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Magnetic field enhanced detection of coherent phonons in a GaMnAs/GaAs film
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Using a two-color time-resolved pump-probe spectroscopy scheme, we studied the generation and detection
of longitudinal coherent acoustic phonons, generated by ultrafast laser pulses in a semiconductor heterostructure.
Our structure was a p-doped, 100-nm-thick ferromagnetic GaMnAs layer grown on a GaAs substrate. By probing
the transient reflectivity in the time domain, we observed a strong dependence of the coherent phonon’s amplitude
on the external magnetic field. Our theoretical model relates this dependence to the increase in the detectability
of coherent phonons in the presence of external magnetic fields. This enhancement comes from the formation
of Landau levels in the absorption spectrum and leads to large changes in the real and imaginary parts of the
dielectric function with strain. When the probe laser energy is close to an allowed Landau-level transition, the
detectability of the coherent phonons can be significantly enhanced. Our results suggest that not only can one
increase the detection of coherent phonons with magnetic fields, one can also enhance the generation by tuning
the wavelength of the pump laser pulse to coincide with a Landau-level resonance.
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I. INTRODUCTION

Time-resolved (TR) spectroscopy in semiconductors is a
powerful tool for probing the relaxation dynamics of photoex-
cited carriers [1–8]. After photoexcitation, the nonequilibrium
electrons relax by several scattering mechanisms such as
carrier-carrier, carrier-phonon, and carrier-impurity scattering
[9,10]. In addition to creating nonequilibrium electron-hole
pairs, the ultrafast optical excitation of a semiconductor can
generate coherent phonons (CPs), which, depending on the
excitation conditions, can be either optical or acoustic and
are detected as oscillations in the differential transmission or
reflection [11].

The ability to control these CPs and hence the vibra-
tional, thermal, and phononic properties of semiconductor
nanostructures has important technological impacts. Possible
applications include heat management [12,13], charge transfer
[14], and phonon lasing [15–18]. Methods of tailoring and
controlling vibrational properties in the past have relied on
interdigitated transducers to generate surface acoustic waves
in a variety of applications [19]. By tailoring materials and
excitation conditions, one can control the photogenerated
optical CPs [9,10] as well acoustic CP wave packets (nonequi-
librium strain pulses) which propagate into a semiconductor
and trigger oscillations in the optical properties by modulating
the position-dependent dielectric function [11,20–25]. Such
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techniques can be used to control electric, magnetic, and strain
fields and lead to revolutionary new devices.

In several coherent dynamics measurements, in weak exci-
tation regimes, nonthermal excitations were considered to be
the dominating mechanism [1,2,6,26–29]. In the strong exci-
tation regime, ultrafast demagnetization has been attributed
to thermal [30–32] aspects of the excitation. However, in
ferromagnetic structures, CPs at high magnetic fields have not
been explored extensively.

II. EXPERIMENTAL APPROACH

In this work we investigated the magnetic field dependence
of the CPs in a ferromagnetic GaMnAs film grown on GaAs,
for B fields ranging from 0 to 10 T, and we used 400-nm
pump and 800-nm probe pulses with ∼100-fs pulse width
and 1-kHz repetition rate. Compared to the study by Qi
et al. [4], our structure has a larger Mn content and is a
thinner molecular-beam-epitaxy–grown film consisting of a
100-nm Ga1−xMnxAs (x = 0.082) layer on top of a GaAs
substrate. We also used 800-nm probe pulses tuned above the
low-temperature band gap of GaAs. Our structure has a Tc

of 110 K, and the growth details have been reported earlier
[1]. Our experimental results show a strong dependence of the
CP’s oscillation on magnetic field and agree with a theoretical
model which predicts this enhancement.

In an earlier study by Qi et al. [4], CP dynamics were
probed in 1-μm-thick Ga1−xMnxAs films on GaAs substrates
with different Mn contents (x = 0.03, 0.05, and 0.07). In their
study, the structures had Curie temperatures (Tc) below 53 K,
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and to generate and probe CPs, 400-nm pump and 830-nm
probe pulses (below the gap in GaAs at low temperature) at
B = 0 were employed. They observed a change in the CP
velocity in the GaMnAs layer originating from a change in
the elastic constant.

Our observations presented in this study indicate that at
least some of the acoustic CPs that are generated by the
400-nm pump pulse come from the interface between the
ferromagnetic GaMnAs layer and the GaAs substrate. We
believe this results from the strong built-in electric fields near
the highly p-doped GaMnAs and undoped GaAs, which can
rapidly trap photoexcited charge carriers at the interface and
trigger coherent phonons from the interface. Furthermore,
by employing an external magnetic field we were able to
demonstrate the enhancement and tunability of the magni-
tude of the CPs [33]. Our observed strong magnetic field
dependence of the CP dynamics can open new directions
to study ferromagnetic semiconductors [3,34–37] and other
multifunctional materials such as the ones in our earlier study
of barium titanate-bismuth ferrite films and nanorods [38].
Our result and model provide a new direction to employ
CPs in sensing and devices with a capability to dynamically
control the (i) amplitude, (ii) frequency, and (iii) phase of
the coherent oscillations and strain pulses. The variation of
these three quantities are discussed in the Appendix, where
we present the experimental observations and compare them
with our model.

The two-color pump-probe configuration in this work is
similar to the studies reported in Mudiyanselage et al. [38].
The pump and probe wavelengths were 400 and 800 nm,
respectively. Our laser spot size was ∼150 μm in diameter.
Prior to employing our pump-probe measurements, the sam-
ple was cooled to 5 K in the absence of an external magnetic
field and maintained at the same temperature during the entire
measurement process. The sample was mounted with the
field direction slightly off [010] towards [-110]. The 400-nm
pump pulse has a short absorption length, about 15 nm, while
the 800-nm probe pulse has a long absorption length (about
0.74 μm) and hence can penetrate deeply into the sample.
Thus, the dynamics of the CP generation are driven by the
interaction between the pump pulse and the GaMnAs layer
and/or interface with the substrate, while the detection is
sensitive to changes both in the GaMnAs and GaAs substrate
layers.

Figure 1 presents our time-resolved differential reflectivity
(TRDR) measurements by increasing the magnetic field from
0 to 10 T. These oscillations displayed periods between 23.3
and 24.6 ps. This corresponds to a period much shorter than
the reported periods for magnetic procession in GaMnAs [3].
We note, however, that our observed period of oscillations is
in the correct range for coherent longitudinal acoustic (LA)
phonons [4,39]. As shown in Fig. 1, the amplitude of the
CP oscillations changes substantially and shows a significant
increase as a function of external magnetic field compared
to the B = 0. In the inset of Fig. 1, we present traces for 8
and 10 Tesla, where the initial rise due to carrier dynamics
was removed. In the inset we compare the evolution of the
amplitude and phase of the CPs at 8 and 10 T. While there is an
overall increase in the amplitude with changing the magnetic
field in Fig. 1, one can easily see that it is not monotonic.
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FIG. 1. Experimental time-resolved differential reflectivity for
a two-color 400-nm pump/800-nm probe scheme with an average
pump power of 1.6 mW at 5 K in an external magnetic field from 0
to 10 T (legend on right) with traces offset so that the evolution of the
oscillations can be observed as a function of increasing the magnetic
field. The inset shows an example of the oscillations at 8 T and 10 T,
with the initial carrier dynamics excluded. Note the change in phase
between the two traces.

III. THEORETICAL MODEL

The change in the differential reflectivity �R/R is related
to the changes in the index of refraction. For a uniform system,
with small pump-induced changes to the reflectivity, it is given
by

�R/R = 2Re

{∫ ∞

0
ei2kx δ

δx
δn(x, t )dx

}
, (1)

where n is the complex index of refraction, δn is the change in
the complex index of refraction which is position dependent
and originates from the propagating strain induced by the
pump pulse, and k = nk0.

For GaAs at 800 nm (and also GaMnAs), the imaginary
part of the index of refraction is much smaller than the real
part, and as a result, we can take the index n to be real. Note,
however, that for the change in the index of refraction δn due
to the pump pulses, both the real and imaginary parts can be
important. The change in the index of refraction δn induced by
the pump pulse can be related to the change in the dielectric
constant ε, which in turn can be related to the propagating
strain η and the deformation potential acv:

2nδn = δε = −acv
∂ε

∂Eg
η. (2)
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The picture we present here relates a rigid shift in the
energy gap Eg due to the strain where the magnitude of the
energy shift is determined by the deformation potential. Typi-
cally, as the strain wave propagates into the sample, it leads to
a localized change in the index of refraction, whose position
changes with time. This leads to an additional reflection of the
probe pulse off of this localized change in the index, which
can interfere with the reflection off the surface (known as
Brillouin oscillations). As the strain pulse propagates into the
sample, the interference alternates between constructive and
destructive, and this leads to oscillations in �R/R.

In the linear regime, the strain pulse propagates undistorted
through the media with a velocity vs, and it can be shown (at
long times) that �R/R is given by [40,41]

�R

R
∝ 2Re

{
∂ε

∂E
ei2kvst

∫ ∞

−∞
ei2ku δ

δu
δη0(u)du

}
, (3)

with η0 the initial strain profile. We can notice from the
exponential term in Eq. (3) that �R/R will oscillate with
a period T given by T = λ0/(2nvs). For probe wavelengths
where the imaginary part of the index is large, the reflectivity
signal will be damped out as the strain pulse goes into the
sample.

The amplitude of the oscillations will be affected by ∂ε
∂E ,

the derivative of the real and imaginary part of the complex
dielectric function with respect to energy [42], which are
similar to the Seraphin coefficients [43]. We can write this
derivative as

∂ε

∂E
=

√(
∂εr

∂E

)2

+
(

∂εi

∂E

)2

eiφε . (4)

Thus the amplitude of �R/R is directly related to the magni-
tude of this derivative of the complex dielectric function.

Without the presence of magnetic field, the absorption
coefficient (above the band gap) is relatively slowly varying
with energy. A strain pulse modulating the dielectric function
thus only has a small effect on the change in reflectivity. In
contrast, in the presence of a magnetic field, the absorption
becomes strongly peaked with the electronic states becoming
Landau levels. If one is probing near one of these Landau-
level resonances, then the strain pulse leads to a large change
in the dielectric function near this resonance, which leads to a
large change in the differential reflectivity.

To understand how the amplitude in Eq. (4) depends on
external magnetic field, we will use a simple model based
on a harmonic oscillator. In a two-dimensional system using
a two-band semiconducting model in a magnetic field, the
energy levels of the free-electron gas can be represented as
Landau levels. The absorption spectra (related to the imagi-
nary part of the dielectric function) now becomes a series of
discrete, harmonic oscillator resonant transitions (which are
broadened) with the energy levels given by

h̄ωn = Eg +
(

n + 1

2

)
eB

(
1

m∗
e

+ 1

m∗
h

)
, (5)

where m∗
e and m∗

h are the effective mass of the electron
and hole bands, respectively. In three dimensions, in a more

FIG. 2. The calculated imaginary part of the dielectric function
ε2 for GaAs as a function of photon energy from B = 2–10 Tesla.
The traces are offset for clarity. The dashed line in the graph denotes
the energy of the photons in the probe pulse (1.55 eV). Excitonic
effects are not included.

realistic semiconductor like GaAs, one must take into account
many more effects: (1) There is still a kz quantum number
which leads to a 1/

√
E density of states, in addition to the

discrete Landau levels. (2) There are multiple valence bands
(heavy-hole, light-hole, and spin-split hole bands.) (3) The
bands deviate from simple parabolic bands. (4) Exciton effects
should be taken into account. Nonetheless, the absorption
spectra (see Fig. 2) can be seen to be approximated by a
series of peaks originating from the Landau-level transitions.
In three dimensions, we can still approximate the Landau
levels as a series of harmonic oscillator transitions that are
further broadened (owing to the one-dimensional density of
states coming from the kz quantum number).

In Fig. 2 we plot the calculated imaginary part of the
dielectric function ε2 as a function of energy for magnetic
fields ranging from 2 to 10 T for bulk GaAs. Calculations have
been performed with an eight-band k · P method that does
not include many-body interactions that we have discussed
previously [44,45]. We observe that the effect of increasing
the magnetic field is to increase the strength of the absorption
in a given Landau-level transition as well as their separation.
As the magnetic field increases, the density of states (for
B = 0) mapped into a given Landau level increases, resulting
in an increase in strength as well as an increase in spacing
between the Landau levels. In Fig. 2, a dotted line shows
the energy of the probe pulse (800-nm wavelength, 1.55-eV
energy).

To model the effect of a single Landau level, we use a sim-
ple harmonic oscillator model and consider the effect of one
oscillator with frequency ωo on the dielectric function. One
can write the dielectric function in terms of the susceptibility
χ by ε = ε0(1 + χ ). The magnitude of the �R/R oscillations
is then determined by the derivative of the real and imaginary
parts of χ with respect to energy. The susceptibility for a
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(a)

(b)

(c)

FIG. 3. (a) The real and the imaginary components of the sus-
ceptibility χ (ω) = χ ′ + iχ ′′ for our oscillator model. (b) The real
and the imaginary parts of the derivative of the χ with respect to ω0.
(c) The amplitude and the phase of the derivative. The phase φ is
given by tanφ = dχ ′′/dω0

dχ ′/dω0
.

harmonic oscillator is well known and is given by

χ = ω2
p

ω2
0 − ω2 − i ω

τ

. (6)

When the CP strain pulse propagates through the sample, it
will change the band gap Eg and hence the frequency of the
resonant transition ω0, according to Eq. (5). The derivative of
this susceptibility with respect to the resonant frequency ω0 is
given by

∂χ

∂ω0
= −2ω0ω

2
p((

ω2
0 − ω2

)2 + (
ω
τ

)2)2

{[(
ω2

0 − ω2
)2 −

(
ω

τ

)2]

+ 2i
(
ω2

0 − ω2)ω

τ

}
. (7)

The real and imaginary parts of χ and its derivative are
plotted in Figs. 3(a) and 3(b), and the magnitude and phase
of the derivative are plotted in (c). We now have an in-
sight into the increase of the strength of the CP oscillations
with magnetic field. When a magnetic field is applied, the
susceptibility becomes a series of peaks resulting from the
Landau-level formation, and both the strength and the sep-
aration of the peaks will increase with applying magnetic
fields.

Therefore if one is probing with a wavelength near one of
the peaks, then the amplitude of the oscillations will increase
significantly, since the signal is proportional to the derivative,
which is also strongly peaked near the transition. This fact
enhances the detectability of the CPs. While the strength of
the peaks increases linearly with magnetic field, the actual

FIG. 4. (a) TRDR for 8 and 10 Tesla at 5 K. To focus on the
oscillations, the initial carrier dynamics have been subtracted out.
Our theoretical predictions for the CP oscillations are shown in (b).
The red dashed line marks a point in time when the strain pulse
(generated at the interface between the GaMnAs layer and GaAs
substrate) reflects off the surface and returns to the interface between
the GaMnAs and the GaAs and is in the GaAs substrate. A change
in the phase of the oscillation can be seen between the 8- and 10-T
traces, for both theory and experiment.

increase in the CP signal depends explicitly on where the
probe energy is with respect to the Landau-level transitions.
As a result, the amplitude may not increase monotonically
with the magnetic field.

We also looked into the variation of the dielectric function
in GaMnAs. In the 800-nm range of the probe, the absorption
in GaMnAs is very weak and flat. This results from the fact
that the GaMnAs is heavily p doped. As a result, the Fermi
level lies deep within the valence bands and there are no
valence-band–to–conduction-band Landau-level transitions.
Instead, there are some inter-valence-band transitions that can
give rise to some absorption. These transitions do not have
the sharp-peaked Landau-level structure that the valence-to-
conduction-band transitions have. As a result, the derivatives
of the real and imaginary parts of the dielectric function in
GaMnAs are much smaller, indicating that the oscillations that
we observe are dominated by the acoustic modes propagating
in the GaAs substrate.

In Fig. 2 the fixed energy of the probe laser pulse is marked
with a red dashed line. As the field increases, one observes that
the probe is not always at the peak of the Landau level and in
fact can be either at the peak or on either side of the level
or in between Landau levels. As a result, the enhancement of
the CP signal does not increase monotonically with magnetic
field. While the strength of the Landau levels increases with
magnetic field, the CP signal can actually go down with B
if one is probing between the Landau levels for that field.
This has been seen experimentally in Fig. 1, where we see
the amplitude drop at 5 T. In addition, depending on what side
of the Landau level the probe pulse lies, the phase of the CP
oscillations can also change, as can be seen in Fig. 3(c). This
has been observed experimentally in changing the field from
8 to 10 T, where a strong phase change is seen and is shown
in Fig. 4. The theoretically calculated phase change is not
as strong, and this will be discussed further in the Appendix
when we consider the role of broadening of the transitions. In
addition, we note that excitonic effects are not included in our
model. The inclusion of excitonic effects will quantitatively
modify the enhancement factor and can also alter the phase
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change by changing the position and shape of the Landau
levels.

We also note that for the first ∼45 ps, the amplitude of
the CP is smaller than after 45 ps (both experimentally and
theoretically). This delay time (45 ps) is twice the time it takes
for the strain pulse to go from the surface to the interface.
This indicates to us that part of the strain pulse is generated
near the GaMnAs/GaAs interface. We believe that this results
from the strong built-in electric fields between the heavily
p-doped GaMnAs and the undoped GaAs, which can rapidly
trap carriers near the interface and trigger a strain pulse which
originates from the interface [46]. The longitudinal speed of
sound in the [100] direction in GaAs is about 4.73 nm/ps
(which is slightly higher than in GaMnAs). The transit time
ttrans is the time that would take a longitudinal strain pulse
to go from the surface to the interface (100 nm away), and
it would be 21.14 ps. The change in oscillation amplitude
as shown in the inset of Fig. 1 is twice that of ttrans =
42.28 ps.

How then do we get a strain pulse generated at the in-
terface? We believe that the initial, nonequilibrium, expo-
nentially decaying photoexcited carrier distribution evolves
through diffusion. In fact, previous studies [47] which in-
vestigated the coupling between coherent optic phonons and
plasmons in a 400-nm pump/800-nm probe scheme in GaAs
showed a rapid change in the coupled plasmon-phonon modes
on a picosecond or subpicosecond timescale. This rapid
change was attributed to diffusion of photoexcited carriers
away from the surface. Based on these earlier studies, our best
estimate for the diffusion constant is 30 cm2/s.

At the interface, strong built-in electric fields (due to the
difference in doping in the GaMnAs layer, which is very
highly p doped, and the GaAs substrate, which is not inten-
tionally doped) can trap the carriers at the interface. Hence,
within 1 ps of the pump pulse, a large number of carriers
can be trapped at the interface and generate a strain pulse that
propagates in both directions from the interface. This indicates
to us that a strain pulse is generated at the interface (which is
the stronger pulse) and can propagate in both directions (into
the GaAs sample as well as into the GaMnAs film). The time
it takes for the pulse at the interface to reflect off the surface
and return to the interface is 42.28 ps since it has to transit
the 100-nm GaMnAs film twice. A similar effect has been
observed in interfaces between GaAs and transition-metal
oxides with large interfacial electric fields [48].

IV. CONCLUSION

In conclusion, we studied the ultrafast generation of coher-
ent longitudinal acoustic phonons in a system consisting of a
ferromagnetic GaMnAs thin film grown on a GaAs substrate
as a function of applied magnetic field. We found an extremely
large enhancement in the amplitude of the Brillouin oscilla-
tions with an increase in magnetic field. This enhancement
occurs primarily in the GaAs layer and results from a change
in the dielectric function due to the formation of Landau
levels, which enhances the detectability of the phonons. The
differential reflectivity is proportional to the derivative of the
dielectric function, which is strongly peaked near a Landau-

level transition. As the magnetic field increases, the strength
of the Landau-level transitions also increases. This fact leads
to a general overall increase in the CP’s oscillation amplitudes
with increasing magnetic field, provided the probe energy is
near the peak of a Landau level. The increase with field, how-
ever, is not monotonic, since the probe energy can lie between
Landau levels where the enhancement effect is weaker.

Although the details depend on the exact position where
the probe energy is with respect to the Landau levels, the
CPs when propagating inside the GaMnAs layer did not
show a strong increase in the amplitude of the oscillations
with magnetic field. This is because the GaMnAs layer is
highly doped, and as a result, the lowest valence-band–to–
conduction-band Landau levels at the probe wavelength are
blocked (Burstein-Moss effect), leading to a small derivative
in the dielectric function at the probe wavelength for GaMnAs
and hence a small response from the GaMnAs layer.

While our studies demonstrated an external magnetic field
can lead to a large enhancement in the detection of the CPs,
perhaps a more interesting application would be to use the
magnetic field to enhance the generation of the CPs. This
could be accomplished by tuning the Landau levels into and
out of resonance with the pump pulses. Our study has shown
that the amplitude, frequency, and phase of the CP oscillations
can be extremely sensitive to the external magnetic fields and
suggests that CPs can be used for probing the quantum states
of multilayer materials.
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APPENDIX: MAGNETIC-FIELD
DEPENDENCE IN DETAIL

In this Appendix we provide more details on the magnetic
field dependence of the real and imaginary parts of the di-
electric function, as well as the enhancement in amplitude.
Figure 5(a) shows the variation of εi(E ) as a function of
external magnetic field. For the undoped GaAs, the interband
Landau-level resonance energy gets shifted to higher energies
and increases in strength by increasing the magnetic field.
Consequently, a significantly different value of the dielectric
function corresponds to the probe energy of 1.55 eV, and by
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the Kramer’s-Kronig relations, εr (E ) changes accordingly, as
seen in Fig. 5(b). The corresponding dependence on magnetic
field of the absorption coefficient α(E ) and the real refractive
index n(E ) are shown in Figs. 5(c) and 5(d). The inset in

Fig. 5(c) shows the magneto-absorption for GaMnAs in a
wider scale.

However, in the highly p-doped GaMnAs, the interband
resonances from the highest valence bands to the lowest
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045306-6



MAGNETIC FIELD ENHANCED DETECTION OF COHERENT … PHYSICAL REVIEW B 102, 045306 (2020)

0 20 40 60 80 100 0 20 40 60 80 1000 20 40 60 80 100
Delay Time (ps)

8T

10 T

Theory
FWHM=1.0 meV(b)

Delay Time (ps)

8T

10 T

Theory
FWHM=5.0 meV(c)

D
iff

er
en

tia
lR

ef
le

ct
iv

ity
(a

.u
.)

Delay Time (ps)

8T

10 T

Expt.
(a)

FIG. 7. Comparison of the CP oscillation’s phase at 50 ps by varying the field from 8 and 10 T for (a) the experimental data, (b) the
theoretical model with 1-meV broadening, and (c) the theoretical model with 5-meV broadening. As can be observed by comparing the figures,
the peak of the 10-T oscillation in (b) with 1-meV broadening lags behind the peak of the 8-T oscillation by a small amount, somewhat less
than the experimentally observed response. For (c) with 5-meV broadening, the peak at 10 T lags the peak at 8 T more than the experimental
data. These results suggest that the actual broadening may lie between 1 and 5 meV. This will depend, of course, on the exact position of the
peak in the Landau level.
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FIG. 8. Absorption spectra for GaAs and GaMnAs for B = 8 T
(a) and B = 10 T (b) with 1-meV broadening (green) and 5-meV
broadening (blue). For B = 8 T (a), the probe energy is on the same
side of the absorption feature, hence the phase does not change much
with the broadening in Fig. 7. For B = 10 T (b), for small broadening
(1 meV), the probe is located on the right-hand side of a light-hole
Landau-level transition and hence the phase difference between 8
and 10 T is not that large. For larger broadening (5 meV), the light-
and heavy-hole transitions are combined into one broad transition.
Now the probe is on the left-hand side of this transition leading to an
almost π phase change between 8 and 10 T. (See Fig. 3 in the main
text.)

conduction band are absent at the probe energy due to high
doping which leads to a Burstein-Moss shift, as evidenced in
Fig. 5(c) (and also the inset). Moreover, the high doping in the
GaMnAs layer leads to large broadening of the transitions,
since the mobility in the GaMnAs layer is much lower than
the undoped GaAs substrate. Hence, the inter-valence-band
absorption spectrum in GaMnAs remains essentially flat, sug-
gesting no significant change in the dielectric function and the
optical constants by varying the magnetic field.

In Fig. 6(a) we present the experimental enhancement
factors of the CP’s amplitude as a function of magnetic field
and compare them with our theoretical model for two different
Landau-level broadenings in the GaAs layer; Fig. 6(b) is for
1 meV and Fig. 6(c) presents the result for 5 meV. Because
of the high p doping in the GaMnAs layer, the transitions
have even larger broadening. The theoretical results show
the following: (i) the change in enhancement is dominated
by the GaAs layer for B �= 0 for 1-meV broadening and for
B � 3T for 5-meV broadening; (ii) there is an increase in
enhancement factor as one goes to higher magnetic fields,
which is associated with the increase in density of states of
the Landau levels with magnetic field; (iii) the increase is not
monotonic, since the probe energy can be between Landau
levels for certain values of magnetic field (like in the 5-T
region seen here); and (iv) the enhancement factor depends
strongly on the exact position and broadening of the Landau
levels. In Fig. 6(c) we show that a 5-meV broadening can more
accurately reproduce the experimental results than a 1-meV
broadening presented in Fig. 6(b). For 5-meV broadening,
the GaMnAs enhancement factor is comparable to the GaAs
factor for B � 2, which might explain a slightly different
period for the shortest times that is experimentally observed
(cf. Fig. 9).

In Fig. 7 we present the sensitivity of the CP’s oscillation
phase to the applied magnetic fields at the time (50 ps). (This
is when the strain pulse which originated at the interface has
reflected off the surface and is back in the GaAs layer.) We
compared this observation with our model for two different
Landau-level broadenings (1 and 5 meV). We can observe
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FIG. 9. Experimentally measured period of the CP’s oscillations
at the initial propagation times < 40 ps (red star) and longer times
>50 ps (violet circle) as a function of magnetic field. The red dashed
line is a theoretical calculation, and the blue line is an estimate for
the Ga1−xMnxAs with x = 0.07.

for 1-meV broadening, in Fig. 7(b), that the calculated phase
at 10 T slightly lags behind the 8-T result. The phase lag
is less than the experimental one, shown in Fig. 7(a). In
comparison, for 5-meV broadening in Fig. 7(c), the 10-T
phase significantly lags the 8-T phase. To understand this, we
have plotted the absorption spectra for B = 8 T in Fig. 8(a)

and B = 10 T in 8(b), for both 1- and 5-meV broadening. The
dashed red line corresponds to the probe energy. We observe
that for 8 T, for either 1- or 5-meV broadening, the probe is on
the right-hand side of the absorption feature, and as a result,
the phase for 8 T does not change much with broadening.

In contrast, for 10 T and 1-meV broadening, the probe is
on the right-hand side of a light-hole Landau-level transition,
and as a result, only has a small phase difference compared to
the 8-T oscillation. For 5-meV broadening, the light-hole and
heavy-hole transitions are merged together. Now the probe is
on the left-hand side of the absorption feature and hence is
about π out of phase with the 8-T signal [cf. Fig. 3(c)].

Finally, we present the comparison of the experiment and
theory when it comes to the period of the CP’s oscillations in
Fig. 9. Shown is the experimentally measured period of the
CP’s oscillations at the initial propagation times <40 ps (red
star) and longer times >50 ps (violet circle) as a function of
magnetic field. The red dashed line is a theoretical calculation
based on the formula in an earlier study by Blakemore [49]
using n = 3.65 and vLA = 4.73 nm/ps. The blue line is an
estimate for the Ga1−xMnxAs, with x = 0.07 at 78 K from
Fig. 4 in Qi et al. [4]. For low magnetic fields, B < 2 T, we
see that the GaMnAs can contribute to the signal during the
short time that the pulse from the interface is in the GaMnAs
film. For large fields, B > 3 T for the same time window
is dominated by the GaAs response. This is consistent with
Fig. 6(c), which shows that the enhancement factor contribu-
tion from the GaAs and GaMnAs layers are comparable at low
fields, but at high fields, the GaAs enhancement factor is much
stronger.
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