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Abstract. The development of fcmtosccond lasers has opened the way to creating 
external stimuli such as optical or magnetic field pulses that arc much shorter than 
fundamental t.imescales such as spin lattice relaxation or precession times and can 
be used to change the magnetization direction on an ultrafast timescalc. In this 
chapter, two such approaches are discussed: processional switching by exploiting 
specifically designed magnetic field pulses, generated by photoconductive switches, 
and ultrafast. t.hennomagnetic writing using femtosecond lasers in combination with 
an extemal static field. Consequences for applications in magnetic storage (fviRAi'd 
and .i\-!0 recording) are discussed. 

HHow fast eau the magnetization of a magnetic medium or elcrnent be 
changed)) or ",vhat are the fundamental and practical limits of the speed 
of magnetic ·writing and reading1'? 

The answers to these questions _will have far reaching consequences for 
the future of data storage and retrieval, topics that are connected to large 
conunercialrnarkets. 1~Ioreover, asking these questions 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. 

'I'raditionally, magnetization dynamics was studied under quasi-equilib­
rimn 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 ferntosecond (fs) laser sources has opened the \vay 
to creating external stimuli (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
netilmt.ion dynmnics for realnoncquilibrium conditions and has already led 
to exciting results demonstrating ultrafa.st changes in ma.gneti:zation on pi­
cosccond thnescales. 

Optical excitation of ferromagnetic systems with ultrashort laser pulses 
leads to the heating of electrons far above equilibrium and consequently eau 
lead to the reduction or even erasure of rnagnetization .1.11 within very short 
times. Though great care should be taken to separate real magnetization 
dynmnics from optical artifacts due to spin-independent changes in elec-
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tron distribution, time-remlvcd (pump-probe) linear and nonlinear magneto­
optical experiments have clearly demonstrated the collapse of 1\1 within less 
than 2 ps in itinerant ferromagnets {2,3,<1,5,6,7]. 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 
literat1n·e that can explain all experimental results consistently. 

In addition to the variations in the magnitude of 1H with time, 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
coupled F:M/ AF bilayer, thereby indeed inducing ultrafast magnetization ro­
tation. Similar, but less pronounced precession dynamics was also observed by 
Koopma.ns et al. in a thin nickel film and explained by temperature-dependent 
variations in the anisotropy field [7]. A rather unique approach 'vas developed 
by Siegmann et al. [9] who used a short (picosecond) current pulse to induce 
precessional switching. This required, however, quite a special current source, 
nan1ely the Stanford Linear Accelerator, which rather limits the general 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 
ma.gneti:zation reversal. It is obvious that for true rotation or reversal of 
nl<lgnctization, simply heating the electron system above the Curie tempera­
ture is not sufficient. However, in combination with either a static or pulsed 
magnetic field, optical excitation by femtosecond laser pulses induces mag­
ncti:imtion reversal that can be extremely fast (12]. Recent experiments also 
showed generation of ultrashort field pulses in a Schottky diode (10]. Anal­
tentativc approach is using a short magnetic field pulse that, by exerting 
a torque on magnetization 1\1, leads to subsequent precession of 1\1 {13]. 
In principle, one should be able to s'vitch lvl at a maximum rate of half 
the precessional frequency (typically 1D-1000 ps), if not for the fact that the 
dan1ping of this precession is usually very slow (in the nanosecond regime). 
Therefore, prccessional 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 thne. 

In the past 3 years, we have developed some strategies in Nijmegen to 
address these i&'3ues of magnetization reversal by exploiting combinations of 
ferntosecond laser excitation with static rnagnetic 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 magnethmtion of the magnetic elements of interest, though 
using very different 1nechanisms - precessional switching and femtosccond 
laser-pulse-induced reversal. In precessional switching by short nwgnetic field 
pulses, we have obtained a solution to the "ringing" problem [25,26], not by 
increasing the dan1ping but by "designing'! proper magnetic field pulse that 
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stop the precession at the desired moment, i.e., at half the processional pe­
riod. For femtosecond la.'3er-pulse-induced reversal, which is ba.'3ically nothing 
other than thennomagnetic ·writing using femtosecond lasers, ·we were able 
to accelerate the speed of the writing proceHs tremendously, i.e., the reversal 
of the magnetic bit, by increasing the laser fluence. 

In this chapter, we \Vill address switching by 1nagnetic field 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 developn1ent 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
nmnenological precession equation formulated by Landau and Lifshitz in 
1935. 

1,1 Precessional Dynan1ics 

Including the phenomenological damping constant n leads to th~ so­
called Landau-Lifshitz-Gilbert (LLG) equation of magnetization motion for 
small n: 

-~-I!Jilo·(MxHcff)+-· 1\Ix-dlii a ( dM) 
dt M., dt 

(1) 

The first term describes the precessionalmotion where 1 is the gyromagnetic 
ratio given by g~tB/h; g and Jln are the spectroscopic splitting factor and the 
Bohr magneton, respectively. The second term describes damping, using the 
phenmnenological (Gilbert) damping constant n. lvlagnetic motion is driven 
by the total effective field, Hcrr, that includes the external bias field, the 
fields due to anisotropy, and the applied pulse field. Typical numbers for 
'Y and a for Permalloy are 'Y ~ 17.6 x 107 /Gs and a = 0.01, leading to 
precession frequencies of the order of several GI-Iz and damping times of the 
order of nanoseconds. These values imply that magnetic field pulses with 
typical rise times or delay thnes in the 10-ps range are required to trace the 
"true" intrinsic magnetic response of magnetic Permalloy elements unaffected 
by external field pulses. 

Regardingprecessional switching, it is important to note that magnetiza­
tion always prccesses about the direction of the effective field. Therefore, pre­
ccssionalrcversal 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 1\1. In addition, dcmagncti~ation in thin films significantly in­
creases the speed of bit reversal. In an infinitely thin film, the demagnetizing 
field is exclusively given by the polar component of 1\1 and is generally rnuch 
larger than the applied bias field and pulse field. The demagnetizing field is 
the driving force for ultrafast reversal of a single bit by preccssional motion 
because it gives rh.;e to torque for t.he in-plane motion of 1\;f, In summary, 
a large effective field component perpendicular to 1\1 is necessary for ultra­
fast switching. This can be achieved by short rise-time and high-peak field 
pulses of appropriate length. 

\Veak excitations, for which the magnetization component along the bias 
field remains ahuost constant, lead to small 1\1 cmnponcnts normal to the 
film plane, and the tip of the magncti~ation vector describes an elliptical orbit 
about the equilibrium state for a static equilibrium state and zero damping. 
For field pulses with strengths much larger than the bias field, the component 
of 1\1 along the bias field also changes strongly, and the demagnetization fields 
may even be so strong that the magnetization reverses. 

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

Investigations of the magnetization dynamics following weak excitation 
arc 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 excitation experhnents that 
will lead to precessional switching. As mentioned earlier, the possibility of 
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Fig.l. Simulations of the precessionalmot.ion of ]\'1 for ·weak (a,b) and strong (c) 
pulse excitation. (a) The projection in the thin-fllm plane. It can be seen clearly 
that the n10tion of lVI can be linearized for small angle excitations because 1Hbias 

does not change. The motion then is elliptical, as shown in (b), where the projec­
tion in the plane perpendicular t.o t.he thin film and parallel t.o the field pulse is 
shown. The in-plane projection of 1\/.l for a strong pulse excitation is given in (c). 
1\.tf follows a circular path because the polar component of AJ is small due to large 
demagnetb::ation fields. The arrows in the figure show the initial magnetization 
state 

t.O 
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generating ultrashort magnetic field pulses is one of the most important 
prerequisites for corresponding nlCasurements and will be discussed in the 
following. 

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 femtoseconcl optical laser pulse that generates 
a current transient in a coplanar ·wave guide. This approach, well known 
for electro-optic sampling, \vas first exploited by Freeman et al. to generate 
picosecond magnetic field pulses [16]. 

\~Te use the direct gap semiconductor GaAs as a photoconducting material 
because its band gap is extrmnely 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. \~'hile illuminating the gap between the 
electrodes, an electrical pulse is generated and travels through the waveg­
uide. The rise time of the electrical pulse at the gap depends on the capac­
itance, the inductance, and the resistance of the gap [17]. \Vhile traveling 
through the waveguidc, dispersion and attenuation of the terahert.:t, pulse is 
observed [ 18]. The decay time of the pulse is determined by the carrier lifetime 
of the material. Undoped GaAs has typical lifetimes of l00-500ps, 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 wavegnide structure. Each 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~--tm. As the pump-laser beam hits the device 
at a certain angle, the electrodes would shade some area within the photo­
switch, which 'vonld decrease the generated current. Our finger structure is 

Fig. 2. (a) Photograph of photoswitches. Another elect !"Ode 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 t.he 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 t.o overcome shadow effects due t.o 
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 J-llH 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 \vithin the switch is present. This technique allows 
us to vary the angle of incidence of the pump bemn 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 Si02 layer. An insulating layer of Si02 deposited beneath the cop­
per electrodes ensures that the electrodes arc insulated frmn each other. No 
leakage current can flow fron1 the signal line to the waveguide ground flats 
through the 'vafer. Only the photoswitches are kept free. As a substratc, we 
used undoped GaAs. Large currents and small signal lines are needed to gen­
erate large 1nagnetic fields on the signal line. 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 densities and thereby 
to large magnetic fields. The magnetic field close to the surface of the signal 
line is given by H = I f2w, where I is the current and w the width of the 
signal 1ine. 

Figure 3 is a photograph of the complete waveguidc structure. The two 
photoswitches 'vith dimensions of 65 Jlnl x 65 Jlm (white a·rrows) arc rather 
big in comparison to the signal line, which is only 10 j..lm wide (black arrow). 
A tapered connection 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. \~Te chose the dimensions of the signal line so that 
O.OJ.-1 THz pulses would have the lowest possible attenuation and dispersion. 
The width of the signal line chosen was 10 Jllll. The spacing between the 
signal line and the ground flats was also 10 ~nn. To squeeze the current into 
the signal line without reflections, the ratio 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 cause 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 arc excited simultaneously and act as one single switch. 
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Fig. 3. A photograph of t.he waveguide used in the experiment. The taper concen­
trates the current. onto the 10-mum signal line. A thin 10 X 20 ~nu Permalloy film is 
placed at the end of the taper. Two big ground flats are placed around the signal 
line as a waveguidc [27] 

1.3 The Experimental Setup 

A stroboscopic femtosecond time-resolved pump-probe technique is applied 
to follow the prccessional dynamics induced by a short magnetic field pulse 
within the first nanoseconds; the corresponding experimental setup is shown 
in Fig. 4. Vle use 100-fs, 800-nm pulses generated at a repetition rate of 
76 fdHz by a Ti:Sapphirc laser for our measurmnents on magnetic thin films. 
The laser is sent to a BK7 bearn splitter, which divides the bemn into hvo 
parts - a pump beam and a prObe bearn. The pump beam is used to excite 
the photoswitch. The probe beam detects the magnetization state of the 
magnetic elenwnt. The tirne delay between probe and pump beam is used 
for scanning the magnetic response in the thne domain stroboscopically, at 

Translation stage San 

Fig. 4. The experimental setup for time-resolved pump-probe l\-IOKE experi­
ments [27] 



220 Theo Rasing et. al. 

which t.hc bias field is used to recover the initial state. The pump beam is 
brought onto a retroreflector, mounted on a 50-nun long translation stage. 
This translation stage has a step width of 1 micron, which corresponds to 
a pump-beam time delay of ~ 7 fs in air. The translation stage is mounted 
onto a 1-m long delay line. \Ve can move the translation stage on the delay 
line with an accuracy of 0.5 nnn ~ 3.3 ps. The combination of a long delay 
line and a short translation stage with small steps allmvs us to n1easure both 
nanosecond and femtosecond dynamics. (To improve our systern further, we 
recently replaced this combined delay line by a new, fully motori7.ed 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 Babinct-Soleil cornpensator, which is used to 
change the polarization of the beam. After the Tiabinet-Soleil compemmtor, 
the probe beam is expanded by a factor of 5 and subsequently focused by 
a long-·working-distance microscope objective (N .A. 0.3) to a spot size of at 
least 5 1--lln on the magnetic film. The use of a long-working-distance objective 
was necessary 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 effect at norrnal incidence, whereas rnixing of 
the longitudinal and polar effect is seen at ~15°. The 45° configuration also 
allows us to detect the in-plane magnetization components by magnetization­
induced second-harmonic genera(,ion (MSHG) [23] (see also Sect. 3). Figure 5 
is a schematic drawing of the time-resolved l\,IOKE measurement. A longitu­
dinal magnetic bias field is applied to the sarnple. The pump beam is chopped 

IL 
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Fig. 5. Scheme of the ::~etup of the time-resolved fdOI<E experiment. and single 
field-pulse excitation. The 100-fs pump pulse excites a current pulse, which is con­
centrated in the taper and launched into the signal line. The response of the mag­
netic element to the related field pulse, h(t.), is measured by detecting the Kerr 
rotation of the 100-fs probe pulse as a function of the pump-probe delay fit [27] 
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and activates the photoswitch. \Vith the probe beam, we measured the lin­
ear rvlOKE signal by using the balancing diodes and lock-in technique [16]. 
\Vhile delaying the pump beam, we can get temporal information about the 
magnetic system due to the short magnetic field pulse. 

1.4 Field-induced Precession Dynatnics 

In this section, \VC will discuss the precession dynamics obtained for weak 
excitation by a single field dgnal. The sample was a 16-nm NiFc (81 : ID) 
film, fabricated by magnetron sputtering and located on top of the signal line 
(the middle electrode of the waveguide). Its lateral dimensions are 10 X 20 fllll 

and it is covered with a 3-nm Cr layer to prevent corrosion. The Permalloy 
eletnents are small in comparison to the signal line width and are located in 
the middle and close to its surface to ensure that the field is homogeneous 
and in-plane inside the clement. 

The magnetic response of the NiFe film that is induced by the in-plane 
field of 9 Oe along the y axis perpendicular to the in-plane bias field of 94 Oe 
in the x direction was investigated by thne-resolved detection of the Kcrr 
rotation (see Fig. 5). For the present large bias fields and weak excitations, 
the change in the longitudinal 111x component is small, and therefore the 
contributing longitudinal Ken signal due to a change in 111x can be neglected 
compared to the polar Kerr signal. Thus, the corresponding data in Fig. 6 
shows the z component of magnetization precession. 

0,0 0,4 0,8 1 ,2 1 ,6 2,0 2,4 2,2 

t.t(ns) 

Fig. 6. Precession of the ferroma.gnetic NiFe system, as measured by a time-resolved 
pump-probe i\,IOKg experiment. in the ,15° configuration. The bias field 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 cfl'cctive field causes an increase in the precessional frequency 
[see {1) and (3)], so the observed asymptotic decreeBe of the precession fre­
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 element. After t.he signal field has van­
ished, the x axis of the system constitutes the central 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 

h(t) = ho. ( 1- e-tfr, )" e-t/rr' {2) 

·where ho is the maximum field-pulse amplitude, Tr is the rise time, and Tf 

denotes the decay time of the pulse. By fitting t.his pulse to the change 
in precessional frequency in time, we obtained ho = {9 ± 1) Oc and Tr = 

(600 ± 100) ps. For the rise time of the pulse, we could only determine 
a lower and upper limit of lOps and 60ps, respectively. The fit also pro­
vided the saturationmagneti'Zation of the film, and the corresponding value 
of 11I, = (800±20) emu/ cm3 confirmed by the results of additional Vibrating 
Sample lviagnetometer (VS.i\>1) measurements. For the simulation presented 
in this part, we used a 9-0e field pulse with a rise t.ime of 30 ps and a decay 
time of 600 ps. A more precise characterization could have been achieved by 
direct smnpling of the field-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 Tunncling lviicroscope 
(STM) [22). 

For small 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 1\ix remains constant and equal to the saturation magnetization 11{8 and 
obtain the following analytical approximation for the resonance: 

(3) 

Here, Hsx repreHents an effective field in the x direction that includes the sum 
of the induced and the in-plane magnetostatic anisotropy of the thin-film cle­
ment. Hb is the applied bias field. Ilsx was determined by measuring the hard­
axis hysteresis loop of the element that could be well described by two uniaxial 
anisotropic constants for a second-order anisotropy J(l = 5.2 x 103 erg/ cm3 

and K2 = -3.0 X 103 erg/ cm3 , yielding an effective anisotropy field of 2 Oe 
along the long axis of our element for small excursions frmn the cquilibrimn 
state. This field is small compared to the in-plane magnetostatic anisotropy 
field, ·which can be accesscd for the central region of a rectangular fihn. \Ve cal­
culated the demagnetization factors: Nx = 0.0002; 1Vy = 0.0009; N, = 0.9989. 
This gives a magnetostatic anisotropy field of 47r1\{.,[1Vy- _iVx] = 7 Oe. Because 
J(l and J(2 represent all anisotropies due to the properties of the element, 
've can conclude that except for magnetostatic auisotropy, other anisotropic 
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effects, such as field-induced anisotropy and magnctoclast.ic anisotropy at the 
edges of the thin film, play a dominant role. 

Figure 7 shows the bias field dependence of the prcccssional frequency. 
From (3), it follows that the square of the precessional frequency depends 
linearly on the applied bias field and that the anisot.ropy field of the film 
element can be determined for w = 0. \:Ve plotted this dependence, with 
111s = 800 en1uj cm3 and Ilsx = 2 Oc, and got good agreement with the 
measured data (see solid line in Fig. 7). 
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Fig. 7. Observed precessional frequency f(= wj21r) as function of the magnetic 
bias field Hb, showing f 2 ex: Hb in accordance with (3)[27J 

2 Coherent l\!Iagnetization Reversal 
by Field-Pulse Shaping 

Coherent 1nagnetization reversal of thin-fihn magnetic elements can be in­
duced by in-plane field pulses when the magnetization is pulled out of the 
plane so that the effective field is almost along the surface normal and the pre­
cession is confined to the film plane (sec Fig. lb). 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 thne 
given by half the precessional period, one should stop the precessionalmotion 
at exactly that n1oment. 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 Russek et al. 
in this book). Because the reversal time for critical damping is longer than 
the period of underdampcd 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 field-pulse sources as described above, we 
can modify field-pulse shapes on a picosecond timescale. By modifying the 
amplitude and duration of the applied field puh;e, the course of the torque 
1\IJ X H exerted on the magnetization and thus the magnetic nwtion can be 
controlled. Stopping this motion is of primary interest in ultrafast switching. 
It can be achieved by aligning H etf parallel to !vi \vhile 1'.![ passes an en­
ergetic minimum, so that the torque acting on the magnetization becomes 
zero. 

2.1 Experimental Approach for Pulse Shaping 

The cxperhncntal technique for generating shaped magnetic field 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 varying pulse widths by superimposing 
the signals of two switches. Experhnentally, this 1neans that we use a pump­
pump probe schentc 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) field burst by adapting its strength. 

Fig. 8. Principle of magnetic field pulse cancclntion 
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 current pulses down the signal line 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 voltagcs at the source electrodes and of the 
nmtnal 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 to 
control the shape of the field pulses generated [28] 

magnetic field pulses that are limited only by the rise time ("' lOps) and 
not by the decay time ("' 600 ps) of the photoconductive switches is possi­
ble by choosing the right combination of voltages with opposite polarity at 
the source electrodes. Voltagcs up to ±30 V could be applied and the usual 
peak power of the laser pulse excitation is 100 MW f cm2 The optical pump 
and probe pulses arc generated by splitting one single laser pulse, so the 
magnetic field is perfectly synchronir.ed to the probe pulse. The jitter in­
duced by changes in optical paths is negligible compared to the width of the 
la..'5er pulse, so that extremely high temporal resolution is achievable. Thus, 
well-defined magnetic field pulses of 100 Oe, of duration less than 50 ps, and 
a jitter considerably better than 1 ps can be generated. 

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

Fig. 10. Schematic experimental setup for pump-pump probe experiments, allowing 
us t.o generate shaped in-plane magnetic field pulses and 3d probing of the induced 
magnetization dynamics [30] 
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beam splittcr (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 !vi are Ineasured by using polar lviOKE 
and longitudinal as well as transversal J'viSHG [34,35]. Three independent 
successive measurements of the complete response of the magnetic system 
have been done to re<;onstruct the 3d trajectory of the magnethmtion vec­
tor. For the polar lviOI<E, the incident beam should be perpendicular to 
the surface to prevent any contribution of the longitudinal component of 
l'vl to the signal obtained. Using the numerical aperture of the fviO and 
a knife-edge (I<E) to block all large-angle photons, the longitudinal contri­
bution is sufficiently reduced because the incoming photons are nearly at 
norn1al incidence, whereas the sample is at 45° with respect to the optical 
axis of the incident beam (sec Fig. 10). The light is collimated by a colli­
Ination 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 difference signal of the two photodiodes is put 
into a lock-in amplifier with the modulation frequency of the chopped pump 
bcmn (C) as a reference. The i\•ISHG is measured after transmission through 
the dichroic Inirror and ·without the knife-edge in front of the collimation lens. 
An analyzer is used to separate the 1neasurement for the two in-plane (xy) 
components of 1\tJ. The longitudinal component is measured by detecting the 
s-polarb:ed second-harmonic yield that is generated by the p-polari7:ed funda­
mental (Pin -Bout). The transversal component is measured via the Pin- Pout 
polarization combination. The second-harmonic yield was measured by a pho­
tomultiplier tube (PJ\IT) in combination with a photon counter (PC). As 
recently shown by Kabos eta!. [33], it is also possible lo measure the in-plane 
con1ponents simultaneously; however, we preferred to measure these compo­
nents separately because the analysis is easier. 

2.2 Excitation by Shaped lVIagnetic Field Pulses 

2.2.1 Pulse Width Controlled Excitation 

The data presented in Fig. 11 show the individual response due to individual 
field pulses and also their combined ef!'ect., as observed by polar MOKE. The 
open squares correspond to the signal from excitation by the first switch at 
\Vhich a positive voltage 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 by 180 ps, and their amplitudes were 25 Oe and -20 Oe, 
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Fig. 11. Dynamics of 11{, due to two single magnetic field pulses of opposite sign 
(upper part) and due to their combined effect (lower part). Symbols are data points; 
solid line in the lower graph represents the sum of the individual excitation data 
shown in the upper part [28} 

respectively. The quenching pulse was started at the maxinunn excursion of 
1\ll 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 clearly shows that the motion directly after launching the quenching 
pulse is accelerated by the sudden increase in the torque acting on !vi due to 
the bias and anisotropy field present. The solid line repre.;ents the superpo­
sition of the individual excitation data of the first pulse and the quenching 
pulse. A clear difference between the superposition of the data and the ex­
perhncntally observed response due to the shaped pulse can be observed, 
which originates in the nonlinearity of the magnetic response (the effective 
field depends on llf). 

2.2.2 Stopping the Precession without Reversal 

Our system ·with two individual photoswitches 110\V allows us to tunc the 
magnetic· field pulse by adjusting the delay and amplitude of the second 
pulse, in this way stopping the prccessionalmotion, as shown in Fig. 12. The 
initial excitation was carried out by a 30-0e field pulse (open circles). The 
bias field of 49 Oe guarantees that the maximum excursion is smaller than 
60° and that no reversal occurs. The quenching pulse follows the first pulse 
502ps later with an amplitude of -200e (open squares}. It cmnpensates 
for, i.e., it quenches, the field due to the first switch at its trailing edge. 
This compensation is almost perfect due to the exponential character of the 
decay. The response clue to the shaped pulse is represented by the open 
triangles. Clear stopping of the system's motion can be observed after one 
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Fig. 12. The precession of 1\1 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; bottom 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-trip when Af passes the thin-film plane. At this moment, the 
usually large vertical demagnetizing field is zero, and the in-plane quenching 
pulse aligns H cff parallel to !vi. Now, the nonlinearity plays a minor role, 
and the excursion from equilibrium due to the first 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 magnetbmtion state is the same when the total field is quenched. 

2.2.3 Large-Angle Excitation with Reversal 

For the switching experiments, the patterned magnetic structures arc ellip­
tically shaped 8-nm thin Permalloy films, situated on the strip line just in 
front of the taper. The elliptic 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 70-0e amplitude field 
pulse and a bias field of only 10 Oe. The bias field is just strong enough to 
evoke a uniform initial magneti:;:::ation state; the elliptical shape of the ele­
ntent guarantees uniformity of the demagneti:;:::ing field and thus of the torque 
on the spins, as long as the motion is coherent.. For fast switching, coherence 
of the syste1n is indispensable, implying that the magnitude of the mean 
n1agnetization in the spot area does not change. Therefore, we measured all 
three magnetization components, the in-plane ones by IVISI-IG and the polar 
component by polar iHOKE. 
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Fig. 13. In-plane (xy) projection of large field excitation without stopping pulse, as 
probed by 1viSIIG. The ringing effect is still present, as shown in the insets represent­
ing the response of the y and z components of 1\tf, respectively. After a maximum 
excursion of 160°, the nonzero torque acting on 1\1 drives the magnetization back 
to its initial state (29} 

Figure 13 shows the data obtained for the large pulse excitation. A 160° 
rotation of 1\tl could be observed. The in-plane projection of 1\1{ 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 cmnponent. The dynamics of the 1\Iy component along 
the field pulse and the polar 1\Iz component, shmvn 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 !vi for five 
different spots on the clement that shmved exactly the Hamc response. The 
3d probing of l\1 allows us to follow the trajectory of .f\1_[ in space and time. 
This three-dimensional trajectory of]\!_[ is shown in Fig. 14. (Note that the 
polar 1\Iz component is given in arbitrary 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;J at its maximum excursion (~ 160°, i.e., almost reversed) give rise 
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Fig, 14. 3d trajectory of 1\'.l probed by f..-ISHG (in-plane) and polar f.o'fOKE. Note 
that the polar component is enlarged for clarity [29] 
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Fig. 15. Strong pulse stop: After maximum excursion of 1\1 by a strong field, 
a quenching field is sent, by which the motion of 1\'.l is terminated and finally 
reversed [29] 

to a strong torque that drives !vi 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 half the precessional period. Figure 15 shows the 
response of the magnetic system with and without such a quenching-field 
pulse. The quenching field is launched at the maximum in-plane excursion 
from the initial state, so that its cancelation becomes effective when llfz is 
7-ero and lvl is reversed. 
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A clear magnetization reversal, now followed by stopping of the ntotion 
and thus suppression of the ringing is observed when the quenching pulse is 
present. Note that this reversal is reached in about 200 ps, which is about an 
order of magnitude faster than the natural damped motion, with a typical 
time constant of 1.5 ns {sec Fig. 6). This indicates a possible switching rate 
of 5 GI-Iz for the present configuration. 

These results show that by proper engineering of magnetic field pulses, 
very fast switching of magnetic elentcnts is possible. Using muhiplexing of 
many parallel pulses, this would imply tremendous opportunities for appli­
cations in MRArvl devices (see also Sect. 2.2.4 below). One might argue that 
femtosecond laser puh;es may not be very suitable for large-scale applications 
in real devices. I-Iowevel\ 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 arc restlicted to the 
femtosccond regime. 

2.2.4 Application to MRAMs 

Based on the experimental results presented in Sect. 2.2.3, we can now see 
what the implication of our technique would be for application to a magnetic 
randmn access memory {:MRAfvi) device. The progress in nmgnetic tunnel 
junction (:rviT J) technology has sthnulated an cnonnous effort to develop 
lVIRAlvls. In such lviRAf·.'ls, each memory clement consists of a lviT J in be­
tween a magnetic layer ·with fixed magnetization and a softer magnetic layer 
with uniaxial 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 
infonnation then corresponds to switching the soft layer relative to a fixed 
one. 

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

A :MRAfvl 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 lines, through which current pulses 
are sent. The aim is to define the direction of !vi in the element(s) at the 
crossing and leave the magneti:zation states of all other elements along these 
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 pulse-shaping technique to the future JviRAf..,I. Ultrafast switching 
with single polarity pulses on the bit. line and suppression of ringing after excitation 
is possible. The inset shows the scheme of a typical ?\'IHAM cell [30] 

its initial state when no bias field is present. In the lvlRAfvi, the bias field 
is provided by the ·word line current. The bias field can be either para1lel or 
opposite to !vi in the selected 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 Landan-Lifshit7, equation. Bear in mind that all 
reversals shown in the sections above could well be simulated by this equation 
'vhile 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 equilibrium. The torque on the other elements along the 
selected word line is about zero because the field and the magnetilmtion are 
about parallel. However, the nwtion 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 suh;equent write actions, when they are not 
stabili:;.-;cd properly. However, by an adequate sequence of pulses, the ringing 
of these elernents can simultaneously and efficiently also be suppressed (sec 
dashed line). As clearly demonstrated in Fig. 16, all of these demands can 
shnultaneously 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 intcnncdiatc 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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HO that the subsequent stop pulse suppresses ringing for all possible excited 
states. 

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--lOOps 
and minimmn pulse duration of 100-· -200 ps. As shown above (and explained 
in ntore detail in the chapter by Russek et al.), for coherent rotation, one 
needs both a high enough pulse an1plitude and a short enough pulse riHe thne 
and pulse duration. From an experhnental point of view, a major advantage 
of the optical approach is its extreme Htability, i.e., the total absence of jitter 
{limited to a fmv femtosecondH) in comparison with the typical values of 
10-50 ps for high-bandwidth electronics. The price one pays for this is, of 
course, a slightly more evolved experimental setup. 

2.3 Sununary 

\Ve have developed a technique that allows controlling the prccessional mo­
tion of a ferromagnetic system on a picosecond timescale. Pronounced preces­
sional ringing after excitation can be suppressed and the precessionalmotion 
of the systCin can be controlled. Large field-pulse excitation shmved oscillation 
after reversal in elliptically shaped elements. A stop pulse can terminate that 
motion -when l\11 is in a local energy minimum at the maximum excursion 
angle. \Vith this technique, control of ultrafast preccssional ma.gnethmtion 
reversal in critically undcrdamped systems with switching rates of at least 
Hevcral GHz is possible. \\'e have also shown, by simulations, that this tech­
nique can be used to improve the switching rate and the data integrity in 
~,IRA~I devices. 

3 Laser-induced Switching of lVIagnetic Media 

lviagnetic 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-scale application in backup and archival storage of 
infonuation. 

3.1 lVIagneto-Optical Recording - Introduction 

Since the statt of the computer industry in the late 1950s, magnetic hard 
disks have been used a.s mass storage devices and achieved an exponential 
growth of bit density that is now close to 100 Mbits/in2

• Despite strong devel­
opments of iviRAlviS and other alternatives, magneto-optical (lviO) recording 
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is still one of the most important technologies for removable storage media. 
In particular, new developments like the invention of magnetically amplified 
magneto-optical systems (MAi\HvJOS) [36] has led to an enormous improve­
ment in accessible bit densities of up to 23 Gbits/in2 [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 nw.gnetic properties of the 
read-out layer itself ("ero-field MAMi'v!OS). Both pmcesses, copying and ex­
pansion, are governed by transient temperature profiles that arc induced by 
the focused laser bemn that is also used for reading the information and are 
thus closely related to conventional thermomagnctic writing. The quality of 
magneto-optical disks depends on high bit densities and perfect read reli­
ability and also on bit writing speed and access time, so the dynamics of 
thcnuomagnetic writing drew high technological interest again. 

In this section, time-resolved polar Kcrr effect data on femtosecond pump­
pulse-induced magnetization reversal of a typical :MO read-out layer is pl·e­
scnted for various pump fiuences. Three different configurations of an external 
field Hext were chosen to study (i) temperature-induced Inagnet.hmtion dy­
namics ·within single domain states, (ii) pump-pulse-induced magncthmtion 
reversal, and {iii) the dynamics of remanent magnetization. 

Temperature-induced magnetization dynamics showed ultrafast magneti­
zation collapse ·within 1 ps followed by slower recovery ·whose speed was lim­
ited by the cooling rate. Reversal dynamics was governed by a convolution of 
temperature-induced changes in the magnitude of .NI and of transient rota­
tion of its direction driven by the external field. Rotational dynamics followed 
the I3loch equation via a reversal time that does not depend on temperature 
but strongly decreased with increasing pump ftuence. For the highest applied 
pump ftuence, leading to temperatures far above the Curie point, a reversal 
time of less than 2 ps was found, whereas about lns was required for the 
sample to cool down to room temperature again. This result indicates that 
writing rates of several lOO GHz can be achieved for samples \vith 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 t.hose related to 
field-induced domain formation. 

3.2 Thertnmnagnetic Writing - Basics 

Thermmnagnetic writing is the pTocess in which a focused laser beam to­
gether 'vith 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 decreases 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 t.hcrmomaguetic 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 dynamics of thennomagnetic writing is limited 
by the duration of these three procef:lscs. 

In practice, thermomagnetic writing i<; a cmnplex 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 dynanlics of the nucleation and growth of domains for quasi-static 
writing have been studied extensively in the past decades (see, for exanl­
ple, [39,40,<11]), but a quantitative description is still hard to achieve. It is 
clear that the microstructure of the lviO media plays an important role be­
cause thermomagnetically recorded domains in a truly uniform and homoge­
neous medium arc 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 medium 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 field that decrea..scs strongly 'vith 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, etc. 
These 1naterial characteristics n1ust furthennore match the recording condi­
tions, i.e., laser power, rotational speed, applied field, etc. A comprehensive 
overview of thennomagnetic 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-earth (RE) and transition metal (TM) 
elements and arc ferrimagnetic, that is, the 1nagnetization of the RE and T~vi 
sublattices are antiferromagnctically coupled; see Fig. 18. This coupling be-
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Fig. 18. Typical temperature depcndences of the magnitudes of rare-earth (RE) 
and transition-metal (Tfd) subsystem magncti:.mtion, total magnetization (TOT), 
and of the coercive field He for fdO materials. Antiferromagnetic coupling be­
tween HE and Tlvl magnetization leads to a compensation temperature T comp where 
fvhoT = 0 and also to a common Curie temperature Tc 

twccn the two snblatticcs is responsible for the fact that there is only one Tc. 
Because the magnetization of an RE sublattice (MuE) is larger than that of 
a Tlvl sublattice (kf·ni) at low temperatures but decreases faster when the 
sample is heated, a so-called compensation temperature exists, where both 
nmgnctizations are equal. At this temperature, the net magnetization is zero, 
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 magnetic amplification. 

3.3 Ultrafast Dynan1ics of Thenno111agnetic Writing 

In this section, we ·want to investigate the dynamics of thcnnmnagnetic writ­
ing, using ultrashort (fs) laser pulses to heat the J\,!0 media. In general, these 
dynamics can again be discussed within the previously mentioned three steps 
of heating, reversal, and cooling, but now different 1nechanisms can be respon­
sible for the dynamics within each step. Regarding femtosccond laser-pulse­
induced temperature dynamics, it is well known that optical excitation of elec­
trons first leads to a fast temperature rise within the electron system, whereas 
the lattice remains almost at ambient temperature at this time ['13J. The sub­
sequent electron temperature relaxation is governed by elcctron-phonon col­
lisions and heat diffusion within the electron gas. \:Vhereas 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 a.<:> well. In addition to temperature effects, 
spin flips of single optically excited electrons (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; > 532 K: :S_ 67 ps; '"'"' 500 K: 
267ps; ~ 425K: 667ps) 

influence initial dynamics ['15]. Although the action of the external field on 
magnetization is expected to be identical for conventional and fmntosecond 
laser-pulse-induced thcrmomagnetic writing, the microscopic structure of .1\f 

that is created during the initial heating stage might differ significantly in 
both cases. Such differences will then affect the subsequent reversal dynmn­
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 equilibrium_ and the transient lattice temperature arc compared. 

Now the question arises, how do "\VC analyze the measured dynamics of 
femtosecond laser-pulse-induced magnetization reversal? \:Vith regard to the 
first heating step, we expect that temperature-induced magnetization dynam­
ics for delay times longer than 2 ps '"ill be governed by the transient electron 
temperature via the equilibrium magnetization curve (4,6,7]. But what about 
reversal dynmnics? At constant temperature, barrier-less magnetization re­
versal induced by an external field Hext that is oriented antiparallcl to the 
initial magnetization direction (z direction) obeys the Bloch equation, 

M 0 ,,- Mz(t) 
T 

(4) 

where 111o,z denotes the final equilibrium position of the reversed 111z pointing 
in the direction of the external field and T represents the material-specific 
reversal time1. The 1neaning and behavior ofT depends on the microscopic 

1 Note that the Landau-Lifshitz·-"Gilbert equation (introduced in Sect. 1.1, t.o de-
scribe the magnetic response to field pulses) predicts no response of the macro-
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reversal mechanism. For incoherent rotation of 1\tJ within a single domain 
state, r is given by the electron spin-lattice relaxation time which depends 
on temperature but not on the effective field Ilcrr ['16]. VVhen reversal is 
due to nucleation and the growth of oppositely directed domains, on the 
contrary, r will be insensitive to temperature but depends on Hcff [4 7]. Thus, 
Ineasurements of the temperature and field dependence of r may uncover the 
microscopic reversal mechanism. Using the relation M,(t) = 11111 cos<P(t.), it 
is obvious that the Bloch equation is intrinsically an equation of motion for 
cosP: 

dcos<P(t) 

dt 

cos<P(t)+l 

T 

"\Vith the wcll-knmvn solution 

cos<P(t) = cos<P(t = 0)(2e-tfr -1). 

(5) 

(6) 

The latter formulation of the Bloch equation does not depend on the actual 
1nagnitude of magnetization and can consequently be used to describe the 
dynamics of thennmnagnctic writing and hence, of femtosecond laser-pulse­
induced magnetization reversal as \Yell. 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 eqnilibrimn 
magnetization curve. This has to be checked by additional measurmnents of 
purely temperature-induced magnetization dynamics 1 so we will present and 
discuss data that are obtained for the following three different configurations 
of the external field Hext: 

(i) H cxt is a saturation field that suppresses any domain formation -- only 
temperature-induced magnetization dynamics is measured. 

(ii) Hcxt is antiparallel to 1\tJ and smaller than Hg, the coercive field at 
ambient temperature magnetization dynamics will be governed by 
temperature-induced changes in [1H[ and field-driven reversal of cosP. 

(iii) H ext = 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 Experhnental Procedure 

3.4.1 Sample 

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

scopic magnetization vector 1\1 for ant.iparallel orientation of ll-1 and H r;>xt· How­
ever, it is widely used as the basis for micromagnctic calculations on thcrmomag­
netic writing [38] 
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an underlying 30-mn thick filn1 of o:-Gd2a.1Fen.9Co5.0 from degradation. The 
a-Gd23.1Fcn.nCo5.0 was in turn grown on 5mn SiN to get identical inter­
faces for the ferrimagnetic film. The structure \vas completed by an AlTi film 
100 nn1 thick, which served as heat sink and enhanced the reflectivity of the 
whole structure. The sample showed strong out-of-plane anisotropy and its 
Curie and cmnpcnsation temperatures ·were 532 I< and 260 K, respectively. 
Variations in the coercive field and the Tfd magnetization with tempera­
ture derived from linear measurements of the polar Kerr effect arc shown in 
Fig. 20. 

3.4.2 Optical Setup 

A schematic representation of our optical setup is shown in Fig. 21. Laser 
pulses of lOOfs duration and 800nm wavelength, generated by a commercial 
amplified laser systen1 at a repetition rate of 20Hz, 1vere sent through a vari­
able attenuation unit before entering a conventional pump-probe setup. The 
pump bean1 was at normal incidence and focused to about 1 mm (F\VH?vl), 
whereas the probe beam was incident on the sample at 30° and focused much 
more tightly to lOO ~nn. The probe pulses contained about 4 x 103 times less 
energy than the pump pulses to get negligible self-action. A balanced diode 
schen1e was used to detect only the polar Ken rotation. :rvleasnring the polar 
Kerr rotation with 800-nm ·wavelength light, we were solely sensitive to the 
TM magnetization [48]. 

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 form and phase­
locked to the laser repetition rate of 20Hz (see Fig. 22). Its strength at 
the times between two subsequent pump-probe pulse pairs, Hoff, was larger 
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Fig. 21. Scheme of the experimental setup for monitoring the femtosccond laser­
pulse-induced reversal dynamics 

Fig. 22. Scheme of the external magnetic field applied synchronou::;ly with pump­
probe laser pulses 

than the coercive force of the sample at room temperature, Hg, to guarantee 
identical initial conditions for each pulse pair. In this way, the magnetization 
of the sample was always saturated before each pump-pulse excitation. 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. \Vithout using the square­
wave magnetic field, the hysteresis loop for negative time delay (i.e., before 
the pump pulse) changes dramatically. 

The direction and magnitude of the external field affecting the sample at 
the times ·when pump and probe pulses were reflected at the sample, H 011 , 

were chosen in accordance with the three previously mentioned configurations 
as (i) Hon = IIorr, (ii) Hon = -2/3H8 (oppositely directed to Horr), and 
(iii) Hon = 0. 
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3.5 Fen1tosecond Laser-induced Dyna1nics 

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 Ten1perature-induced Dynmnics 

To mea.'mrc changes in !vi that were caused exclusively by transient electron 
and lattice temperatures, we applied a constant saturation field Hon,sat· Cor­
responding results obtained for a pump fiuencc of R:::: 5.4mJ/ cm2 are shown in 
Fig. 2d. In the upper panel (a), the initial magnetization dynamics, identical 
for both magnetization directions, is compared to simultaneously nlea.<iurcd 
changes of linear refiectivity which monitor the temporal evolution of the 
electron temperature Te. Very fast and complete breakdown of magnetiza­
tion during the first picosecond is observed, which is about 500 fs delayed 
with respect to the increase in Te. :rvieasured and calculated dynamics of the 
subsequent magnetization recovery at longer delay times are cmnpared in 
the lower panel, Fig. 2t1b. The calculation was based on the assumption that 
IJ11(t)l = IM[T(t)JI is governed by the electron temperature via the equilib­
rhnn Inagnetization curve (see 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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tude at room temperature as a function of pump-probe delay. (a) Comparison of 
the initial magnetization dynamics to simultaneously measured changes in linear 
reflectivity (flR) by monitoring the transient electron temperature 1~. {b) The 
mca.c;ured recovery of 11I at longer delays (symbols) compared with the theoretical 
expectation (solid line) which is obtained by transforming t.he measured D. R(t) 
into transient magnetization via the equilibrium magnetization curve 

3.5.2 Ultrafast Magnetization Reversal 

The dynamics of fcmtosccond la.':ler-pulse-induced magnetization reversal is 
governed by both temperature-induced changes in 11111 and field-induced ro­
tational dynamics, cos~(t). 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 tCinper­
ature (sample exposed to a constant external saturation field Hon,sat) and 
the reversal dynamics driven by an external field Hon,opp = -2/3Hg. Then, 
vve multiply the measured temperature-induced dynamics by the expected 
exponential time dependence of cos<P{t) {6) and fit the result obtained to the 
Inea.':ltued reversal dynamics by varying r. To minimize possible systematic 
n1easurement errors due to slow fluctuations of laser power) we periodically 
switched the external field from IIon,opp (reversal) to Hon,sat (temperature 
effects) while scanning the pump-probe delay. Corresponding data and fit 
results obtained for two different pump fluences are shown in Fig. 25. 

For low pump fluences, such as Fpump = 4.0mJ/ cm2 , as used in the ex­
periment shown in Fig. 25a, very fast magnetization breakdown is followed by 
a recovery of Mz fm· both temperature-induced dynamics Mz(t) = IM(t)l (big 
open up-triangles) and even the reversal dynamics Mz(t) = l11i{t)1 cos<P(t) 
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Fig. 25a,b. f...Ieasured time-dependcnces 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 T of 1.6 ns 
and 300 ps, respectively 

(big open circles). Such bchavior is expected when the recovery of 11111 due 
to cooling is faster than the field-driven rotation cos P. That the dynamics 
of costP(t), in this case, is very slow was proven by the result of the previ­
ously outlined fit procedure (small solid up-triangles) yielding a temperature­
independent reversal time of T = 1.6 ± 0.3ns. 

High pump fluences, in contrast, lead to much shorter reversal tin1es and 
the reversal dynamics shows no recovery of M, (Fig. 25b). The results of ad­
ditionalmeasurenwnts of the reversal dynamics with other pump flucnces but 
the same external field of Hon,opp = ~2j3H8 arc 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 
Tlvi magnetization and also its reversal dynamics are in line with the behavior 
of pure ferromagnets because (5) does not account for the coupling between 
the T:tvi and RE mon1ents. Despite the fact that the temperature varied over 
a large range up to 200 K for the highest pump fluences, all fits yielded one 
constant value ofT± 20% for each data set. This demonstrates that T does 
not depend on temperature and points to transient domain formation as the 
microscopic reversal mechanism. 
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3.5.3 Reversal Mechanistn 

As pointed out above, the observation that the reversal time r 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 r arc expected only when the variations in He are restricted to the first 
fmv picoseconds. '"'Te checked this prerequisite by measuring hysteresis loops 
at distinct pump-probe delays. The results of these measurements, already 
presented in Fig. 19, demonstrate that He 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 A!J 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 decrease of the fit­
ted reversal times ·with increa..sing pump fluence. As shown in Fig. 27, we 
found that the reversal times obey T =To· exp[9.52[Mm;n[/[M(Twom)[] with 
To = 300 ps, as long as at least some part of the probed area is not completely 
demagnetized. Although we have no direct cxperhnental proof of its origin, 
we 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 
surroundings. The importance of the surroundings is indicated by the data 
we obtained for the two highest pump fluences. A value ofT= (300 ± 60) ps 
was found for Fpump = 5.4mJ/ c1n2 , where the Curie temperature \vas just 
reached within the probed area (note that this corresponds exactly to the ro 
defined above). However, no delay between the recovery and reversal dynam-
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Fig. 28. Time dependence of cosP, 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 fluencc ofG.OmJ/ cm2 , where the surrounding of the 
probed spot is also heated above Tc- It would be interesting to perform ad­
ditional time-resolved microscopy 1neasurcments to check these suggestions. 

Up to this point, all data and corresponding fits presented reflect the 
magnetization dynamics that is governed by a convolution of temperature 
effects (via IMI) and rotational dynamics (via cos<P). However, our analysis 
allows us to deconvolutc both contributions; the separated dynamics of costP 
is plotted in Fig. 28. The fact that cos <P can be reversed within less than 
2 ps demonstrates that the ultimate speed of fcmtosecond laser-pulse-induced 
thermomagnetic writing is limited only by the slow cooling rate of the sample. 
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3.5.4 Magnetization Dynan1ics in Re1nanence 

fde~umrements of ultrafast magnetization dynamics in remanence can help 
to answer the question whether optical excitations by femtosecond laser 
pulses will lead only to reversible temperature-induced changes in magne­
tization or 1nay also cause irreversible domain formation. A typical result of 
a corresponding rneasurernent is shown in Fig. 29 and compared to purely 
temperature-induced as ·well as to reversal dynamics that are measured for 
the sarne pump fluence. 

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 occurrence of irreversible domain formation. This result demon­
strates that time- and spin-resolved photoemission n1easm·cments in rema­
nence are not sufficient 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 techniques 
in external saturation fields [2,4,7] and by spin-resolved photoemission [<15] 
n1easured in remanence . 
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Fig. 29. Comparison of magnetization dynamics measured in remanence (squares) 
to purely temperature-induced dynamics measured in a constant saturation field 
(Hsnt, up-tr-iangles) and to pump-pulse-induced reversal (Hopp, down-triangles) 
measured for an identical pump fluence of 5.4 mJ j cm2

• The solid line represents 
the sum of temperature-induced and reversal dynamics 

3.6 Summary 

Vile have shown that t.hermomagnet.ic writing using femtosecond lasers can 
lead to extremely fast magneti~ation reversal. \:Ve 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 lhnited only by the cooling rate of the medium. Comparing these results 
with results obtained with the sample in remancnce shows that one has 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 dynamics. They enable us to excite magnetic nwdia with ultrashort 
sthnuli 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 overvimv of our latest developments 
in novel switching methods~ namely~ precessional switching and ultra fast ther­
momagnetic writing~ which are both based on fast laser excitation. 

Regarding precessional s\vitching, we have shown how, by using specif­
ically shaped magnetic field pulses, precessional switching of magnetic ele­
lnents at its n1aximum speed, i.e., at half the preccssional period, is possible. 
Switching rates of 5 GHz were thus obtained, indicating tremendous possibil­
ities for MRAM devices. 

Unfortunately, the shapes of the elements in actual i\·IRA~~I devices devi­
ate fron1 ellipticity, which will impact the coherence of the reversal. Therefore, 
investigations into incoherent processes which involve exploration of wall and 
spin-wave dynamics are highly desirable. These phenmnena will have reper­
cussions on damping of the coherent mode and saturation magnetization. All 
of these aspects arc 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 l\~IR.Alvl bchavior can also be experimentally confirmed and will 
give us even more insight into this fascinating area of ultrafast magnetization 
dynamics. 

In thcrmomagnetic writing) we have shown how to separate tetnpcrature­
induced changes in the magnitude of magnetization from field-induced re­
versal dynamics in the direction of 1\II. This separation allowed us to deter­
mine characteristic magnetization reversal times that appeared to decrease 
strongly with increasing pump fluence. For the highest pump fluence that 
caused a tmnperaturc rise far above the Curie point, we found a reversal 



248 Theo Rasing et al. 

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 maximun1 speed of thermomagnetic writing, and maximum writ­
ing rates of only 1 GH7: could be 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 studies to spatially resolved ones by applying time­
resolved microscopic measurements. Our optical setups are 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 femtosecond laser-pulse-induced switching 
and also allow us to study the previously mentioned incoherent processes in 
i\•IR.Ai\•I devices. The analysis of such experiments will require nwre sophis­
ticated t.heoretical 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 
fluctuations and spin-wave dynamics into these calculations. 
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