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The authors report time resolved measurements and control of photoinduced spin and carrier
relaxations in InMnSb ferromagnetic films with 2% Mn content (grown by low-temperature
molecular beam epitaxy) using femtosecond laser pulses, and compare them to analogous
measurements on InBeSb and InSb films. In this work, magneto-optical Kerr effect and standard
pump-probe techniques provided a direct measure of the photoexcited spin and carrier lifetimes,
respectively. They observe decrease in relaxations times in the high laser fluence regime and an
absence of temperature dependence of the relaxation times. © 2007 American Institute of Physics.

[DOL: 10.1063/1.2719173]

Current research activities in the area of ferromagnetic
semiconductor have been mainly focused on III-Mn-V alloys
with small lattice constants and large effective masses of
valence band such as GaMnAs,k4 where the highest values
of the Curie temperature (T) have been achieved so far.
Various theoretical models have been proposed to explain the
actual mechanism of ferromagnetism in III-Mn-V but the
microscopic mechanism is still a matter of controversy.l’5 -10
In particular, much has been said regarding the inverse cor-
relation of T and the lattice parameter, which has led to
considerable research on GaMnN and related alloys. It is
therefore important in this context to explore the opposite
extreme of the III-Mn-V ternaries, i.e., InMnSb,“’12 which
has the largest lattice constant in this family of materials. In
spite of its low T, InMnSb has significant potential for ap-
plication in infrared spin photonics and in spin transport de-
vices because it has the smallest effective mass of the holes,
and thus a much higher hole mobility than the other III-
Mn-V ferromagnetic semiconductors. It is also unique in
having the smallest energy gap among the ferromagnetic III-
Mn-V. Recent Andreev reflection measurements suggest up
to 52% spin polarization in ferromagnetic InMnSb, thus this
material maybe of special interest as a source of spin-
polarized carriers."”

Most current understanding of the InMnSb system is
gleaned from static magnetization and electrical transport
measurements.'' ™ Here we report spin/carrier relaxation
measurements on III-Mn-V narrow gap system grown by
molecular beam epitaxy technique.16 We measure the above
relaxations using femtosecond laser pulses with two different
energies per pulse, resulting in different laser fluences and
therefore different photoinduced carrier densities. We com-

18) with 5% Mn contents where only high laser fluence re-
gimes were tested. The measured spin/carrier relaxation
times in our InMnSb samples do not demonstrate strong tem-
perature dependence. A similar lack of temperature depen-
dence in spin relaxation has been reported in (Ga,Mn)As
with a 2% Mn concentration.* The sensitivity of magnetic
order to the hole density due to strong p-d exchange cou-
pling between holes and the embedded localized magnetic
moments has been demonstrated experimentally.lg_2 An-
other aspect of the observation in this work is that the relax-
ation lifetime depends on (and can thus be controlled by) the
density of the photoinduced carriers. The Elliot-Yafet
mechanism®* is considered to be the dominant relaxation
process in narrow gap semiconductors, and in this model the
spin relaxation is proportional to the momentum relaxation
time, which itself depends on temperature, concentration,
and mobility.

In this work, in addition to InMnSb, we have studied two
nonferromagnetic low temperature (LT) grown materials, LT-
InSb, and LT-InBeSb with ~1% Be concentration' "' (with
similar growth conditions), the comparison with which al-
lows us to infer the effect of Mn on spin/carrier dynamics in
InMnSb. The samples and their characteristics are listed in
Table I, the detail of growth conditions can be found in Refs.

TABLE 1. List of the samples studied. Ty, is the Mn effusion’s cell tem-
perature. All samples have 0.23 um of active layer and except LT-InSb, all
are p type. The relaxation times listed are at 77 K for low laser fluence. (The
relaxation time is referred to the time that the signal at positive time delay
reaches approximately to the same value as the negative time delay.)

Carrier Spin

Density Mobility lifetime lifetime Tnvin
pare our results with recent time resolved measurements on Sample (cm™) (cm?/V's) (ps) (ps) (°C)
other narrow gap semiconductor ferromagnetic systems, such i
as InMnAs with 9% (Ref. 17) and InGaMnAs (Refs. 17 and ~ "MnSb(C) 210 100 30 2570

InMnSb(B) 2% 10% 100 15 10 700
LT-InBeSb 1.4%10% 170 50 50
Y Author to whom correspondence should be addressed; electronic mail: LT-InSb 2% 108 1000 50 50
khoda@vt.edu
0003-6951/2007/90(14)/143109/3/$23.00 90, 143109-1 © 2007 American Institute of Physics
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FIG. 1. Two-color measurements with pump fluence of ~5 mJ/cm? of In-
MnSb (sample B). (a) Differential reflectivity (the dashed lines are exponen-
tial fits to the relaxations after the timing zero; for clarity the fits are dis-
placed from the experimental traces). The differential reflectivity
demonstrates an initial decrease lasting about 5 ps followed by an increase
in reflectivity which shows a slow decay to its original value in the negative
time delay. (b) MOKE at 77 K and room temperature. For clarity MOKE
traces are plotted for two different circular polarizations of the pump.

11 and 12. The InMnSb samples studied in this work have
2% Mn concentration and 7-~9 K.

We measured dynamics of photoexcited carriers and
their spins using standard pump/probe and magneto-optical
Kerr effect (MOKE) techniques (both degenerate and two
color). In the degenerate measurements, the pump was near
infrared (NIR) pulses from a Ti:sapphire laser which pro-
duces tunable radiation from 750 to 850 nm with a pulse du-
ration of ~100 fs at a repetition rate of 80 MHz. The maxi-
mum average power of the pump was about 400 mW (energy
per pulse of ~5 nJ). A small portion (~10%) of the NIR
beam was split off to be used as the probe beam. In the
two-color pump/probe and MOKE, the source of the pump
beam was midinfrared pulses from an optical parametric am-
plifier pumped by a chirped pulse amplifier (CPA) with
maximum average power of ~1.1 W, a pulse energy of
~1 mJ, and duration of ~100 fs at a repetition rate of
1 kHz. Small fraction (~1073) of the CPA signal was used as
a NIR source for the probe beam.

Since GaAs substrate absorbs the NIR radiation we used
the reflection geometry instead of transmission to probe the
dynamics as a function of time delay between the pump and
the probe. The probe and pump beams were focused and
overlapped on the samples in a spot size of ~100-150 um
(slightly larger for the pump) inside a cryostat. We monitored
Kerr signals by recording the intensity difference between
the s and p components of the reflected NIR beam using a Si
balanced detector and a lock-in amplifier. The pump beam
was circularly polarized using a quarter wave plate to excite
spin-polarized carriers. Selection rules for interband transi-
tions suggest that spin-polarized carriers can be created using
circularly polarized beams. The MOKE signal arises from
the difference between the optical coefficients of a material
for left and right circularly polarized lights which are propor-
tional to the magnetization produced by the circularly polar-
ized pump.25

Here we report the results of MOKE induced by optical
magnetization to measure spin relaxations. Two-color tempo-
ral traces of photoexcited MOKE and carrier relaxations sig-
nals for InMnSb (sample B) are shown in Fig. 1. The pump
wavelength was fixed at 1.3 wm with an average power of
1.1 mW (pump fluence of ~5 mJ/cm?), resulting in the
photoinduced carrier density of the order of ~10' cm™, less
than the background density. The probe beam was 800 nm,
with an average power of ~5 uW. In Fig. 1(a) the differen-
tial reflectivity signals are plotted at room temperature and

Appl. Phys. Lett. 90, 143109 (2007)
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FIG. 2. (a) Differential reflectivity and MOKE of InMnSb (sample B) in the
degenerate configuration at 10 K. In addition, for comparison, the MOKE
signal of sample C is plotted at 11 K. (b) MOKE signal of InMnSb (sample
C) for two different circularly polarized pump beams and differential reflec-
tivity at 77 K.

77 K. Figure 1(b) shows the MOKE at 77 K and room tem-
perature. In this regime, the MOKE signal only lasts for less
than 2 ps, similar to the relaxation observed in InMnAs and
InGaMnAs with a similar photoinduced carrier density.17

Figure 2(a) (the two lowest traces) demonstrates the
carrier/spin dynamics of the InMnSb (sample B) using the
degenerate configuration at 10 K with pump fluence of
~20 pl/ cm?; in addition, for comparison, the MOKE signal
of sample C (the top trace) is shown at 11 K. Figure 2(b)
shows the MOKE signal and the differential reflectivity of
InMnSb (sample C) with pump fluence of ~50 wJ/cm? us-
ing two different circular polarizations for the pump. In this
pumping regime the observed spin relaxations were more
than a factor of 3 longer compared to those observed with the
two-color pumping regime, where the photoinduced carrier
density is expected to be in the 10'7—10'® cm™ range.

In order to probe the effect of magnetic ordering and
temperature on the relaxation time, we measured MOKE and
carrier dynamics at several temperatures below and above
the sample Curie temperature 7-=9 K. Examples of these
measurements are shown in Fig. 3(a), the experimental con-
ditions being the same as for Fig. 2(b). We were able to trace
the dynamics up to room temperature. Since raising the tem-
perature above the T only resulted a small modification of
the relaxations, this suggests that at low Mn concentrations
(~2% in this case) the spin relaxation of photoexcited carri-
ers might not be influenced by interactions with Mn ions.

As shown in Fig. 3(b), we performed carrier relaxation
measurements at 77 K on LT-InBeSb and LT-InSb samples
under similar experimental conditions, as in Fig. 2. The car-
rier relaxation of LT-InSb demonstrates a sharp increase and
a slow recovery, which is clearer in this case compared to the
other two alloy samples. It is known that the low-
temperature growth produces large densities of point defects
that act as carrier trapping centers and strongly alter the car-
rier lifetimes, and we observe some signatures of this effect.
In InMnAs a slow recovery of ~200 ps in differential reflec-
tivity has been observed where electron-hole recombination
through trapping at midgap defects is considered to be re-
sponsible for the slow recovery Flgure 3(c) shows the re-
sults of MOKE measurements obtained on LT-InSb and LT-
InBeSb, where a two-step relaxation is clearer compared to
the InMnSb samples. In order to demonstrate this feature
more quantitatively, we fitted exponential functions to the
signals after the timing zero in Figs. 1(a), 3(b), and 3(c) to
model the relaxations. In Fig. 3(c), unlike the first two cases
where only a single exponential was used, we had to add two
exponential tunctions to model the relaxations. We also ex-
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FIG. 3. (a) Photoinduced MOKE in InMnSb (sample C) at different tem-
peratures. There is no significant difference between the relaxation above
and below T¢. (b) Differential reflectivities of InMnSb, LT-InBeSb, and
LT-InSb at 77 K (the dashed lines are exponential fits to the relaxations after
the timing zero). (c) MOKE measurements on LT-InBeSb and LT-InSb using
the degenerate pump/probe scheme at 77 K (the dashed lines are the sum of
two exponential functions to the relaxations after the timing zero). (d)
MOKE measurements on LT-InSb using the two-color scheme at room tem-
perature and at 77 K.

amined the dynamic of LT-InSb in the presence of a large
density of photoinduced carriers using the two-color scheme,
where we observe a faster relaxation than that seen in Fig.
3(c). In addition, in this regime the LT-InSb shows a faster
spin relaxation than that observed for InMnSb in Fig. 1(b).
In summary, photoinduced spin/carrier relaxation was
measured and altered in LT-InSb based ferromagnetic and
nonferromagnetic films in different pumping regimes. We
observe faster relaxations in the case of higher laser fluences
(in the two-color measurements) that produce higher photo-
induced carrier densities. This fact can be explained by the
Elliot- Yafet** mechanism, which is the dominant relaxation
mechanism in narrow gap semiconductors. In high laser flu-
ence regime, our observations are consistent with the mea-
sured relaxations in InMnAs and InGaMnAs (Ref. 17) where
the interaction between photoinduced carriers and Mn ions is
considered to be responsible for the fast relaxation (~1 ps).
In our samples, the tunability of the relaxation times as a
function of photoinduced carrier density suggests that other
mechanisms such as momentum relaxation can be more cru-
cial compared to the carrier-Mn ion interaction. In addition,
in our InMnSb samples, varying the sample temperature
from above to below the 7 modified the relaxations only
slightly (without any anomalies at T), suggesting the ab-
sence of interaction of photoinduced carriers with Mn ions.
Based on this and the observed long relaxation time in the
low laser fluence regime (much shorter relaxations are ex-
pected for holes because of the strong spin-orbit interaction),
we therefore attribute the observed photoinduced carrier/spin
dynamics entirely to the relaxation of photoexcited electrons
in the conduction band. In III-Mn-V ferromagnetic semicon-
ductors, the s-d coupling with the localized Mn ions is sig-

Appl. Phys. Lett. 90, 143109 (2007)

nificantly weaker compared to the p-d exchange coupling
characterizing the valence band. This effect can have impor-
tant consequences for applications of InMnSb in developing
spin based devices, since these alloy has much higher hole
mobility than the other III-Mn-V ferromagnetic semiconduc-
tors. We are presently pursuing similar measurements in
the presence of an external magnetic field to help us better
understand the interaction and the differences in these
materials.
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