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InSb and InMnSb samples have been investigated by means of magneto-optical Kerr effect and magnetic
circular dichroism. In binary semiconductor compounds such as InSb the observed magneto-optical spectra
exhibit narrow and distinct resonances which can be associated with dipole-allowed transitions between the
Landau levels in conduction and valence bands. With increasing magnetic field the Landau splitting increases
and the observed peaks change their position and amplitude accordingly. In contrast to this observation, the

magneto-optical spectra of the diluted magnetic semiconductor InMnSb show only one strong and broad
resonance. Contrary to what one expects, particularly in narrow gap materials with large g factors and small
effective masses, the shape and position of this resonance do not change with the applied magnetic field. It is
found, however, that the amplitude depends linearly on the magnetization of the samples. In this paper we
describe how these observations can be understood by means of a k- theory incorporating the exchange
interaction of free carriers with localized electrons in the Mn ions.

DOI: 10.1103/PhysRevB.80.195210

I. INTRODUCTION

A novel concept for electronic devices, commonly re-
ferred to as “spintronics,” is based on the control of spins in
magnetic materials which can be achieved electrically as
well as optically. Ferromagnetic semiconductors are very
promising materials for the realization of spintronic devices.
To use these materials effectively, however, one needs an
in-depth understanding of their magnetic properties and their
electronic band structure. In addition, for optical control, a
detailed knowledge of the optical properties is also indis-
pensable.

Whereas the alloy GaMnAs has already been very exten-
sively studied'~* there are relatively few reports in the litera-
ture on narrow gap ferromagnetic materials such as InMnSb.
Owing to the high g factor and small effective masses of the
host material InSb, the Landau level and Zeeman splitting in
the host material is itself quite large, and one therefore ex-
pects a stronger influence of the host band structure relative
to the exchange interaction between free carriers and Mn
magnetic moments than in wide gap materials. Thus, the in-
vestigation of InMnSb offers a promising perspective on un-
derstanding the magnetic interactions in ferromagnetic semi-
conductors.

In the present paper measurements of the magneto-optical
Kerr effect (MOKE) and the magnetic circular dichroism
(MCD) on ferromagnetic InMnSb samples are reported and
compared with corresponding results for InSb. The most re-

1098-0121/2009/80(19)/195210(9)

195210-1

PACS number(s): 75.50.Pp, 78.20.Ls, 75.30.—m, 71.70.—d

markable finding is the fact that there is one strong and rela-
tively broad feature in the MOKE and MCD spectra of In-
MnSb, the position of which within experimental error does
not depend on the external magnetic field if the magnetiza-
tion is saturated, even if uyH is larger than wyM (H denoting
the magnetic field and M denoting the magnetization). The
amplitude of the feature depends only on M with no influ-
ence of H. It turns out that the experimental findings can be
well understood in terms of a k-5 band structure model.’

The paper is organized as follows: in Sec. II we describe
the experimental setup used to obtain the magneto-optical
spectra and the properties of InMnSb. The theoretical model
used to calculate the band structure and the optical properties
under the influence of magnetization and external magnetic
field is described in Sec. III. A few technical details of the
theoretical model will be outlined in the Appendix. In Sec.
IV the actual measurements are shown and compared to cal-
culations, followed by a discussion of the results. In a final
section the pertinent conclusions to be drawn from our analy-
sis are stated.

II. EXPERIMENTAL METHOD AND INVESTIGATED
MATERIALS

A. Polar magneto-optical Kerr effect and magnetic
circular dichroism

Highly doped diluted magnetic III-V semiconductors typi-
cally are ferromagnetic. In contrast to II-VI materials where
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Mn”* can substitute for the cations without affecting the
crystal quality and the free carrier density, in III-V materials
Mn?* acts as an acceptor and also tends to build clusters. To
optimize their properties, samples have to be grown by low-
temperature molecular beam epitaxy®’ resulting in hole den-
sities up to 10 ¢cm=. The high doping levels cause strong
free carrier absorption and thus magneto-optical experiments
using reflected light such as MOKE and MCD are advanta-
geous for the investigation of these materials. In this paper
we shall concentrate on the so-called polar MOKE, where
the k vector of the incident light is oriented parallel to the
magnetic field.

To understand the origin of MOKE and MCD effects in
magnetic semiconductors it should be recalled that here the
spin splitting of the energy bands is strongly influenced by
the magnetization via the exchange interaction between the
localized magnetic moments and band carriers as well as by
the usual Zeeman splitting. These splittings give rise to dif-
ferent refractive indices for right- and left-hand circularly
polarized components of the linearly polarized incident light
beam (which we will refer to as o* and o~ polarizations,
respectively). When the light beam is reflected from the
sample surface, the two circularly polarized components suf-
fer different phase shifts and different reflectivities. The two
reflected components recombine to form an elliptically po-
larized beam. Owing to the different phase shifts, the main
axis of polarization is then rotated with respect to the initial
polarization. This can be described by Fresnel’s formula for
reflection of the electric field E at the interface between a
medium with refractive index 1 (air) and a medium with
complex refractive indices 1. =n.—i- k. (the diluted mag-
netic semiconductor), where the “+” and “~" subscripts cor-
respond to the o* and ¢~ polarizations, respectively:

—_—

=1
I+

Enn=7+Ey= E,, (1)

—_

+

St
I+

where 7. =r. exp(ip-) is the complex reflection coefficient.
From Eq. (1) we directly obtain

2K+
¢x=arctan| =5 — |. (2)

—-n5 — K3
The Kerr rotation, i.e., the rotation of the plane of polariza-

tion of linearly polarized light reflected from the surface of a
magnetized sample, is then calculated to be

1
®Kerr= _((P—_ (P+)- (3)

2
The difference in the reflected intensities of the left- and
right-hand circularly polarized light is defined as the MCD:
2_ 2
MCD=—+—3. (4)

+ -

Figure 1 shows a schematic diagram of the experimental
setup used for polar Kerr effect measurements. A halogen
lamp or globar together with a grating spectrometer have
been used as a tunable monochromatic light source. Behind
the first polarizer P the light is polarized vertically. After
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FIG. 1. Experimental setup (see text for details).

passing the photoelastic modulator (PEM) the polarization
vector of the light is periodically switched from vertical to
horizontal polarization with a frequency of about 50 kHz
(characterized as A/2 mode, denoting that the maximum
phase shift of the modulator in this case is like that of a half
wave plate). The light reflected from the sample is detected
after passing through the analyzer A oriented 45° away from
the vertical direction. At B=0 kG [B denoting the flux den-
sity B=uy(H+M)] the projections of the electric field orien-
tations between which the modulator operates on the direc-
tion of the analyzer are equal. A lock-in amplifier that obtains
its reference from the modulator and the signal from the
detector measures the difference between the two projections
which, as noted, is zero at B=0. If the sample rotates the
plane of polarization, the difference between the two projec-
tions no longer vanishes and is detected by the lock-in am-
plifier. We refer to this signal as “DLI” (difference lock-in).
A second lock-in amplifier, receiving its reference from the
chopper, measures the overall intensity “SLI” (sum lock-in).
From both signals the rotation angle @, of the polarization
of the reflected light can be obtained by

DLI
I SLI
®Km=iarcsm i | (5)
-, —
bsL

The constants /; and I, can be calculated numerically from
the working principle of a lock-in amplifier. However, even
small misalignments of the directions of the polarizers affect
these constants. Therefore, in order to improve experimental
accuracy, the constants were determined from a calibration
measurement. The use of a differential method makes this
experimental setup highly sensitive enabling us to resolve
rotations of the polarization of the reflected light with an
accuracy of up to 0.002°. For the measurement of MCD, the
PEM is used in the A/4 mode and the analyzer behind the
sample is removed. In this case the DLI lock-in amplifier
measures the difference of the reflected intensities R, and R_
of the ot and ¢~ polarized light, and the SLI lock-in ampli-
fier measures their sum. From both quantities the MCD can
be readily obtained (J is the first Bessel function):

{77 (w)]‘lDLI
MCD=| [ = || =. (6)
2°"\2)| su

These experiments yield the magnetic-field dependence of
the magnetization if measurements are carried out at a fixed
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wavelength; and at a fixed magnetic field the wavelength
dependence (the spectra) of the magneto-optical effects can
be recorded. Details on how to describe measurements with
the PEM can be found in Refs. 8 and 9.

B. InMnSb

InSb is a III-V semiconductor with a narrow band gap of
0.235 eV at liquid helium temperature. Due to this small gap
considerable interactions between valence- and conduction-
band states can occur. Thus, InSb exhibits the lowest effec-
tive mass (m, =~0.014m,) and the highest mobility of elec-
trons in this class of materials.

As is the case for all ordinary (i.e., not magnetically
doped) ITI-V semiconductors, InSb behaves diamagnetically.
However, incorporating small amounts of Mn in the lattice
results in paramagnetism. This is because the Mn ion enters
the InSb lattice as Mn2* ion, whose d electrons represent a
half-filled shell, resulting in a vanishing orbital momentum
and a spin quantum number of % Therefore, the magnetiza-
tion of the electron spins of the Mn ions in an external mag-
netic field follows a Brillouin function Bs),. Furthermore, the
lattice lacks one electron per Mn ion resulting in a high hole
density in InMnSb. However, the hole density is usually
lower than the Mn concentration due to large compensation
effects, e.g., because some Mn ions occupy interstitial sites
instead of replacing the In atoms, where they act as double
donors.

As mentioned above, isolated Mn?* ions act paramagneti-
cally. The holes are able to mediate an interaction between
theses ions via the so-called Ruderman-Kittel-Kasuya-Yosida
(RKKY) interaction: a hole spin is aligned when passing a
Mn ion. While traveling through the lattice the degree of spin
polarization of the holes gradually decreases. If the distance
between the Mn ions is small enough so that the spin align-
ment of the hole can influence the spin orientation of another
Mn ion, ferromagnetic interaction occurs.

In;_,Mn,Sb becomes ferromagnetic for x=1.5%. Due to
strongly decreasing crystal quality, homogeneous samples
with concentrations greater than 3% are hard to obtain, since
phase separation begins to occur as the Mn concentration
increases. The carrier and the Mn density both influence the
Curie temperature of InMnSb resulting in values of usually
less than 20 K. It should also be noted that in ferromagnetic
samples the contribution to the spin splitting caused by the
exchange interaction between free carriers and the d elec-
trons of the localized Mn ions can be much larger than the
Zeeman effect of the nonmagnetic host.

Our measurements have been carried out on an InMnSb
sample grown by molecular beam epitaxy (MBE). The com-
position of the different layers comprising the sample was
controlled by the atomic flux during the growth process, as
follows. On top of a 0.5-mm-thick GaAs (001) substrate we
grew a 400 nm CdTe layer, followed by a 180 nm layer of
low-temperature InSb and a 230 nm layer of InMnSb, also
grown at low temperature, with a Mn concentration x
=1.5% (ny,=2.2%10%° cm™). The concentration of free
carriers was estimated from Hall effect measurements to be
p=15X%10% cm™, and magnetization data obtained by a
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superconducting quantum interference device magnetometer
indicate a magnetization of Mg=10.6X10° A/m at satura-
tion (ueM¢=0.133 kG). We shall compare below our results
for InMnSb with measurements on pure InSb that have been
performed using a 1.52-mm-thick InSb wafer available com-
mercially.

III. CALCULATION OF BAND STRUCTURE AND DIPOLE
TRANSITIONS

In order to describe the optical properties of InMnSb, we
use a standard k- p approach to characterize the electronic
structure. Our model accounts for the two lowest spin-split
conduction bands and six valence bands (the heavy hole, the
light hole, and the split-off band), which are mixed by an 8
X 8 Luttinger Hamiltonian in a flux density B (the so-called
Pidgeon-Brown Hamiltonian Hpgp extended for finite wave
vectors k).5 Due to the small band gap of InMnSb, mixing
between the conduction and the valence bands is rather
strong. The external field gives rise to a Zeeman splitting of
the Mn spin states:

Hyin-zeeman = gMn:“’BE S, B, (7)

n

where gy,=2 is the g factor of Mn ions, 5‘,, is the spin op-
erator of the nth Mn atom, and up is the Bohr magneton. In
Mn-doped samples hybridization effects between the local-
ized d shells of the Mn ions and the itinerant carriers lead to
an exchange interaction, which is treated within the virtual
crystal and mean-field approximations. This results in the
following contribution to the Hamiltonian:

H,_py=xNo 2 (S)(as + B57), (8)

where x is the Mn concentration, N is the number of cations
per volume, (§> is the thermal expectation value for a Mn
spin, and 5% stands for the nth electron spin operator for
s-like conduction-band states or p-like valence-band states,
respectively. a and S denote the corresponding exchange
integrals. For magnetic fields used in the present paper, the
magnetization is in most cases nearly saturated, and the
mean-field ansatz certainly holds. We have taken the direc-
tion of the equilibrium magnetization as the z direction,
which is also the direction of the external magnetic field,
thus, replacing the spin operators in Eq. (8) by their z com-
ponents. Further details, including the explicit form of the
Hamiltonian, can be found in Ref. 5 (see also Ref. 10 of the
present paper). The above contributions define our system
Hamiltonian H,y. In addition, the dipole coupling to an ex-
ternal light field E is taken into account in the usual way:

Hint=_E-)"ﬁ7 (9)

where P denotes the polarization operator. In order to calcu-
late the optical response we first determine the eigenstates |v)
and eigenvalues E, of H, by direct diagonalization as de-
scribed in Ref. 5. The eigenstates |v) are conveniently la-
beled by a two-dimensional vector k with components
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FIG. 2. (Color online) Band structure of IngggsMng g;5Sb in an
external magnetic field of 80 kG and saturated magnetization at a
temperature 7=1.8 K. a denotes the lattice constant.

(ky,kz) and a discrete index j, which results from the diago-
nalization of Hyy for a given k. A state of given j contains
superpositions involving up to four consecutive Landau
quantum numbers and is referred to as Landau level in what
follows. We adopt the Landau gauge, where the energies are
degenerate with respect to k. For right-hand (0%) or left-
hand (o) circularly polarized light we obtain a complex
linear optical susceptibility which is a scalar and can be writ-
ten as

(k) = £ (k)M ()2
) S [fi(ko) = £ (k)M ()|

; + Xoo»
I soVIE(k,) — E;/(k,) = h(w +iy)]

(10)

where f;(k,) is the thermal occupation of a state with given
values of (j,k,), V denotes the volume, v is a phenomeno-
logical damping constant which provides a finite width for
each transition, and y. stands for the high-frequency back-
ground susceptibility. Finally, M](ﬁ)(lg) are the o~ compo-
nents of the transition dipole matrix elements. Details of
their calculation can be found in the Appendix.

Figure 2 shows the calculated band structure of InMnSb
as a function of the field-parallel component k, of the vector
k for an external magnetic field of 80 kG where the magne-
tization is saturated. The conduction band breaks up into well
separated Landau levels which are further split by the Zee-
man and exchange contributions. For the valence bands the
situation is a bit more complicated due to strong band mixing
effects. Nevertheless, it is possible to distinguish three
classes of subbands according to whether the heavy or light
hole or split-off character is dominant. Owing to their large
effective masses, the heavy-hole-like subbands indicated by
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the gray background color in Fig. 2 are closely spaced. The
solid lines display the heavy-hole-like subbands correspond-
ing to the lowest few Landau levels. The light-hole-like sub-
bands are spaced less densely. Again, only those subbands
corresponding to the lowest few Landau levels are shown
explicitly (dashed lines). The split-off-like subbands do not
appear in Fig. 2. On the right-hand side a magnified view of
the subbands near the band edge is depicted. It is clearly seen
that many crossings between different subbands take place.

For the optical response the position of the Fermi energy
is important. In our calculation we use the experimental es-
timates for p and ny, discussed in the previous subsection to
determine the Fermi energy Ey, which is indicated by the
dotted horizontal line in Fig. 2. For InSb without Mn doping
the Fermi energy lies in the band gap, and therefore all va-
lence bands are occupied.

According to Eq. (10) all transitions with nonvanishing
dipole matrix elements and nonzero occupation differences
fi(k,)=fj(k;) contribute to the susceptibility. It should be
noted that the MCD and MOKE signals are affected by both
the real and the imaginary part of x(w). Thus, transitions
whose frequencies deviate by a large detuning Aw from the
light frequency @ may also noticeably influence the signal,
because the real part of y(w) decays only as ~1/Aw. The
possible contributions can be roughly classified in three cat-
egories. For both InSb and InMnSb, interband transitions
(IBTs) between a valence and a conduction band may take
place. Transitions involving just the valence bands occur
only in the Mn-doped samples, since all final states are oc-
cupied in the intrinsic case. These intra-valence-band transi-
tions (IVBTs) can be further subdivided according to
whether both subbands originate from the same or from dif-
ferent types of valence subbands (heavy, light, and split-off).
We account for the usual selection rules which are summa-
rized in detail in the Appendix. The number of signal contri-
butions is greatly restricted by the fact that, in order to yield
a nonvanishing dipole matrix element, the superpositions
representing the two eigenstates must contain states with
Landau quantum numbers that differ at most by 1. Typical
examples for the three categories of allowed transitions are
depicted by arrows in Fig. 2.

IV. RESULTS AND DISCUSSION

Measurements on pure InSb have been performed at a
temperature of 1.8 K. Figure 3 compares the Kerr and MCD
spectra observed at 45 kG with the calculated spectra ob-
tained using the Luttinger parameters from Ref. 11. As can
be seen, there is excellent agreement between the experiment
and the model calculations obtained without any adjustable
parameters.

The narrow minima and maxima in Fig. 3 can be associ-
ated with left- and right-hand circularly polarized transitions
between different Landau levels in the valence and the con-
duction band. According to the Pidgeon-Brown model'? for
interband transitions only the vicinity of the I" point has to be
considered in the calculation. Due to the low carrier concen-
tration the Fermi energy is located within the energy gap,
which means that there are no blocked interband transitions.
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FIG. 3. (Color online) (a) Magneto-optical Kerr rotation and (b)
MCD spectra for InSb at uyH=45 kG and 7=1.8 K.

This is obvious, because the first maxima and minima in the
experimental spectra occur very close to the energy gap.

Figure 4 shows the MCD spectra of pure InSb for two
different external magnetic fields (15 kG and 45 kG, shifted
0.5° down and up, respectively, for clarity). Measured as
well as calculated spectra are shown, and the two straight
lines indicate the spectral shifts of two minima with increas-
ing field. The variation in the spectra with external magnetic
field is exactly as expected: the resonances are narrow, and
their positions shift and their amplitudes increase with in-
creasing field. This can be readily seen by observing the
changes in the band structure especially the increasing Lan-
dau splitting.

Contrary to this, the diluted magnetic semiconductor In-
MnSb exhibits only one rather broad resonance in the
magneto-optical spectra as can be seen in Fig. 5. Superim-
posed on this resonance is an oscillation with a compara-
tively small amplitude which is due to Fabry-Perot-like in-
terferences. Such interferences show up in multilayer
samples because light that has been reflected at an interface
between layers can interfere with light reflected at the sample
surface. In our numerical simulation we account for this ef-

15 :
[ — measurement 1

1 --- calculation

@ 0.5

on

5]

=

a o

O

=

0.5+

-l | | | |
3000 3500 4000 4500 5000

A (nm)

FIG. 4. (Color online) MCD spectra for InSb at T=1.8 K for
two different magnetic fields wyH (the upper spectra have been
shifted upward by 0.5° and the lower spectra have been shifted
down by the same amount).
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FIG. 5. (Color online) (a) Magneto-optical Kerr rotation and (b)
MCD spectra for Ing ggsMng 5;55b at woH=4.5 kG and 7=1.8 K.

fect by means of a transfer-matrix method.'? In this way an
excellent agreement between measurement and calculation is
obtained using the model discussed in Sec. III.

In addition to the striking difference of the spectra for
pure InSb and for InMnSb, the influence of the magnetic
field on the spectra is also qualitatively different. In order to
illustrate this aspect, we have performed calculations of
MOKE spectra for different magnetic fields in the regime
where the magnetization is saturated. The results are shown
in Fig. 6(a). As can be seen, changing the field from 30 to 60
kG has practically no effect on the Kerr rotation. In particu-
lar, in contrast to pure InSb there is absolutely no shift of the
spectral positions with changing magnetic field. Nota bene:
due to the small concentrations of Mn ions in our samples,
the value of wyH can easily exceed the value of uyM, and
despite this fact the spectra do not change with increasing
field after the magnetization has been saturated. Also the
amplitude is almost constant after the magnetization is satu-
rated, as can be seen from the inset of Fig. 6(a), where we
have plotted the maximum value of the MOKE spectrum as
a function of magnetic field. This behavior is confirmed by

4 T T T
31 a) P g
3 2 T H 3
& | L 11 &
L (5]
% 1+ ol 1117 %
% [ 0 .‘I:)I'(l)(st)o 1001 %
g0 g
o B
5 5
— 30kG ]
x 60 kG
ok 7
3 L \ L Lo \ ! !
2000 3000 4000 -50 25 0 25 50
A (nm) magnetic field (kG)

FIG. 6. (Color online) (a) Calculated Kerr spectrum of InMnSb
for different uoH in the regime of saturated magnetization at T
=1.8 K; the inset shows the maximum amplitude of the Kerr spec-
trum as a function of uyH. (b) Measured Kerr rotation angle of
InMnSb for the fixed wavelength A=3200 nm as a function of uyH
at T=1.8 K; the inset shows a magnified section of this hysteresis
curve.
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FIG. 7. (Color online) MCD spectra of InMnSb: (a) measured at
different temperatures and magnetic fields [from top to bottom at
3000 nm: (1.8 K; 53 kG), (10 K; 53 kG), (1.8 K; 4.5 kG), and (10
K; 4.5 kG)], (b) calculated for corresponding magnetizations, T
=1.8 K, puoH=53 kG (see text for details).

the experiment. Figure 6(b) displays the Kerr rotation angle
as a function of magnetic field at a fixed wavelength of 3290
nm and a temperature of 1.8 K. For fields above 30 kG the
Kerr angle is indeed nearly constant. The general shape in-
dicates that the Kerr angle is proportional to the magnetiza-
tion exhibiting a hysteresis (see inset) and resembling a Bril-
louin function.

These findings suggest that the magneto-optical signals
from our Mn-doped samples depend essentially only on the
magnetization M. To further analyze this issue we have mea-
sured MCD spectra for different temperatures 7" and mag-
netic fields H. The results can be seen in Fig. 7(a). Both
changes in T and H have little influence on the shape of the
spectra. No shifts occur in the entire range of H, starting
from low values up to fields deep in the regime where the
magnetization is saturated. Only the amplitude is affected by
T or H. The latter behavior is well in line with the above
assumption that the 7" and H dependences of magneto-optical
signals predominantly reflect the corresponding dependences
of M. Of course, the changes in T or H have important con-
sequences besides the variation in M; e.g., the occupations
and energies of the hole states depend on 7 and H. In order
to demonstrate that the observed behavior is mainly due to
changes in M, we performed calculations where we have
varied M by hand as an independent parameter. All other
parameters have been kept fixed at their values correspond-
ing to 7=1.8 K and uoH=53 kG. To obtain a meaningful
comparison with the experimental curves in Fig. 7(a) we
have adjusted the values of M according to the measured
hysteresis curves. As can be seen from the results in Fig. 7(b)
all the pertinent features of the experiment are well repro-
duced by this procedure. In particular, the signal amplitude
essentially depends linearly on the magnetization.

To understand these qualitatively different findings, it is
instructive to analyze the relative contributions to the
magneto-optical signal of the IBTs between the valence and
the conduction band, and of the IVBTs between the light-
and heavy-hole-like subbands. For InMnSb, the Fermi en-
ergy lies deep in the valence band as can be seen in Fig. 2.
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FIG. 8. (Color online) Calculated interband contribution to the
magneto-optical Kerr rotation in InMnSb where inter-valence-band
transitions have been switched off by hand. The curves correspond
to magnetic fields uyH as indicated and 7=1.8 K (again the spectra
have been shifted upward/downward by 1 unit for clarity).

This gives rise to a large number of allowed IVBTs, which
have nonzero dipole matrix elements due to strong band mix-
ing effects, while only IBTs are allowed in intrinsic InSb. In
order to evaluate the influence of the IBTs in InMnSb, we
have calculated MOKE spectra where the IVBTs have been
switched off by hand, and only the IBTs have been taken into
account. The corresponding results are shown in Fig. 8.
These signals are qualitatively very different from the results
of the full calculation as well as from the experiment. As in
InSb, these spectra exhibit several distinct and relatively
sharp peaks for A=<2000 nm, which shift with increasing
magnetic fields and are zero in the spectral range where the
observed spectra from InMnSb show predominant features.
Clearly these features arise from IVBTs between the light-
and the heavy-hole-like subbands rather than from IBTs. The
reason for their predominant character is that the combined
density of states is much larger for the IVBTs than for the
IBTs. Thus, the IBTs are negligible compared to transitions
between the valence subbands. Indeed, the results of the full
calculation are practically unchanged when the IBTs are left
out (curves not shown). It is only for wavelengths shorter
than 2000 nm that the selection rules between different Lan-
dau levels prohibit transitions between the light- and the
heavy-hole-like subbands, so IBTs can be observed in that
energy domain.

Comparing the absolute signal strengths of the full calcu-
lation with Fig. 8 it may be surprising that the IBTs alone
would lead to clearly visible structures in the spectral range
A=2000 nm, i.e., in the range where in Fig. 5 only marginal
features are seen. However, it should be noted that the vari-
ous contributions entering the signal are not additive [cf. Eq.
(2)]. In particular, strong off-resonant transitions between va-
lence subbands tend to reduce the signal amplitude in the
spectral range where the IBTs exhibit their characteristic
structures and thus suppress these IBT features.

The fact that the spectra for InMnSb are dominated by
IVBTs has several implications. While the peaks in InSb can
be identified with single Landau levels in the conduction
band, the predominant peaks in the MOKE and MCD spectra
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FIG. 9. (Color online) Calculated magneto-optical Kerr rotation
in InMnSb that would arise solely from transitions between two
pairs of spin-split light- and heavy-hole-like subbands at three dif-
ferent magnetic fields at 7=1.8 K.

in InMnSb consist of a superposition of a large number of
transitions between Landau levels of the light and the heavy
hole type. The precise number of Landau levels involved
depends on the magnetic field and in our calculations is in
the range between several hundred at high fields up to 1400
at low fields. These levels are closely spaced and consider-
ably broadened by a high scattering rate as well as a high
defect density. Thus, the discrete nature of individual transi-
tions is lost. The magnetic-field independence of the spectra
is also a consequence of the dominance of IVBTSs. Since all
hole Landau levels are shifted in the same direction with
increasing magnetic field, it is to be expected that the transi-
tion energies depend only weakly on the magnetic field com-
pared to the IBTs. However, this fact by itself cannot explain
the magnetic-field independence. In order to illustrate this
point we have calculated the MOKE spectrum that would
result from two isolated pairs of spin-split light- and heavy-
hole-like subbands. Figure 9 shows that the corresponding
curves still exhibit a slight sensitivity to the magnetic field. It
is only after the superposing of all intra-valence-band transi-
tions that the magnetic-field dependence is finally averaged
out.

The spin splitting of valence-band states is dominated by
the exchange interaction described by Eq. (8). This effect
causes the amplitude of the signature to depend on the mag-
netization rather than on the external magnetic field. We note
in passing that the absolute values of the amplitudes in Fig. 9
are even higher than in the full calculation where the pres-
ence of all other transitions reduces the signal as explained
before.

From the above discussion it is evident that the
conduction-band exchange parameter Nya cannot be ex-
tracted from the experimental data, since IVBTs dominate
the spectra. On the other hand, the valence-band exchange
parameter Ny enters the signal noticeably. As the Mn spin
expectation value is multiplied by the prefactor NyS in the
exchange Hamiltonian [cf. Eq. (8)], a different value of Ny
is equivalent to a different magnetization and therefore leads
to a corresponding linear dependence of the signal ampli-
tudes, without affecting the shape or position of the curves.
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Within our model we can thus use Ny as a fitting parameter
in order to reproduce the measured amplitudes. Thorough
investigations of the relation between simulations and mea-
sured data by modifying the relevant parameters over broad
ranges yield the best fit for |Ny8|=(2.1+0.4) eV, where the
errors have been estimated from a mean square fitting pro-
cedure.

Dietl et al.*> mention a well confirmed trend concerning
the valence-band exchange parameter NyS3, namely, [ re-
mains constant in the case of II-VI-based diluted magnetic
semiconductors, so that N8 decreases with increasing lattice
constant. By assuming this trend to also hold for II-V
semiconductors, and by taking B of GaMnAs to be
(-1.2%0.2) eV, they have been able to obtain reasonable
estimates for the Curie temperatures for different materials
(although they do not mention InMnSb). Using their assump-
tions the value of NyS for InMnSb should be between —0.66
and —0.93 eV and thus well below our best fit. On the other
hand, a similar fit that we have performed for an InMnAs
sample yields Ny8=~1.0 eV in accordance with the above
trend and with independent measurements.>

However, numerical tests indicate that in our model the
amplitude of the spectra is noticeably affected by off-
resonant transitions at large values of k,. In this regime the
accuracy of the k-5 model already reaches its limits. Thus, a
quantitative extraction of NyB is afflicted with significant
uncertainties. Further investigations are therefore required to
decide whether Nyg is really larger than expected or whether
the k-5 model overestimates this parameter. Yet it should be
stressed that these uncertainties resulting from limitations of
the k- model at large k, values affect only the signal ampli-
tudes. Importantly, these uncertainties have practically no ef-
fect on the shape and position of the spectra, and thus all
pertinent conclusions drawn from our analysis rely only on
features arising from the k, range where the k-p model is
valid.

V. CONCLUSION

In the narrow gap ferromagnetic III-V-based compound
InMnSb the dominating transitions governing the electronic
contribution to the dielectric function are intra-valence-band
transitions from light to heavy holes. Thus, in the MOKE and
MCD signals only the value of the valence-band exchange
constant Ny enters the amplitude linearly, while the influ-
ence of the conduction-band exchange parameter Ny« is not
noticeable.

Transitions between individual Landau levels are not dis-
tinguishable in the spectra observed on InMnSb, which in-
stead manifest one broad signature peak. The position of this
peak depends on the Fermi energy, and the magnitude of the
signature—apart from the effect of NyS—depends on the
magnetization of the sample. All experimental findings are
well described by the k-5 model developed by Sanders et al.’
In particular, the dominance of intra-valence-band transitions
explains why the spectra are insensitive to external magnetic
fields. Since heavy and light hole bands shift in the same
direction with changing magnetic field the influence of the
field strength on the corresponding transition energies is
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weak. The remaining dependence of these energies does not
result in measurable shifts in the spectra because the ob-
served broad signature is a superposition of several hundred
transitions between different Landau levels, forming in effect
a magnetic-field-independent envelope. Finally, the dominant
influence of the exchange interaction on the spin splittings in
the valence bands explains the linear dependence of the sig-
nal amplitudes on the magnetization.

APPENDIX: DIPOLE MATRIX ELEMENTS

For the understanding of the optical response of any ma-
terial one needs to know the dipole matrix elements
(VM| )==e(1|r, £ ir,|v') between the eigenstates of the
system Hamiltonian H,y,. Here, e denotes the electron
charge. In the approach of Ref. 5 the eigenstates |v) are rep-
resented as linear combinations of basis states |£ ,E ,n), where
& specifies one of the eight bands (heavy, light, split-off,
conduction, each with two possible values for the magnetic
quantum number m.), n denotes the Landau quantum number
and k is a two-dimensional wave vector with components
(ky,k,). For each k at most eight of these states are combined
with up to four different consecutive values of n. Thus,
(v|A]¥") can be calculated as a linear combination of the ma-
trix elements (&,k,n ars ,k",n’) between the basis states. For
these the usual selection rules apply,

<§,/z,n F]gl,]z”n’> = 51;127 5n,nr<u(§)|?|bl(§),> + 6§,§’<()D]€,n|?|(p]€’,n’>’
(A1)

where ug is the lattice periodic part of the Bloch function
from band ¢ at the I' point and ¢, denotes the envelope
function corresponding to the quantum numbers (k,n). It is
known that the second term in Eq. (Al) is only a small
correction to the first and thus may be neglected.’ The ne-
glected term would give rise to transitions with n—n'==*1.

For interband transitions that connect a valence subband
with a conduction subband it is common to use the following
relation:

ih (Wl

UL

(A2)

where p is the momentum operator and my is the bare elec-
tron mass. For this model the matrix —ifi/ mo(v|p|v') is given
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explicitly in the appendix of Ref. 5. It is easy to show that
Eq. (A2) is a strict identity for the eigenstates of the semi-
conductor Hamiltonian without the k-5 expansion at zero
magnetic field. Within the k-5 approach Eq. (A2) provides a
simple way to account for k dependences of {v|7|»') beyond
the k-dependent coefficients in the superposition of the basis
states 5,12 ,n). For the interband transitions this transforma-
tion yields dipole matrix elements that, as expected, decrease
with increasing transition energies. When (v|Av’) is evalu-
ated directly in the k- p theory without using this transforma-
tion, then the latter feature is lost, because the eigenfunctions
are given in first-order perturbation theory with respect to k.
Thus, the effect of the transformation Eq. (A2) is to provide
a natural energy cutoff.

However, for transitions between valence subbands the
use of this transformation becomes problematic. Here, due to
the frequent crossings of subbands, many transitions with
zero or nearly zero transition frequencies strongly contribute
to the dielectric function. In the k- p model such low fre-
quency transitions artificially lead to divergences in the right-
hand side of Eq. (A2). To avoid these divergences we evalu-
ate (v|7v') directly by using the eigenstates of the k-5 theory
for IVBTs. Anyway, the main advantage of using the trans-
formation Eq. (A2) for the IBTs is the introduction of an
effective energy cutoff for the dipole matrix elements. For
IVBTs this aspect is of minor importance because these tran-
sitions have a natural cutoff for two reasons. First, a k, cutoff
is imposed by the Fermi energy, since for values of &, larger
than the intersection point of the uppermost valence subband
and the Fermi level all valence-band states are occupied (cf.
Fig. 2). Thus, no transitions are possible for larger k.. Sec-
ond, the first term on the right-hand side of Eq. (A1) implies
the selection rule n=n'. Thus, transitions from states with
n>max(n’) to unoccupied states are prohibited, where n’
denotes an unoccupied valence-band state.

In conclusion, for IVBTs we prefer the direct evaluation
of the dipole matrix elements according to Eq. (A1) which is
not plagued by divergence problems and has a natural energy
cutoff. In contrast, for IBTs the use of the transformation Eq.
(A2) is well established and known to be reliable. Conse-
quently, for IBTs we calculate the dipole matrix elements
according to Eq. (A2).
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