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The results of magnetotransmission measurements performed on Hg;_,Mn,Se crystals
(0.021 =x =0.05) at different temperatures are presented. The investigated materials have an inverted
band structure (like HgSe). Most of the observed features are explained by transitions between
conduction-band Landau levels, described by the Pidgeon-Brown model extended to include exchange
interaction. The obtained values of the interaction gap E, and matrix element P complement results ob-
tained from transport and interband magnetotransmission measurements, and show a nonlinear behavior
of E, vs Mn composition x and a strong nonmonotonic dependence of P on x. The temperature depen-
dence of Landau-level energies at low temperatures (between 2 and 8 K) is due to the changes of magne-
tization with temperature. In addition to spin and combined resonances, transitions allowed by warping
and/or inversion asymmetry such as the second and third cyclotron harmonics are observed. The transi-
tions, which could not be explained by transitions between Landau levels, are attributed to transitions
from an impurity level (probably an ionized acceptor state) resonant with the conduction band. The
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zero-field energy of the level is estimated to be 3.8 meV above the top of the valence band.

I. INTRODUCTION

The ternary compound Hg; ,Mn, Se belongs to the
group of so-called diluted magnetic semiconductors
(DMS’s), investigated in the past few years.! These ma-
terials are characterized by the presence of a strong spin-
spin exchange interaction between the localized magnetic
moments of Mn?" ions and the band electrons.! As a re-
sult of this interaction, extremely large and strongly
temperature-dependent spin splitting of Landau levels is
observed.2™*

In this paper the results of magnetotransmission mea-
surements done for crystals with x greater than 0.02 and
less than 0.06 are presented. Hg;_,Mn,Se crystals with
small manganese content have an inverted band structure
(zero-gap materials). Selenium compounds (such as
HgSe, CdSe, and mixed crystals) are always n type. The
main technological goal is to obtain samples with a
reasonably low free-carrier concentration. This means
that the plasma edge cutoff occurs below the energy of
far-infrared (FIR) laser light used. The technique of ob-
taining such samples, experimental details, and experi-
mental results are described in Sec. II. In the next sec-
tion the theory applied to the interpretation of the men-
tioned results is briefly reviewed. This theory explains
the behavior of Landau levels for DMS and shows possi-
ble optical transitions between these levels.

The results obtained in this work allowed an analysis of
band-structure parameters: the interaction energy gap E,
and the momentum matrix element P as functions of
manganese composition (Sec. IV). It should be pointed
out that there exist only two papers>> with data concern-
ing the above-mentioned dependence for Hg,_, Mn,Se.
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Our data thus substantially extends the available infor-
mation. In the same section, the temperature depen-
dences of magnetic susceptibilities obtained from a fitting
procedure to our data for different compositions are also
presented.

The origin of some additional structures observed in
magnetotransmission data and the mechanisms which
could allow transitions leading to these structures are
discussed in Sec. V. Most of them are explained by intro-
ducing an additional impurity level —probably an ionized
acceptor level.

II. EXPERIMENTAL TECHNIQUE
AND RESULTS

A. Samples and experimental setup

The Hg, _,Mn,Se crystals used in these investigations
were grown by the modified Bridgman method. The
manganese compositions were obtained from the density
of the specimens (see Table I). The samples were
mechanically polished down to about 100 um and etched
in 10-15 % bromine-methanol solution to a thickness of
about 50 um. They were then annealed in dynamic vacu-
um at about 190°C for 24 h. Prior to the FIR transmis-
sion measurements the samples were etched again to a
final thickness of about 30 um. Samples prepared in this
way were mounted in special sample holders to avoid
mechanical stresses during cooling and during measure-
ments at low temperatures. The part of the sample sur-
face which transmitted light was between 3 and 10 mm?2,

The measurements were carried out in a magnetic field
up to 2.5 T using a conventional electromagnet. For one
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TABLE 1. The composition of used samples, obtained from
density measurements.

Sample A C5 C3 B7a A3
0.028 0.049 0.05

Composition 0.02 0.027

sample (C3) measurements were additionally performed
in a superconducting coil at fields up to 8 T. The source
of the FIR radiation was an optically pumped FIR laser
operating at 96.5 um (12.84 meV), 118.8 um (10.43 meV),
163.0 um (7.6 meV), and 170.0 um (7.3 meV). Further
details about the experimental procedure and experimen-
tal setup can be found elsewhere.® The measurements
were carried out in the parallel Voigt (Blq and E|B,
where B is the external magnetic field, E is the electric
field of FIR radiation, and q is the light wave vector) and
in the Faraday (B||q) geometries, the latter employing in
some experiments (mainly at 4.2 K) both circular polar-
izations. Part of the measurements were performed at
temperatures between 2 and 8 K. The 8-K limit is due to
the sharp decrease of the bolometer sensitivity.

B. The plasma effects

The main differences of transmission vs B for different
samples are caused by changes of the plasma energy #iwp.
To illustrate this, in Fig. 1 the transmission data for the
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FIG. 1. The magnetotransmission curves taken using the
118.8-um FIR laser line (photon energy #io=10.43 meV) at
about 4.2 K in the Faraday configuration with linearly polarized
light for (a) sample A with fiwp>>#w, (b) sample A3 with
fiwp =~ #iw; (c) sample C5 with #iwp <fiw. SR denotes the position
of spin resonance and 4 and B positions of additional structures
(details in text).
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118.8-um laser line are compared for three samples with
different #iwp. When the plasma energy is smaller than
the photon energy, the sample is transparent even at zero
magnetic field [sample C5 with estimated #wp=~9.6 meV,
see Fig. 1(c)]. In Fig. 1(b) the situation when plasma en-
ergy is only slightly greater than the photon energy is
presented (sample 43 with fiwp~10.5 meV). In such a
case, the sample is opaque at zero B (strong free-carrier
absorption and medium value of reflectivity), but be-
comes transparent at a very low field for the cyclotron
resonance inactive (CRI) circular polarization. Such
behavior is well explained by the free-carrier dielectric
function.” For higher plasma energy, a higher magnetic
field is needed to open the transmission for CRI polariza-
tion [Fig. 1(a), sample 4 with fiwp=11.5 meV]. An
analysis of the dynamic dielectric function’ shows that
conditions could exist in which a sample could be trans-
parent for the cyclotron resonance active (CRA) polariza-
tion at lower magnetic field than for CRI polarization.
Such a case was not observed in our experiments. Since
for sufficiently large #wp the real part of the dielectric
function is negative over a broad range of magnetic fields
in the vicinity of the cyclotron resonance,”* the data for
the CRA polarization (Fig. 2) do not show a cyclotron
resonance (CR) line, but rather a broad cutoff band. The
high-field end of the band is at the field, at which the cy-
clotron energy becomes equal to the photon energy.’
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FIG. 2. The magnetotransmission curves taken using the
118.8-um FIR laser line at about 4.2 K in the Faraday
configuration for both circular polarizations: CRI (solid line)
and CRA (dashed line). (a) data for sample B7a (x =0.049), (b)
data for sample C3 (x =0.028). SR and CR denote the posi-
tions of spin and cyclotron resonances, respectively.
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C. Absorption lines

In the regions of magnetic field and photon energy
where samples were transparent, the absorption due to
the electric dipole excited spin resonance (SR) was ob-
served in the CRI polarization*®? (lines marked SR in
Figs. 1 and 2). For a low concentration of magnetic ions
(less than about 1%) in DMS the spin splitting is smaller
than the cyclotron splitting, but for 2—-4 % of manganese
the opposite is true (#iwcg <fiwgg). This is illustrated in
Fig. 2 (compare data for CRI and CRA polarizations).
When the content of magnetic ions is greater than 4%,
we observe the same order of splitting as for low compo-
sitions (data for sample B7a in Fig. 2, fiwcg > fiwgg).
This change is near the crossover point between the in-
verted and open gap band structures, where the effective
mass becomes very small. After passing this point the
effective g factor is affected by the negative exchange in-
tegral (Sec. III) and this can lead even to a change of sign
of the g factor for higher Mn compositions (x >0.12).°
Since the spin splitting of Landau levels depends strongly
on temperature, the above-mentioned features exist at
low temperature only. At a sufficiently high temperature
#iwcgr > fiwgg for all compositions.

As an example of the temperature dependence of the
Landau-level splittings, the positions of spin and com-
bined resonances vs temperature for one of the samples in
question are presented in Fig. 3.

As mentioned earlier, the additional measurements up
to 8 T were done in the Voigt configuration for sample
C3. The results are shown in Fig. 4. At about 1 T a
sharp line due to the combined resonance is observed.
The strong electric dipole excited SR is also seen. Its
double structure (line B) is confirmed by measurements
using a conventional electromagnet [see Fig. 2(b)]. This
line changes its position with temperature and is stronger
at higher 7. The origin of two weak lines about 4-5 T
(I, and I), vanishing at 7 K, will be discussed in Sec. V.

III. THEORY

The description of the electronic states of diluted mag-
netic semiconductors in the presence of a magnetic field
B is obtained by introducing the spin-spin exchange in-
teraction as an additive term to the well-known Hamil-
tonian of nonmagnetic narrow-gap semiconductors. This
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Hamiltonian is described (for example) by the Pidgeon-
Brown (PB) model.'® In the model the problem of an
electron in a magnetic field is treated in terms of the
effective-mass approximation, taking into account the
contributions of the neighboring I'¢, I';, and I'g bands ex-
actly, and treating the remaining ‘“higher”” bands in an
approximate way. This model was reviewed in detail by
Aggarwal.!! For k,=0, the Hamiltonian separates into
two 4X4 matrices: D, and D, corresponding to the
“quasi-spin-up” and “‘quasi-spin-down”’ states, respective-
ly. Since our interest is the conduction band in zero-gap
Hg,_,Mn, Se we can make the following simplifications:
(1) assuming I'y bands to be spherically symmetric, we
can take y,=y;=%, and (2) since F affects only the I'¢
band,!® in our analysis of the I'y conduction band we set
F=0.

The properties of DMS are also strongly affected by
the exchange interaction between the band electrons and
the 3d electrons of the Mn?" ions. The effect of this in-
teraction on electronic states could be taken into account
by adding an exchange term (in the Heisenberg form)!!®
to the nonmagnetic PB Hamiltonian. In terms of the vir-
tual crystal- and molecular-field approximations the ex-
change Hamiltonian is given by

H,=x0,{S,) S J(r—R), (1)
R

where o, is the spin operator of band electrons, S, ) is
the thermal average of manganese spin in the paramag-
netic system with a magnetic field applied in the z direc-
tion, R denotes the coordinate of every site of the Mn-Hg
fcc sublattice, J is a function describing the electron-ion
exchange coupling, and r is the coordinate of the band
electron.

The advantage of the above approximations is that Eq.
(1) has the periodicity of the lattice and is thus tractable
within the framework of Bloch solutions, enabling the
solutions of the total Hamiltonian H [which includes Eq.
(1)] to be expressed in terms of the same basis functions
as those of the PB model. Using these basis functions one
then obtains the additional 4X4 “a” and “b” matrices
DS* and Dg* representing the exchange contributions.
Among the numerical coefficients in these matrices are
the following values N,a{S,) and N,B(N,), where
N;=xN, (N, is the number of unit cells per unit

RESONANCE FIELD (T)

FIG. 3. The positions of spin and combined
resonances vs temperature for sample C3 and
various FIR laser lines. (a) 163.0-um line (7.6
meV), (b) 118.8-um line (10.43 meV), (c) 96.5-
pm line (12.84 meV). Points and triangles
represent experimental data obtained in low
magnetic-field experiments and high
magnetic-field measurements, respectively.
The solid lines represent the theoretical depen-
dence calculated for magnetic susceptibility
depicted in Fig. 6. n’ denotes the combined

TEMPERATURE (K)

TEMPERATURE (K)

resonances due to the a(n’)—b(n’+1) transi-
tions, and » spin-flip transitions a (n)—b (n).

TEMPERATURE (K)
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FIG. 4. The magnetotransmission curves

8 obtained in the parallel Voigt geometry at
about 4.2 K (solid line) and at about 7 K
(dashed line) for photon energies. (a) 10.35
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volume), and a={S|J|S) and B=(X|J|X), the ex-
change integrals corresponding to the I'¢ (S-type) and I'g
(P-type) bands, respectively.

The average value of spin (S, ) is related to the magne-
tization M of the material in question by

M=N,guz(S,) . @)

Here, g is the manganese g factor (taken equal to 2 fol-
lowing Ref. 14) and puj is the Bohr magneton. (S, ) can
be obtained directly from magnetization measurements or
(for low B) from magnetic susceptibility data. One can
also treat (S, ) as a fitting function. The other possibility
is to take a theoretical model of magnetization, e.g., that
proposed by Gaj, Planel, and Fishman."” In the frame-
work of this model (for paramagnetic materials) the aver-
age value of the spin (S, ) can be written as

(8,)=—8,Bs(1), 3)

where S, is the saturation spin value of manganese and
Bg(t) is the Brillouin function with argument
t =gupSB/[kg(T +T,)], where T is temperature, T is
an adjustable parameter, and S =3 for Mn**.

The full Hamiltonian, containing the Pidgeon-Brown
treatment of the bands and the exchange contribution,
can now be written as two sets of 4 X4 matrices

D/=D,+D,
(5)
D/=D,+Dg .

By diagonalizing these matrices one finds the energies
of the Landau levels for k,=0 at a given magnetic field.
The described theoretical model has the following param-

eters: E,=E(I'¢)—E(Ig) is the interaction energy gap
at the T point, P=i#{S|p,|Z)/m, is the momentum
matrix element, A=E (I'g) —E (I';) is the spin-orbit split-
ting at the I' point, ¥,, ¥, and k are the “higher band”
parameters, a and 3 are the exchange integrals defined
earlier, and parameters describing (S, ) and/or magneti-
zation.

Within the framework of this model there are three al-
lowed transitions between the Landau levels, which can
be observed in the FIR region: (a) cyclotron resonance
(CR) elicited by the CRA circular polarization (Faraday
geometry); (b) electric dipole excited spin resonance (SR)
elicited by the CRI circular polarization when the
effective g factor of the conduction electrons is negative
(as in the case of zero-gap semiconductors) (Faraday
geometry); and (c) combined resonance (COR) observed
in the parallel Voigt (E||B) geometry.

The CR is the only electric dipole transition allowed in
a noninteracting isotropic single-electron band. The two
other transitions mentioned above (SR and COR) are al-
lowed in the presence of spin-orbit coupling when the
selection rules which normally forbid these transitions be-
come relaxed as a result of wave-function mixing through
the kp interaction and/or inversion asymmetry.% 1617

One of the more general theories which try to explain
the mechanisms allowing others transitions such as cyclo-
tron resonance harmonics was described by Weiler, Ag-
garwal, and Lax.!” In order to find all allowed transitions
for InSb among the conduction-band states, the authors
of Ref. 17 obtained from the tables of Koster et al.'® all
allowed terms up to second order in k and to the first or-
der in magnetic field B in the 8 X8 matrix Hamiltonian
for the I'g, two I'g and the I'; bands. The additional tran-
sitions found in Ref. 17 are induced by warping and by
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inversion asymmetry. It should be pointed out that the
corrections taken into account in Ref. 17 in the first ap-
proximation do not change the energy of Landau levels
but only mix the wave functions from different states.

We fitted the theoretical values of the transition ener-
gies at k, =0 for SR and COR at a given magnetic field to
those found in the experiment. The fitting procedure was
described in detail in Ref. 4. We used the following pa-
rameters from the literature: A=387 meV, y,=0.1,
v=0.2, and «=—0.7 obtained by Dobrowolska,
Dobrowolski, and Mycielski'® and Pastor, Jaczynski, and
Furdyna® for HgSe, aN,=340 meV and BN,=—900
meV as proposed for Hg,_,Mn,Se by Byszewski,
Cleplak, and Mongird-Gorska.?’

IV. BAND-STRUCTURE PARAMETERS
AND MAGNETIC SUSCEPTIBILITY

The electroreflectivity measurements done for
Hg,_,Mn,Te (Ref. 8) and interband magnetoabsorption
data for Hg,_,Cd,Se (Ref. 21) show that spin-orbit cou-
pling and higher band parameters are practically compo-
sition independent, especially for low composition (few
%). Thus, in the fitting procedure we used the same
values of these parameters as for HgSe.

We chose three parameters, namely E,, P, and T, as
fitting parameters to the data at 4.2 K for various compo-
sitions [see Figs. 9 and 10(a) as examples]. Then we
fitted only T, for given E; and P to the data at other
temperatures (see, e.g., Fig. 3). We assume that E; and P
are constant in the experimental temperature range. This
allowed us to obtain the dependence of parameters E
and P on composition and the dependence of magnetic
susceptibility (directly related to 7T,) on temperature.
The plots of the interaction energy gap E, and the
momentum matrix element P vs manganese composition
are shown in Fig. 5. For comparison, the data of
Dobrowolska et al.? and Takeyama and Galazka® are en-
closed in the same plot. One can see that our results
essentially complete previous data, and allow us to estab-
lish the “crossover point” (E;,=0) at 4.2 K, at x =0.055
(transition from the inverted to the InSb-type band struc-
ture). The data obtained in this work confirm earlier sug-
gestions that especially for low Mn compositions, the in-
teraction energy gap is a nonlinear function of composi-
tion as in Hg;_ ,Mn,Te,? contrary to the behavior ob-
served for Hg, _,Cd,Se (Ref. 21) and Hg,_,Cd, Te (Ref.
22) (linear dependence). The dependence of P on compo-
sition is nonmonotonic [Fig. 5(b)]. In the beginning the
value of P decreases with increasing Mn concentration to
reach a minimum value at about x =0.04 and then slowly
increases or stays constant. This behavior is different
even from that observed for Hg, _,Mn, Te,® where P first
slowly increases and then decreases. It should be men-
tioned that for mixed crystals such as Hg, _, Cd, Se (Ref.
21) and Hg,_,Cd,Te (Ref. 22) P is a linear function of
cadmium composition. These facts can suggest that the
theory used to describe the energy of Landau levels in a
magnetic field for zero- and narrow-gap diluted magnetic
semiconductors is too simple. It should probably include
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FIG. 5. (a) The dependence of the interaction energy gap E,
on manganese composition. (b) The dependence of the momen-
tum matrix element P on Mn content. Circles represent the
data obtained in this work, the square is from our previous pa-
per (Ref. 4), triangles are after Ref. 3, and crosses are after Ref.
5.

the interaction (hybridization) between the I'y, I';, and 'y
bands with the manganese d level (or band). A more de-
tail discussion on this subject has been presented by us in
Ref. 23.

One can calculate from Eq. (2) the magnetic suscepti-
bility as a function of temperature from the obtained
dependence of T, on temperature. These data for various
Mn compositions are presented in Fig. 6. They are in
good agreement with the data obtained from direct sus-
ceptibility measurements®* and data calculated from mag-
netization measurements.?> This demonstrates that in the
discussed temperature region the changes of SR and
COR magnetic-field positions with temperature are due
to the magnetization dependence on 7. Such a good
agreement can also be an argument for good fitting quali-

ty.

V. ADDITIONAL ABSORPTION STRUCTURES

A. Warping and inversion asymmetry

In Sec. IV we discussed what information can be ob-
tained about the material in question from the resonances
allowed in the simple PB model (SR and COR). Some ex-
tensions of the model were presented in Sec. III. These
extensions explain additional resonances observed in
magnetotransmission for InSb (Ref. 17) (e.g., double cy-
clotron resonance, 2%iocg; triple CR, 3%iwcg; and spin-flip
“assisted” double CR, 2#iwcg +#wgg. In our data for
Hg,_,Mn,Se some additional structures have also been
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FIG. 6. The magnetic susceptibility as a function of tempera-
ture obtained from the fitting procedure to magnetotransmis-
sion data (details in text) for the following compositions:
x =0.021 (sample A4), —--—--=); x =0.027 (C5), 0; x =0.028
(C3), ——; x=0.032 (from Ref. 4) — — —; x =0.049 (B7a)
—.—.—+;and x =0.05( 43) @.

observed. Some of them are due to the electric dipole ex-
cited SR allowed in the Voigt E||B configuration (Fig. 4).
We will not discuss them here because there are many pa-
pers on this subject (e.g., Refs. 16 and 17) even for
HgSe.®?% In Ref. 26 the authors show from the angular
variation of SR intensity that the dominant mechanism
allowing these transitions is the inversion asymmetry.
One of the other additional structures is the absorption
line observed for sample A4 [Fig. 1(a)] at a magnetic field
lower than the SR field. The dependence of the
magnetic-field position of the line on T is shown in Fig. 7.
The presented temperature behavior differs significantly

o

=
w
_

RESONANCE FIELD (T)

TEMPERATURE (K)

FIG. 7. The dependence of the magnetic-field positions of ad-
ditional absorption lines for sample A [see Fig. 1(a)] on temper-
ature for photon energy. 12.84 meV, upper part; 10.43 meV,
lower part. The curves show the theoretically obtained temper-
ature dependence of double cyclotron resonances. b(0)—b(2)
and a(l), —a(3), solid line; b(1)—>b(3), dashed line; and
a(0)—a(2), dot-dashed line.
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from that of SR and COR (compare Figs. 3 and 7). Such
a weak dependence on T suggests that the cyclotron reso-
nance could be involved in this transition. The energy of
double cyclotron transitions (2Awcgr) possible for a par-
ticular Fermi level were calculated for the previously ob-
tained parameters E,, P, and T,. The magnetic field at
which those transitions occur for photon energies of
10.43 and 12.84 meV vs temperature are plotted in Fig. 7.
As one can see, the agreement with the experimental data
is very good, but one cannot establish which transition
plays the dominant role in observed absorption line. It is
probably a combination of all the transitions possible for
a given Fermi energy, with their intensities varying with
temperature.

An especially rich spectrum of additional structures is
observed for samples C5 and C3 [Figs. 1(c) and 4], but
the lack of data at different temperatures does not allow a
full verification of the explanation of the origin of these
lines presented below.

The magnetotransmission curve obtained in the Fara-
day geometry for sample C5 [Fig. 1(c)] shows two absorp-
tion lines marked as 4 and B. They appear at about 0.8
T for the laser line 118.8 um and at about 0.9 T for line
96.5 um. One can also observe some additional lines in

w

RESONANCE ENERGY (meV)
=)

MAGNETIC FIELD (T)

FIG. 8. The energies of resonances unexplained by the
Pidgeon-Brown model vs magnetic field at 4.2 K for sample C5.
The dotted line represents the 2wcg +wsg transition between
levels a.(0) and b.(2) and/or levels a.(1) and b.(3). The light
solid line represents a 3wcg transition from level a.(0) to a.(3)
(all other triple cyclotron resonances have lower energies). The
heavy solid line denotes the highest energy for COR (wcg + wsg)
resonances, i.e., the transition from level a.(1) to b.(2). The
broken lines denote double cyclotron transitions between levels
b.(n) and b.(n +2) (compare with Fig. 7). The dashed dotted
lines describe the spin-flip transition inside the nth level. The
circles represent experimental points obtained in the Faraday
geometry. @, line A4; O line B [see Fig. 1(c)]; W; satellite to SR
lines; and A denote experimental data obtained in the Voigt
parallel geometry.
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the Voigt geometry. The energies of all these unex-
plained transitions vs B are shown in Fig. 8. Lines
presented in the same figure describe the theoretical
dependence of the energies of 2fiwcg and 3#iwcg on mag-
netic field. Almost all absorption lines, except line B, can
be explained by these cyclotron resonance harmonics.
One can try to describe it as due to the transition from
the a.(—1) level to the b (1) level (2#iwcg +#iwgg ) for the
photon energy equal to 12.84 meV and as COR allowed
in the Faraday geometry for the photon energy of 10.43
meV.

We could not explain the satellites to SR lines observed
for the photon energies 7.3 and 7.6 meV. Such lines were
also observed previously for the sample with x =0.032.*
Their unusual temperature dependence was presented
earlier.* It should be stressed that these structures have
no explanation even assuming the existence of an addi-
tional impurity level.

Another unexplained absorption line is that observed
for the photon energy 12.84 meV at about 1.35 T in the
magnetotransmission for sample C3 investigated in the
Voigt configuration (Fig. 3). The position of this transi-
tion could suggest that it is a double cyclotron resonance,
but the temperature behavior of the magnetic field at
which the line is observed is similar to that of COR and
does not confirm this suggestion.

B. Impurity level

Let us take into account an additional impurity level.
In zero-gap semiconductors only acceptor impurities can
give localized states (ionization energy E , is the energy
between the level and the I'y valence band).?”»?® These

N
o

RESONANCE ENERGY (meV)
o

0 10 20 30 40 50 6.0
MAGNETIC FIELD (T)

FIG. 9. The energies of various transitions vs magnetic field
for sample C3 at about 4.2 K. Horizontal lines represent ener-
gies of FIR laser lines. Circles describe the positions of reso-
nances observed in the Voigt parallel geometry (Fig. 4) (open
unexplained by PB model). Squares represent positions of ab-
sorption lines observed in the Faraday configuration. Triangles
denote the positions of resonances observed in the Voigt parallel
configuration observed at low magnetic-field experiments. Lines
describe the theoretical positions of resonances. , spin flip
inside nth level (low energies) and combined resonance
a.(n)—b.(n+1) (high energies); ----, combined resonance
a.(—1)—b.(0) transition; —- —. —- , the lowest energy of inter-
band transitions, transition b,(1)—a.(0); and — — —, the
lowest spin-flip resonance energy (inside —1 level). Compare
these data with Fig. 10(a).
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states are resonant with the conduction I'y band.? 34 In
HgSe and ternary compounds based on it all such states
should be ionized due to the relatively high value of the
Fermi energy (Er > E ;). Up to now, there are no experi-
mental data about the energy of such levels in mercury
selenide, however there are some experimental evidences
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FIG. 10. The energies of Landau levels at k, =0 as functions
of the magnetic field calculated for parameters for sample C3 at
4.2 K. The different transitions with different energies are
shown by the arrows. (a) Transitions between Landau levels for
photon energies. 12.84 meV (96.5 um) (broken arrows); 10.43
meV (118.8 um) (solid arrows); and 7.6 meV (163.0 um) (dashed
arrows). (b) Transitions from the hypothetical acceptor level to
the Landau levels. They are marked in the same manner as ab-
sorption lines in Fig. 4. Notation of transition energies is as in
Fig. 10(a).
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for the existence of an impurity level in these materi-
als. ¥ 738 One can expect that for mixed crystals based on
HgSe, such as Hg,_,Mn,Se, it is possible to find transi-
tions from an ionized acceptor level(s) to conduction-
band states as for HgTe (Ref. 32) and Hg,_,Mn, Te.>
Thus, the intraband magnetotransmission measurements
are the most promising experiments for finding the
above-mentioned transitions.

In the magnetotransmission results for sample C3 (Fig.
4), one can see two weak lines (I, and I,) occurring at
about 4 T for photon energy 10.43 meV and at about 5.5
T for 12.84 meV. These structures vanish at 7 K. Their
energies are marked as open circles in Fig. 9. One can try
to explain the transitions giving lines 7; and I, as spin-
flip transitions inside the (—1) Landau level and inter-
band transitions from the b,(1) valence-band Landau lev-
el to the a,(0) conduction-band level (Fig. 9), respective-
ly. To obtain a better agreement between theoretical and
experimental energies of the above-mentioned transitions
one has to change the band-structure parameters and/or
magnetic parameters (3,T,) so strongly that the other
observed resonances (SR and COR) will become unex-
plained. If one assumes an additional impurity level
[dashed line in Fig. 10(b)] the I, and I, lines will be well
explained as being due to the transitions from this level to
the a,.(0) and b.(—1) levels, respectively. The 4 and B
lines observed at 4.2 K for photon energy 12.84 meV,
which were previously unexplained, will in such a case be
due to transitions from the impurity level to the b.(0)
and a.(1) Landau levels [see Fig. 10(b)], respectively.
Since the spin splitting at higher temperatures is smaller
and the Landau levels (at a given magnetic field) have
smaller energy,’ one can expect that all the above transi-
tions should be weaker. This is caused by the larger pop-
ulation of the final levels at higher temperatures. Addi-
tionally, one can take into consideration the temperature
broadening of levels. These two mechanisms could make
the observation of the discussed transitions impossible.
The positions of the transitions to b,(0) and a.(1) would
be shifted to the higher magnetic fields and became
broader with increasing temperature. This leads to the
observation of only one broad line instead of two lines.
These features can be seen comparing transmission
curves taken at 4.2 and 7 K (Fig. 4).

One can notice in Fig. 10(b) that at magnetic fields
above 2.6 T the impurity level moves below the valence-
band levels a.(—1) and b.(—1). Such behavior is unusu-
al for a neutral (unionized) acceptor level. For an ionized
(as in our case) acceptor it is difficult to predict how its
energy levels should behave in an external magnetic field
B. On the other hand, it could also mean that the accep-
tor level is built from lower valence-band Landau levels
(higher numbers) which lower their energies with increas-
ing B. If one assumes a linear dependence of E , vs B [as
in Hg;_,Mn,Te (Ref. 39)], then the zero-field energy of
the impurity level is about 3.8 meV. It is substantially
higher than that in Hg;_,Mn,Te (Ref. 39) (2.2 meV).
This should be pointed out, that the existence of ionized
acceptor states can explain the existence of empty states
on the level b.(—1) at 4.2 K.
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VI. CONCLUSIONS

The results of magnetotransmission measurements per-
formed on Hg,_,Mn,Se crystals at different tempera-
tures were presented. The content of manganese in the
samples was between 0.021 and 0.05, which means that
these materials have an inverted band structure (as
HgSe).

The obtained data endorse once more the view that the
temperature dependence of Landau levels energies at low
temperatures (between 2 and 8 K) is due to the changes of
magnetization with temperature. From the fitting of res-
onance positions obtained from a Pidgeon-Brown model
(extended to include exchange interaction) to our results
we obtained the values of the interaction gap E, and the
momentum matrix element P for different manganese
compositions. These data complement the results from
transport and interband magnetotransmission measure-
ments and show the nonlinearity of changes of E; vs Mn
composition x and strong nonmonotonic behavior of P vs
x. This is probably due to the hybridization of the Mn d
level with the valence-band p states.

In addition to spin and combined resonances, transi-
tions allowed by warping and/or inversion asymmetry,
such as second and third cyclotron harmonics, were ob-
served.

Transitions which could not be explained by the
presented modified Pidgeon-Brown model were also ob-
served. Most of them were explained by introducing an
impurity level resonant with the conduction band. This
is probably an ionized acceptor state. On the basis of the
observed transitions one can estimate the dependence of
the energy of this level on magnetic-field and zero-field
energy of the level. This energy is estimated to be 3.8
meV above the bottom (top) of the conduction (valence)
band. In some ranges of magnetic fields this level appears
to be resonant with one of the valence-band Landau lev-
els (which exhibits a magnetic-field behavior similar to
the conduction-band levels). The assumption of the ex-
istence of such an impurity level also explains the temper-
ature behavior of additional absorption lines. This is the
first clear experimental evidence of an impurity level in
zero-gap mixed crystals based on HgSe; however, such a
level with an energy of about 2.2 meV has been observed
in HgTe and Hg;_,Mn, Te. Observations of so many
features were possible due to the good quality of the crys-
tals used, which led to the required low free-carrier con-
centration. The presented analysis was not fully success-
ful because of the unknown origin of certain absorption
lines.
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