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Abstract. All-optical control of the magnetization of polycrystalline exchange bias bilayer systems is
achieved using short picosecond laser pulses. Due to the photoexcitation, the spin temperature across
the interface between the ferromagnetic and antiferromagnetic layer is elevated, resulting in a collapse of
the interfacial exchange coupling. Thus, within the first 10 ps, a fast reduction of both the exchange bias
field and the coercive field is observed for three different exchange bias systems comprising both different
ferromagnets and antiferromagnets. The fast thermal unpinning is followed by a slower heat diffusion dom-
inated relaxation process, which strongly depends on the thermal conductivity of the used buffer layers
and substrates. The fast optical unpinning can be understood in terms of an internal anisotropy pulse
field capable of triggering ultrafast precessional magnetization dynamics of the ferromagnetic layer, which
makes heat-assisted coherent magnetization rotation feasible.

PACS. 75.70.Cn Magnetic properties of interfaces (multilayers, superlattices, heterostructures) –
75.30.Gw Magnetic anisotropy – 78.47.+p Time-resolved optical spectroscopies and other ultrafast optical
measurements in condensed matter – 75.40.Gb Dynamic properties (dynamic susceptibility, spin waves,
spin diffusion, dynamic scaling, etc.)

1 Introduction

Recently, significant effort has been focused on the devel-
opment of magnetic media and methods to increase areal
densities in magnetic recording above 1 Tb/in2 [1]. One
promising way is to make use of hybrid recording, e.g., by
first lowering the magnetic anisotropy of a ferromagnetic
storage medium by local laser heating and then changing
the direction of the magnetization with a field pulse. This
so-called “heat-assisted magnetic recording” [2] involves
temperatures close to the Curie temperature of ferromag-
netic films. It has been shown that short laser pulses are
capable of creating hot, non-equilibrium spins, e.g., in-
creasing the spin temperature of ferromagnets, on an ul-
trafast timescale [3]. The physics of ultrafast spin dynam-
ics and especially precessional magnetization reversal in
magnetic thin films are contemporary subjects, not only
at a fundamental level but also of significant application
interest, since data rates of 1 Gb/s are projected in the
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near future leading to fast switching times of 1 ns or even
less.

Exchange biased bilayers represent an alternative sys-
tem since the exchange bias anisotropy is known to de-
pend strongly on temperature, however with tempera-
tures involved far below the Curie temperature of typical
ferromagnets. Active research has been directed towards
a fundamental understanding of the origin of the uni-
directional anisotropy in bilayers consisting of a ferro-
magnetic (F) and an adjacent antiferromagnetic (AF)
layer [4–7]. The exchange bias effect is found, if the
F-AF-bilayer is magnetic field cooled below the block-
ing temperature of the AF layer. The uncompensated
AF spins are frozen with respect to the F layer spins.
Thus, the interfacial AF spins cause an internal field, the
so-called exchange bias field Heb. This results in a shift
of the ferromagnetic hysteresis loop with respect to zero
applied field. In addition, due to the F/AF exchange cou-
pling, the easy axis coercivity is enlarged compared to a
single F layer.

In the present article, we address the dynamic re-
sponse of the F/AF exchange coupling in polycrystalline
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exchange bias systems with special emphasis on magneti-
zation unpinning due to picosecond laser excitations and
to fast spin-lattice heating effects. Exchange biased bi-
layers represent ideal test material systems, since the ex-
change coupling at the F/AF interface is strongly tem-
perature dependent in the region just below the blocking
temperature TB. This allows monitoring the spin tempera-
ture at the F/AF interface via the exchange bias shift field
and the coercive field. Our aim is to investigate the time
constants involved in the fast unpinning and recovery pro-
cesses of the interfacial exchange coupling upon photoex-
citation for different exchange biased systems based on
different ferromagnetic and antiferromagnetic films. The
picosecond photocontrol of the exchange coupling enables
us to trigger heat-induced ultrafast precessional magneti-
zation dynamics of the F layer magnetization showing the
potential for ultrafast magnetization switching.

2 Experiment

Three different polycrystalline exchange bias bilayers with
both different ferromagnetic and antiferromagnetic lay-
ers have been prepared. Samples of type I consist of
a 5 nm thick Ni81Fe19 (F) and a 10 nm Fe50Mn50 (AF)
layer on top of a 15 nm thick Cu buffer and a ther-
mally oxidized Si substrate as a growth template. This
top-pinned structure has been prepared by UHV electron
beam and effusion cell evaporation. Finally, the samples
were covered with a 2 nm Cr cap layer to prevent oxida-
tion. For further details, see reference [8]. Planetary mag-
netron sputtering at room temperature has been used to
prepare bottom-pinned samples of type II. A stack con-
sisting of 5 nm Ta as a buffer, 20 nm Ir25Mn75 (AF),
6 nm Co90Fe10 (F) and a 5 nm Ta cap layer has been
deposited on a glass substrate. Details can be found else-
where [9]. A high vacuum multitarget magnetron sputter-
ing system has been employed for the deposition of the
bottom-pinned AF/F bilayer system of type III. On ther-
mally oxidized Si substrates and 5 nm of Ta as growth
templates 15 nm Ni50Mn50 (AF) and 4 nm Co90Fe10 (F)
have been deposited together with an additional 4 nm
Ta protective layer. Post-deposition annealing of type III
samples leads to a chemically ordered FCT phase, which
is antiferromagnetic [10]. Both FeMn and IrMn are an-
tiferromagnetic also in the chemically disordered phase.
Exchange bias for all sample types has been initialized by
a magnetic field cooling procedure.

Exploiting the potential of a standard all-optical
pump-probe setup with a picosecond mode-locked
Nd:YVO4 laser in combination with a SHG unit as a
pulsed laser source, the optical control of the pinned mag-
netization is sensed in real time. All experiments have
been performed with both a pump and probe pulse width
of 8.5 ps, a pump pulse energy of Epulse = 11 nJ, at
a wavelength of 532 nm and a pump spot diameter of
about 30 µm. Details of the setup can be found in ref-
erence [11]. A quasistatic hysteresis loop is sensed by a
weak probe pulse (spot diameter 25 µm) in the longitu-
dinal Kerr geometry with a fixed time delay to the laser

excitation pulse, i.e., the loop then reflects the magnetic
parameters present for a given pump-probe time delay.

3 Results

First, the prepared samples have been characterized qua-
sistatically in order to deduce the temperature dependence
of the exchange bias field. Easy axis hysteresis loops have
been recorded for temperatures ranging from room tem-
perature up to 400 ◦C. The shift field has been extracted
from each loop according to Heb = (Hc,left + Hc,right)/2,
where Hc,left and Hc,right represent the left and right coer-
cive fields of the loops, respectively. The normalized shift
field has been plotted as a function of temperature for
all three sample types in Figure 1. The NiFe/FeMn and
IrMn/CoFe bilayers show an initial shift field of Heb =
123 Oe and Heb = 700 Oe and an initial easy axis coerciv-
ity of Hc = 24 Oe and Hc = 90 Oe, respectively. Samples
of type III show a very small shift field of Heb = 20 Oe but
reveal a high coercive field of Hc = 175 Oe. The tempera-
ture dependence for type III samples is different from the
dependence found for type I and II samples in the mea-
sured temperature window. Up to 200 ◦C the shift field for
the NiMn based bilayers drops only about 10 percent, i.e.,
a plateau region exists, whereas FeMn and IrMn based
bilayers reveal a monotonous decrease of the shift field
with increasing temperature in the measured temperature
range according to (1 − T/TB)−1. The NiFe/FeMn sys-
tem exhibits a blocking temperature of TB = 155 ◦C,
while a blocking temperature for the IrMn/CoFe system
of TB = 240 ◦C can be deduced. For the NiMn/CoFe bi-
layer, the shift field disappears at TB = 400 ◦C. All initial
values such as shift and coercive fields and blocking tem-
peratures are resumed in Table 1. The temperature de-
pendence of the easy axis coercive fields of the respective
sample types matches the temperature dependence found
for the exchange bias shift fields. Figure 1 clearly proves
the inherent temperature dependence of the exchange bias
effect and is similar to previous results on exchange biased
bilayer stacks based on different antiferromagnets [12].

Since the magnitude of the exchange bias and the easy
axis coercive field is inherently related to the spin tem-
perature, the exciting pump laser pulse is expected to
serve as a “heating” pulse, thereby influencing the in-
terfacial F/AF exchange coupling. In general, ultrashort
laser pulses create a hot electron and spin system which
is well thermalized within one picosecond [13]. The pump
pulse duration in our setup is beyond this timescale, thus,
only spin-lattice heating effects can be observed. Hence,
the question arises whether we can make use of the ob-
served strong temperature dependence on a picosecond
timescale. Using the time resolved pump-probe scheme de-
scribed above, the time evolution of the F/AF exchange
coupling, e.g., the exchange bias field, upon photoexci-
tation has been recorded in easy axis geometry for the
NiFe/FeMn system for pump-probe delay times up to
about 3000 ps. Details of the experiment can be found
elsewhere [11]. The transient exchange bias field Heb(t)
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Fig. 1. Temperature dependence of the exchange bias shift
field measured for the three prepared types of exchange bias
samples. Easy axis hysteresis loops were recorded to evalu-
ate the shift field. NiMn based bilayers (black squares) reveal
a significant higher blocking temperature compared to FeMn
(diamonds) and IrMn (open triangles).

Table 1. Summary of the initial shift fields Heb, the coercive
fields Hc and the blocking temperatures TB of the different
sample types. The measured modulation depths m and relax-
ation times τ are presented as well.

NiFe/FeMn IrMn/CoFe NiMn/CoFe

TB (◦C) 155 240 400

Heb (Oe) 123 700 20

Hc (Oe) 24 90 175

m 0.45 0.53 0.11

τ (ps) 160 205 183

from each hysteresis loop has been extracted in a simi-
lar way to the quasistatic case and is plotted as a func-
tion of pump-probe delay in Figure 2. Within the pump
pulse width, i.e., within 10 ps the shift is reduced to about
50 percent of its initial value followed by a slower recovery.
The measured data can be described by a phenomenolog-
ical model [11], taking ultrafast thermal activation into
account [14]

Heb(t) = HRT
eb (1 − m · exp(−t/τ)), (1)

with the bias field HRT
eb at room temperature, a modu-

lation depth m and a relaxation time τ , comprising spin-
lattice relaxation and predominantly heat diffusion effects.
The best fit to our data is indicated by a dashed line in
Figure 2 and yields m = 0.45 and τ = 160 ps for the
NiFe/FeMn type I samples. A detailed analysis of the time
evolution of the easy axis coercivity reveals a relaxation
behaviour similar to the time evolution of the shift field.

Next, it is addressed whether a photocontrol of the
F/AF exchange coupling and the inherent temperature

Fig. 2. Time evolution of the exchange bias field of an easy
axis reversal loop for the NiFe/FeMn system. A model fit to
equation (1) with the parameters m = 0.45 and τ = 160 ps is
shown by a dashed line.

dependence can indeed account for the observed time evo-
lutions. The time-resolved pump-probe scheme utilized for
the FeMn (type I) based exchange bias system is used to
trace the time evolution of the exchange bias field for the
IrMn/CoFe (type II) bilayer as well. The transient hys-
teresis loops for different pump-probe delay times and the
analysis of the transient shift field using equation (1) are
summarized in Figure 3. Similar to the data of Figure 2,
the shift field is reduced within the first 10 ps (m = 0.53)
(see Fig. 3a) and relaxes back to its initial value with a
time constant of τ = 205 ps (see dashed line in panel 3b).
Moreover, the time dependence of the easy axis coercivity
of the IrMn/CoFe system again matches the one found for
the shift field.

The time evolution of the exchange bias field deduced
from these time-resolved MOKE measurements can be un-
derstood in terms of an internal anisotropy pulse field,
which can trigger ultrafast precessional motion of the
F layer magnetization [15,16]. Figure 4 exemplarily shows
a magnetization precession trace of the CoFe macrospin
with a frequency of f = 13.2 GHz. The working point for
that time-resolved Kerr measurement is defined by apply-
ing a constant magnetic field of Hstat = 515 Oe, indicated
by the black dot in Figure 3a, and varying the pump-
probe delay continuously. The fast reduction of the shift
field leads to a rapid change of the F layer magnetization
equilibrium orientation, thus, to a torque on the magneti-
zation. The observed high precession frequency reflects the
large internal field acting on the F layer magnetization.

Finally, the all-optical measurement scheme has also
been applied to samples of type III. The NiMn based ex-
change bias samples exhibit only a small shift field but a
large easy axis coercivity. Due to the high blocking tem-
perature of type III samples (see Fig. 1), only a small
thermal influence on the shift field upon pump pulse ap-
plication is expected. A small shift field makes the obser-
vation of small photoinduced changes difficult, hence, the
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Fig. 3. Exchange bias shift field as a function of pump-probe
delay measured for a IrMn/CoFe sample. (a) Easy axis tran-
sient hysteresis loops for various pump-probe delays as indi-
cated. (b) Time evolution of Heb with a Fit to equation (1)
(see dashed line) yielding τ = 205 ps and m = 0.53.

influence of the short laser excitation on the easy axis co-
ercive field has been studied. For each pump-probe time
delay the transient coercive field has been extracted ac-
cording to Hc = (Hc,left − Hc,right)/2 and was plotted
as a function of pump-probe delay. Figure 5 summarizes
both the measurement and real time analysis. The coer-
civity is reduced about 10 percent within the first 10 ps
(see Fig. 5a) and recovers back to its initial value within a
characteristic time τ (see dashed line in panel 5b). Again,
the time constant involved is extracted by a fit to equa-
tion (1) which yields a relaxation time of τ = 185 ps and
m = 0.11. It is evident that equation (1) is capable of
describing the photomodulation of the exchange coupling
and, thus, the modulation of the coercivity in terms of
ultrafast thermal activation.

Table 1 summarizes the measured initial values of the
shift and coercive fields of the investigated sample types.

Fig. 4. High frequency (13.2 GHz) easy axis precession of
the CoFe magnetization for an applied static field of Hstat =
515 Oe (see black dot in Fig. 3a). The dashed line is an expo-
nentially damped sinusoid as guide to the eye.

Fig. 5. Time dependence of the easy axis coercive field Hc(t)
for a NiMn/CoFe bilayer. (a) Easy axis transient loops for
pump-probe delays of −200 and +10 ps. The black arrows high-
light the reduction of the coercivity. (b) Time evolution of the
coercivity with a fit to equation (1) (dashed line) yielding a
relaxation time of 183 ps and a modulation depth of m = 0.11.
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The internal relaxation times and modulation depths de-
duced from the all-optical measurements of the three sam-
ple types are presented as well.

The measured picosecond control of both the exchange
bias shift field and the easy axis coercivity for different
exchange bias systems indicates that the time evolutions
rely on the mechanism of a fast unpinning and recovery
of the interfacial exchange coupling.

4 Discussion and outlook

The underlying physical mechanism which accounts for
the observed effects is based upon a sudden temperature
increase and especially upon an elevated spin tempera-
ture. The measured quasistatic temperature dependence
of the shift field Heb(T ) presented in Figure 1 can be used
to calibrate the spin temperature evolution upon laser ex-
citation at the F/AF interface (exchange bias is mainly
an interface effect). The respective reduction of the shift
fields and coercive fields observed for the three sample cat-
egories can be translated into an absolute spin tempera-
ture. An equilibrium quantity such as temperature can be
assigned in this case because the spin system equilibrates
within a few tens of picoseconds. Typical spin-lattice re-
laxation times of ferromagnets are less than 80 ps [17].
A roughly 50 percent reduction of the shift field for the
FeMn based bilayer yields an interfacial spin temperature
of about 100 ◦C within the pump pulse width. In a sim-
ilar way, a spin temperature of about 130 ◦C is found
for the IrMn based samples. The 10 percent reduction of
the easy axis coercivity in the case of NiMn/CoFe can
be translated into a spin temperature of roughly speak-
ing 140 ◦C. Slightly different values of both the heat ca-
pacity and the heat conductivity of the spin and lattice
systems and slightly different light absorption coefficients
of the respective materials within the laser penetration
depth might account for the observed different, but com-
parable spin temperatures. However, care has to be taken
with those equilibrium quantities within the first tens of
picoseconds, since the spins are in non-equilibrium with
the lattice on that timescale [17].

The sudden temperature increase within the first 10 ps
leads to a collapse of the exchange coupling across the
F/AF interface, resulting in a reduction of both the shift
field and the easy axis coercivity. Upon photoexcitation,
the ferromagnetic layer partially decouples from the an-
tiferromagnetic layer, which leads to a thermally induced
unpinning. Non-equilibrium conditions are achieved such
that the magnetization reversal becomes isotropic [11].
Thus, the zero-field susceptibility shows a strong increase
within the pump pulse width indicating that indeed a pi-
cosecond photocontrol of the exchange coupling turns out
to be the underlying mechanism.

Currently, the reduction of the exchange bias and the
coercive field for FeMn and IrMn based bilayer systems is
limited to about 50% and the reduction of the coercivity
for NiMn/CoFe to about 20% percent of the respective
intial values. For larger pump pulse energies, irreversible
processes occur which obstruct the stroboscopic measure-
ment scheme used here. Since the investigated samples are

polycrystalline, a distribution of different AF grain sizes is
present. According to Takano et al. [18], large AF grains
at the interface exhibit a smaller exchange coupling to
the F spins across the interface. Upon laser excitation,
these grains might already switch completely and will not
relax to the original magnetization direction. In order to
minimize the distribution width of exchange bias field val-
ues, measurements on epitaxial exchange bias systems are
planned.

The ultrafast F/AF unpinning is followed by a slower
relaxation of the shift field Heb and the coercive field Hc

back to their initial values. The recovery process com-
prises spin-lattice relaxation phenomena within the first
tens of picoseconds accompanied by strong heat diffu-
sion effects summarized by a phenomenological internal
relaxation time. The fits of equation (1) to the measured
time evolutions for all sample types yield comparable re-
covery times. However, there is a distinct difference for
the respective sample types. The NiFe/FeMn samples ex-
hibit the fastest internal relaxation time upon photoexci-
tation (τ = 160 ps), followed by the NiMn/CoFe system
(τ = 183 ps) and the IrMn/CoFe exchange bias system
(τ = 205 ps). The relaxation time for the slow recov-
ery process can be understood in terms of energy dissipa-
tion, i.e., the spin and lattice systems are cooled by heat
flow from the metallic bilayer to the substrate or to a re-
gion outside the laser spot, setting the ultimate limit for
the speed of recovery. Spin-lattice based relaxation mech-
anisms can be expected to be independent of different ex-
change bias material systems. However, there is a signif-
icant influence of both the heat diffusion properties and
Kapitza like phonon resistances of the buffer layers and
substrates used on the relaxation process [19]. Only one
dimensional heat flow has to be taken into account since
the pump laser spot is much larger than the multilayer
stack thickness. The values for the heat conductivity per-
pendicular to the sample surface of Ni, Fe, Ir, Mn and Co
and the respective employed alloys are roughly within the
same order of magnitude, but there is a significant differ-
ence for Ta and Cu buffer layers and especially for the
utilized Si and glass substrates. A detailed heat diffusion
analysis [19] can motivate the observed trend of the inter-
nal relaxation times of the respective sample classes. The
combination of Cu as a buffer layer and a thermally oxi-
dized Si substrate seems to speed up the relaxation time.

The obtained results indicate that a picosecond control
of the free layer magnetization in spin-valve or TMR sys-
tems can be achieved by a photocontrol of the F/AF ex-
change coupling. The measured transient exchange bias
and coercive fields can be interpreted in terms of an inter-
nal pulse field capable of triggering precessional motion
of the F layer magnetization (see Fig. 4). The observed
photomodulation of the exchange bias field for the pre-
sented example of a IrMn/CoFe system leads to a change
of the equilibrium orientation of the F layer magnetiza-
tion. A transient internal field is launched, which trig-
gers precessional magnetization dynamics due to a torque
following the initial “kick” on the F layer magnetization
upon photoexcitation [16]. Thus, heat-induced coherent
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precessional magnetization rotation or even ultrafast
switching with internal anisotropy pulse fields and tem-
peratures involved far below the Curie temperatures of
single F layers become feasible.

5 Summary

It has been shown that picosecond short optical pulses can
affect the magnetization reversal behaviour of exchange
bias systems on a short picosecond timescale. The induced
partial decoupling of the ferromagnetic layer from the an-
tiferromagnet can even lead to a high frequency preces-
sional response of the magnetization of the ferromagnetic
layer. The internal relaxation time constants for FeMn,
IrMn and NiMn based exchange bias bilayers turn out to
be quite comparable. However, different heat conduction
properties of the investigated material systems account for
distinct differences of the speed of the internal relaxation
process upon photoexcitation.
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