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Far-infrared (FIR) magnetotransmission experiments were carried out on the diluted

magnetic ("semimagnetic") semiconductor Hgl „Mn„Se with x =0.03 with the use of an
optically pumped FIR laser. Measurements were performed in magnetic fields up to 2.5
T in both Voigt and Faraday geometries, at FIR wavelengths between 96.5 and 170 pm
in the temperature range between 1.9 and 6.5 K. We report the observation of the
electric-dipole-excited conduction-electron-spin-resonance (EDSR) and combined-
resonance transitions. These intraband spin-flip resonances are made possible by the re-
laxation of the electric-dipole selection rules through the k p interaction or inversion

asymmetry, in the presence of spin-orbit coupling. Because of the exchange interaction
between the conduction electrons and the magnetic moments localized on the Mn + ions,
the spin splitting of the electronic Landau levels is extremely large and is temperature
dependent. This manifests itself as a dramatic temperature variation of the positions of
EDSR and of the combined resonance. The results of the experiments are analyzed with
a numerical fitting procedure using the Pidgeon-Brown model which has been modified to
include the effects of the exchange interaction. The analysis yields conduction band and
exchange parameters for Hgl „Mn Se of small Mn content.

I. INTRODUCTION

The ternary compound Hg& „Mn„Se belongs to
the group of so-called diluted magnetic (or "semi-
magnetic") semiconductors, which are character-
ized by the presence of a strong spin-spin exchange
interaction between the localized magnetic mo-
ments of Mn + and the band electrons. ' These
materials therefore offer a unique opportunity of
studying the influence of the exchange interaction
on electronic states in semiconductors. As a result
of this interaction one expects, for example, ex-
tremely large spin splittings of Landau levels, as
well as a very strong temperature dependence of
this splitting. These effects are particularly pro-
nounced when the Mn content is relatively low (for
example, x &0.06), i.e., when Hg& „Mn„Se is a
zero-gap semiconductor.

One of the best experimental methods of investi-

gating the behavior of spin substates of conduction
electrons in the presence of magnetic exchange is
the far-infrared (FIR) magnetospectroscopy. FIR
measurements, however, are particularly difficult
in zero-gap Hg~ „Mn„Se because, just as in the
case of pure HgSe, these ternary materials are
characterized by an electron concentration typically
in excess of 10' cm, leading to a plasma edge
cutoff at wavelengths of about 100 pm. Magneto-

transmission experiments at longer wavelengths are
thus possible only in samples with exceptionally
low electron concentration (i.e, about 5 X 10
cm ). For this investigation we have been for-
tunate in obtaining a Hg& „Mn Se sample of ex-
cellent quality, which after appropriate annealing
had a plasma cutoff sufficiently far in the FIR to
permit transmission measurements up to 170 pm.

The structure of this paper is as follows. In Sec.
II we outline the theory describing intraband
magneto-optical transitions in a zero-gap semicon-
ductor when exchange interaction is present. In
Sec. III we describe the far-infrared magneto-
transmission experiments and sample preparation.
In Sec. IV we present the details of the numerical
fitting procedure used in analyzing the experimen-
tal results. Finally, in Sec. V we discuss the inter-
pretation of the experimental results, with em-
phasis on their temperature dependence.

II. THEORY

The description of electronic states of a diluted
magnetic semiconductor in the presence of a mag-
netic field is obtained by introducing the spin-spin
exchange interaction as an additive term in the
Hamiltonian of a nonmagnetic semiconductor. We
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outline this procedure below, starting with the for-
mulation for an "ordinary" (i.e., nonmagnetic)
case, and adding the exchange contribution at a
later stage.

The energy-band structure for a zero-gap non-
magnetic semiconductor in the presence of a mag-
netic field is described by the model of Pidgeon
and Brown (PB). This model treats the problem
of an electron in a magnetic field in the effective-
mass approximation, taking into account the con-
tributions of the neighboring I 6, I 7, and I 8 bands
exactly, and treating the remaining "higher" bands
in an approximate way. This formulation leads
to an 8)&8 matrix eigenvalue problem, with the
following parameters: Eo ——E(I s) —E(I s),
the interaction energy gap at the I point, P

(i%I—m)(S
~ p, ~

Z &, the momentum matrix ele-

ment, b, =E(I s) —E(I'7), the spin-orbit splitting
a«he r point, and y„y2, y3, v, and E—the
"higher band" parameters obtained in a perturba-
tive way with the accuracy to terms of the orde~ of
k, where k is the electron wave vector.

Since in the present case our interest is in the
conduction electrons in zero-gap Hg~ „Mn„Se (I s

band), we can make the following further simplifi-
cations: Assuming the I 8 bands to be spherically
symmetric, we can take yp ——y3 =—y. Also, since
the F parameter affects only the I 6 band, in our
analysis of the I 8 electron states we can set F=0.

For k, =0, the 8)& 8 matrix can be separated into
two 4X4 matrices [D~ ]qx4 and [Ds ]4&&4 as fol-
lows:

PB[D. ]~x4 o4x4
PB[H ]sxs= 0 [Dp]

where the a and b labels correspond to the "quasi-
spin-up" and "quasi-spin-down" states, respective-
ly. From the diagonalization of these 4)&4 ma-

trices, one obtains the energies at the bottom of
each Landau level (k, =0) at a given magnetic
field. The observed intraband FIR absorption is
dominated by transitions between these energies be-
cause the density of states has a singularity at
k, =0.

As pointed out earlier, the properties of diluted
magnetic semiconductors are also strongly affected

by the spin-spin exchange interaction between the
band electrons and the 3d electrons of the localized
Mn + ions. The effect of this interaction on elec-
tronic states is taken into account by adding to the

nonmagnetic Pidgeon-Brown Hamiltonian an ex-
change term ' of the form

H,„=QJ(r—R;)S; o,
R;

where S; and o. are the spin operators of the ith
Mn + ion and of the band electron, respectively, J
is the electron-ion exchange coupling constant, and
r and R; are the band electron and Mn + coordi-
nates, respectively. The summation is over all lat-
tice sites occupied by the Mn + ions.

Two important sirnplifications can be made in
H,„. Firstly, since the electronic wave function is
very extended, so that the electron "sees" a large
number of Mn + ions at any time, we may replace
S; by the thermal average (S & of the Mn + spin,
taken over all ions. We are then using the molecu-
lar field approximation. For paramagnetic sys-
tems, if the applied field H is in the z direction,
( S & = ( S, &, a quantity intimately related to the
magnetization of the system.

Secondly, and again because the electronic wave
function spans a large number of lattice sites, we
can replace J(r —R;) by xJ(r —R), where R
denotes the coordinate of every site of the Mn-Hg
fcc sublattice and x is the Mn concentration (mole
fraction), with the summation now carried out over
all R. We are thereby treating the exchange in-

teraction in terms of the virtual crystal approxima-
tion. We then have

H,„=xcr,(S, &QJ(r —R) . (3)
R

The advantage of Eq. (3) is that it has the periodi-
city of the lattice, and is thus tractable within the
framework of Bloch solutions, enabling the solu-
tions of the total Hamiltonian H [which includes
Eq. (3)] to be expressed in terms of the same basis
functions as those of H, Eq. (I).

Using the basis functions of the Pidgeon-Brown
model, one then obtains the additional 4&4 a and
b matrices representing the exchange contribution,
in the form:

—,'N, ~(S, & O

0 —,'N, P(S, &

0
0

, N, P(S, & i N—,P—(S, &

i, N, P(S, & —,'N, P(S, &

(4)



26 INFLUENCE OF THE EXCHANGE INTERACTION ON FAR-INFRARED. . . 933

Db" ——

, N—ga(S,)

—,'N, P(S, ) i N /3(S, )

, N, 1—3(Sz)

—i, NP(S, ) , N, 13—(S,)

Here a=(S
~

J ~S) and P =(X
~

J ~X) are ex-

change integrals corresponding to the I 6 and I 8

bands, respectively, and N, =xiVO, where x is the
Mn concentration and No is the number of unit
cells per unit volume.

Assuming the material to be paramagnetic, the
average value of the spin (S, ) can be written as

(S, ) = —S,B,(x), (6)

where So is the saturation spin value of Mn (treat-
ed as an adjustable parameter), and B,(x) is a
modified Brillouin function given by

B,(x)= coth x2S+1 2S+1

2S 2S
S

where S = —, and

gp~SB
k (sT+ To)

M= N, gpss(S, ) . —

The full Hamiltonian, containing the Pidgeon-
Brown treatment of the bands and the exchange
contribution, can now be written as two sets of
4&4 matrices,

DPB+Dex (9a)

Db=Db +Dbex (9b)

By diagonalizing these matrices, one then finds the
energies of the Landau levels at a given magnetic
field.

Within the framework of this model there are
three allowed transitions between the Landau levels
which can be observed in the FIR region:

Here g is the g factor of manganese (taken equal to
2), ps is the Bohr magneton, T is the temperature,
and To is an adjustable temperature parameter in-

troduced in Ref. 5. The above quantity (S, ),
which determines the exchange interaction, is of
course related to the magnetization M of the ma-
terial by

I

(a) cyclotron resonance, elicited by the
cyclotron-resonance-active (CRA) circular polariza-
tion. Designating the nth Landau level corre-
sponding to the D, matrix (quasi-spin-up states)
and the Db matrix (quasi-spin-down states) by a (n)
and b (n), respectively, the cyclotron resonance cor-
responds to the transitions a (n )~ a (n + 1) or
b(n) —+ b (n + 1), i.e., to inter-Landau-level transi-
tions without spin flip.

(b) electric-dipole-excited spin resonance (EDSR),
elicited by the cyclotron-resonance-inactive (CRI)
circular polarization when the effective g factor of
the conduction electrons is negative (as is the case
in zero-gap semiconductors). This resonance corre-
sponds to the a (n) +b (n—) transition, i.e., it is an
intra-Landau-level spin-flip transition.

(c) combined resonance, observed in the so-called
ordinary Voigt (or parallel Voigt) geometry, i.e.,
excited by linearly polarized waves with E~ ~B.
This resonance corresponds to a (n)~ b (n +1),
i.e., it is in an inter-Landau-level spin-flip transi-
tion.

The cyclotron resonance is the only electric-
dipole transition allowed in a noninteracting isotro-
pic single electron band. The two other electric-
dipole transitions mentioned above (EDSR and
combined resonance) become allowed in the pres-
ence of spin-orbit coupling, when the selection
rules which normally forbid these transitions are
relaxed as a result of wave-function mixing
through the k p interaction and/or inversion
asymmetry. '

III. EXPERIMENTAL PROCEDURE
AND RESULTS

The Hg~ „Mn Se crystal used in this investiga-
tion was grown by the Bridgman method. The
samples were cut from the ingot using a wire saw
and were annealed in dynamic vacuum at 180'C.
The composition of the samples, obtained from the
density of the specimens, was x =0.032. Prior to
the FIR transmission measurements the samples
were etched in 10—15 /o bromine-methanol solu-
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tion to a final thickness of about 30 pm.
The measurements were carried out in magnetic

fields up to 2.5 tesla using a conventional elec-
tromagnet. The source of the FIR radiation was
an optically pumped FIR laser, operating at 96.5,
103, 119, 163, and 170 pm. Further details about
the experimental procedure are described else-
where. The transmitted FIR signal was detected
using a carbon bolometer. A lock-in amplifier
with a 16-Hz chopper and an X-Y plotter were
used to amplify and record the signal. The mea-
surements were carried out in the parallel Voigt
and in the Faraday geometries, the latter employ-
ing both circular polarizations. Temperatures
below 4.2 K were determined from the helium va-

por pressure. This also allowed us to calibrate the
carbon resistor, which was then used as a ther-
mometer for temperatures between 4.2 and 8 K.

Initial measurements on Hg& „Mn„Se
(x =0.032) were carried out on a sample which
had been annealed for 24 h. The measurements
were performed at 96.5 pm at three temperatures
and at 103 pm at 4.2 K. The sample was opaque
at longer wavelengths, with the plasma frequency
estimated at roz

——1.8)& 10' rad/s, corresponding to
a cut-off wavelength of ca. 100 pm.

We then reannealed the sample for an additional
48-h period to further reduce the electron concen-
tration. Measurements carried out directly after
reannealing indicated a lower plasma frequency, es-
timated at co&

——1.2&(10' rad/s, corresponding to
the wavelength of 150 pm, making it possible to
perform magnetotransmission experiments up to
170 pm. Measurements on the reannealed material
were made at eleven temperatures between 1.9 and
6.5 K. Examples of typical magnetotransmission
spectra taken in both the Faraday and the Voigt
(EIIB) geometries are shown in Figs. 1 and 2. The
lines marked EDSR in Fig. 1 are identified as the
electric dipole spin resonances. The absorption line
in the Voigt data in Fig. 2 is identified as the com-
bined resonance. Because of the fact that the
dielectric constant is negative over a broad region
in the vicinity of cyclotron resonance, ' the data
for the CRA polarization do not show a cyclotron
resonance line, but rather a broad cut-off band.
The analysis of this type of cyclotron absorption
requires the use of the full form of the dielectric
function, which is not available in analytic form.
We shall not consider this here, but will focus on
the spin-flip transitions.

For the CRI polarization the dielectric constant
is positive in our parameter range (except possibly

O

z IQ0
C/)

CA

a 5
I—

FARADAY

0.5 I,Q

MAGNETIC FIELD (T)

I.5

right at the spin-flip resonances), and one can ob-
serve resolved EDSR absorption dips due to these
transitions. The data for the Faraday geometry in
Fig. 1 are an example of this behavior. The
transmission step appearing at about 0.7 T is con-
nected with the CRA cyclotron cut-off. The
transmission at higher magnetic field is only for
the CRI-polarized FIR and the dips observed, at
about 1.7 T, correspond to spin-flip transitions.

Figure 2 is an illustration of the temperature
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FIG. 2. Magnetotransmission spectra for the Voigt
EI IB configuration obtained at 119 Iu,m, showing the
combined resonance absorption at three different tem-
peratures, as indicated in the figure. The resonance
shifts with temperature as a consequence of the tem-
perature dependence of the exchange interaction.

FIG. 1. Typical FIR magnetotransmission spectrum
obtained on Hg~ „Mn„Se in the Faraday configuration.
The data was taken at 4.2 K at 119pm wavelength, us-
ing incident linear polarization. Two electric-dipole spin
resonance lines (marked EDSR in the figure) are clearly
seen. The lines originate from the two lowest Landau
levels. The difference in the position of the two lines is
ascribed to nonparabolicity.
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behavior of the observed spin-flip resonances. The
three transmission curves in Fig. 2 were taken in
the Voigt (EI IB) geometry at three temperatures,
and correspond to the combined resonance. The
temperature shift of the resonance, ascribed to the
exchange interaction involving the temperature-
dependent (S, ), is clearly evident.

IV. THEORETICAL FITS

The magnetic field positions of the combined
and the EDSR resonances observed at 4.2 K at the
five FIR wavelengths are shown in Fig. 3 as points
and triangles. We have analyzed this data in terms
of the modified Pidgeon-Brown model, using a nu-

merical fitting procedure. As pointed out earlier,
the quantities employed in the model are the band
parameters Eo P 6, y, y~, and ~, and the magnet-

20.0—

I 5.0—

I

2
0
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h
K
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III I03 p. m

I I9p. m

163'.m

l70pL m
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0.0
0,5

I I I

I.O I.5 2.0
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I
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I
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FIG. 3. Transition energies vs magnetic field for
EDSR and for the combined resonance at 4.2 K. Solid
dots indicate experimental data obtained at 4.2 K on the

Hg~ „Mn„Se specimen after final annealing. We have
also shown data obtained after partial annealing (24 h,
see text) corresponding to a somewhat higher plasma
frequency and Fermi energy (triangles). The solid
curves are calculated, representing best fits to the experi-
mental data. The curves labeled with unprimed integers
n correspond to EDSR, n denoting the initial Landau-
level quantum numbers in the a (n) —+b {n) transition;
the primed integers n' refer to the combined resonance
transition a (n')~b(n'+1). Horizontal lines indicate
the energies of the laser lines used in the experiments.

ic parameters a, P, So, and To. It is, of course,
advantageous to restrict the number of fitting
parameters in order to reduce the fitting error to
meaningful margins. Thus we have made the
reasonable assumption that the value of the spin-
orbit splitting parameter 6 and the higher band
parameters y and v are, for such low manganese
concentrations (x =0.032), very nearly equal to
those for pure HgSe. We have therefore adopted
in our calculations the following HgSe parameters
from the literature ': 6=387 meV, y&

——0.1,
y=0.2, and tc= —0.7. Of the band parameters, we
will thus only be determining the energy gap Eo
and the matrix element P by fitting the data.

Our data were taken in fields up to 2.5 T. In
this range the magnetization manifests a nearly
linear dependence on magnetic field. Under these
conditions it is not possible to fit all four "magnet-
ic" parameters (a, P, So, and To) appearing in Eqs.
(4)—(7). We have therefore decided to fit only To,
taking the values of a and P from Ref. 11 and as-

suming So ———, (the true manganese spin).
To begin the data analysis, one needs to know

approximately the value of the Fermi energy EF in
order to determine between which Landau levels

the transitions can take place. To estimate a start-
ing value of EF we first obtained an approximate
value of the quantity X/m~ (where N is the free
carrier concentration and m* is the effective mass
at the Fermi level) from the plasma frequency co&,

given by

(10)
Ne

COp =
eye(co& )m'

where e is the electron charge, eo is the vacuum
permittivity, and x(co&) is the real part of the
dielectric function at co&, without any free-carrier
contribution. Using the value of ~(co&~ estimated
for HgSe, ' one can then find from the observed
plasma frequency an experimental value of N/m'.
We then determine the relationship between N/m*
and the Fermi energy using the Kane band-
structure model' and values of Eo and P estimated
for Hg& „Mn„Se, for x =0.03, from Dobrowolska
et al. ' With the relationship of EF and N/m* so
established, and the value of N/m' obtained from
the plasma frequency, we then obtain an approxi-
mate value of E~. The above values of Eo and P,
obtained from Ref. 14, together with To estimated
from the Hg~ „Mn„Te data of Bastard et al. can
also be used to make a plot of Landau levels like
that shown in Fig. 4. With the Landau levels and
the Fermi level approximately established, we can
now find which transitions are possible at particu-
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FIG. 5. Temperature dependence of resonance positions for several laser wavelengths. The points and crosses
represent experimental data obtained after final annealing', the triangles are data obtained after partial annealing, as in

Fig. 3. For discussion of data marked by crosses, see Sec. V. The solid curves are theoretical, using the band parame-
ters corresponding to the fit shown in Fig. 3 and the temperature dependence of To given in Fig. 6. Unprimed integers
refer to EDSR, primed to the combined resonance.

tween these two temperatures. The solid lines in
Fig. 5 show the theoretically predicted temperature
behavior of the resonance field positions calculated
using To(T) given in Fig. 6. The fits are reason-

ably satisfactory, especially since they are all ob-
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FIG. 7. Magnetic susceptibility as a function of tem-
perature. The solid line represents our values obtained
via Eqs. (6)—(8), using the temperature dependence of
To given in Fig. 6. The remaining curves are the values
of the dc magnetic susceptibility taken from Ref. 17,
and corresponding to the compositions of Hg& „Mn„Se
as marked in the figure.
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tained with a single set of parameters.
To demonstrate the temperature dependence of

Landau levels at the I point, we have plotted in
Fig. 8 the energies of the first three levels at two
temperatures, 1.9 and 6.0 K. Level a (1) is the
least affected by the temperature, and level b (0) is
affected the most. In general, all the b (n) levels
(quasi-spin-down) are shifted to lower energies
when the temperature is increased and are affected
more than the a (n) (quasi-spin-up) levels. Levels
a (0) and a (1) also shift downward when the tem-
perature is raised, but the energy shift is smaller;
and the a (2) level shifts to higher energies at
higher temperatures. This behavior of the levels

with temperature explains the changes of the reso-
nance positions [see broken arrows in Fig. 8, corre-
sponding to the a (0)~b (0) transition for 119
pm]. Figure 8 shows that, because of the value of
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FIG. 8. Magnetic field dependence of Landau-level
energies at the I point calculated for 1.9 K (solid lines)
and 6.0 K (dashed lines) using the band parameters es-
tablished in fitting Fig. 3 and the values of To taken
from Fig. 6. The broken arrows show how the magnetic
field position of the EDSR transitions for 119pm (10.4
meV) shifts between 1.9 and 6.0 K. The solid and dot-
ted arrows show the EDSR transitions for 163 pm (7.6
meV). At 1.9 K, the a(2)~b(2) transition occurs at
7.6 meV, ca. 0.8 T. However, because of the values of
EF, the same transition cannot take place at 6 K (dotted
arrow), and the a (1)~b (1) transition occurs instead.

the Fermi level, the resonance for 163 pm must
transform from the transition a (2)~b (2) at 1.9 K
to a(1) +b—(1) at 6.0 K, since the initial state a(2)
of the former transition lies above the Fermi level
at higher temperatures. In principle, at a certain
intermediate temperature both transitions should be
taking place simultaneously, but their positions at
these temperatures (ca. 4.5 K) are so close [Fig.
5(c)] that it is impossible to observe the process of
transformation of one resonance into the other.

Figure 8 can serve to illustrate yet another
characteristic of diluted magnetic semiconductors.
Note that although in zero-gap semiconductors
without magnetic ions the cyclotron splitting is al-

ways greater than the spin splitting, in the case of
zero-gap diluted magnetic semiconductors the op-
posite can also be true, as is clearly seen by com-
paring, e.g., the separation b (0)—a (0) with
a (1)—a (0) in Fig. 8. Furthermore, in nonmagnet-
ic semiconductors the largest spin splitting corre-
sponds to the lowest Landau level (n =0), but in
our case again the situation is different. In the in-

vestigated magnetic field region even the third
(n =2) Landau level has a larger spin splitting
than the first (n =0). Similar new features can be
seen in the case of the combined resonance (see

Fig. 3).
Finally, using the Landau-level structure calcu-

lated with the parameters obtained by fitting the
experimental data, we can also calculate the cyclo-
tron resonance fields for a given laser line at dif-
ferent temperatures. The results, shown in Fig. 9,
are somewhat unexpected: They indicate tempera-
ture shifts in the cyclotron resonance fields that
are as large as for the EDSR. This effect, especial-
ly pronounced for the transition a (0)—+a (1), is a
consequence of the fact that successive Landau lev-
els are affected differently by the exchange interac-
tion: e.g., since—as illustrated in Fig. 8—the level
a (0) is affected to a different degree than a (1), the
transition a (0)~a (1) will shift in energy as the
magnetization changes with temperature. As
shown in Fig. 9, the predicted temperature shift of
the cyclotron resonance position is opposite in
direction to that of the spin-flip resonances (Fig.
5). The shift is less dramatic for the b (0)~b (1)
transitions (lower part of Fig. 9), but still shows
the properties described.

By knowing the magnetization parameters So
and To and the manganese concentration x, we can
calculate the magnetic susceptibility, as described
in Sec. II. The dependence of the susceptibility ob-
tained in this manner on temperature is shown in
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