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The interface and bulk magnetization dynamics of single-crystalline, wedge-shaped Fe�001� thin
films with Cr cap layers have been studied by time-resolved magneto-optical Kerr effect �MOKE�
and time-resolved magnetization-induced second harmonic generation �MSHG� using an all-optical
pump-probe technique. We observed long-lived ��1 ns� MOKE and MSHG oscillations excited by
ultrashort ��150 fs� optical pulses. They exhibit the same main resonance frequency f and damping
constant. However, a 90° phase shift was observed between linear and nonlinear responses proving
that MOKE and MSHG oscillations are related to the temporal variations of different magnetization
components Mz and My. Additionally, we found weak oscillations at the double frequency 2f .
Comparing the results of static and dynamic MSHG measurements we evaluate the in-plane
amplitude of the optically excited interfacial magnetization oscillations. © 2008 American Institute
of Physics. �DOI: 10.1063/1.3005884�

I. INTRODUCTION

Currently, the issue of magnetization dynamics is in-
tensely studied both in thin magnetic films and bulk crystals.
Of particular interest is the dynamic response induced by
ultrashort optical pulses.1–5 The practical interest in this type
of excitation mechanism is driven by the possibility of ul-
trafast optical switching of local magnetic areas, which
might be used for the development of new types of optomag-
netic devices for information and data processing technology.
From a more fundamental point of view this optical approach
allows us to investigate the microscopic mechanisms govern-
ing the excitation of magnetization dynamics on a very short
time scale and to test the applicability, the limits, and validity
of the classical Landau–Lifshitz–Gilbert �LLG� formalism.

Epitaxial Fe/Cr and Fe/Cr/Fe structures are well known
with respect to their magnetic properties and have been stud-
ied by a variety of different methods �ferromagnetic reso-
nance �FMR�, Brillouin light scattering �BLS�, magneto-
optical Kerr effect �MOKE��.6–8 Since the discovery of giant
magnetoresistance �GMR�9,10 Fe/Cr is considered as a model
system of the physics of ferromagnetism in reduced dimen-
sions. One of its particular features is a fourfold or biaxial
in-plane magnetic anisotropy. In Ref. 11 using an all-optical
pump-probe approach on the basis of the linear time-
resolved MOKE �TR-MOKE�, a long-living magnetization
precession was excited and investigated in such biaxial Fe/Cr
films with a magnetic field applied in the film plane. In these
previous experiments we have shown that the oscillation fre-
quency, excitation efficiency, angle, and field variations of
the magnetization oscillations are determined by the mag-
netic anisotropy parameters, orientation, and magnitude of

the magnetic field, and that they may be satisfactorily de-
scribed taking into account the excitation of a uniform pre-
cessional mode.

It is important to realize that the magnetization dynamics
probed by the TR-MOKE method reflects basically the prop-
erties of the bulk magnetization. The reason is that the mag-
nitude of the Kerr effect stems from a signal accumulated
along the entire thickness of the film, provided the latter is
smaller than the information depth of the light. The dynamic
behavior of the interfacial magnetization, however, is usually
masked by the bulk signal in this approach. In order to probe
the interface magnetization selectively, a different technique
is needed. This can be obtained by means of time-resolved
magnetization-induced second-harmonic generation
�TR-MSHG�.12,13 In this method a pulsed pump beam excites
the magnetization precession and a femtosecond probe pulse
is used to generate a magnetic second harmonic generation
�MSHG� signal, the amplitude of which depends on the tran-
sient magnetic state at a time delay �t after the excitation. It
is known that SHG as well as magnetic SHG in magnetic
thin films and multilayers with centrosymmetric structure
originates from a very narrow region of 1 or 2 ML �mono-
layer� at the surface or interface. In this region the inversion
symmetry is broken and, therefore, the generation of a elec-
trodipole second harmonic radiation is allowed.14 An analy-
sis of this MSHG signal gives a selective access to the mag-
netodynamic response at the interfaces.

The investigation of MSHG in exchange coupled Fe/
Cr/Fe and Fe/Cr structures15 showed that for incidence
angles close to the surface normal the nonlinear response in
different polarization combinations �pp ,ss , ps ,sp� is related
to different in-plane interfacial magnetization components.
This feature can be exploited to investigate not only the
static but particularly also the dynamical behavior of differ-
ent in-plane magnetization components at the interface. Ita�Electronic mail: rzhev@mail.ioffe.ru.
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should be noted, however, that although the TR-MOKE
method allows one to quite precisely extract the frequencies
and damping of the magnetization oscillations in wide range
of magnetic fields, the absolute values of the oscillation am-
plitudes can only be determined approximately. This limita-
tion is related to the fact that the rotation of the polarization
plane of the reflected probe beam in these experiments is due
to the polar Kerr effect and is thus defined mainly by oscil-
lations of the magnetization component normal to the film
plane Mz. At the same time the amplitude of the out-of-plane
magnetization oscillations is much smaller than those taking
place in the film plane. Due to the strong demagnetizing
fields in a thin film the magnetization vector oscillates on
strongly elongated elliptical trajectories. Therefore, the am-
plitude of the magnetization oscillations in the film plane
might be determined only approximately based on theoretical
estimations of the ellipticity of magnetization trajectory. The
combination of static MSHG and dynamical TR-MSHG
measurements, on the other hand, gives the possibility to
specifically evaluate the amplitude of the oscillations of in-
plane magnetization components.

The TR-MSHG has been employed to study subnanosec-
ond magnetization dynamics in Permalloy,16 Ni and Co films
on Cu�001�,17 antiferromagnetic Cr2O3,18 and NiO,19 Gd thin
films,20,21 and exchange-biased Mn/Co films.22 In Refs.
23–25 MOKE, MSHG, as well as TR-MOKE and TR-
MSHG methods were used to investigate the switching pro-
cess and the bulk and interfacial magnetization dynamics in
epitaxial AlGaAs/Fe films. It was shown that the switching
of the magnetization as well as the magnetization dynamics,
i.e., the resonance frequencies of the free magnetization pre-
cession, may differ in the bulk and at the interface. This
finding was interpreted as an indication that the interfacial
and bulk magnetization contributions in AlGaAs/Fe may be
to some extent decoupled. This interesting result immedi-
ately raises several questions: in which way is the interface
magnetic anisotropy transmitted to the bulk, what is the Cu-
rie temperature of a quasi-two-dimensional interface, is the
decoupling of the bulk and interfacial magnetizations a spe-
cific feature of AlGaAs/Fe films or it is a general property of
epitaxial Fe films, and what is the microscopic origin of such
a weak coupling?

In this work we employed both TR-MOKE and TR-
MSHG methods to study interfacial and bulk magnetization
dynamics induced by ultrafast laser pulses in epitaxial
GaAs�100�/Ag/Fe/Cr structures. Additionally, the static field
dependencies of the MSHG response were measured at the
same experimental conditions allowing us to extract the non-
linear optical susceptibilities necessary for the numerical
analysis of the results. We show that in Fe/Cr films the os-
cillations of the interfacial and bulk magnetizations occur at
the same frequency f , which also corresponds to the uniform
mode frequency. The presence of a weak frequency-doubled
�2f� component in the Fourier spectrum may be associated
with a nonlinear dependence of the SHG signal �I2�� on the
azimuth of interfacial magnetization. The 90° phase shift be-
tween the TR-MSHG and TR-MOKE oscillations confirms
that the oscillations are caused by in-plane and out-of-plane
magnetization components, respectively, with the magnetiza-

tion vector oscillating on strongly elliptical trajectories with
a large in-plane axis. Based on the comparison of the MSHG
field dependencies with TR-MSHG data the amplitude of the
in-plane magnetization oscillations is estimated to about 13°.

II. EXPERIMENTAL ASPECTS

Wedge-shaped Fe films �thickness d=10–50 nm� were
grown by molecular beam epitaxy onto GaAs�001� sub-
strates, with a Ag �150 nm�/Fe �1 nm� buffer layer being
deposited prior to the Fe film growth in order to provide
better epitaxy.26 The structure was covered by a Cr �2 nm�
protective cap layer. The quality of the films has been moni-
tored in situ by reflection high-energy electron diffraction
during the growth process. Both Fe and Cr layers crystallize
in the bcc structure, which for Fe gives rise to cubic magne-
tocrystalline anisotropy. The strong demagnetizing field of
the thin film geometry confines the static magnetization for
our film thicknesses predominantly in the film plane even in
the presence of positive interface anisotropy contributions
�easy axis parallel to the surface normal� at the Fe/Ag and
Fe/Cr interfaces. Therefore, the overall magnetic anisotropy
of the Fe layers can be described by an effective in-plane,
fourfold anisotropy energy.

After deposition the sample was removed from the
chamber and mounted onto a sample holder allowing a 360°
rotation around the surface normal. All measurements were
performed at room temperature �T=294 K�. The geometry
of the experiment and the definitions of the angles are given
in Fig. 1.

The dynamic response of the magnetization M resulting
in TR-MSHG and TR-MOKE signals was induced by short
150 fs pump-light pulses at �=800 nm �Eph=��
=1.55 eV� generated by a regenerative amplifier �Spitfire-
Pro, SpectraPhysics� with 1 kHz repetition rate at the normal
incidence. In the case of TR-MSHG a photon counting tech-
nique was employed to record the pump-pulse-induced SHG
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FIG. 1. �Color online� Geometry of the all-optical TR-MOKE and SHG
pump-probe experiment for a fourfold anisotropic system: Here, the �h1 ,h2�
hard and �e1 ,e2� easy axes correspond to the �110� and �100�-type crystal-
lographic directions in the Fe film plane, respectively. X ,Y ,Z is a laboratory
coordinate system; H the external field; �: azimuth of the hard axis h1; �:
angle between magnetization M and hard axis h1; �: azimuthal angle of M;
�: angle of incidence.
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intensity changes of the probe beam at the double frequency
�=400 nm �Eph=2��=3.10 eV�. The fundamental light at
�=800 nm was rejected by placing a blue filter �BG-39� into
the reflected beam. The counting time of each experimental
point was set to 10–20 s. In the case of TR-MOKE, a lock-in
technique and differential photodetector were used to mea-
sure the pump-pulse-induced polarization plane rotation
changes in the probe beam. In both approaches the probe
beam incidence angle was fixed at ��10°. The diameters of
the surface illuminated area were �1 and �0.3 mm with an
average power of 10 and 3 mW for the pump and probe
beam, respectively. The measurements of TR-MSHG and
TR-MOKE were carried out at a magnetic field of 0.5 kOe
oriented close to a hard axis direction ��=2°�, since at this
field value and orientation the maximal amplitude of the co-
herent magnetization oscillations has been observed.11 In ad-
dition, the nonuniform magnetic structure due to domains
having opposite projections of M on the y axis is also
absent.27

The static MSHG and MOKE field dependencies were
measured in magnetic fields up to 3 kOe applied parallel to
the sample surface in the plane of incident light �longitudinal
geometry�. It is important to note that both TR-MSHG and
MSHG measurements were performed at the same experi-
mental conditions, i.e., using the same experimental setup
with the same light excitation power, incident angles, and

polarization of the probe beam used to obtain the MSHG
signal.

III. EXPERIMENTAL RESULTS

In Figs. 2�a� and 2�b� the MOKE and MSHG intensity
versus time profiles on an Fe �26 nm�/Cr �2 nm� film for the
pp polarization combination are shown. The data have been
recorded at an in-plane magnetic field H=0.5 kOe and an
azimuth angle of �=2° relative to the hard axis. For reasons
of convenience a constant offset of �2500 counts is sub-
tracted. The main magnetization oscillations in both TR-
MOKE and TR-MSHG signals take place at the same fre-
quency f =6.5 GHz. In addition, they are characterized by
quite similar values of the damping parameter. At the same
time—as follows from Fig. 2�c�—the TR-MSHG and TR-
MOKE oscillations have a phase shift of �90°. Analogous
results �not shown here� were obtained at different iron layer
thicknesses.

In Figs. 3�a� and 3�b� the fast Fourier transform �FFT�
results for the MOKE and MSHG time profiles in Fe �26
nm�/Cr �2 nm� and Fe �32 nm�/Cr �2 nm� films are shown.
The direction and magnitude of the magnetic field are the
same as in Fig. 2. As one can see the Fourier spectrum of the
TR-MOKE signal shows the presence of strong oscillations
at the main frequency f =6.5 GHz �Fe �26 nm�� and f
=5.9 GHz �Fe �32 nm��, which corresponds to the frequency
of the uniform precession mode. Furthermore, we observe
very weak oscillations close to the noise level at the double
frequency 2f . In contrast to this behavior, the oscillations at
doubled frequency can be clearly discerned in the Fourier
spectrum of the TR-MSHG response. The 2f amplitude is
only five times smaller than the oscillations occurring on the
main frequency f . The ��1 GHz� shift of the main fre-

FIG. 2. Time profiles of �a� the MSHG and �b� the Kerr rotation in pp
polarization combination for a Fe �26 nm�/Cr �2 nm� bilayer at H
=0.5 kOe and �=2°: A constant offset of about 2500 counts is subtracted in
�a� for clarity. �c� TR-MOKE and TR-MSHG signals on an expanded time
scale reveal a 90° phase shift.

FIG. 3. �Color online� Fourier transforms of the �a� TR-MOKE and �b�
TR-MSHG signals for Fe �26 nm�/Cr �2 nm� and Fe �32 nm�/Cr �2 nm� films
measured under the same conditions as in Fig. 2.
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quency to higher values between the Fe �26 nm� and Fe �32
nm� films might be caused by the change in the effective
in-plane magnetic anisotropy K1 due to an increase in the
interfacial contribution to K1 as the film becomes thinner.
Another possible reason may be a minute uncertainty in the
position of the azimuthal angle �, because at H=0.5 kOe the
resonance frequency f drastically depends on �.

Thus, in our GaAs�001�/Ag/Fe/Cr films at the experi-
mental conditions chosen, we find that the values of main
oscillation frequencies f measured by TR-MSHG and TR-
MOKE agree within the experimental uncertainty. The phase
of these oscillations, however, differs by 90°. The remark-
able oscillations at 2f also appear in the Fourier spectrum of
the TR-MSHG response, while they are only very weak in
the Fourier spectrum of TR-MOKE signal.

IV. CALCULATIONS AND DISCUSSION

For the analysis of the experimental results we use ex-
pressions linking the MSHG intensity in different polariza-
tion combinations with components of the interfacial magne-
tization M.15,28–30 We follow the arguments given in Ref. 15,
which base the analysis on the use of effective nonlinear
susceptibilities 	ijk

eff accounting for �i� possible differences be-
tween the top and bottom interfaces, �ii� light absorption at
the frequencies � and 2�, and �iii� angle of incidence close
to the surface normal ���10°�. Using this approach, the
expression for the nonlinear response in pp polarization
combination for a C4v point symmetry group ��100�-type sur-
face� has a form15

I2f = A�	xxx
eff My + 
n��2 = A��	xxx

eff �2My
2 + �
n��2 + 2�	xxx

eff t�

��
n��My cos �	 , �1�

where A is a parameter depending on the intensity of the
fundamental light; 	xxx

eff is odd in M and 
n= �2	xzx
eff /n

+N	zxx
eff � is the nonmagnetic contribution to the nonlinear re-

sponse, respectively; n and N are refraction indices at � and
2�; � is the incidence angle; � is the phase shift, since 	xxx

eff

and 
n are complex numbers.
As it follows from Eq. �1�, the MSHG intensity for the

pp polarization combination is defined by the My interfacial
magnetization component and contains both linear and qua-
dratic on My contributions. To define the values of the pa-
rameters entering into Eq. �1�, we investigated the field de-
pendencies of the MSHG presponse in pp configuration.
Equation �1� can be used to describe the experimental field
dependencies of the MSHG signal, provided the changes in
the Mx and My components depending on the magnitude and
direction of the applied magnetic field H are known.

To calculate the Mx and My field dependencies the fol-
lowing expression for the magnetic energy density �m may be
used:


m = − HMs cos � +
K1

4
cos2�2�� , �2�

where the first and second terms correspond to the Zeeman
and fourfold in-plane magnetic anisotropy energies, respec-
tively. Ms is the saturation magnetization; K1 is the magnetic
anisotropy constant; � is the angle between magnetization M

and magnetic field H; � is the angle between M and the hard
axis h1 �see Fig. 1�. The saturation magnetization value M
=1.71 kG of bulk Fe and the expression 2K1 /Ms

= �0.55–2.5 /d�ML�� kOe �Ref. 6� to define the anisotropy
constant have been used in the calculations of �m. The mini-
mization of Eq. �2� allows us to define the equilibrium ori-
entation of the magnetization M in the film plane depending
on the direction and magnitude of the applied magnetic field
H. The parameters A�	xxx

eff �2, A�
n��2, and 2A�	xxx
eff ��
n��cos �

can then be determined from the experimental values I2��H
→ +0�, I2��H→−0�, and I2���Hs� for the corresponding pp
polarization combination. In Figs. 4�a� and 4�b� the experi-
mental and calculated MSHG field dependencies are shown.

Since the static field dependencies and laser pulse-
induced time-dependent variations of the MSHG response
were measured at the same experimental conditions the fit
parameters describing the static field variations of the MSHG
signal may also be used to calculate the amplitude and Fou-
rier spectra of the TR-MSHG oscillations. The results of the
calculations are shown in Fig. 5. In fact, the MSHG changes
for both static and dynamic measurements are caused by
magnetization rotations, except that in the first case the
�slow� magnetization rotation is due to external magnetic
field, while in the second case the �fast� rotation is caused by
the free magnetization oscillations. In Fig. 5�a� the experi-
mental and calculated �by use of Eq. �1�� time variations of
the MSHG signal for the Fe �26 nm� film are shown. The
calculations were performed assuming that the azimuthal
angle of the magnetization � is varying with time t according
to the equation:

FIG. 4. �Color online� Magnetic field dependence of the MSHG intensity in
�a� Fe �26 nm� and �b� Fe �34 nm� films: The red line shows calculations
using Eq. �1� at the following set of parameters A�	eff�2=5600 �counts�,
A�
n��2=1700 �counts�, 2A�	eff��
n��cos �=2490 �counts� for Fe �26 nm�
film and A�	eff�2=1920 �counts�, A�
n��2=1960 �counts�,
2A�	eff��
n��cos �=1360�counts� for Fe �34 nm� film.

FIG. 5. �Color online� �a� Experimental �black� and calculated �red� tempo-
ral MSHG intensity variations in Fe �26 nm� film after applying an ul-
trashort laser pulse: The calculations are performed using Eq. �1� and the
parameters obtained by fitting the static MSHG field dependencies shown in
Fig. 4. �b� Fourier spectrum of the calculated time profile in �a�.
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��t� = ��H� + �0 exp�− 
t�cos�2�ft + �� , �3�

where ��H�—an equilibrium azimuth of the magnetization at
the field H, �0-amplitude of oscillations, 
—damping, f
=6.5 GHz-oscillation frequency, �—initial phase of oscilla-
tions.

The best agreement between the experimental and calcu-
lated field variations is obtained at a maximum amplitude of
the oscillations of �0=13°. The large amplitude value means
that at the excitation power given the system may be already
at the threshold of the applicability of the LLG equations. As
it is known, these equations are linearized and only valid for
small deflections m� of the magnetization vector from the
equilibrium value, i.e., m��M. When the oscillation ampli-
tude takes a significant value, i.e., �0�10°, the linearized
LLG equations will give only approximate solutions. At a
deflection angle of 13° from the equilibrium orientation the
magnitude of m� is about 22% of M, i.e., only five times
smaller than M and effects of higher order �nonlinear� may
be expected.

The Fourier spectrum �Fig. 5�b�� of the calculated
MSHG oscillations shown in Fig. 5�a� displays a strong first
harmonic and a much weaker 2f second harmonic contribu-
tion. The appearance of oscillations at a frequency of 2f for
the calculated TR-MSHG, as it follows from Eq. �1�, is due
to a nonlinearity of the I2� function. The relation �A2f /Af�
between the amplitudes of the 2f and f frequency contribu-
tions is about 0.05. The same relation �A2f /Af� obtained from
the experimental data �Fig. 3�b��, however, is about three
times larger. This discrepancy suggests that the optical non-
linearity involved in Eq. �1� is not the only reason for the
appearance of a 2f TR-MSHG signal and, most probably, a
magnetic nonlinearity �beyond the linearized LLG equations�
should be also taken into account. For example, a depen-
dence of the damping on the intensity of the laser excitation
pump pulse in CrO2 films was recently reported in Ref. 31. It
seems that the explanation of this phenomenon must include
higher order expansions in the description of the magnetiza-
tion dynamics as compared to the linearized LLG equations.

The phase shift observed between the MOKE and
MSHG oscillations �Fig. 2� is a clear evidence that the linear
response relates to the polar Kerr effect and is caused by
time variations of the magnetization component normal to
the film plane. On the other hand, the nonlinear response is
related to changes in the in-plane magnetization component.
Since the oscillations happen on strongly elongated elliptical
trajectories around of the effective field Heff oriented in the
film plane, the phase shift between the two effects should be
90° as observed in the experiment.

V. CONCLUSIONS

Our investigations show that in GaAs�001�/Ag/Fe/
Cr—in contrast to AlGaAs/Fe films—the oscillations of the
interfacial and bulk magnetizations appear at the same fre-
quency corresponding to the uniform precessional mode. Be-
sides, the field dependencies of the MOKE and MSHG in the
Fe/Cr films can be described using the same magnetic poten-

tial. This means that in these structures the interfacial and
bulk magnetization behave in a very similar way with respect
to both their static and dynamic response.

In view of our findings on the Fe/Cr films, the different
behaviors of the interfacial and bulk magnetization observed
previously in AlGaAs/Fe films must be discussed. A possible
cause for this discrepancy may be related to the different
natures of the samples, i.e., the properties of the interface
between a metal and semiconductor �AlGaAs/Fe� and be-
tween two metals �Ag/Fe and Fe/Cr�. In the former case the
interface is formed by a metal and semiconductor having a
different Oh and Td bulk crystalline structure, while in the
latter case the interface is formed by different metals having
the same Oh bulk structure. In addition to these structural
differences, the semiconductor/metal interface has a stronger
tendency for intermixing, which can have a significant influ-
ence on the magnetic properties in the entire interface-near
region. For example, the interdiffusion of As into Fe is
known to reduce the magnetic moment.32 In this way, a zone
of reduced magnetization may be formed at the interface,
which may also exhibit a reduced exchange coupling to the
bulk of the film. Such a mechanism may explain the obser-
vations in the AlGaAs/Fe system. Clearly further investiga-
tions will be needed to shed more light onto the microscopic
origin of this phenomenon.

The second main result of our work consists in the ex-
perimental determination of absolute values for the ampli-
tude of the optically excited magnetization oscillations in the
film plane. The large amplitude of the oscillations observed
��0�13°� gives evidence that the dynamical behavior of the
system is at the limit of the applicability of the linearized
LLG approach and higher order effects should be included in
the analysis of the results.
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