magnetization,

Temperabure-induced magnetization dymamics showed ultrafast magneti-
zation collapse within 1ps followed by slower recovery whose speed was lim-
ited hy the cooling rate, Reversal dynamics was governed by a convolution of
temperature-induced changes in the magnitude of M and of transient rota-
tion of its direction driven by the external ficld. Rotational dynamics followed
the Bloch equation via a reversal time that does not depend on temperature
but strongly decreased with increasing pump fluence. For the highest applied
pump fuence, leading to temperatures far above the Curie point, a reversal
time of less than 2ps was found, whereas abont 1ns was required for the
sample to cool down to room temperature again. This result indicates that
writing rates of several 100 GHz can be achieved for samples with accordingly
fast cooling rates. A comparison of data obtained in an external saturation
field and in remanence opened the way to separating the contributions due
to temperature-induced effects within single domains from those related to
field-induced domain formation.

3.2 Thermomagnetic Writing — Basics

Thermomagnetic writing is the process in which a focused laser beam to-
gether with an applied magnetic field creates a reversed magnetic domain
in a magnetic thin film (see Fig. 17). The concept is simple and can be
sketched as a three-step process: (i) the focused laser beam creates a hot
spot where the coercive field deereases below the oppositely directed external
field, (ii} barrier-less magnetization reversal takes place in this hot spot and
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Fig. 17, The principle of thermomagnetic writing:
the external field (here generated by a coil) can
reverse only the central spot heated by the focused
laser beam

aligns the magnetization along the external field, and (iii) the sample cools
down again. Accordingly, the dynanics of thermomagnetic writing is limited
by the duration of these three processes.

In practice, thermomagnetic writing is a complex process involving the
nucleation of an initial reversed domain, followed by its expansion and stabi-
lization while the heating and cooling of the usually rotating medium takes
place. The dynamics of the nucleation and growth of domains for quasi-static
writing have been studied extensively in the past decades {see, for exam-
ple, {39,40,41]), but a quantitative description is still hard to achieve. It is
clear that the microstructure of the MG media plays an important role be-
cause thermomagnetically recorded domains in a truly uniform and homoge-
neous meditm are not stable. The same will be true for the writing process
using pulsed lasers, with the additional point that the enormous tempera-
ture gradients that can be achieved by pulsed-laser excitations, may directly
influence the microstructure itself.

The magnetic medivin typically must have a combination of particular
properties. Large perpendicular anisotropy, resulting in out-of-plane magne-
tization, is required for reading the magnetic information by using the polar
Kerr effect; a large coercive ficld that decreases strongly with temperature is
necessary to obtain sufficient stability of the recorded bits at room tempera-
ture and to reverse the magnetization at elevated temperatures by means of
moderate fields; good thermal conductivity is required for fast cooling, ete.
These material characteristics must furthermore match the recording condi-
tions, i.e., laser power, rotational speed, applied field, ete. A comprehensive
overview of thermomagnetic writing can be found in the Physical Principles of
Magneto Optical Recording by Mansuripur [38]. Most materials used for MO
recording are amorphous alloys of rare-carth (RE) and transition metal (TM)
elements and are ferrimagnetic, that is, the magnetization of the RE and TM
sublattices are antiferromagnetically coupled; sce Fig. 18. This coupling be-
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Fig, 18, Typical temperature dependences of the magnitudes of rare-earth (RE)
and transition-metal {TM) subsystem magnetization, total magnetization (TOTY,
and of the coercive ficld Ho for MO materials. Antiferromagnetic coupling be-

tween RIS and UM magnetization leads to a compensation temperature Teemp where
Mror = 0 and also to a common Curie temperature T

tween the two sublattices is responsible for the fact that there is only one Tg.
Because the magnetization of an RE sublattice {(Adgg) is larger than that of
a TM sublattice (Mn) at low temperatures but decreases faster when the
sample is heated, a so-called compensation temperature exists, where both
magnetizations are equal. At this temperature, the net magnctization is zevo,
and the coercive field diverges as shown in Fig. 18. These characteristics can
be well described by a coupled mean-field theory [42] and are very important
for the process of magnetie amplification.

3.3 Ultrafast Dynamics of Thermomagnetic Writing

In this section, we want to investigate the dynamics of thermomagnetic writ-
ing, using ultrashort {fs) laser pulses to heat the MO media. In general, these
dynamics can again be discussed within the previously mentioned three steps
of healing, reversal, and cooling, but now different mechanisms can be respon-
sible for the dynamics within each step. Regarding femtosecond laser-pulse-
induced temperature dynamics, it is well knowi that optical excitation of elec-
trous first leads to a fast temperature rise within the electron system, whereas
the lattice remains almost at ambient temperature at this time [43]. The sub-
sequent electron temperature relaxation is governed by electron-phonon col-
lisions and heat diffusion within the electron gas. Whereas electron-phonon
collisions are responsible for equilibration of the electron and phonon sys-
tems by heating up the lattice, heat diffusion will enlarge the depth of the
heated region. Consequently, the initial breakdown of magnetization and the
coercive field can be induced by heating the lattice and also by the fast tran-
sient of the electron temperature as well. In addition to temperature effects,
spin flips of single optically excited clectrons (Stoner excitations) may also
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Fig. 19. Hysteresis loops measured on our sample for distinct equilibrium {a) and
transient (b} temperatures. Transient temperatures were fixed by measuring at
distinct pump-probe delays (295 K: negative delay; > B32K: < G7ps; ~ BOOK:
267 ps; ~ 425 K: 667 ps)

influence mitial dynamics [45]. Although the action of the external ficld on
magnetization is expected to be identical for conventional and femtosecond
lasor-pulse-induced thermomagnetic writing, the microscopie structure of i
that is created during the initial heating stage might differ significantly in
both eases. Such differences will then affect the subsequent reversal dynam-
ics. That slow heating and fast optical excitations lead to different magnetic
states is indicated in Fig. 19, where hysteresis loops measured for similar val-
ues of the equilibrivm and the fransient lattice temperature are compared.
Now the question arises, how do we analyze the measured dynamics of
femtosecond laser-pulse-induced magnetization reversal? With regard to the
first heating step, we expect that temperature-induced magnetization dynam-
ics for delay times longer than 2 ps will be governed by the transient electron
temperature via the equilibrium magnetization curve [4,6,7]. But what about
reversal dynamics? At constant temperature, barrier-less magnetization re-
versal induced by an external field H.y, that is oriented antiparallel to the
initial magnetization direction (z direction) obeys the Bloch cquation,
dML(t) My, — M.{t) "
(It - T ' ( )
where My, denotes the final equilibrium position of the reversed Af, pointing
in the divection of the external field and 7 vepresents the material-specific
reversal time!. The meaning and behavior of T depends on the microscopic

! Note that the Landauw-Lifshitz-Gilbert cquation (introduced in Sect. 1.1, to de-
scribe the magnetic response to ficld pulses) predicts no response of the macro-
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veversal mechanism. For incoherent rotation of M within a single domain
state, 7 is given by the electron spin-lattice relaxation time which depends
on temperature but not on the clfective ficld Hyp [46]. When reversal is
due to nucleation and the growth of oppositely directed domains, on the
contrary, 7 will be inseusitive to temperature but depends on Heg [47]. Thus,
measurements of the temperature and field dependence of 7 may uncover the
microscopic reversal mechanism. Using the relation M, (#) = [ cosP{t), it
is obvious that the Bloch equation is intrinsically an cquation of motion for
cosP:

deos®(t)  cosP(t)+1

? (5}

dé T
with the well-known solution
cos B(t) = cos B(t = 0){2eH7 —1). (6)

The latter formulation of the Bloch equation does not depend on the actual
magnitude of magnetization and can consequently be used to describe the
dynamics of thermomagnetic writing and hence, of femtosecond laser-pulse-
induced magnetization reversal as well. Prerequisite for the validity of this
approach is that the transient temperature and transient magnetization have
to be in thermal equilibrium at any time, i.e., the actual magnitude of mag-
netization has to be related to the actual temperature via the equilibrium
magnetization curve. This has to be checked by additional measurements of
purely temperature-induced magnetization dynamics, so we will present and
discuss data that are obtained for the following three different configsurations
of the external field H o

(1) Hey is a saturation field that suppresses any domain formation — only
temperature-induced magnetization dynamics is measured.

(i) Hoy is antiparallel to M and smaller than HE, the coercive field at
ambient temperature - magnetization dynamics will be governed by
temperature-induced changes in M| and field-driven reversal of cos®.

(i) Hexi = 0 - data will clarify whether magnetization dynamics in rema-
nence is governed solely by temperature effects or also influenced by
the dynamics of the effective field in the sample. Before presenting the
results, we will introduce the experimental background of our measure-
ments.

3.4 Experimental Procedure
3.4.1 Sample

The sample was a typical MO multilayer structure grown by magnetron sput-
tering on a glass substrate. An uppermost 50-nm thick fln of SiN protected

scopic magnetization vector A for antiparallel orientation of M and H ... How-
ever, it is widely used as the basis for micromagnetic calculations on thermomeag-
tietic writing [38]
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an underlying 30-mm thick film of a-Gdys 1 Feyy gCos g from degradation. The
a-Gdasa 1TFer; 9Cog ¢ was in turn grown on Snm SiN to get identical inter-
faces for the ferrimagnetic film. The structure was completed by an AI'Ti film
1000 thick, which served as heat sink and enhanced the reflectivity of the
whole structure. The sample showed strong cut-of-plane anisotropy and its
Curie and compensation temperatures were 532 K and 260 K, respectively.
Variations in the coercive field and the TM magnetization with tempera-
ture dertved from linear ineasurements of the polar Kerr effect are shown in
Fig. 20.

3.4.2 Optical Setup

A schematic representation of our optical setup is shown in Fig. 21. Laser
pulses of 100 fs duration and 800 mn wavelength, generated by a commercial
amplified laser system at a repetition rate of 20 Hz, were sent through a vari-
able attenuation unit before entering a conventional pump-probe setup. The
pump heam was at normal incidence and focused to about 1mm (FWHM),
whereas the probe beam was incident on the sample at 30° and focused much
more tightly to 100 pm. The probe pulses contained about 4 x 103 times less
energy than the pump pulses to get negligible self-action. A balanced diode
scheme was used to detect only the polar Kerr rotation. Measuring the polar
Kerr rotation with 800-nm wavelength light, we were solely sensitive to the
TM magnetization [48L

3.4.3 External Field

The external field was applied along the easy axis perpendicularly to the
sample surface by mounting the sample on top of the soft iron core of the
electromagnet used. The magnetic field was of square-wave forin and phase-
locked to the laser repetition rate of 20Hz (see Fig. 22). Its streugth at
the times between two subsequent pump-probe pulse pairs, Hyr, was larger
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Fig. 22. Scheme of the external magnetic field applied synchronously with pump-
probe laser pulses

than the coercive force of the sample at room temperature, HE, to gnarantee
identical initial conditions for each pulse pair. In this way, the magnetization
of the sample was always saturated before each pump-pulse cxcitation. Thus,
the signal-to-noise ratio could be improved by averaging the signals of several
probe pulses without losing access to the real magnetization dynamics [3,12].
Figure 23 shows the relevance of this approach. Without using the sguare-
wave magnetic field, the hysteresis loop for negative time delay {i.e., before
the pump pulse) changes dramatically,

The direction and magnitude of the extornal field affecting the sample at
the times when pump and probe pulses were reflected at the sample, Hon,
were chosen in accordance with the three previously mentioned configurations
as (1) Hon = g, (i) Hon = —2/3HY (oppositely divected to Hog), and
(it} Hon = 0.
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TFig. 23. Comparison of typical hysteresis loops measured by application of & guasi-
static field (left) and by application of a squarc-wave field (right). For quasi-static
fields, an apparent reduction of the coercive field is observed that reflects changing
initial conditions during the averaging measurement

3.5 Femtosecond Laser-induced Dynamics

In this section, we will discuss how the use of the three field configurations al-
lows us to separate the various {field and temperature} induced contributions
to magnetization dynamics,

3.5.1 Temperature-induced Dynamics

To measure changes in M that were caused exclusively by transient electron
and lattice temperatures, we applied a constant saturation field H,, sae. Cor-
responding results obtained for a pump fluence of =~ 5.4 m.J/ cm? are shown in
Fig. 24. In the upper panel (a), the initial magnetization dynamics, identical
for both magnetization directions, is compared o simultaneously measured
changes of linear reffectivity which monitor the temporal evolution of the
clectron temperature T,. Very fast and complete breakdown of magnetiza-
tion during the first picosecond is observed, which is about 500{s delayed
with respect to the increase in Ti,. Measured and calculated dynamics of the
subsequent magnetization recovery at longer delay times are compared in
the lower panel, Fig. 24b. The calculation was based on the assnmpiion that
|M (£} = [M[T(2)]| is governed by the electron temperature via the equilib-
rivm magnetization curve (sce Fig. 20}. Excellent agreement between data
and calculation is found which proves that the recovery of magnetization
is solely determined by cooling of electrons. This result is in line with the
behavior of itinerant ferromagnets reported in the literature [3,4,5,6,7] and
justifies using (5) to analyze transient magnetization reversal.
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Fig. 24. Magnetization of the TM subsystem of (3dFeCo normalized to its magni-
tude at room temperature as a function of pump-probe delay. {a) Comparison of
the initial magnetization dynamics o sinmltaneously measured changes in linear
rveflectivity (A R) by monitoring the transient eloctron temperature e, {b) The
measured recovery of A at longer delays {symbols) compared with the theoretical
expectation {solid line) which is obtained by transforming the measured A R(t)
into transient magnetization via the equilibrium magnetization curve

3.5.2 Ultrafast Magnetization Reversal

The dynamics of femtosecond laser-pulse-induced magnetization reversal is
governed by both temperature-induced changes in |M| and field-induced ro-
tational dynamics, cos ®(¢). To gain insight into these two contributions ex-
perimentally, we proceed as follows: First we measure, for one fixed pump
fluence, both the dynamics that is solely induced by the transient temper-
ature {sample exposed to a constant external saturation field Honsat) and
the reversal dynamics driven by an external field Hop opp = —2/3HE. Then,
we multiply the measured temperature-induced dynamies by the expected
exponential time dependence of cos ®(¢) (6) and fit the result obtained to the
measured reversal dynamics by varying 7. To minimize possible systematic
measurement errors due to slow fluctuations of laser power, we periodically
switched the external field from Hoy opp (Yeversal) to Hopsae (temperature
effects) while scanning the pump-probe delay. Corresponding data and fit
results obtained for two different punp fluences are shown in Fig. 25.

Tor low pump fluences, such as Foymp == 4.0mJ/ cm?, as used in the ex-
periment shown in Fig. 25a, very fast magnetization breakdown is followed by
a recovery of A, for both temperature-induced dynamics M, {t} = |M{L)| (big
open up-triangles) and even the reversal dynainics M, () = |3 {L)] cos B{t)
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Fig. 25a,b. Measured time-dependences of both purely temperature-induced dy-
namics (open triangles) and reversal dynamics (open circles) for two pump fluences.
The small solid symbols in between the data of the reversal dynamics represent the
measured temperature-induced dynamics multiplied by the theoretically expected
rotational dynamics (6) using temperature-independent reversal times + of 1.6ns
and 300 ps, respectively

(big open cireles). Such behavior is expected when the recovery of |M]| due
to cooling is faster than the field-driven rotation cos @, That the dynamics
of cos®(t}, in this case, is very slow was proven by the result of the previ-
ously outlined fit procedure {small solid up-triangles) ylelding a temperature-
independent reversal time of 7 = 1.6 4 0.3 ns.

High pump fluences, in contrast, lead to much shorter reversal times and
the reversal dynamics shows no recovery of M, (Fig. 25b}. The results of ad-
ditional measurements of the reversal dynamies with other pump fluences but
the same external field of Hop opp = —2/3H, (03 are shown together with corre-
sponding fits in Fig. 26. Each individual data set is excellently fitted by (5).
This finding proves that the temperature-induced breakdown and recovery of
TM magnetization and also its reversal dynainies are in line with the behavior
of pure ferromagnets because {5) does not account for the coupling between
the TM and RE moments. Despite the fact that the temperature varied over
a large range up to 200K for the highest pump fluences, all fits yielded one
constant value of v L 20% for each data set. This demonstrates that 7 does
not depend on temperature and points to transient dornain formation as the
microscopic reversal mechanism.
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Fig. 26. Transient magnetization reversal dynamics (symbols) measured for distinet
punp fluences, Foumyp. Solid lines represent best fits of (5) to the data multiplied by
the temperature-dependent magnitude of M. Values of Fpumg (in units of ml/ em?)
and of the fitted reversal times are given. The data ave offset for clarity

3.5.3 Reversal Mechanism

As pointed out above, the observation that the reversal time 7 in our exper-
iment does not depend on temperature suggests transient domain formation
as the mechanism for reversal. However, the reversal due to transient domain
formation depends on the strength of the coercive field, and constant values
of 7 arc expected only when the variations in Hg ave restricted to the first
few picoseconds. We checked this prerequisite by measuring hysteresis loops
at distinet pump-probe delays. The results of these measurements, already
presented in Fig, 19, demonstrate that Hg vanishes within the first 2 ps and
remains zero for pump-probe delays up to 667 ps. The observed transition of
the shape of the hysteresis loops from rectangular at negative pump-probe
delays {reversal within single domain) to continuous changes in M with H
at positive delays indicates again that transient domain formation is the mi-
croscopic reversal mechanism.

Another striking observation in Fig. 26 is the strong deecrease of the fit-
ted reversal times with increasing pump fluence. Asg shown in Fig. 27, we
found that the reversal times obey 7 = 75 - exp[9.52|Mmin| /13 (Troom)|] with
Tp = 300 ps, as long as at least some part of the probed area is not completely
demagnetized. Although we have no direct experimental proof of its origin,
wo suggest that it is related to an increase in the number of initially created
nucleation sites and to a simultaneous decrease of exchange coupling to the
swrroundings. The importance of the surroundings is indicated by the data
we obtained for the two highest pump fuences. A value of 7 = {300 + 60) ps
was found for Foump = 5.4mJ/ ecm?, where the Curie temperature was just
reached within the probed area {note that this corresponds exactly to the 7
defined above). However, no delay between the recovery and reversal dynam-
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I"ig, 28, Time dependence of cos®, i.e., true reversal dynamics, as a function of
pump-probe delay and pump fluence. Thick lines represent best fits to all experi-
mental data from Figs. 25 and 26

ics was found for a higher fluence of 6.0 mJ/ em?, where the surrounding of the
probed spot is also reated above Tq. It would be interesting to perform ad-
ditional time-resolved microscopy measurements to check these suggestions.

Up to this point, all data and corresponding fits presented reflect the
magnetization dynamics that is governed by a couvolution of temperature
effects (via |M|} and rotational dynamics (via cos @). However, our analysis
allows us to deconveluie both contributions; the separated dynamics of cos @
is plotted in Fig. 28. The fact that cos® can be reversed within less than
2 ps demonstrates that the ulthmate speed of femtosecond laser-pulse-induced
thermomagnetic writing is limited only by the slow cooling rate of the sample.
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3.5.4 Magnetization Dynamics in Remanence

Measurements of ultrafast magnetization dynamics in remanence can help
to answer the guestion whether optical excitations by femtosecond laser
pulses will lead only to reversible temperature-induced changes in magne- .
tization or may also cause hrreversible domain formation. A typical result of
a corresponding measurement is shown in Fig. 29 and compared to purely
temperagure-induced as well as to reversal dynamies that are measured for
the same pump fiuence.

Obviously, the data measured in remanence strongly deviate from purely
temperature-induced dynamics. The perfect agreement with the sum of tem-
perature-induced and reversal dynamics, represented by the solid line, in-
dicates the ocemrrence of irreversible domain formation. This result demon-
strates that time- and spin-resolved photoemission measurements in rema-
nence are not suflicient to uncover the nature of femtosecond laser-pulse-
induced magnetization dynamics. This might explain the differences in ob-
served magnetization dynamics in nickel investigated by optical techniquoes
in external saturation felds [2,4,7] and by spin-resolved photoemission [45]
measured in remanence.
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Pig. 29. Comparison of magnetization dynamics measured in remanence {sgudres)
to purely temperature-induced dynamics measured in a constant saturation field
{Hyar, up-triangles) and to pump-pulse-induced veversal {Hopp, down-iriangles)
measured for an identical pump fluence of 5.4mJ/em®. The solid line represents
the suin of temperature-induced and reversal dynamics

3.6 Summary

We have shown that thermomagnetic writing using femtosecond lasers can
lead to extremely fast magnetization reversal. We have developed an approach
that allows us to separate temperature- and magnetic-field-induced dynamics,
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in this way demonstrating that the ultimate speed of thermomagnetic writing
is limited only by the cooling rate of the medivm. Comparing these results
with results obtained with the sample in remanonce shows that one las to
be very careful in interpreting experiments like spin-resolved photoemission,
possibly because irreversible domain formation may occur.

4  Conclusion and Outlook

The development of femtoscond laser systems has opened a new area in mag-
netization dynaimics. They enable us to excite magnetic media with ultrashort
stimuli like femtosecond laser pulses and picosecond magnetic field or electric
current pulses, These new possibilities have already led to exciting observa-
tions of magnetization changes on a (sub)picosccond timescale. However, so
far these techniques have hardly been exploited for real magnetization switch-
ing. In this chapter, we have presented an overview of our latest developmenis
in novel switching methods, namely, precessional switching and ultrafast ther-
momagnetic writing, which are both based on fast laser excitation.

Regarding precessional switching, we have shown how, by using specif-
ically shaped magnetic field pulses, precessional switching of magnetic ele-
ments at its maximuin speed, i.e., at half the precessional period, is possible.
Switching rates of 5 GHz were thus obtained, indicating tremendous possibit-
ities for MRAM devices.

Unfortunately, the shapes of the elements in actual MRAM devices devi-
ate from ellipticity, which will impact the coherence of the reversal. Thercfore,
investigations into incoherent processes which involve exploration of wall and
spin-wave dynamics are highly desirable. These phenoimena will have reper-
cussicns on damping of the coherent mode and saturation magnetization. All
of these agpects are accessible by the technique presented.

The capability of making short magnetic field pulse is one of the key ad-
vantages of our technique which allows the study of spin dynamics with very
high time resolution. The rise time of our pulses can be further improved by
applying other, more powerful, lithographic techniques and by adapting the
designs of the waveguide and switches to these improved technical potentials.
In addition, the control of the shape of the magnetic field pulse can be further
improved by using additional switches. In that case, our theoretical simula-
tions of the MRAM behavior can also be experimentally confirmed and will
give us even more insight into this fascinating area of ultrafast magnetization
dynamntics,

In thermomagnetic writing, we have shown how to separate temperature-
induced changes in the magnitude of magnetization from field-indueced re-
versal dynamics in the direction of M. This separation allowed us to deter-
mine characteristic magnetization reversal times that appeared to decrease
strongly with increasing pump fluence. For the highest pump fiuence that
caused a temperature rise far above the Curie point, we found a reversal
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time of less than 2 ps, which is even faster reversal than obtained by preces-
sional switching. However, despite this fast reversal time, the cooling rate also
limits the maximum speed of thermomagnetic writing, and maximum writ-
ing rates of ouly 1 GHz could he achieved. From this, it follows that future
investigations on samples with improved cooling rates are of high interest.

With regard to both techniques presented, it would be of interest to extend
the present experimental studiecs to spatially resolved cnes by applying time-
resolved nicroscopic measurements. Our optical setups arve optimally suited
for spatially resolving magnetization dynamics within the optical diffraction
limit, i.e., the nonuniformity in the response could be resolved on a submi-
cron length scale. Future time-resolved microscopic investigations on ultra-
fast magnetization reversal will provide unique information about the na-
ture of the reversal mechanism for fomtosecond laser-pulse-induced switching
and -also allow us to study the previously mentioned incoherent processes in
MRAM devices. The analysis of such experiments will require more sophis-
ticated theorctical models and micromagnetics; providing spatially resolved
dynamics for both cases would be an ideal tool. However, the Landau—Lifshitz
equation constitutes the basis for corresponding simulation codes, so that it
should be further elaborated to adequately incorporate the aspects of thermal
Huctuations and spin-wave dynamics into these calculations.
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