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Effect of picosecond strain pulses on thin layers of the ferromagnetic semiconductor (Ga,Mn)(As,P)
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The effect of picosecond acoustic strain pulses (ps-ASP) on a thin layer of (Ga,Mn)As codoped with
phosphorus was probed using magneto-optical Kerr effect (MOKE). A transient MOKE signal followed by
low-amplitude oscillations was evidenced, with a strong dependence on applied magnetic field, temperature,
and ps-ASP amplitude. Careful interferometric measurement of the layer’s thickness variation induced by the
ps-ASP allowed us to model very accurately the resulting signal, and interpret it as the strain modulated
reflectivity (differing for o, probe polarizations), independently from dynamic magnetization effects.
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I. INTRODUCTION

After a decade of research on the dilute magnetic semi-
conductor (DMS) GaMnAs leading to record Curie tempera-
tures (7) of about 185 K,! one of the current challenges is to
manipulate the magnetization on very short time scales, as is
routinely done in ferromagnetic metals®? in view of ultrafast
switching in magnetic storage devices. A number of groups
have used rapid thermal or carrier concentration modulation
with ultrafast light pulses to that end.*® In this work, we
investigate the possibility of rapid modulation of the magne-
tism of GaMnAs using picosecond acoustic strain pulses (ps-
ASP). The specific coupling between localized manganese
spins and delocalized carriers leads to an acute dependence
of the magnetic anisotropy energy and 7~ on the geometry
and filling of the valence band, mainly governed by tempera-
ture, carrier and Mn concentrations, or strain.”® The mag-
netic anisotropy of GaMnAs has thus already been tuned
quasistatically through strain by growth engineering’ or by
fitting strain actuators onto the layer.'%-!3

For ultrafast strain modifications, however, acoustic
waves are a more relevant tool, piezoelectric transducers be-
ing limited to frequencies of about 1 GHz. Predicted half a
century ago by Kittel,'* extensive work in ferromagnetic
metals'>!® has evidenced the interactions between lattice vi-
brations and spin waves with the emitted hypersonic power
reaching a maximum at the ferromagnetic resonance (FMR)
field for which the magnetization precesses uniformly
(@pronon=Oprecession)- In DMS, propagation of acoustic waves
has been reported'”!8 and only one very recent study is pro-
posing magnetization-dependent effects under acoustic strain
pulse excitation.!” Fundamental questions linked to the
carrier-mediated nature of the ferromagnetism in these mate-
rials thus remain open, such as the mechanism, dynamics and
efficiency of the coupling of lattice vibrations to spin waves
via carriers.

In this work, we report the effect of a ps-ASP on GaMnAs
codoped with phosphorus. Strain and magnetization were
studied thanks to the coupling of a Sagnac interferometer to
a time-resolved magneto-optical polar Kerr effect (TR-
MOKE) setup. Careful FMR characterization allowed us to
rule out the observed frequencies as Mn spin precession. The
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detected TR-MOKE signal was simulated using a multilayer
thin-film reflectivity model which showed that the field, tem-
perature, and magnetization dependence of the data could be
fully explained by the measured ps-ASP shape and the Zee-
man splitting dependence of the optical index.

II. SAMPLE AND METHODS

GaMnAs was alloyed with phosphorus, adjusting its con-
centration to obtain both a weak magnetic anisotropy?’?! and
a weak strain. A d=50 nm layer of
(Gag 93Mny 67) (Asg 93P o7) Was grown on a double-polished
GaAs substrate, the dopant concentrations being determined
as in Ref. 20. The layer was annealed for 1 h at 250 °C. The
perpendicular lattice parameter a ;| was determined by high-
resolution x-ray diffraction, evidencing a weakly tensile
layer with a strained lattice mismatch —2660 ppm, giving
€..=(a | —Aroiaxed) ! Aretarea=—0-127%. Finally, 30 nm of alu-
minum were deposited on the substrate side to be used as
acoustic transducer, and on half of the magnetic layer to be
used as a mirror for surface displacement measurements. Su-
perconducting quantum interference device measurements
yielded T-=116 K, and a concentration of magnetically ac-
tive manganese atoms of x¢// =5%. The magnetic anisotropy
constants obtained by FMR evidenced a very weak in-plane
easy axis. At 40 K, the uniaxial anisotropy field amounted to
BY =2K,,/M=521 G while the rest of the anisotropy coef-
ficients were B, =154 G, B4, =277 G, and By=128 G.
Adjusting the phosphorus content for a weak strain yielded a
soft magnetic layer where magnetization can be more easily
manipulated.

The sample was placed in a variable temperature He cry-
ostat. The average temperature increase due to the average
pump fluence was monitored by a Si diode glued (silver dag)
onto a Al/GaAs test sample adjoining the GaMnAsP sample.
It was found to be of AT=17 K at Ty=10 K, and AT
=7 K at Ty=81 K, for /=370 uJ cm™2. Working at high
temperatures (50-80 K) therefore limited the temperature in-
crease with fluence. In this paper, only effective sample tem-
peratures are given.

III. ACOUSTIC RESULTS

The ps-ASP are generated using a standard picosecond
acoustic scheme based on ultrafast transduction in a metallic
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FIG. 1. (Color online) (a) Schematics of the setup with the probe beam on Al for the acoustics characterization, or directly on GaMnAsP
for MOKE measurements. Definitions of the reflection, and transmission coefficients. (b) Interferometry characterization of the acoustic
strain pulse (T=58 K, \,,,,,=780 nm, and /=280 uJ cm™2): surface displacement Im(Ar/r) and corresponding strain incident on the

GaMnAsP layer. Inset: strain spectrum.

thin film.?? A first Ti:sapphire laser delivering 130 fs pulses
at foump= 80 MHz (780 nm) generates longitudinal strain
wave packets through the back-side transducer. A second
Ti:Sa laser delivers 80 fs pulses at f,,ope=1pump+Af. They
were used to detect the acoustic strain pulse after propaga-
tion through the substrate or the magnetization change in-
duced by the strain pulse on the front-side GaMnAsP layer
[Fig. 1(a)]. This asynchronous optical sampling scheme
based on the so-called stroboscopic effect has recently been
implemented in a picosecond acoustic experiment.?® This al-
ternative technique is much less sensitive to the mechanical
issues encountered in traditional delay line setups, and it al-
lows shorter acquisition times and independent tuning of
pump/probe wavelengths. The pump-probe delay range is
given by 1/f,,,, and the step size by Af/[fpl,mp(fpump
+Af)]. The time resolution, which is mainly limited by the
jitter of the lasers, was estimated around 0.5-2 ps for a 0-3
ns time window (i.e., experimental bandwidth of about 250
GHz). The main features and details of this experimental
setup will be published elsewhere.

Figure 1(b) (black line) displays the phase change in the
reflectivity Ar/r measured by a Sagnac interferometer on the
Al-deposited part of the sample. The probe beam was lin-
early polarized, with a fluence of 10 uJ cm™2 and focused to
a spot size comparable to the pump spot size. Previous
work?? has shown that the phase change is mainly due to
surface displacement. Therefore the incoming strain can be
retrieved by taking into account acoustic reflection on the Al
layer. The calculated strain pulse stressing the GaMnAsP lay-
ers is shown in Fig. 1(b) (red line) and displays the typical
features observed in nonlinear ps acoustics: two acoustic
solitons in front and an oscillating tail. The pump spot size
allowed us to neglect the diffraction effect during the propa-
gation. By fitting the incoming ps-ASP with a nonlinear
propagation equation,?? the soliton amplitude is found to be
on the order of 8.4.10~* for pump fluence /=280 wJ cm™2 at
58 K. The maximum accessible strain is therefore slightly
lower than the static piezoinduced uniaxial strain of Bihler et

al.' but occurs on a much shorter time scale of about 2-10
ps. The strain spectrum is shown as an inset of Fig. 1(b). Its
shape is typically broad (over 300 GHz) with some modula-
tion due to nonlinear effects. The higher frequencies are cut
off mainly by the time jitter and pump-probe spatial averag-
ing. Note that the most intense part of the spectrum is located
around 20 GHz, reasonably close to the fundamental and
excited frequencies of most magnetic systems. Frequencies
below 50 GHz are barely affected by sound absorption
through 360 um thick GaAs up to 100 K. Moreover we
checked that the ps-ASP shape and amplitude remain un-
changed under a perpendicular-to-plane magnetic field of B
=uoH= %50 G. Hence the acoustic pulse shown in Fig. 1(b)
can safely be used to understand the results obtained for
various magnetic fields and sample temperatures and dis-
cussed in the following.

IV. TR-MOKE RESULTS

The TR-MOKE signal was recorded on the Al-free part of
the GaMnAsP layer. The rotation of the linear probe polar-
ization was detected after reflection by a balanced optical
bridge, after passing through a Glan laser polarizer. The re-
flectivity seen by each diode is of the type shown in Fig.
2(a), and corresponds to interferences between the probe
beam and the one reflected off the ps-ASP within the GaM-
nAsP layer, giving =45 GHz Brillouin oscillations. The re-
sulting Kerr signal is computed from the difference of the
diode signals, with the Kerr rotation angle ®g proportional
to the perpendicular component of the magnetization M .
Under no applied field, the TR-MOKE signal was constant
save for small amplitude oscillations whereas when the field
was switched on, a transient signal appeared [Fig. 2(b)]. Its
shape changed sign upon reversal of the field, with a slightly
smaller amplitude and a 5 ps phase shift. For I
=280 wJ cm™, its amplitude increased steadily with applied
field, and saturated at B,,,=63 G (respectively, 37 G) for T
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FIG. 2. (Color online) (a) Schematics of the optical bridge
placed on the path of the reflected beam and reflectivity seen by one
of the diodes (B=63 G, =280 uJ cm™2, Nprope=780 nm, and T
=80 K). (b) Transient Kerr signal under opposite applied fields (/
=280 wuJ cm™2, Nprobe=705 nm, and T=58 K). Curves were
spaced equally for clarity and =0 set arbitrarily.

=58 K (respectively, 7=83 K) as shown in Fig. 3. These
correspond well to the saturation fields determined from
®4(B) curves obtained from the static Kerr baseline value:
53 G for T=58 K and 37 G for T=83 K [Fig. 3(b)]. At T
=130 K, the B=0, and B==*63 G traces were identical,
indicating the disappearance of this phenomenon above the
Curie temperature. Finally, no transient Kerr signal could be
observed at all when an in-plane field of up to 420 G was
applied along the [110] axis of the layer.

The perpendicular magnetic field was then set to a fixed
value of B=63 G, and the pump fluence varied between /
=26-280 uJ cm™ to progressively increase the amplitude
of the ps-ASP. The main transient Kerr signal then broadens,
arriving earlier with increasing pump fluence [Fig. 4(a)],
with frequencies around 20-30 GHz. Small amplitude 10
GHz oscillations appear after the main peak. Note that the 2
GHz oscillations observed in the reflectivity at 7=80 K
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FIG. 3. (Color online) (a) Transient MOKE signal with varying
B,. (T=58 K, I=280 wJcm™, and A=705 nm). Curves were
spaced equally for clarity, and =0 set arbitrarily. (b) Transient and
static MOKE versus applied field.
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FIG. 4. (Color online) Varying pump fluences, [
=60-280 wJ cm™. T=54*4 K, N5, =705 nm, and r=0 set ar-
bitrarily. (a) Transient MOKE signal at B=63 G. Inset: peak am-
plitude versus fluence. (b) GaMnAsP layer thickness variation esti-
mated from the Sagnac interferometry data.

[Fig. 2(a)], A\=780 nm were not reproduced regularly, or ob-
served in the Kerr data at 7=50 K or 80 K, A\=705 nm. The
peak amplitude increases monotonously with pump fluence
[Fig. 4(a), inset]. For comparison, we plot the thickness
variation in the GaMnAsP layer at varying fluences, obtained
by integrating the strain over its thickness [Fig. 4(b)]. The
MOKE and thickness variation traces clearly present very
similar features at all fluences. A 10 GHz component also
appeared in the interferometry data at A, =705 nm. Its
origin is to this day unclear but was found nonmagnetic since
it has also been observed on nonintentionally doped GaAs
substrates.’*

V. DISCUSSION

The possible origins of the transient MOKE signal will
now be discussed. MOKE corresponds to a phase difference
between reflectivities of ¢ and o~ circular polarizations off
a magnetic material. For small rotation angles and weak ab-
sorption, the Kerr rotation angle can be expressed as @g
~ == with the optical index n. =i, +ix., i>~,i_, and
OgocM | . A first interpretation is to assume the strain modi-
fication induced by the ps-ASP strong enough to alter the
uniaxial magnetic anisotropy field B, of the layer, and trig-

ger a magnetization precession. It has been shown that the
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biaxial strain has very little influence on the other magnetic
anisotropy fields.?! Given the typical strain modifications de-
termined above, variations in up to AB, | = 250 G (half the
initial anisotropy) can be expected from both a phenomeno-
logical B, (e.) relationship® or magnetostrictive
coefficients.!® The Landau-Lifshitz-Gilbert equation can then
be solved numerically with B | <B,,, the anisotropy fields at
T=40 K determined from FMR and B, (1)=BY, +AB, (1),
the latter having the same profile as the propagating strain
pulse. The magnetization is predicted to start to precess uni-
formly at r=0 around 1\710 at the zero-momentum magnon
frequency fr=213 MHz with AM /M =5.10" slightly
above our experimental sensitivity. This frequency is very
low due to the weak anisotropy and high temperature; it has
not come out in our data. The observed frequencies did not
disappear at saturation, and therefore do not correspond to
higher-order spin-wave modes. Various inhomogeneities may
have prevented us from observing precession. A multidomain
configuration was excluded by cooling the sample down un-
der a 100 G in-plane magnetic field. Low frequency noise
may have prevented us from seeing the low-frequency oscil-
lations. Finally, the reduced power of the low-frequency
(<1 GHz) part of the strain spectrum may have lead to an
inefficient excitation of the manganese spins.

As in metals,2¢ transient Kerr rotation can also be ob-
tained at constant magnetization M from spurious magneto-
optical effects. We have thus excluded Faraday rotation (cir-
cular birefringence) in the substrate, unlikely under the small
applied fields, and magnetic linear dichroism,?’ excluded by
rotating the impinging linear polarization of the probe along
the layer’s high-symmetry axes. Finally, the generation of
hot photocarriers in the GaMnAsP layer is prevented by
pumping in the highly absorbing Al back-layer, and the lin-
ear polarization of the probe beam insures no angular mo-
mentum is being injected. The main effect of the pump is to
modify a .

A thin-film multilayer reflectivity model was then imple-
mented using the transfer matrix method,?® in order to intro-
duce the presence of the GaMnAsP/GaAs interface, the re-
flectivity difference for o, polarizations, as well as the finite
width of the ps-ASP with respect to the layer thickness. The
reflectivities for o. polarizations are given by r.=rg+
+Ar., with Ar.. the sum of four terms as follows:

Art=Si+At+Bi+C1—, (1)

S, = ik2u(0,0)ro=, (2)

d
As= lk(Zn+ + 2n+ >a+b J n(z,1)dz, (3)
an
an. ¢ . .
B =ik2n. &__J (a2e?H = 4 p2 72Ky oz 1z, (4)
7 Jo

ang [~ .
C.= ianO—O f a?tez’k(z'd)"o n(z —d,1)dz. (5)
InJy

Where the coefficients are given by
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The transmission and reflection coefficients at the air/
GaMnAsP interface are #y,+, rgi+, and tj5+, 1o+ at the
GaMnAsP/GaAs interface [Fig. 1(a)]. The optical index in
GaAs is ng, and n. within the GaMnAsP layer, with mean
values obtained by room-temperature ellipsometry measure-
ments. The absorption of both layers was defined by the
imaginary part of the index: a.=2kok. and «,. The beam
was taken normally incident to the layer with £ the vacuum
wave vector. The propagating strain shape 7(z,t) was calcu-
lated as explained above from the surface displacement data
u(0,1) over a 400 ps window, with =0 taken approximately
as the arrival time of the strain wave upon the surface (1
=280 wl cm™2, N\=705 nm, T=58 K, and B=63 G). The

photoelastic constants of GaMnAsP and GaAs were taken
equal throughout the layer, with ——ﬁi=%

Term S. is the usual reﬂect1v1ty ci?lgng(;nassocmted with
the displacement of the surface.?® Term A. is proportional to
the thickness variation in the layer. Term B- (respectively,
C.) corresponds to the afore-described Brillouin oscillations
within the GaMnAsP (respectively, GaAs layer). The ob-

served signal is then computed as
Al=|(1 =& (r,+r)—i(l+&(r,—r) = |(1+&(r, +r)
+i(1-e(r,-r)%.

A possible unbalance € of the optical bridge is included,
taking e=0 when both diodes see the exact same signal in the
absence of Kerr effect (I'>Ty, M | =0, or M in the plane of
the sample). The actual Kerr angle can then be estimated by
Oy~ 1.

In Fig. 2(a), the B, =0 curve shows oscillations of small
amplitude (=1 urad), although the magnetization is ex-
pected to be in plane. Taking n,=n_ in the expression of Al,
a bridge unbalance of merely €=2% is enough to simulate
oscillations of this amplitude. They correspond to a slight
phase difference between reflectivities on diodes 1 and 2 [see
Fig. 2(a)]. Once this value of € determined, the difference
An=n,—n_ was adjusted to yield the experimentally ob-
served static Kerr angle of =1 mrad and resulted in An
=0.05-0.0126; (Ak estimated beforehand from independent
magnetic circular dichroism measurements). Finally, the
terms in the signal I corresponding to expressions (3)—(5)
were normalized to ease comparison and plotted separately
as terms (A), (B), and (C) in Figs. 5(a)-5(c). Term (S) is
negligeable since the corresponding measured signal will be
the product of the squared surface displacement by the static
Kerr angle. Term (A) follows exactly the thickness variation
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FIG. 5. (Color online) [(a), (b), and (c)] Normalized simulated
MOKE signal using a multilayer reflectivity model. See within text
for description of the different terms. (d) Comparison of the full
simulated MOKE signal with the experimental data (/
=280 wJ cm™2, T=58 K, Nprobe=705 nm, and B=-63 G).

profile, with a weak relative amplitude reflecting the small
optical index mismatch between the thin layer and its sub-
strate. Term (C) has the typical shape of Brillouin oscilla-
tions, where the ps-ASP is seen to come toward the surface,
and then away, quite like the single-diode reflectivity data
shown in Fig. 2(a). The larger term is (B), with less than 1%
of the signal coming from the bi return term from the
GaMnAsP/GaAs interface. The total simulated TR-MOKE
signal is then plotted against the experimental data in Fig.
5(d).

The simulation is very reminiscent of the data, with a
broad transient MOKE peak preceded by small amplitude
~45 GHz Brillouin oscillations. The MOKE features fol-
lowing this large peak follow closely that of the simulated
trace, relying only on reflectivity calculations, independently
of any precessional phenomenon. The model evidences that
the signal comes mainly from the modulation of the reflec-
tivity by the strain pulse, which affects slightly differently o,
and o_ probe polarizations, and is therefore picked up by the
optical bridge. The simulated MOKE amplitude increases
with the amplitude of #(z,7) used in the model, experimen-
tally dependent on the pump power. This explains the mo-
notonous increase in the peak amplitude found with pump
fluence [Fig. 4(a)]. The amplitude of the simulated MOKE
peak also varies with the injected value of An, which can be
varied by the sample temperature, or the applied magnetic
field to modify the Zeeman splitting. This agrees well with
the saturation of the transient Kerr signal amplitude at B,,,

PHYSICAL REVIEW B 82, 104422 (2010)

[Fig. 3(b)] for which the Zeeman-splitting saturates. The
modification of the transient TR-MOKE signal upon mag-
netic field reversal [Fig. 2(b)] can also be well-explained
qualitatively by considering the different o= contributions of
the light and heavy hole bands to the absorption (and there-
fore to k). When the field is reversed, so are the positions of
the Zeeman-split light/heavy hole bands but the strain-
induced splitting remains of the same sign, yielding a
slightly asymmetrical behavior of x,—«_ (and therefore @)
with field, which we observed experimentally [Fig. 2(b)].
This is particularly true as temperature is increased, and the
Zeeman splitting decreases.

Lastly, the carrier magnetization (a mere 5—10 % of the
total magnetization’) can also be modified through an ul-
trafast valence band modulation upon arrival of the ps-ASP
upon the layer. This is expected to give a second order effect
on the optical index, through a o= dependence of the photo-
elastic constant in GaMnAsP. A numerical estimation of
dn./dn is, however, beyond the scope of this paper.

VI. CONCLUSION

To summarize, the magnetization of a GaMnAsP layer
was probed following excitation by a picosecond acoustic
strain pulse. Contrary to the more standard ultrafast pump-
probe experiments on similar systems, the back-side pump
did not create any carriers, allowing us to study the sole
effect of the strain modulation. Thanks to an independent
determination of the anisotropy coefficients, and therefore of
the expected precession frequency, we can assert that the
different frequencies appearing in the data did not corre-
spond to uniform precession induced by inverse magneto-
striction. A multilayer reflectivity model showed that the
MOKE signal could in fact be explained by the strain pulse’s
modulation of the reflectivity, and it could be reproduced
very well from the time evolution of the strain pulse; with
the amplitude reflecting the strength of the Zeeman splitting
and of the ps-ASP amplitude. This work highlights the ne-
cessity of both precise magnetic characterization and excel-
lent knowledge of the shape of the picosecond strain pulses
impinging on the layer in this type of experiment and illus-
trates the versatility of the alloy GaMnAsP.
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