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We show that the magnetization of a thin ferromagnetic (Ga,Mn)As layer can be modulated by

picosecond acoustic pulses. In this approach a picosecond strain pulse injected into the structure induces a

tilt of the magnetization vector M, followed by the precession of M around its equilibrium orientation.

This effect can be understood in terms of changes in magnetocrystalline anisotropy induced by the pulse.

A model where only one anisotropy constant is affected by the strain pulse provides a good description of

the observed time-dependent response.
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The success of semiconductors in today’s modern tech-
nology arises from our ability to tailor their electrical and
optical properties on a detailed level. High crystal quality
of semiconductors allows one to implement tools for fast
manipulation of properties, which is of interest both for
fundamental studies and for applications. In this respect,
manipulation by high-frequency (109–1012 Hz) acoustic
waves has become increasingly attractive for extending
traditional acousto-electronics and acousto-optics to giga-
hertz (GHz) and terahertz (THz) frequency ranges [1].
During the last decade intense efforts have been under-
taken to extend the application spectrum by making semi-
conductors also magnetic. Therefore one might also seek
for ultrafast control of semiconductor magnetism by high-
frequency sound. Access to such control could be obtained
through the strong sensitivity of the magneto-crystalline
anisotropy (MCA) in ferromagnetic semiconductors, such
as (Ga,Mn)As to strain [2–4].

Several methods to control MCA in (Ga,Mn)As films by
applying an electric field and varying doping have already
been developed [5–9]. In ultrafast experiments, modulation
of MCA was realized by optically induced increases of
carrier density and lattice temperature [10–12]; as well as
femtosecond switching of magnetization [13] was demon-
strated. The application of ultrafast optical methods, how-
ever, is limited by effects such as simultaneous generation
of large numbers of nonequilibrium carriers and phonons.
The control of MCA by acoustic waves would allow ultra-
fast manipulations of magnetization in a ferromagnetic
semiconductor without these side effects.

The goal of the present work is to inject an ultrashort
high-amplitude acoustic wave packet into a ferromagnetic
(Ga,Mn)As layer, and to monitor the relevant magnetiza-
tion changes. We use the methods of ultrafast acoustics,
which enable the generation of picosecond strain pulses in

solids [14]. Strain pulses with the amplitude up to 10�3

generated by femtosecond optical pulses in thin metal films
and injected into crystalline substrates (e.g., GaAs) have
been shown to travel over millimeter distances at low
temperatures, and up to 100 �m at room temperature
[15]. Such a strain pulse has a direct, short and intense
impact on the MCA of the layer, and thus can act as an
instrument for magnetization control.
In this Letter we show that strain pulses injected into a

ferromagnetic (Ga,Mn)As layer induce a tilt of magneti-
zation from its stationary equilibrium orientation, followed
by coherent precession of the magnetization at a frequency
of �10 GHz. This process can be well described by a
simple model where the strain pulse induces a change in
the MCA of (Ga,Mn)As.
The sample used in our studies consists of a single

Ga0:95Mn0:05As layer with a thickness d ¼ 200 nm grown
by low-temperature molecular beam epitaxy on a semi-
insulating (001) GaAs substrate. SQUID magnetometery
shows that the Curie temperature of the sample is 60 K and
the saturation magnetization M is 20 emu=cm3. The mag-
netic layer is under an in-plane compressive strain that leads
to an in-plane orientation of easy magnetization axis [3].
The values of the internal strain components obtained from
x-ray diffraction are �2� 10�3 for the in-plane compres-
sive strain, and 1:9� 10�3 for the out-of-plane tensile
strain. In the absence of an external magnetic field the
spontaneous magnetization M of magnetic domains lies
in the layer plane at low temperatures. The magnetic field
B applied along the z axis (i.e., perpendicular to the layer)
turns M out of the layer plane, as shown in Fig. 1(a). We
will describe the direction of M in a single magnetic
domain by the angles � and c as defined in Fig. 1(a).
Our experiments were carried out at T ¼ 1:6 K in a

cryostat equipped with a superconducting magnet. The
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projection of M on the z axis, Mz ¼ M cos�, is measured
by monitoring the Kerr rotation (KR), i.e., the angle ’
between the linear polarizations of the light incident on and
reflected from the (Ga,Mn)As layer, given by

’ ¼ arctan

�
Re

�
i
rþ � r�

rþ þ r�

��
; (1)

where rþ and r� are complex reflection coefficients for
left- and right-handed circularly polarized light. In general,
a difference between rþ and r� may arise from several
causes. In (Ga,Mn)As layers KR has a contribution from
the magneto-optical Kerr effect [16] and in our experimen-
tal geometry the KR angle ’ is proportional to the M
component along the z axis, Mz, i.e., ’ / Mz.

Figure 1(b) shows the magnetic field dependence of the
angle ’ at stationary equilibrium conditions. The mea-
sured field dependence of this quantity is typical for
(Ga,Mn)As layers with the easy magnetization axis in the
(001) plane [17]. Note that the value of ’—and thus of
Mz—increases with B and finally saturates at B> 2 kOe,
i.e., when M k B and Mz ¼ M. The dip or kick observed
around B ¼ 1 kOe is known to be caused by optical

interference effects [17]. The field dependence of the
magnetization can be analyzed by minimizing the free
energy with respect to �, as described in Ref. [18], allowing
us to obtain the anisotropy parameters H2?, H4?, H2k, and
H4k of the sample, i.e., the perpendicular uniaxial, perpen-

dicular cubic, in-plane uniaxial, and in-plane cubic anisot-
ropy fields, respectively. The following values of
anisotropy fields provide the best fit of the experimental
curve: ð4�MþH2?Þ ¼ 1:82 kOe, H4? ¼ 0:66 kOe,
H2k ¼ 0, and H4k ¼ 1:97 kOe. These values are typical

for ferromagnetic (Ga,Mn)As layers with Mn content of
ca. 5% and with in-plane easy magnetization axes along
[100] or [010] directions [18].
In the ultrafast acoustic experiments [Fig. 1(c)] we

generate strain pulses, which modify the MCA, thus, caus-
ing the magnetization to turn from its equilibrium position,
and monitor in real time the resulting changes in Mz.
Picosecond strain pulses are generated in a 100-nm thick
Al film deposited on the back side of the GaAs substrate.
The film is excited by optical pump pulses from an ampli-
fied femtosecond laser. The calculated [19] spatial shape of
the strain pulse "zzðz; tÞ injected into the substrate is shown
in Fig. 1(d). The pulse propagates in GaAs with a longitu-
dinal sound velocity � ¼ 4:8 km=s, and in time t0 ¼
l0=� � 22 ns (where l0 ¼ 105 �m is the substrate thick-
ness) reaches the magnetic layer. At the open surface of the
film the strain pulse is reflected with a phase invertion, and
travels back towards the GaAs substrate. Thus the thick-
ness d of the (Ga,Mn)As layer is modulated by the strain
pulse. The temporal profile of the relative layer thickness
modulation can be written as

�"ðtÞ ¼ �dðtÞ
d

¼ 1

d

Z d

0
"zzðt; zÞdz; (2)

where �dðtÞ is the time evolution of the film thickness
change, and z ¼ 0 corresponds to the interface between the
GaAs substrate and (Ga,Mn)As film. The time evolution of
�"ðtÞ for our experimental conditions is shown in Fig. 1(e)
by the solid line. It is seen that the strain pulse results in
compressive and tensile perturbations of the film, separated
by intervals when �d ¼ 0.
The time evolution of the magnetization is monitored by

probing Mz with subpicosecond time resolution. We mea-
sure the strain-induced modulation of the KR angle ’ as a
function of the time delay t between pump and probe
pulses. The optical probe pulse, split from the same laser
beam, is focused to the spot on the (Ga,Mn)As layer
opposite to the pump excitation [Fig. 1(c)]. Figure 2(a)
shows the time evolution of the KR angle change �’ðtÞ
measured at different B, where t ¼ 0 corresponds to the
time when the strain pulse reaches the (Ga,Mn)As layer. In
the time interval from t ¼ 0 to t ¼ 125 ps indicated in
Fig. 2(a) by the vertical arrow the strain pulse travels
through the (Ga,Mn)As layer to the edge of the sample
and back to the GaAs substrate, so that for t > 125 ps the
acoustic wave packet is no more present in the (Ga,Mn)As
layer. The remarkable experimental result is that in the
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FIG. 1 (color online). (a) Schematic of sample and magnetic
field orientations. The precession of M around its equilibrium
direction results in a modulation of Mz. (b) Magnetic field
dependence of the KR angle measured in the absence of strain
pulses. (c) Schematic of pump-probe experiments with strain
pulses. The laser characteristics are wavelength 800 nm, pulse
duration 200-fs, repetition rate 100 kHz; pump and probe spot
diameters are 300 and 150-�m respectively; the energy density
per pulse are 2 mJ=cm2 (pump) and 10 �J=cm2 (probe).
(d) Spatial shape of strain pulse "zz injected into the GaAs
substrate. (e) Time evolution of relative thickness of the
(Ga,Mn)As layer �"ðtÞ.
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field range 0<B< 2 kOe and at t > 150 ps, i.e., after the
strain pulse itself has already left the ferromagnetic layer,
the KR signal shows pronounced oscillations with a fre-
quency �10 GHz. These low-frequency oscillations are
not detected at B ¼ 0. They only appear when B is applied;
and they disappear at high magnetic fields above 2.5 kOe.
These oscillations last for times�1 ns and their frequency
and amplitude depend on B. As an example, the KR signal
obtained at B ¼ 0:8 kOe, where the low-frequency oscil-
lations have the highest amplitude, is shown in Fig. 2(b).

In addition to these low-frequency oscillations, �’ðtÞ
also reveals more complex fast oscillating features.
Specifically, high-frequency oscillations of about 44 GHz
are observed at B> 1 kOe in a wide time interval.
Oscillations of this type have been seen earlier in GaAs
[20], and are ascribed to interference of the probe beams
reflected from the sample surface and from the strain wave
packet propagating in the sample. Magnetic field makes

these oscillations evident in the KR due to the circular
dichroism of the paramagnetic GaAs substrate when the
strain pulse propagates through it at t < 0 and t > 125 ps
[see Eq. (1)]. There is also a pronounced fast oscillating
contribution to �’ðtÞ in the time interval 0< t < 125 ps,
i.e., when the strain pulse is traveling in the (Ga,Mn)As
layer. This high-frequency contribution is present at all
fields, including B ¼ 0. Apparently this contribution is
due to the anisotropy of the elasto-optical constants in
the strained (Ga,Mn)As layer. We also do not exclude the
modification of elastic properties due to interaction of
phonons with the magnetic excitation. A detailed analysis
of this observation should be performed in terms of the
theoretical approach presented in Ref. [21], but this is
beyond the scope of the present work.
All contributions, including slow oscillations, are in-

duced by the strain pulse, and we safely can exclude the
effect of the heat pulse generated in the metal film together
with the strain pulses. The heat pulse is the flux of inco-
herent ballistic phonons which follow the strain pulse with
a delay �100 ps, and has duration longer than 200 ps
depending on the excitation power [22]. Thus, the heat
pulse cannot induce the coherent signals shown in Fig. 2.
The abrupt decrease of the signal [see inset in Fig. 2(b)],
when the pump and the probe excitation are not opposite to
each other, supports the statement that LA heat pulses are
insignificant in the described experiments [23].
In what follows we will concentrate on the long-lived

low-frequency oscillations of �’ðtÞ, which we attribute to
the modulation of Mz in (Ga,Mn)As. We consider these
oscillations to be due to the strain-induced tilt of the
magnetization vectorM, followed by a coherent precession
of M around its equilibrium direction. The frequency of
these oscillations is in the GHz range typical for such
precession, as established by ferromagnetic resonance
experiments [24]. The amplitude of the oscillations is
expected to be negligible at B ¼ 0, where the net
z component of M vanishes. At high fields, B> 2 kOe,
M is practically parallel to B (� ! 0), and the temporal
modulation ofMz also becomes negligibly small. Thus, the
strain-induced tilt of the magnetization and its precession
should be most conspicuous in the range of magnetic field
where the direction of M is determined by the balance
between the external magnetic field and the MCA field. All
these arguments can be applied to the behavior of �’ðtÞ
observed experimentally in the range 0<B< 2 kOe.
We now analyze the magnetization kinetics associated

with the strain pulse propagating in the (Ga,Mn)As layer.
In the presence of a magnetic field applied normal to the
layer, a (Ga,Mn)As film with a thickness of 200 nm has a
single value of Mz, in that respect behaving like a single
domain [25]. We may, therefore, express quantitatively
the temporal evolution of magnetic anisotropy in the
(Ga,Mn)As layer through the relative change of the layer
thickness �"ðtÞ given by Eq. (2). Since then any modifica-
tion of the built-in stationary strain produced by �"ðtÞ will
tilt the equilibrium magnetization by an angle ��"ðtÞ
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FIG. 2 (color online). Strain pulse-induced KR angle changes
�’ðtÞ measured at various magnetic fields (a) and at B ¼
0:8 kOe (b). The value t ¼ 0 corresponds to the time when the
strain pulse enters the (Ga,Mn)As layer, and the vertical arrow
shown in panel (a) indicates the time when the strain pulse leaves
the (Ga,Mn)As layer. The thick solid curve in (b) is �MzðtÞ=M
calculated for d�=d"zz ¼ 60 rad, F ¼ 6:86 GHz and for a pre-
cession decay time of 400 ps. Inset in (b): �’ðtÞ when the pump
excitation is opposite to the probe spot (thin red line) and when
they are displaced by 100 �m (thick blue line); the diameters of
pump and probe spots are 100 and 50 �m, respectively.
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relative to its unperturbed stationary direction. When �"ðtÞ
is much less than the built-in equilibrium strain, ��"ðtÞ is
proportional to �"ðtÞ and we may write

��"ðtÞ ¼ d�

d"zz
�"ðtÞ ¼ d�

dH2?
dH2?
d"zz

�"ðtÞ: (3)

In Eq. (3) we have assumed that �"ðtÞ changes only the value
of the uniaxial perpendicular term H2? of magnetocrystal-
line anisotropy, and the magnetization is tilted only by the
change in the angle � [26].

To simplify the analysis, we approximate �"ðtÞ by square
pulses shown in Fig. 1(e) by dash-dot lines. Then in the
time intervals when �"ðtÞ remains constantMðtÞ possesses a
circular precession with frequency F around the direction
defined by � and ��"ðtÞ. Every time when �"ðtÞ changes to
another constant value, MðtÞ starts to precess circularly
around another, corresponding to �"ðtÞ, direction. With this
simplification we seek the values of d�=d"zz and the
precession frequency F that give the best agreement be-
tween the calculated temporal evolution of �Mz=M and
the detected KR signal �’ðtÞ at a given field. An example
of the fit �MzðtÞ=M for d�=d"zz ¼ 60 radian and F ¼
6:86 GHz, which fits well the experimental signal for B ¼
0:8 kOe is shown by the solid line in Fig. 2(b). A similar
procedure was used for other values of B, yielding the
corresponding magnetic field dependences of d�=d"zz
and F, which are shown by symbols in Fig. 3. The solid
curve in Fig. 3(a) shows the magnetic field dependence of
the frequency F calculated using the MAC parameters for
our sample (for details see Ref. [18]). The experimental
and calculated dependences demonstrate a clear decrease
of F with increasing B, and agree well with each other. The
solid curve in Fig. 3(b) is the calculated dependence of
d�=d"zz obtained by minimizing the free energy with
respect to �, assuming a field-independent value of
dH2?=d"zz as a fitting parameter [see Eq. (3)]. Excellent

agreement with experimental data is achieved using
dH2?=d"zz ¼ 850 kOe. This value is in good agreement
with the data recently reported for several (Ga,Mn)As
samples [3].
To conclude, we have demonstrated the effect of high-

frequency acoustic pulses on the magnetization of a ferro-
magnetic (Ga,Mn)As layer. Based on the experimental
results, we suggest that control of magnetization by
sub-THz acoustic pulses may be realized.
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