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Ultrafast two-color pump-probe measurements, involving coherent acoustic phonon waves, have provided
information simultaneously on the mechanical properties and on the electronic structure of ferromagnetic
Ga;_Mn,As. The elastic constants C; of Ga;_Mn,As (0.03=x=0.07) are observed to be systematically
smaller than those of GaAs. Both Cy; and V measured in Ga;_Mn,As are found to increase with temperature
(78 K=T=295 K), again in contrast to the opposite behavior in GaAs. In addition, our experimental results
indicate a small blueshifting of the fundamental band gap of Ga;_,Mn,As as Mn concentration increases.

DOI: 10.1103/PhysRevB.81.115208

I. INTRODUCTION

The introduction of carrier-mediated III-Mn-V ferromag-
netic semiconductors opens up promising opportunities to
combine semiconducting properties and robust magnetism
into conventional electrical and optical devices.!? In the pro-
cess of explaining recent experimental observations, along
with attempts to develop a theory of hole-mediated ferro-
magnetism in “prototypical” ferromagnetic GaMnAs sys-
tems, the relationship between mechanical, magnetic, and
electronic properties has been extensively explored.”* For
instance, much attention has been given to understanding of
the effect of strain on the magnetic easy axis and on aniso-
tropy fields arising from the substrate-film lattice
mismatch.>-® Specifically, however, when constructing a the-
oretical model, due to the lack of corresponding experimen-
tal values for the GaMnAs system, values of elastic constants
in the strain-associated Hamiltonian of GaMnAs are gener-
ally assumed to be the same as those of GaAs.” On the
other hand, over the past several years the nature of the elec-
tronic structure in carrier-mediated ferromagnetism of
Ga,;_Mn, As has been the subject of an important and lively
debate.>? One effective way to reveal the band structure of
this material is to study the evolution of the critical points in
energy by measuring relevant optical constants such as the
complex refractive index [/i=n+ik] or the complex dielectric
constant [é=g,+ig,].> Recently Burch et al.'® used spectro-
scopic ellipsometry and observed a large blueshifting of the
critical point E; with Mn doping. They attributed this to a
Mn-induced impurity band (IB) existing in this material sys-
tem and this IB has strongly hybridized with the GaAs va-
lence band (VB) near the L point. However, they did not
observe any changes for all other critical points as Mn con-
centration varies.

Although many time-domain studies of carrier and spin
dynamics have been done on (IILMn)V structures over the
years, few experiments are reported to measure the mechani-
cal properties and reveal the electronic structure of this sys-
tem using pump-probe spectroscopy. In this paper, we report
measurements of the elastic constant Cy; utilizing an ultrafast
pump-probe approach involving coherent acoustic phonons
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(CAPs) propagating in ferromagnetic Ga,;_ Mn,As (0.03
=x=0.07) systems. The measured values are found to be
very different from those of GaAs and low-temperature
grown GaAs (LT-GaAs). These observations are partially ex-
plained by density-functional calculations. Experimentally,
we also observe a clear blueshift of the critical point E
(fundamental band gap) with Mn doping in Ga,_,Mn,As.

II. SAMPLES AND EXPERIMENTAL SETUP

Our ferromagnetic Ga;_,Mn,As sample is grown by the
low-temperature molecular-beam epitaxy method. Before the
growth of the Ga;_Mn,As (x=0.03, 0.05, and 0.07) layer
with a thickness 1 um, an LT-GaAs (~270 °C) buffer layer
with a thickness 300 nm was grown on a semi-insulating
GaAs(001) substrate. For the purpose of comparison, one
GaAs(001) substrate and one LT-GaAs sample (with no Mn)
with a layer thickness of 1.3 um grown under similar con-
ditions were also used in the experiment. The ferromagnetic
Ga;_,Mn As samples with x=0.03, 0.05, and 0.07 have Cu-
rie temperatures around 35, 55, and 53 K, respectively.

In our setup, we used a two-color all-optical pump-probe
technique. The pump photon energies were around 3.1 eV
(~400 nm), significantly above the fundamental band gap
E, of GaAs [1.42 eV (~873 nm) at 295 K and 1.51 eV
(~821 nm) at 78 K]. The probe light, on the other hand, is
chosen to be near E,. Such high pump photon energy leads to
the creation of coherent phonons generated near the surface
of the Ga,;_,Mn, As layer arising from the femtosecond exci-
tation light pulse. The subsequent CAP wave (strain pulse),
which alters locally the optical properties (the complex re-
fractive index), propagates into the Ga,_,Mn,As/GaAs(001)
and is detected by monitoring the reflected probe pulse. Such
CAPs have been widely observed using pump-probe spectro-
scopic technique in many material systems.!!~1® All the fol-
lowing experiments measuring transient reflectivity changes
AR/R were performed employing a Ti:Sapphire laser with a
repetition rate of 76 MHz, which produces ~150 fs wide
pulses in the wavelength range between ~720 and
~950 nm. The temperature can be varied between 78 and
295 K. Both pump and probe beams (typical intensity ratio
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FIG. 1. (a) Pump-probe response of

Gag 9sMng gsAs/LT-GaAs/GaAs at 78 K for the probe wavelength
830 nm; (b) derivative of envelope of oscillations |(AR/R)ny| as a
function of delay time. Inset: the subtracted oscillatory response and
its envelope. The regimes determined by the GaMnAs and LT-GaAs
layers are indicated by horizontal arrows in the inset, respectively.

of 8:1) were focused onto the sample at the same spot with a
diameter of around 100 um. The pump light typically had a
fluence of 1 wuJ/cm?.

III. RESULTS

Figure 1(a) shows the transient reflectivity signal AR/R
measured in the GaggsMng psAs/GaAs sample at 78 K. The
inset is the measured oscillatory response obtained by sub-
tracting the relaxation background. The probe pulse is cen-
tered at 830 nm with photon energy somewhat below the
fundamental band gap of GaAs (~821 nm). It can be seen
that the total response consists of a fast transient (on the
order of a few picoseconds) followed by a tail superimposed
with two distinct damped oscillatory regimes, separated by a
narrow transition region. The initial fast transient is typical
of electronic contribution to the pump-probe signal.

The observed oscillations may be explained by a propa-
gating strain pulse model,'! where the oscillations originate
from the interference of probe beams reflected from the top
sample surface and the propagating strain pulse. The reflec-
tivity change AR/R for the oscillatory behavior may be
written'!
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AR/R < Ae™"'T cos2mt/T, + ¢), (1)

where A is the amplitude, 7 is the damping time, ¢ is phase
shift, and T, is the oscillation period given by T,
=N/(2nV, cos ). Here n is the refractive index, V; is speed
of sound, and 6 (~0 in our experiments) is the angle of
incidence of the probe light in GaMnAs with respect to the
normal to sample surface. In the “near-field” approximation,’
the damping time 7 is further related to the absorption prop-
erties of the material by 7=1/(2aV)=\(47Vk)~!, where a
is the absorption coefficient and « is the imaginary part of

the complex refractive index N(=n+ix). The amplitude A is,
furthermore, connected to the change in the local complex
refractive index through the z-component strain (77;3) by the

relation A x |5]V/ Oy 1114

The generated CAP wave first travels through
Ga,_,Mn,As normal to the surface at the speed V(Gamnas) Of
the longitudinal acoustic phonon (LAP) before it reaches the
LT-GaAs and GaAs regions. After passing through the
Ga,_,Mn,As/LT-GaAs interface, it continuously propagates
into the LT-GaAs and GaAs layers with LAP speed
VoLT-Gaas) and V(gaas), Tespectively. We estimate that it takes
about Ar=200 ps for the strain pulse to arrive at the LT-
GaAs layer assuming that Vgamnas) 1S approximately equal
10 Vy(Gans) [~4.78 X 10° m/s at 78 K (Ref. 17)]. This can be
seen from the experimental results shown in Fig. 1.

We investigated the dependence of the oscillations near
the band gap of GaAs on the probe wavelength. The oscilla-
tions induced by CAP waves traveling in the Ga;_Mn,As
layer decay markedly at all the wavelengths studied. In con-
trast, the oscillations in the GaAs response persist for a very
long time at probe wavelengths below the band gap of GaAs.
Applying Eq. (1) to the studied material, we can numerically
fit our experimental data at different wavelengths, and obtain
significant physical parameters, including the period, damp-
ing time, and amplitude of the oscillations. We note that the
two-color pump-probe technique enables us to get the oscil-
lation profiles with a high signal/noise ratio. Standard errors
of parameters T}, and 7 of the oscillation are less than 1% and
3%, respectively.

As is well known, the speed of LAP waves propagating
along [001] is given by V,=(C;,/p)"? for cubic-symmetry
solids with elastic constant Cy; and density p. Therefore,
using this equation and the expression 7,=\/(2nV), we can
determine two of the important mechanical properties, the
LAP speed V, along [001] and the corresponding elastic con-
stant C;;, which have never before been reported for the
ferromagnetic Ga;_,Mn,As system. Here, we also report
temperature (7) dependent measurements of Cj;.

The refractive indices n of GaAs, LT-GaAs and
Ga;_Mn,As at room temperature (7=295 K) are directly
measured by spectroscopic ellipsometry. In principle, the re-
fractive index n depends on both temperature 7 and wave-
length N. In this study, at low temperatures we used n mea-
sured at 7=295 K with shorter wavelengths (i.e., A
=800 nm) above the fundamental band gap E|, to obtain V.
This means that we assume n(7,A =800 nm) is independent
of T for 78 K=T=295 K. This assumption (or approxima-
tion) is based on two considerations:'®!® (1) in the infrared
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nonresonant absorption regime (A>1 um), the refractive
index and optical conductivity for both GaAs and GaMnAs
change only very slightly as temperature varies between 78
and 295 K (~1% for GaAs) and (2) n~'dn/dT has relatively
large values at the critical-energy points (i.e., E,). However,
the validity of this assumption needs to be carefully checked.

The calculated propagating time of the strain pulse inside
different layers using the obtained V, based on the above
assumption and the known film thickness should be consis-
tent with the value directly obtained from the oscillation am-
plitude in the reflectivity measurements. Our previous
works'>?0 suggest that tracing the oscillation amplitude
changes across different layers provides a very powerful tool
in depth profiling and material characterizing of heterostruc-
ture semiconductors. The traveling time in different layers
can be accurately acquired by taking the derivatives of the
envelope of the oscillations. It should be pointed out that the
instantaneous created strain pulse here has a spatial width of
around 100 nm and is centered at ~50 nm away from the
top surface, as determined by the absorption depth of pump
light. Thus, e.g., at 7=78 K for GajysMnsAs layer, ac-
cording to the obtained value of V,=4655 m/s and the ef-
fective propagating distance ~950 nm, the time can be es-
timated to be ~204 ps. The subsequent traveling time in
300-nm-thick LT-GaAs is ~62.9 ps with V,=4768 m/s.
These two values agree very well with ~205 ps for
Gag9sMng gsAs and ~62.5 ps for LT-GaAs derived from the
oscillation profile without using index refraction n [see Fig.
1(b)]. Following the same procedure, we find that the relative
change between the two methods is less than ~1% at differ-
ent temperatures on different samples. Therefore, our as-
sumption above is well supported by the experiments.

Moreover, we note that the obtained speed of sound Vi
has to be independent of wavelength N\ for A =800 nm. Our
results between 78 and 295 K for 760 nm=A=800 nm
show that |AV,|/V; is less than 0.5%, which is quite small
and confirms that V, can be taken as constant. Therefore,
reasonable V, can be obtained at any wavelength between
760 and 800 nm. Here, the average value of V at two wave-
lengths (760 and 800 nm) is chosen and employed to calcu-
late Cy;.

In zinc-blende GaAs, thermal expansion has been mea-
sured to be very small in the temperature range of 50-300 K.
The typical thermal-expansion-coefficient value is «y,

=1 90=6%10" K8 For Ga,_,Mn,As (x=0.01-0.09), it
is believed that the temperature dependence of lattice con-
stants is almost the same as that in bulk GaAs, and the re-
laxed lattice constant for Ga;_,Mn,As follows the relation
a=0.566+(0.598-0.566)x nm.!?> Assuming the primary lat-
tice location of Mn to be substitutional Mng,, and up to
~20% of the Mn to reside in interstitial positions,” the den-
sity of the as-grown Ga,_,Mn,As sample is expected to be
roughly the same as that of GaAs. In actual calculation of
Cyy» at 295 K, p=5.317 g/cm?® was assumed for GaAs and
LT-GaAs, and p=5.317X (1-0.169x) g/cm?® was taken for
Ga,;_Mn,As. The thermal expansion was corrected in the
same way using ay,=6X107% K~!. In fact, using a simple
estimate based on the above value of ay, the relative varia-
tion of C;; due to thermal expansion will not exceed 0.4%.
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FIG. 2. (a) Oscillation period T}, at 800 nm and (b) elastic con-
stant Cy; as a function of temperature T for Ga;_,Mn, As, LT-GaAs,
and GaAs. Solid lines are linear fits for GaAs and Gay g7Mn) o3As,
respectively.

Figure 2 displays the temperature-dependent experimental
results for 7,(A=800 nm), and the corresponding C,;. Our
measured results for GaAs agree quite well with previously
reported values.'”!® It can also be seen that GaAs and LT-
GaAs have very similar Cy; in the studied temperature re-
gime. This indicates that the disordering effect caused by the
large number of Asg, antisite defects (with a concentration
~10" cm™) in LT-GaAs plays a minor role in the mechani-
cal properties along [001]. Figure 2 demonstrates that C;
measured for the Ga;_Mn,As (x=0.03, 0.05, and 0.07)
samples are also close to each other and hence have similar
mechanical properties. Surprisingly, we found that C;; in-
crease with T (8C,,/8T>0) in the Ga,_Mn,As samples, in
striking contrast to their behavior in both GaAs and LT-
GaAs, where they are observed to decrease as the tempera-
ture increases (6C,;/ 8T<0). A linear fitting of C,; was car-
ried out for GaAs and Gajg;Mn( 3As, respectively. The
fitting yields C;;(GaAs)=121.2-6.09x 10~ T (GPa) and
C“(Gao_97Mn0_03AS)= 113.3+8.68 X 10_3 T (GPa) It can
also be seen that the obtained C,; for the ferromagnetic
Ga;_,Mn,As system are systematically smaller than for
GaAs or LT-GaAs in the studied temperature range.
Specifically, the relative change |C, 1(GaAs)
_Cll(GaMnAs)|/C11(GaMnAs) increases from ~3% at 295 K to
~6% at 78 K. In fact, V, shows a similar behavior as that of
Cl ] .
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TABLE 1. Calculated elastic constants of bulk GaAs, zinc-
blende bulk MnAs, and Ga;_,Mn,As (x=0.03).

MnAs Ga;_MnAs
GaAs  (zinc blende) (x=0.03)
C,, (GPa) 102.2 62.0 934
Cy, (GPa) 414 59.1 45.1
C,4 (GPa) 56.0 2.2 47.6
B=(C+2C}»)/3 (GPa) 61.7 60.2 61.22

IV. DISCUSSION

To understand the decrease of C;; in Ga;_Mn,As, we
performed spin-polarized density-functional calculations of
the elastic constants for x=0.03 within the generalized gra-
dient approximation using the VASP code.?! Ultrasoft pseudo-
potentials for Ga, Mn, and As were employed. The plane-
wave cut-off energy was set to 450 eV. For the elastic
constants C; and C,, we follow the method proposed by
Nielsen and Martin?> while Cy, is obtained according to
Mehl et al.?®* The calculated results are listed in Table 1.
Despite the absolute deviation from the experimental values,
the Cy; (93.4 GPa) of Ga,;_,Mn,As is found to decrease by
8.6 % at 0 K compared to that (102.2 GPa) of GaAs, consis-
tent with the experimental observation (decrease by ~3% at
295 K and ~6% at 78 K). In Figs. 3(a) and 3(b), we further
show the charge-density difference for the strained and un-
strained bulk GaAs and Ga;_Mn,As, respectively. The
charge densities of uniaxially strained crystals reveal inter-
esting information on how electrons as well as nuclear posi-
tions respond to macroscopic strain. A small strain &=
—0.01 is applied along [100] in GaAs and Ga,_Mn, As, re-
spectively. As shown in Fig. 3(b), the substitutional Mng,
doping induces an evident charge accumulation near the Mn
nuclei, indicating that Mn-As bond becomes more ionic.
Moreover, the effect of Mn doping is rather long-range:
charge distributions are significantly distorted up to the third
neighbors compared to GaAs.

The above calculations combined with the phenomeno-
logical Keating model** may give a more understandable
picture. According to Keating,”* C;;=a(1+38/a)/4ay,
where « is the central (or bond-stretching) force constant, 8
is the mean value of the noncentral (or bending) force con-
stant, and ay is the lattice constant. Since the lattice constant
varies only slightly with substitutional Mng, doping, the con-
tribution from @, of the as-grown Ga,_Mn,As (0.03=x
=0.07) is expected to be negligible (<0.4%). On the other
hand, the ionicity of a material can be characterized by the
ratio B/ a.?® Ideally, the stronger the ionicity, the smaller the
quantity B/a.” Therefore, B/« in the presence of Mn is
expected to decrease compared to GaAs. This illustrates why
the elastic constants in Ga;_,Mn,As become smaller than
those in GaAs.

The temperature dependence of the elastic constant C;; in
GaAs is in accord with the theoretical expectation. Namely,
from 78 to 295 K, the elastic constant C;; almost decreases
linearly with increasing temperature.?®?” In contrast, C;; of
Ga,;_Mn,As shows peculiar temperature behavior, i.e., it in-
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[001]

[001]

FIG. 3. Charge-density difference Ap for (a) bulk GaAs and (b)
Ga;_Mn,As (x=0.03) in the {110} plane which contains a zigzag
atomic chain. Ap is defined as the charge density of a strained
crystal minus the charge density of an unstrained crystal. The ap-
plied strain is £;=—0.01. Contour steps are 4 X 10~* /A3 and solid
(dashed) contours indicate charge accumulation (depletion).

creases with increasing T, as shown in Fig. 2(b). Apparently,
upon doping by a small fraction of Mn, the elastic properties
of GaAs are altered dramatically. Although the underlying
mechanism is not fully understood at present, it might be
similar to the mechanism for phenomena observed in some
transition metals: the shear elastic constants Cy4 of Nb, V, Ti,
and some alloy systems were observed to show anomalous
temperature behavior nearly thirty years ago.”® The origin of
this behavior has been ascribed to unique features of the
Fermi surface in these systems.

In our experiments, since T, 1/n and 7 1/k, systematic
analysis of 7}, and 7 as function of wavelength promises to
provide some important insights into the electronic structure
of the Ga;_,Mn,As system. Figures 4 and 5 show our experi-
mental oscillation period T}, and decay time 7 as a function of
probe wavelength N\ for Ga;_ Mn,As, LT-GaAs, and GaAs
measured at 78 K. As can be seen from Fig. 4, the oscillation
periods are close to linear as a function of probe light wave-
length for GaAs. This behavior agrees with the expression
T,=\/(2nVy). In addition, the profile of 7),(\) for LT-GaAs
is very similar to that for GaAs. This indicates that both
mechanical and optical properties of these two materials are
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FIG. 4. Oscillation period T, as a function of the wavelength A
of probe light for Ga;_MnAs, LT-GaAs, and GaAs at 78 K.
Dashed line represents the position of the critical point E, of GaAs.

close or that the As antisite defects play no strong role in
determining V, and n. However, the T,(\) curves for
Ga;_Mn,As (0.03=x=0.07) differ greatly from those for
GaAs or LT-GaAs. This implies that there is a big difference
in Vi and n between Ga;_ Mn,As and GaAs or LT-GaAs.
Such differences have already been confirmed in our discus-

760 800 840 880
A (nm)

FIG. 5. (a) Damping time 7 as a function of the wavelength \ of
probe light for Ga;_,Mn,As, LT-GaAs, and GaAs at 78 K. Dashed
line represents the position of the critical point E, of GaAs. In (b),
curves for Ga;_,Mn,As are shifted downward with increasing x to
more clearly show the blueshift.
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sion above as well as by previous optical measurements.>'0

Also, in the Ga;_,Mn,As samples we find that the T,(\)
curve begins to strongly deviate from linear dependence in
the long wavelength regime (>850 nm). This observation
has to be associated with a distinct nonlinear n(\) depen-
dence for wavelengths corresponding to energies below the
GaAs fundamental band gap E. The disordering effects are
known to change optical properties (e.g., n and «) in the
material !° Therefore, comparison of T}, in Ga;_,Mn,As and
LT-GaAs indicates that such strong nonlinearity is mainly
due to Mn impurities rather than the As antisite defects.

In Fig. 5(a), a sharp change in GaAs profile can be seen
around 1.51 eV (~821 nm indicated by the dash line),
which is the fundamental band gap (the critical point E, in
energy). This kind of feature becomes diminished in LT-
GaAs and disappears in the Ga;_ Mn,As systems. It is con-
sistent with previous studies on Ga,_ Mn,As,>!" where the
band gap is broadened due to the Asg, antisites and Mn
impurities.

A closer look at the details of the damping time 7(\) in
Fig. 5(b), reveals the following important features. The struc-
ture of 7(\) gradually evolves from a sharp steplike feature
near E, in the GaAs data into a multipeak structure in
Ga;_,Mn As. Surprisingly, the multipeak structure clearly
blueshifts with Mn doping. This finding may imply a blue-
shifting of the fundamental band gap as Mn concentration
increases. Such shifting has never been directly observed be-
fore although magnetic circular dichroism experiments sug-
gest that E, blueshifts slightly with doping.? First, the com-
pressive strain in the Ga;_ Mn,As film cannot account for
such blueshift.!® In order to fully understand this observa-
tion, one needs to examine the electronic structure of ferro-
magnetic Ga;_Mn,As. It should be pointed out that there are
two scenarios proposed to describe this system: the debate is
whether the Fermi energy sits inside the GaAs heavy and
light hole VB or inside an Mn-induced IB above the top of
GaAs VB.? However, we cannot attribute the observed blue-
shift to the VB scenario since Zhang and Sarma theoretically
predicted on the basis of the VB scenario that as x increases
the band gap becomes smaller resulting in a redshifting in
the Ga,_ Mn,As system.?° Thus, our results indicate that the
VB scenario does not adequately describe the Mn-doped
GaAs band structure. Thus, we conclude that the blueshifting
should be associated with the Mn-induced IB. As is known, a
p-d hybridization exists between the Mn-induced IB and the
GaAs VB. Such hybridization is £ dependent and very strong
near the L point, which explains the observed large blueshift
of the critical point E; in Ref. 10. Therefore, although the
k-dependent p-d hybridization is expected to be small around
the I' point, our experiments indicate that the small V,,; still
can lead to the observable blueshifting around the fundamen-
tal band gap as long as the experimental technique is sensi-
tive enough to reveal this subtle feature.

V. CONCLUSIONS

In conclusion, employing femtosecond two-color pump-
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-probe spectroscopy we have carried out an analysis of the
pronounced oscillatory behavior observed in the reflectivity
curves of magnetic semiconductor GaMnAs systems. We re-
port experimental values of the elastic constant Cy; in ferro-
magnetic Ga;_Mn,As samples. Both V, and C;, in the GaM-
nAs systems are found to be systematically smaller than in
GaAs at temperature between 78 and 295 K. The temperature
dependence of C;; for Ga;_,Mn,As and GaAs shows totally
different behavior. The slight but marked blueshifting asso-
ciated with the fundamental band gap as Mn doping

PHYSICAL REVIEW B 81, 115208 (2010)

increases in Ga;_,Mn,As system was directly observed and
is attributed to the hybridization of the Mn IB with the GaAs
VB.
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