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The reflectivity of semimagnetic Hg& Mn„Te samples has been measured in magnetic fields up

to 5 T at T=5 K for x=0.026, 0.035, 0.05, and 0.106. This range of compositions has not been pre-

viously investigated systematically by magneto-optical methods. Measurements in the far-infrared

frequency range 30—400 cm ' were performed using Fourier-transform spectroscopy. The magnet-

ization of two of the samples has also been measured. The magneto-optical transitions observed

have been interpreted in terms of the modified Pidgeon-Brown model including exchange terms.

Pinning effects were observed when the transition energies in Faraday and Voigt configurations be-

came comparable with one of the longitudinal-optic-phonon energies.

I. INTRODUCTION

Semimagnetic semiconductors or diluted magnetic
semiconductors are usually ternary semiconducting com-
pounds whose lattice is made up in part of substitutional
magnetic ions. The presence of these ions leads to local-
ized spin rnornents and consequently leads to an exchange
interaction between these localized magnetic moments and
the band electrons. The importance of this interaction has
been discussed in several review articles. '

Several magneto-optical investigations of the typical
sernimagnetic compound Hg& „Mn Te have been report-
ed so far. " These investigations dealt mainly with
samples with compositions x ranging from 0 to 0.02 and
from 0.12 to 0.15. To our knowledge there are only
two papers where the magneto-optical properties of rna-
terials with x =0.1 (Refs. 10 and 11) were studied.

For materials with 0.02 &x & 0. 1, the magneto-optical
properties have to be studied using far-infrared radiation
(both for intraband as well as interband transitions) since
the semimetal-to-semiconductor transition of the I 6- and
I 8-level crossover occurs in Hg~ Mn Te at x =0.07 of
5 K.59

In Ref. 10, due to the. rather short 'wavelength of radia-
tion used, only weak magneto-optical interband transi-
tions could be observed for x =—0.1. Stronger transitions
(e.g., cyclotron resonance or spin resonance) could not be
observed because of the limitation of the magnetic field
strength available.

Optical properties of Hg& „Mn„Te with x =0.06 were
studied at zero magnetic field with reflectivity measure-
ments by McKnight et al. ' Other compositions were
also studied by Cxebicki et a/. ,

' where the main interest
was concentrated on the optical-phonon energies in these
crystals, and by Kaniewski and Mycielski' in absorption.

Magneto-optical measurements proved to be more accu-
rate than, e.g., Shubnikov —de Haas experiments' ' as
far as the determination of the relevant band parameters
is concerned. Therefore, in the present work, the magne-
toreflectivity of samples with x ranging from 0.026 to
0.106 was studied in order to fill, at least partially, the gap
in the composition studied by optical methods. The
Fourier-transform spectroscopy technique was employed.
The data obtained in this way were analyzed in conjunc-
tion with the magnetization values measured in the same
samples as studied by optical methods. Since the electron-
ic energy levels in semirnagnetic Hg~ Mn Te crystals
are modified strongly by the exchange interaction between
conduction or valence electrons and localized 3d electrons
of Mn ions and the modification proves to be proportional
to the magnetization, the knowledge of the magnetization
was an advantage in the present study. Thus we believe
that we were able to establish the values of the relevant
exchange constants a and P less ambiguously than in oth-
er magneto-optical studies, where the magnetization was
only determined indirectly.

II. EXPERIMENTAL

The samples used in the present investigation were
grown by the modified Bridgrnan method. The composi-
tion of the crystals was x =0.026,0.035,0.05,0.106. The
Mn content was determined for all alloy compositions by
density measurements. In addition, the composition was
checked by the determination of the lattice constants by
means of x-ray diffraction. The variation of lattice con-
stant with composition was found to be in reasonable
agreement with composition was found to be in reasonable
agreement with that given by Delves and Lewis. ' Some
of the samples were annealed in -Hg vapor to reduce the
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number of Hg vacancies. In all samples investigated, the
position of the Fermi level was cIose to the I s level
(inverted-band scheme) or to the I'6 level (x =0.106 sam-
ple).

Prior to the magneto-optical reflectivity measurements,
the samples were mechanically polished and chemically
etched in bromine methanol solution. The reflectivity
measurements were performed using Fourier-transform
spectroscopy (a rapid-scan interferometer, Bruker IFS
113, with attached high-vacuum chamber for cryostat
with superconducting magnet was used) in the frequency
range 30—400 cm '. The samples were kept in the insert
of the split coil magnet allowing measurements in Fara-
day (B~ ~k) and Voigt geometry (Blk,B~ ~E, BlE, E
denoting the electric field vector of radiation, k the prop-
agation direction of electromagnetic radiation) in magnet-
ic fields B up to 5 T. In the case of Faraday geometry,
the incident radiation was unpolarized (circularly polar-
ized radiation cannot be used in Fourier-transform spec-
troscopy) whereas in Voigt geometry linearly polarized ra-
diation, either along the direction of B or perpendicular to
it, was used. A liquid-helium-cooled Ge bolometer was
used as a detector. The accuracy of the reflectivity mea-
surements was better than 2%. The magnetization mea-
surements of x =0.026 and 0.5 samples were performed
in fields up to 15 T at temperatures T = 1.9 and 4.2 K.
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III. RESUI.TS

A. Magneto-optica1 data

The magneto-optical reflectivity spectra are exemplified
for the x =0.026 and 0.05 samples in Figs. 1 and 2 for
the two Voigt configurations (ELB,E~ ~B). Similar results
were obtained for the other samples at T=5 K. It is
clearly seen that in addition to the two dominant struc-
tures caused by the infrared-active phonon modes, the re-
flectivity is modulated apparently by electronic transi-
tions, the energy of which depends on the applied rnagnet-
ic field.

The reflectivity spectra are determined by the
frequency- and magnetic-field-dependent dielectric func-
tion. Apart from e„=l+P (the high-frequency dielec-
tric constant) and the two-phonon oscillators, the excita-
tion of electrons from the Landau levels in the valence
band to those of the conduction band (interband transi-
tions) as well as within one Landau-ladder system (intra-
band transitions) will contribute to the total dielectric
function.

The magnetic-field- and frequency-dependent reflectivi-
ty can be analyzed either by assuming a model dielectric
function and fitting its parameters to the experimentally
observed data, or by a direct Kramers-Kronig analysis of
the reflectivity data. Assuming B~~z, then in the Voigt
configuration for E~ ~B the complex refractive index n is
determined by n

~~
=@~, whereas for the ElB configura-

tion, n j =Ey=e~+6~y /e~. '

In order to obtain the magneto-optical transition ener-
gies, for all samples the imaginary, part of e,
Im[e(v, B)j =e", the real part e' as well as Im( —1/e) were
determined. As an example, plots of these quantities are
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FIG. 1. The magnetoreflectivity of Hg~ „Mn„Te, x =0.026,
in various magnetic fields in (a) Voigt ElB geometry and (b)

E~ ~B configuration. Arrows indicate the foHowing transitions:
(a) CR, a,{0)~a,(1); IB~, a„(2)~a,(1); IB2, a„(3)~a,(2). (b)
SR, a,{0)~b,(0); IB~, b„(2)—+a, (1); IB2, a, ( —1)~b,(1); IB3,
b„(3),(2) ~

shown in Figs. 3 and 4 for the composition x =0.026,
where Ime and Im( —I/e) for various magnetic fields as a
function of wave number v are given. Since
Hg~ ~Mn„Te exhibits a two-mode behavior, ' the struc-
tures at 118 and 190 cm ' (in Ime) are due to HgTe-like
and MnTe-like transverse optic (TO) phonon modes. An
additional mode at 95—98 cm ', already observed by
McKnight et al. ' (for x =0.06), is probably associated
with a defect not present in HgTe. Not all magneto-
optical transitions observed in the magnetoreflectivity
spectra are of the same oscillator strength. Thus weak
transitions observable as weak structures on the originals
of e" and e' are difficult to reproduce in an overall repre-
sentation. A precise determination of the position of tran-
sitions with small oscillator strength is not directly possi-
ble using the reflectivity data but much more reliable if
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FIG. 5. Magnetization in Hg~ „Mn„Te for (a} x =0.026 and
{b) x =0.05 at T=1.9 K (open circles) and T=4.2 K (solid cir-
cles}. The fit of the modified Brillouin function to the data is
shown by solid ( T =4.2 K}and broken ('T = 1.9 K) lines.

B. Magnetization

The magnetization of Hg~ „Mn„Te in high magnetic
fields was measured only for few values of x. Therefore23

the magnetization of the x =0.026 and 0.05 samples at
T=1.9 and 4.2 K are shown in Figs. 5(a) and 5(b),
respectively.

The modified Brillouin function

2pgB
kg(T+ Tp)

was fitted to the experimental magnetization data at both
temperatures T. The parameters of the fit were obtained
to be as follows: for the x =0.026 sample, Sp ——2.77,
Tp ——8 K (at T =4.2 K), and Sp ——2.67, Tp ——5.4 K (at
T=1.9 K); for the x =0.05 sample, Sp ——1.88, Tp ——

8.2 K (at 4.2 K), and Sp ——1.68, Tp ——7.4 K (at T =1.9
K). This represents an overall fit for the whole range of
magnetic fields. The values of Sp for the x =0.026 sam-
ple are greater than 2.S, which seems to be in contradic-
tion with the antiferromagnetic character of Mn-Mn cou-
pling. If one fixes So to be equal to 2.S, then one obtains
the value of Tp equal to 4.3 K (at T =4.2 K). The quali-
ty of the fit is comparable to the one given, if the fields
are not higher than 6 T. For the whole range of fields no
comparable quality can be found when So is limited to
values smaller than 2.5. However, treating Sp just as a fit
parameter, any description of the experimentally mea-
sured magnetization is acceptable.

It must be stressed that the magnetization gives the in-
formation about the product So and the crystal composi-
tion parameter x. Therefore, in order to extract So one
has to know precisely the value of x. Fortunately in the
band-structure description there is also only this product
involved. For instance if the x value is changed from
0.026 to 0.029 one is bound to change the Sp value from
2.77 to 2.48, which is already smaller than 2.5 as required
by simple physical reasoning. However, such a precise
knowledge of x is not possible when one relies on its
determination by the density method or lattice-constant
measurements. On the other hand, a rather steep depen-
dence of the energy gap on x (and thus of the effective
mass on x) allows the determination of the composition
of the crystal in a more precise way whenever a cyclotron
transition is observable (the mass is only very slightly af-
fected by the exchange interaction and thus is insensitive
to the magnetization). This was exactly the manner in
which we established the value of x =0.026 in one of our
samples. This, in turn, leads to "unphysical" value of
Sp ——2.77 for this sample.

Furthermore, the value of Sp (or rather xSp) is deter-
mined by the magnetization in an unambiguous way, pro-
vided that a large portion of its saturation is observed.
However, in the case of the x =0.026 sample, only the be-
ginning of the saturation region is covered. Therefore
there is an uncertainty in the Sp determination (one can
observe that the quality of the fit decreases in the highest
magnetic field region). Fortunately, our magneto-optical
study is limited to smaller magnetic fields where the fit is
much better but less sensitive to the actual choice of So
allowing, with equal confidence level, for physically plau-
sible values So smaller than 2.5, as mentioned above.
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IV. ANALYSIS OF THE MAGNETO-OPTICAL
RESULTS

40

IB (av(2) a,c(3))

The interpretation of the optical measurements was
based on the model of the band structure of a narrow-gap
semiconductor containing localized magnetic moments.
The model consists essentially of two parts. The first
takes into account the k p interaction between closely
spaced energy levels I 6, 1 s, l ~ [via interband momentum
matrix element P (er, er —Eg——; er, er———b, )] and also

the spin-orbit interaction. The interaction of these levels
with more remote bands is described in a perturbative way
by means of the parameters y~, y2, y3, ~, and F. The
second part of the model accounts for (in the mean-field
approximation) the exchange interaction between electrons
in the I 6, I 7, 1 8 levels with localized magnetic moments
due to 3d electrons of Mn ions. This interaction intro-
duces two exchange constants: a (for I 6 or s-like elec-
trons) and P (for I s, I'7 or p-like electrons). This part
contains the information about the magnetization of the
sample. The solution of the model gives energies of Lan-
dau levels in the conduction, heavy-hole, light-hole, and
spin-orbit split-off band. The solutions fall into two
categories (named usually a and b sets) corresponding
roughly to spin-up and -down levels. It is also a charac-
teristic feature of this part that it mainly modifies only
the spin properties of the conduction and valence elec-
trons (i.e., it affects the electronic g*-factor values), leav-
ing their effective masses only slightly perturbed and
determined basically by the k.p part or the model (the
Pidgeon-Brown model). Therefore, the optical transition
energies in the EL8 configuration are only weakly depen-
dent on the magnetization of the sample since they in-
volve the transitions within the same set of solutions ( a to
a or b to b, e.g. , the cyclotron resonance). On the other
hand, the energies of optical transitions in the E~ ~B con-
figuration involving different sets of Landau levels (a to b
or b to a, e.g. , the spin resonance) will be very sensitive to
the actual magnetization of a sample.

The analysis of the optical transitions in the Ej.B con-
figuration allowed us to determine the values of Eg and P
(the effective mass of conduction electrons m*-Eg/P )

and thus provided a rather accurate determination of the
concentration x of Mn ions (from the Eg vs xrelation---
ship in Ref. 25), more accurate than chosen values as ob-
tained by the density method and lattice-constant investi-
gation. The corresponding fan charts are given in Figs.
6(a), 7, 8(a), and 9 for x =0.026, 0.035, 0.05, and 0.106,
respectively, together with the assignment of the levels be-
tween which the transitions occur. The theoretical transi-
tion energies plotted in these figures were calculated using
the band parameters listed in Table I. The observed tran-
sitions in the ELB configuration are consistent with the
selection rules [a(n) —+a(n+1) or b(n)~b(n+1)] (ac-
cording to Ref. 26) with the exception of a weak line ob-
served in the x =0.05 sample which involves a change in
the Landau quantum number n by 2. Such transitions are
weakly allowed by the lack of the inversion symmetry in
zinc-blende structure materials.

Similarly, the transitions observed in the E~ ~B configu-
ration agreed overall with the selection rules for this case
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FIG. 6. Theoretical (lines) and experimental (symbols)
magneto-optical transitions energies observed in (a) ELB config-
uration and (b) E~ ~8 configuration in Hg& „Mn„Te with
x =0.026 at 5 K. The initial and final electronic states for each
transition are indicated. (CR, cyclotron resonance; IB, inter-
band transition; SR, spin resonance). The horizontal lines show
the energies of LO phonons (LO~ for HgTe-like mode and LO&
for Mn Te-like mode).
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FIG. 7. Cyclotron-resonance energies in Hg~ „Mn„Te
(x =0.035) observed (symbols) in the Faraday configuration
and calculated (solid line) at 5 K.

[a(n)~b(n+1) or b(n)~a(n —1)], with the exception
of a very weak line observed in x =0.026 sample. It
again involved a transition between Landau levels with
quantum numbers n differing by 2 which, as before, is
weakly allowed when the breaking of the main selection
rules by the lack of inversion symmetry is taken into ac-
count. The fan charts for the transitions observed in
E~~B configuration in x =0.026 and 0.05 samples are
given in Figs. 6(b) and 8(b), respectively.

As mentioned before, the theoretical transition energies
in E~~B geometry are sensitive to the values of the ex-
change constants a, 13, and the value of the magnetization.
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FIG. 9. Cyclotron-resonance energies in Hg& Mn Te
(x =0.106) observed (points) and calculated (lines) at T =5 K.
The CR in the a Landau ladder (solid line) and in the b Landau
ladder (broken line) are shown. Both transitions are very close
because of a reduction of the electronic g factor by the ex-
change interaction. Below 1 T the experimental transition ener-
gies correspond to a, (1)~a, (2) or b, (1)~b, (2).
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FIG. 8. Theoretical (lines) and experimental (symbols) optical
transition energies for Hg& Mn„Te (x =0.05) at T=5 K in
(a) ElB and (b) E~ ~B configurations.

Since the latter was taken from an independent experi-
ment, carried out on the same samples, we were able to es-
tablish rather precisely the values of a and P. We found
that the values of these constants obtained in Ref 8, .
namely a= —0.4 eV and p=0.6 eV, describe the present
data well. It should be mentioned that the carrier concen-
trations (given also in Table I) as estimated from the ob-
served positions of the plasma edge yield the values of the
Fermi levels which are consistent with the assignment of
the observed lines to the initial and final Landau levels.

For the n-type x =0.026 sample the transition
b„(—1)~b,(0), possible in the ELB case, from the con-
sideration of the Fermi-level position, would be practical-
ly indistinguishable from the cyclotron resonance
a, (0)~a, (1) indicated in Fig. 6(a).

On the other hand, the Fermi level in the p-type
x =0.05 sample is very close to the bottom of the b„(—1)
level ( =0.5 meV below it). For k~ T=0.5 meV at T = 5

K, this level is not completely depopulated and is there-
I

fore still an initial state for interband transitions. In addi-
tion this level has a large density of states even away from
its top (k, =O) and moreover has a camel-back shape in
k, . So even transitions starting at k,~O can be strong
enough to be observable.

In the case of all samples studied, the magneto-optical
transitions indicated the existence of a pinning effect due
to LO-phonon —electron interaction. The LO-phonon en-
ergies were obtained from Kramers-Kronig analysis of re-
flectivity by calculation of Im( —1/e) and are given also
in Figs. 6—9. It is worthwhile noting that the pinning ef-
fect is observed here in the interband magneto-optical
transitions also. There are only few observations of the
pinning in such a case reported up to now.

The Landau levels versus magnetic field in the
x =0.026, 0.035, 0.05, and 0.106 samples are plotted in
Figs. 10, 11, 12, and 13. It can be seen that only in the
case of the x =0.026 sample does the band overlap be-
tween the b, ( —1) and a, (0) states exist. In the cases of
the x =0.35 and 0.05 samples, the uppermost valence-
band level b„(—1) is below the lowest conduction-band
level a, (0). This is in contradiction to the results of Ref.
17. The energetic distance bE between the b, ( —1) and
a, (0) levels depends on the magnetic field (and is positive
if there is an overlap), can be calculated analytically (as-
suming b.= oo ), and is given by

bE= — x [(S )
i

—+a 5p
2 2 6

fieBE+ (2y i —4yz+—2a —F —1)
Pl pC

E + (F+1+—,y~ ——,y2 ——,Ir)+ —,x(S, ) a+—AeB

Pl pC

2
4eB pp

3moc

1/2 '

The upward shift of the b„(—1) level (which produces
the band overlap) is due to the exchange interaction effect
and therefore is greater if the magnetization is larger.
One has to remember that the antiferromagnetic interac-
tion, which couples the localized magnetic moments in

I

Hg& Mn„Te, tends to reduce the actual magnetization at
a given magnetic field from the value that can be expected
for a noninteracting spin system. Therefore, it is very
easy to overestimate the magnetization, if no direct exper-
imental information on this quantity is available. Overes-
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the band overlap).
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FIG. 12. Same as for Fig. 9 for x =0.05 (Note absence of the
band overlap).
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energetic position of the optical transitions. An alterna-
tive approach, as mentioned before, is based on the so-
called "oscillator fit" where the values of the energies of
the transitions and their strength is chosen to fit the ob-
served reflectivity spectra. An example of such a fit is
presented in Fig. 14 for x =0.106 sample. The values of
the cyclotron-resonance frequencies obtained by this oscil-
lator fit are in agreement with those which resulted from
the Kramers-Kronig analysis of the experimental magne-
toreflectivity data.

V. CONCLUSIONS
FIG. 13. Landau levels in the conduction band of the

x =0.106 sample calculated at 5 K: a set, solid lines; b set, bro-
ken lines.

timation of the magnetization may exaggerate the shift of
the b„(—1) level and this in turn may produce the band
overlap in the theoretical calculation. This point shows
how crucial it is to know the magnetization if the band
overlap is to be studied in detail. It can be seen -easily
from Figs. 10—12,that for the inverted band structure the
g* factor is enhanced by the exchange interaction as com-
pared to a nonmagnetic material. On the other hand, in
the case of semiconducting band ordering (x =0.106 sam-
ple; Fig. 13), the exchange interaction reduces consider-
ably the g* factor and even causes a change in its sign as
already observed in Refs. 8 and 9.

In the present paper the Kramers-Kronig analysis of
the reflectivity spectra was employed to obtain the proper

Magneto-optical properties of Hg] Mn Te samples
with x =0.026; 0.035, 0.05, and 0.106 have been studied

I

using Fourier-transform spectroscopy. A Kramers-
Kronig analysis of the magnetoreflectivity spectra was
performed. The magneto-optical transitions observed
were interpreted in terms of the modified Pidgeon-Brown
model of semimagnetic semiconductors. Direct informa-
tion on the magnetization of the x =0.026 and 0.05 sam-
ples was obtained from an experimental determination at
T =1.9 and 4.2 K. Using a modified Brillouin function,
a good fit to the experimental values was obtained. In the
case of the x =0.106 sample, previously measured mag-
netization values were used; for x =0.035 we interpolat-
ed between all a.vailable data.

The magnetic-field dependence of the observed
magneto-optical transitions in Faraday as well as in Voigt
geometry is properly described by the calculated transition
energies and selection rules. Only some weak transitions
[a„(—1)~a,(1) in the ELB configuration in the x =0.05
sample and a„(—l)~b, (1) in the E~ ~B configuration for
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the x =0.026 sample] are apparently not described by the
usual selection rules. However, these are weakly allowed,
and thus possible, due to lack of inversion symmetry in
both cases and a combination of warping effects and tran-
sitions at finite kH in the a, ( —1)—+a, (1) case. The
magneto-optical data show a pinning effect [also for inter-
band transitions (x =0.05)] close to the LO-phonon mode
energies, especially to the stronger Hg Te-like mode.
These pinning effects in interband transitions are more
pronounced for the transitions ending at final states with
low Landau quantum number, e.g., a, (0). Since informa-
tion on the imaginary and real part of the dielectric func-
tion in the magnetic field was obtained, such data would
be particularly suitable for a detailed analysis of the

'

FIG. 14. Model oscillator fit (symbols} to the observed reflec-
tivity data (lines} for x =0.106 sample at 5 K. The arrows A

and B mark the position of the cyclotron-resonance "oscillator"
for 8 =0.75 and 5 T, respectively. Fitted oscillator parameters
are as follows. Electrons: co, =55 cm ', damping v, =10 cm
(0.75 T};m, =265 cm ', damping v~=12 cm ' (5 T};co~ =130
cm '

(co& ——34.2 cm '}. Lattice oscillator parameters are as
Pp

follows. Phonons: g = 13.5; kg~ ——0.3, vTo, ——190 cm

I (
——2.5 cm '; AX2 ——4.35, vTo ——117 cm ', I 2

——1.2 cm '; for
2

the defect mode, A+3 ——1, vd, f——95 cm ', I 3
——8 cm '. (In the

above hJ's denote the corresponding oscillators strengths and
I 's the damping parameters}.

mechanism of the pinning process. However, a more de-
tailed study of the dielectric function in the presence of a
quantizing magnetic field using the proper wave functions
for the free carriers in Hg& „Mn Te would be needed.

From the good fit between calculated and experirnental-
ly observed magneto-optical transitions in all samples in-
vestigated, it is concluded that the values for the exchange
parameters a and p are a= —0.4 eV and p=0. 6 eV.
These are the same as used in Ref. 8 for an explanation of
interband magneto-optical data for compositions
x &0.011 and x ~0.125.

The conduction-band and heavy-hole-band overlap
[a,(0)—b, ( —1)] occurring in the semimetallic composi-



2048 BAUER, KOSSUT, FAYMONVILLE, AND DORNHAUS 31

tion range is found to be much less pronounced than pre-
viously expected. It still exists in Hgi Mn Te for a
composition with x =0.026 at T =5 K but it does not
occur for x =0.035.
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