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EFFECT OF EXCHANGE ON INTERBAND MAGNETO-ABSORPTION

IN ZERO GAP Hg, ;Mn, Te MIXED CRYSTALS

G. BASTARD, C. RIGAUX, Y. GULDNER, J. MYCIELSKI (*) and A. MYCIELSKI (**)

Groupe de Physique des Solides de I’Ecole Normale Supérieure,
24, rue Lhomond, 75231 Paris 05, France

(Regu le 25 juillet 1977, révisé le 22 septembre 1977, accepté le 29 septembre 1977)

Résumé. — Des expériences de magnétoabsorption ont été effectuées, 4 4,2 et 2 K, dans la région
spectrale 220-370 meV, sur des alliages Hg, _ ,Mn,Te de gap nul. L’évolution des spectres I'¢ — I'g
avec la température et la composition révéle d’importantes modifications dans les sous-niveaux de
spin des bandes I'; et I'g dues aux interactions d’échange entre les porteurs mobiles et les électrons d
localisés. L’interprétation théorique des spectres magnétooptiques obtenus sur des alliages de
faible composition en Mn a été effectuée dans ’approximation du cristal virtuel et du champ molécu-
laire en incluant les interactions d’échange dans le formalisme du modéle de Pidgeon et Brown. En
ajustant 1’énergie des transitions I'g — I'g aux données expérimentales, nous déterminons 1’aimanta-
tion en fonction du champ magnétique, a 4,2 et 2 K, et nous évaluons les paramétres d’échange pour
les niveaux I'q et I'y. Le spectre des niveaux de Landau, établi & k; = 0, pour des alliages de faible &
(k < 0,015) montre I’existence d’une transition semimétal — semiconducteur induite par le champ
magnétique.

Abstract. — Magnetoabsorption experiments have been performed at 4.2 and 2 K in the spectral
region 220-370 meV, on zero gap Hg, _,Mn,Te alloys. The temperature and the composition depen-
dence of the I'¢ — I'y spectrum provides evidence of striking modifications in the I'y and I'g spin
sublevels due to exchange interactions between localized d electrons and mobile carriers. The theore-
tical interpretation of the magnetooptical spectra of alloys of low Mn composition is carried out,
using the virtual crystal and the molecular field approximations, by including the s-d and p-d exchange
interactions within the framework of the Pidgeon and Brown model. By a fitting procedure of the
I'c — I'y transitions energies, the magnetization is determined at 4.2 and 2 K as a function of the
magnetic field and the exchange parameters for the I'g and I'g levels are evaluated. The Landau level
energy spectrum established, at k; = 0, for alloys of composition up to 1.5 9 exhibits a SM — SC

transition induced by the magnetic field.

1. Introduction. — In recent literature, there has
been particular interest in zero and narrow gap
semi-conductors formed from HgTe. Among them,
the system Hg, _,Mn,Te receives considerable atten-
tion, as it provides attractive materials for investigat-
ing exchange phenomena.

Despite the different crystallographic structures of
HgTe (zinc blende) and MnTe (hexagonal NiAs),
solid solutions of Hg, _,Mn,Te are formed over the
range of composition k < 0.8. Alloys of k < 0.4
crystallise in the zinc blende lattice [1] : the tellurium
atoms are located on the sites of one of the fcc sublat-
tices, whereas mercury and manganese atoms are
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more or less randomly distributed over the second fcc
sublattice sites.

Similarly to the alloy systems formed from HgTe,
the Hg; _,Mn,Te system exhibits either an inverted
band structure, like HgTe, or a semiconducting
structure (Fig. 1). The semimetal — semiconductor
transition resulting from the triple degeneracy of I'¢
(s-type) and I'g (p-type) states occur near the composi-
tion k = 0.07 at 4.2 K [2].

The peculiarities of these Mn compounds are
connected with the presence of half-filled 3d> shells
of the Mn atoms. The d electrons tightly bound to the
Mn?* ions give rise to localized magnetic moments
which may interact through exchange coupling with
conduction and valence electrons in the s and p states.
As the spin-dependent properties are drastically
affected by these s-d and p-d interactions, magneto-
optics is a useful technique to investigate the exchange
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FiG. 1. — Band structure of Hg, ,Mn,Te mixed crystals at the
I’ point.

and localized spin ordering phenomena in zero
and narrow gap Hg, _,Mn,Te alloys.

Preliminary magnetooptical data have revealed
anomalous electronic gyromagnetic factors in
Hg, _:Mn,Te of low k£ < 0.02 [2]. Magnetic suscep-
tibility [3], (*), [13], helicon-spin-resonance [4] and
EPR [5] measurements have shown that the effective
localized spin behaves practically asif L = 0, S = 5/2
and gy, = 2. Alloys of low Mn composition are
paramagnetic [3; 13].

We report experimental results of extensive
magnetooptical studies performed on semimetallic
Hg, _,Mn,Te alloys of composition k < 0.015.
I's —» I'y interband magnetooptical transitions were
investigated by magnetoabsorption experiments per-
formed in the IR region 220-370 meV, with circularly
and linearly polarized radiation. Magnetooptical
spectra are described in section 3, with emphasis on the
dominant features connected with the composition
and temperature dependence. A theoretical model is
developed in section 4, which describes the Landau
levels in the I'y, I'q, I'; states. Using the virtual crystal
approximation, magnetic levels are obtained by includ-
ing the exchange interactions within the framework
of the Pidgeon and Brown [6] model. We use the
molecular field approximation in treating the carrier-
manganese exchange interaction. Fitting of magneto-
absorption data (section 5) provides a very sensitive
method of determining the average spin orientation of
manganese, even at very low manganese concentra-
tion. From the comparison between theory and expe-
riments, band and exchange parameters are obtained.
I's Landau levels are described, and the specific
properties induced by the exchange interactions are
analysed (sections 6 and 7).

2. Experiments. — I'; — ['g transitions were inves-
tigated by magnetoabsorption experiments performed
at low temperature on zero gap Hg, _,Mn,Te of low
Mn composition (kK < 1.5%).

(1) Galazka, R., private communication.
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The mixed crystals were grown by a modified
Bridgman method providing ingots of high homo-
geneity. The Mn molar content was determined for all
investigated alloys by density measurements. The
results are corroborated by electron microprobe
analysis performed on several samples. The alloys
were annealed under a saturated atmosphere of mer-
cury to reduce the density of mercury vacancies. In
all investigated alloys the position of the Fermi level
lies close to the I'y point. The thin samples required
for transmission experiments were prepared by mecha-
nical polishing and chemical etching in bromine
methanol solution. Magnetotransmission spectra were
obtained at 4 and 2 K, at fixed photon energies in the
spectral region 220-370 meV, and with the applied
magnetic field varying up to 55 kG. The incident elec-
tromagnetic radiation was linearly polarized along
the magnetic field (¢/H./z) in the Voigt geometry,
and circularly polarized (6*, ¢7) in the Faraday
configuration, to select the magnetooptical transitions
induced by each component¢,, e, &~

_ &, T g,
2

of the electric field radiation.

8:t

3. Experimental results. — To illustrate the
magnetooptical data obtained on alloys of low Mn
composition, we present results, at 4.2 and 2 K, for
five samples, with k£ varying from 0.001 to 0.015.
The characteristics of the alloys are indicated in
table L.

TABLE |
&y (meV)
Samples k at42 K
A 0.001 — 293
B 0.004 - 277
C 0.008 — 249
D 0.0104 — 232
E 0.0150 — 200

The typical magnetotransmission spectrum (sam-
ple E), reported in figure 2, shows pronounced oscilla-
tions emphasizing the weak broadening of the Landau

" levels in these alloys. Figures 3-12 show the magnetic

field dependence of the transition energies, at T = 4.2
and 2 K, for the different samples. From the region
of convergence at vanishing magnetic field of the
I'y —» I'y transition energies, the interaction gap
gy = Er, — Er, is determined for each alloy. &q(k),
shown in figure.13, exhibits a linear variation in this
range of composition.

The most striking features of the experiments
consist in a strong temperature dependence of the
spectra between 4.2 and 2 K, and also in a drastic
modification in the relative positions of the lines with
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Fi1G. 5. — Magnetic field dependence of the I'q — I'y transition
energies. Sample B. T = 4.2 K. Solid lines : theory. Symbols :
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F1G. 6. — Magnetic field dependence of the I's — I'y transition
energies. Sample B. T = 2 K. (Circular polarization.) Solid lines :
theory. Symbols : experiments.

FIG. 3. — Magnetic field dependence of the I'¢ —» I's transition
energies sample A. 7 = 4.2 K. Solid lines : theory. Symbols :
experiments. .
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Fi1G. 10. — Magnetic field dependence of the I'g — I'y transition
energies. Sample D. T = 2 K. Solid lines : theory. Symbols : expe-
riments.
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Fi6. 13. — Composition dependence of the interaction gap.
T=4.2K.

increasing Mn composition at fixed temperature.
Both phenomena will be shown to be a consequence
of the modification of the energies of the spin sublevels
in I'g and Iy resulting from the exchange interactions
of mobile carriers with the localized electrons. The
reference to HgTe and the Hg,_.Cd,Te alloys of
comparable band structure, is crucial in unambi-
guously identifying the transitions and thereby in
specifying the Landau level energy spectrum.

The selection rules [7, 8] for the dominant I'g — I'g
transitions are given in table II.

TABLE 11
ot brn+1) > br(n) (m+ 1)~ —>n"
G~ ar,(m) » ar(n+1) n" > @+ 1)*
e/H br(n+1) > ar(m) (n+ 1)~ -n*
Nomenclature Pidgeon and Three band

Brown model [6] model [9] (%)

Comparing the spectra of Hg, ,Cd,Te and
Hg, _ Mn,Te alloys of similar interaction gaps,
at 4.2 K it can been seen that the transitions £/ H
are nearly coincident whereas the positions of circular
polarization lines, at each field, are shifted towards
lower (for ¢ ™) or higher (for ¢*) energies with respect
to the spectrum observed in Hg, _.Cd,Te alloys [7].
This behaviour reflects an increase of the electronic
spin splitting

Si(n) = br,(n) — ar,(n) :

we directly determine S,(n) from the energy distance
between the transitions

brn+ 1) - by (m) (¢*)
and

br,(n + 1) > ar(n) (€/H).

(®) Nomenclature used in the figures.
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FiG. 14. — S (1) and %Q as a function of g, in HgCdTe (open
symbols) and HgMnTe (black symbols) at 7T = 4.2K and
2K. H = 20kG.

Figure 14 shows S,(1) as a function of ¢,, for both
alloys systems, at H = 20 kG. We also report in
figure 14 the energy distance % between adjacent
transitions in the series ¢~. hQ (representing in the
parabolic limit the sum of the cyclotron energies in
I's and I'y (conduction) bands) has comparable
values for both systems of alloys Hg,_,Cd,Te and
Hg, _,Mn,Te, which shows the similarity of the
effective mass parameters. The enhancement of S,(1)
provides evidence of a modification of the electron
spin sublevels in the Hg, _ ,Mn, Te mixed crystals.

3.1 COMPOSITION DEPENDENCE OF THE MAGNETO-
OPTICAL SPECTRA (T = 4.2 K). — Starting from HgTe,
we follow continuously the evolution of the
I'¢ - I'g spectrum with gradually increasing Mn
composition, which enables us to unambiguously
identify the transitions. For the lowest content
(sample A), the results are very similar to the spectrum
observed in HgTe [10], in particular the transitions
excited by ¢~, ¢* and &/H radiation components
have the same ordering (Fig. 3). As k increases, the
relative positions of the transition ¢* and ¢~ become
drastically modified : the relative position of the
paire of lines

ar(n) = ar,(n + 1) (¢7)
and
brs(") - brg(n -1 (0'+)

is inverted as k varies from 0.001 (Fig. 3) to 0.008
(Fig. 7) and for k = 0.004 (Fig. 5) both lines are
almost coincident. To illustrate the evolution of the
circular polarization spectra, we plot in figure 15
the energy distance J, at H = 20kG, between
ar(1) > ar,(2) (¢7) and br,(1) - br,(0) (¢*) tran-
sitions as a function of &, that we compare the
behaviour in Hg, _,Cd,Te alloys. 6 shows an opposite
dependence in both series of alloys and exhibits a
sign reversal near ¢, = — 270 meV in Hg, _,Mn,Te.
Figure 16 describes the spin splitting S (1) for alloys
of various compositions as a function of the magnetic
field. These results provide evidence for a large enhan-
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F1G. 15. — Energy distance between the transitions ar (1) —
ary(2) (67) and b (1) - b (0) (6*) as a function of ¢, in HgCdTe
(open circles) and HgMnTe. T = 4.2 and 2K. H = 20 kG.

30
H(kG)

0 10

Fi1G. 16. — Spin splitting S (1) of the n = 1 electronic level as a
function of the magnetic field for HgTe and different Hg, _,Mn,Te
alloys. T = 4.2 K and 2 K.

cement of the electronic spin splitting with increasing
k. Another experimental evidence of the strong modifi-
cation of the I'c — I'y spectrum is provided by the
observation of a new transition for ¢* polarization :
this intense line exists in the spectra of alloys of compo-
sition k£ > 0.004 (Fig. 5, 7, 9, 11) and is unambi-
guously assigned to by (0) — b (— 1), allowed for .
The observation of this transition results from the
emergence above the Fermi level of the hole Landau
level by (— 1).

3.2 TEMPERATURE DEPENDENCE OF THE MAGNETO-
OPTICAL SPECTRA. — In contrast with Hg; _,Cd,Te
alloys, the spectra of Hg,_,Mn,Te exhibit a strong

Ne 1

temperature dependence between 4 and 2 K, as shown
in figures 3-12. The temperature decrease produces
qualitatively comparable effects on the transition
energies as in an increase of composition. By lowering
T from 4.2 to 2 K, the spectrum g7 H is practically
unaffected, whereas the lines associated with circular
polarization are shifted towards higher (for ¢*) and
lower (for ¢7) energies. The magnetotransmission
spectra at 4.2 and 2 K for the samples C, B (Fig. 17,

' 18) show the shift (negative for ¢* and positive for 6 ™)

of the resonance fields associated with by (1) — br,(0),
br(0) - by (— 1) and ar,(0) = ar,(1) transitions.
This temperature behaviour implies an increase of
the electronic spin splitting between 4.2 and 2 K, as
shown in figure 16. Moreover, the curvatures of the

TRANSMISSION (au)

07 b(-1)
FARADAY ot

1
0 20 30
H(kG)
F1G. 17. — Magnetotransmission recordings at fio = 278.8 meV
for sample C at T = 4.2 and 2 K. o* polarization.

TRANSMISSI0N (au)

FARADAY o~

T=2K)
1 1 1 L
0 20 30 40 50
H(kG)

F1G. 18. — Magnetotransmission recordings at fiw = 298,1 meV
for sample B at 7 = 4.2 and 2 K. ¢~ polarization.



Nel

circular polarization lines are accentuated with
decreasing temperature. The diagrams E(H) exhibit
opposite curvatures for 67 and ¢~ lines. At 2 K, the
curves E(H) are bent upwards (for ¢~) or downwards
(for ¢*). This bowing effect, hardly visible at 4.2 K,
is clearly observed at 2 K (Fig. 6, 8, 10, 12). It may
give rise, for some particular composition, to a cross-
ing of ¢* and ¢~ lines. For sample B (Fig. 6), the
intersection of the pairs of lines ar (n) — ar(n + 1)
and by (n) = br(n — 1) occurs in the investigated
field range.

It should be pointed out that the temperature
effects (displacement and curvatures of the lines) are
more pronounced with increasing Mn content of
the alloys.

From these experimental observations, one can
conclude that the presence of the Mn atoms induces
anomalous spin effects in the I's and I's Landau levels
energy spectrum of the Hg, _,Mn,Te mixed crystals,
but do not significantly modify the band structure
parameters with respect to the Hg, _,Cd,Te system.
Thus we ascribe the modification of the spin states to
the exchange interactions between d electrons localiz-
ed on the Mn atoms, and mobile carriers in I'g and
I'y levels.

4. Theoretical model. — s and p electronic levels
in random Hg,_,Mn,Te alloys may be described
within the virtual crystal approximation. The crystal-
line potential of the Hg and Mn atoms are replaced
by the weighted average V = kVy, + (1 — k) V.
Adding ¥ to the Te atomic potential, the translational
periodicity of the lattice is restored and the electrons
are described in terms of Bloch states. The first order
correction { nk | V — V |nk ) vanishes, and the
deviations from the virtual crystal approximation
lead only to a broadening of the levels. This approxi-
mation is meaningful only for outer shells of Hg and
Mn atoms, i.e. for the 4s*(Mn) and 6s%(Hg) states
from which originate the electronic states spatially
extended over the crystal.

For deeper core states, such as the 3d° electrons of
the Mn atoms, which are tightly bound to the Mn?*
ions, the V.C.A. is irrelevant. These unfilled 3d shells
will be described in terms of localized magnetic
moments S; (S = 5/2. gua = 2).

In the presence of external magnetic field, the
electronic states in s and p type bands are accurately
described using the V.C.A. within the framework
of the Pidgeon-Brown model [6] ; I';, 'y, I'; Landau
levels in small gap materials belonging to the zinc
blende lattice are obtained by applying a procedure
of nearly degenerate states. The closely spaced I'g,
I's, T'; bands are treated exactly and the effects of
higher bands upon the closely spaced states are
accounted for up to order k2. The Luttinger effects [11]
in I'y are included as well as the non parabolicity
effects induced by the k.p interactions between s
and p states. The magnetic levels in I'g, I', I'; are the
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solutions of an 8 x 8 matrix Hamiltonian. If we
neglect the inversion asymmetry and the anisotropy
in Iy, the effective mass Hamiltonian D projected on
the basis of the eight uy(J, M;), (j = 1,2 ... 8) band
edges Bloch functions [6, 7] is given, at k, = 0, by
two 4 x 4 matrices D,, D,

(D,, 0
D= )
0 D,

In Hg, ,Mn,Te, the exchange interactions between
s, p and d electrons should be accounted for. Kos-
sut [14] has shown that these interactions can be
described by the Heisenberg-type Hamiltonian

B =Y. Jr —R)S;.0. 4]
R;

S, represents a localized magnetic moment located
at the site R,, ¢ is the mobile electron spin and
J(r — R;) is an exchange integral centered at R,.
Its spatial range, of atomic scale, is much smaller than
the magnetic length A. On the scale of the cyclotron
radius, J(r — R,) can then be approximated by a
contact interaction.

By accounting for the contact interaction, the
introduction of ¥, into the effective mass Hamil-
tonian introduces in D, and D, additional terms of
the form :

Z S,-.j dQu¥, J(r) ouj, .
t cell

Using the explicit band edge Bloch functions [6, 7],
the exchange contributions are expressed in terms
of only two exchange parameters : o« = { S |J() | S )
and f =< X|J@®) | X).

The manganese spin operators will be replaced by
their thermodynamical average { S; ). This corres-
ponds to the standard molecular-field approximation
in the theory of magnetism. It is very well justified
in our case, as the mobile electron interacts simul-
taneously with an enormous number of manganese
atoms.

For d electrons in Hg, _,Mn,Te crystals, the ther-
modynamical average of the manganese spin operator
along the applied magnetic field (H7z) is

<Suz> = - anorm(H’ T)

where S = 5/2 and the transverse components vanish.
Joorm(H, T) denotes a normalized magnetization func-
tion. At low carrier concentrations (n ~ 10'3,
p ~ 10'° cm™3), we can neglect the effect of carrier-
manganese exchange interaction on the system of
manganese spins. For non interacting manganese
magnetic moments,

2 Imn Up H
Soorm(H, T) = 3 B, <_—kﬁ—-

where Bjs), is the Brillouin function for a spin 5/2.
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The addition of ¥, to the effective mass Hamilto-
nian enables us to determine the I'q, I's, I'; Landau
levels. Neglecting inversion asymmetry and aniso-
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tropy in I'g, the energy levels in the ¢ and b ladders
are the solutions of the determinantal eq. (2) and (3)
respectively.

a set
B | E , E E ]
gothwgn+1)—eg,(m)+3 Ar i n?"h(oo i (n+l)Fpﬁw(, (n+1)—§gh'a)0
. | E 1\ 3 < . —
— n—z-elico0 —ﬁwo[(y,+y) (n—§>+ix:| —ha)o\/3n(n+l)y lhw(,\/6n(n+1)y
—g(m+3 4
. E, — = 3\ . 3} k+1
— i (n+1)—6-iiw0 —-hwo\/3n(n+l)y —hwy| (y1—7) n+§ ) thwoﬁ Y n+§ -5 =0 (2)
—g,(n)—A ——-2\/EA
(n+ 1)%”&00 —ihwy y \/6 n(n+1) —ihw, \/E [y<n+%>—-f—;——]] —hw, [y,<n+—;->— (x+%>]
-2./24 —A—gn)+ A
b set
g9 +hwo n—gy(n)—3 Ar i [n%hwo i /(n+l)%hw0 [n%hwo
. E 1\ « . 1y k+1
—i n—62}iw0 —hawg| (y1—7) n—3 +§ —hwy y /3 n(n+1) thwoﬁ |3 +—2—
—em)+4 +2./24
E
—i /(n+l)—2£iiw0 —Hhwy 7 /3 nn+1) —ﬁwo[(y1+y) <n+%>—% ] ifiwg ¥ /6 n(n+1) =0 (3)
—gn)—3 4
E, , 1\ « 1 ) 1 1
nTiiwo —zhwoﬁ \n3 +5+5 —ifiwgy /6 n(n+1) —hwgy | vy n=3 +x+5
i +2./24 —A—g,(m)—4

where 7w, is the free electron cyclotron energy.

4= = 2 PNy foum(H, T) @

r is the ratio of/f of the exchange integrals in I'g and
I'y respectively. N, denotes the number of unit cells
per unit volume.

The wavefunctions in the a and b Landau levels
are given in terms of harmonic oscillator functions ¢,
and band edges Bloch functions u; [7] :

Basis
aln (pn ul
a _ u
Yalmy = | S O e 5)
Asp Pp+1t Us
A P+ Uy
Basis
brn @, U
ban On- u
Yoy = [ 7T (6)
ben Pni1 Ug
bgy ®n_y Ug

The solutions of egs. (2, 3) are analytical only for the
first (n = — 1) quantum levels. The eigenvalues
require numerical computations as a function of six
band structure parameters (the interaction gap
e = Er, — Er,, the spin orbit energy 4, the Luttinger
parameters y,, 7, k describing the interaction between
I'y and higher bands and the Kane matrix element
E,=2/my | {S|p.| X)), and two additional
exchange parameters r and A(H), depending on T
and H through the magnetization functions.

5. Comparison between theory and experiments. —
The quantitative analysis of the spectra is performed
by using the theoretical description of I'y and I
Landau levels given in section 4. I'¢ — I'y magneto-
optical transitions occur at k, = 0 due to the singu-
larities of the joint density of states. The exchange
interactions do not change the explicit form of the
wavefunction, which implies the conservation of
the selection rules for I'y — I'g transitions [7] (Table II).
The dominant transitions are :

ar,(n) > ar,(n +1) o~
br,(n + 1) > br,(n)
br,(n + 1) > ar ()

0_+

e7H.

O
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The transition energies were numerically fitted with
the experimental lines according to the identification
given in figures (3.12).

We applied a minimization procedure, at fixed
magnetic field, of the sum

Y =Y | By — Ej?
J

of the squared distance between experimental and
theoretical energies where j runs over all transitions.
By taking 4 = 1 eV and the values of the Luttinger
parameters y, = 3, y = 0, k = — 1.65 obtained for
Hg,_,Cd,Te [7] of low x, we restrict the variables
to E,, r and 4, which are determined at each field
by the minimization of ) . For each alloy, E, is rela-
tively stable. In the investigated range of composition,
E, is found between 18.3 and 18.8 eV in excellent
agreement with the results obtained in Hg, _ ,Cd, Te[7],
which exemplifies the close similarity of the band
structure in both alloy systems. The quality of the fit
is almost insensitive to r between — 0.55 and — 0.45.
By selecting the adequate value of E, for each compo-
sition, and taking r = — 0.49 for all samples, we
determine the magnetization A(H) as a function of the
field by the minimization procedure. The normalized
magnetization.
12 A(H, T)
fnorm(H, T) = T _ﬁm (8)
is then deduced. The k values in (8) are determined
from the experimental values of ¢, and &,(k) (Fig. (13)).
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F1G. 19. — Magnetic field dependence of the normalized magne-
tization function at T = 4.2 and 2 K for the different alloys.
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This relation was obtained from a least square fitting
of the experimental data on ¢, and k.

Figure 19 shows the field dependence of the nor-
malized magnetization at T = 4.2 and 2K. The
results are in good agreement with direct magnetiza-
tion measurements performed at 42 K on an
Hg, _,Mn,Te alloy of k ~ 0.01 ().

For the lowest Mn composition (k = 0.0014),
Jaorm follows the Brillouin law Bs,,. For higher Mn
content, f,...(H, T) markedly differs from the Bril-
louin function and the deviations from the ideal
model of non interacting localized spins are emphasiz-
ed with increasing k.

The model of non interacting manganese spins
cannot quantitatively account for the magnetization
Jrorm(H ) deduced from our experiments. The measured
dependence of the average manganese spin orienta-
tion shows a considerable role of manganese-manga-
nese exchange even at very low manganese concentra-
tion. This effect cannot be explained by only taking
into account pairs of neighbouring manganese
ions [12].

The exchange parameters a (for I'g) and f (for I'y)
are estimated from the comparison between theory
and experiments. The identification of f,,, with the
Brillouin function for the alloy of £k = 0.0014 allows

- the determination of SN,

NoB =15eV, Nya= —0.75€eV.

The signs of a (negative) and B (positive) imply that
the spin splitting in both I'¢ and I'y Landau levels
increases with the exchange interaction.
Experimental and theoretical transition energies
are reported in figures (3-12) at T = 4.2 K and 2 K.
The agreement between theory and experiments is
excellent for most transitions in all investigated alloys
at both temperatures. In particular, the theory fairly
accounts for the curvatures of the lines. Population
effects, discussed in section 7, explain the systematic

“discrepancies between theory and experiments for the

transition br (1) - ar,(0) (Fig. 9, 11).

The knowledge of the band and exchange para-
meters enabled us to determine the eigenvalues and
eigenvectors of the Landau levels, and therefore to
estimate the relative oscillator strengths of the
I'¢ - I'; magnetooptical transitions. We checked
that the dominant transitions are still given by the
selection rules shown on table II.

6. I's; Landau levels spectrum. — The Landau
levels in I'g bands are calculated, at k, = 0, between
15and 50 kG from the band parameters and the magne-
tization function (Fig. 19).

The field dependence of the energy, reported in
figure 20, for several compositionsat 7 = 4.2and 2 K,
exhibits interesting peculiarities resulting from the
exchange effects.

As the spin interactions induce a shift (depend-

7
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Fi1G. 20. — Magnetic field dependence of the I's Landau levels
energy, at k, = 0, for several compositions. T = 42K and 2 K.

ing on k, H and T) of the I'g energy levels (positive for
b(n), negative for a(n), n > 0), the configuration of
the spectrum is drastically modified with increasing
Mn composition.

For k = 0.0014, the energy spectrum is distribut-
ed similarly to HgTe [10] and Hg, _..Cd,Te alloys [7] ;
the main difference consists in the positive energy of
the valence level b(— 1) and anomalous spin splitting
of the electronic levels. With increasing k, the energies
of the levels a(n) and b(n — 1), shifted in opposite
directions by the exchange effects, become very close
for £ = 0.004, but the spectrum conserves the same
ordering.

For k = 0.01, the levels b(n — 1) overlap a(n)
which leads to an inverted disposition of the levels.
In particular, the valence level b(— 1) overlaps the
first electronic state a(0).

By decreasing temperature, the magnetization effects
are emphasized : The field-dependent shifts of a(n)
and b(n) are more pronounced and the variations E(H)
exhibit curvatures reflecting the field dependence of
the magnetization. This bowing effect is particularly
remarkable on the hole level by (— 1) for which the
contribution of the exchange interaction is predomi-
nant.

No 1
The energy of the valence level

1 3
8b(—-1) - — hwo["?:('yl +Ty—) - EK] — 3A

presents a maximum, due to the saturation effect of
A(H), and then exhibits a decreasing field depen-
dence. This behaviour implies a reduction of the
overlap between b (— 1) and a,,(0). For some par-
ticular composition, the crossing of b, (— 1) and
ar,(0) occurs in the investigated field range which
leads to a semimetal — semiconductor transition
induced by the magnetic field. For k = 0.004, this
semimetal — semiconductor transition occurs for
H=37kGatT = 2K.

The evolution with & of the lowest Landau levels
described in figure 21 (H = 30 kG, T = 2 K) shows
the overlaps between a (0) and b, (— 1) and the
b,(0) and ar (1) level crossing.
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F1G. 21. — Evolution with the composition of the lowest Landau
levels at H = 30kG. T = 2 K.

The strong positive energy shift of the hole level
br,(— 1) is responsible for the occurrence of the
intervalence transition b,(0) —» b;,(— 1) in the o*
spectrum as the final state, merging from the Fermi
level for alloys of composition £ > 0.004, is depopu-
lated. The existence of this additional and intense
transition, systematically observed in the spectra of
alloys with k& > 0.004, constitutes a direct experi-
mental evidence of exchange effects.

7. Acceptor states and population effects. — Simi-
larly to HgTe and HgTe-CdTe alloys, HgTe-MnTe
mixed crystals contain mercury vacancies which are
partially reduced by annealing. These native defects
acting as resonant acceptors in zero gap materials are
experimentally revealed by the presence of impurity
lines in magnetooptical spectra : transitions of elec-
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trons from I's Landau levels to empty acceptor
states are easily distinguishable from I'¢ — I'g tran-
sitions :

— by the lineshape : they appear as broad struc-
tures due to the high density of acceptors (typically
N, — Np ~ 10*¢ cm™3),

— by the field dependence of the energies
' = Acc transitions energies extrapolate to ¢y + €4
whereas ['¢ — I'g transitions converge to g, at
vanishing field. Figure 22 shows the impurity line
br(0) > Acc, observed for £#H and ¢* in the
spectrum of sample A, beside the I'¢ — I'g transitions
br(1) — ar,(0) ¢/H) and by (1) - by (0) (c*). From
the knowledge of b (0) energy we deduce the position
of the acceptor state in the magnetic field : the binding

320

310

E(meV)

H(kG)

FIiG. 22. — Energy versus H of the impurity (b, (0) - Acc) and
lowest interband (by(1) = ar,(0), br(1) > bp,(0)) transitions.
Sample A. T = 42K.

energy, about 1 meV, increases nearly linearly with H
with a slope of 0.05 meV/kG. This result is comparable
to the data obtained in Hg, _ .Cd,Te of low x. Howe-
ver, whereas by, (0) — Accis systematically observed in
zero gap Hg, _ . Cd,Te alloys, this transition only exists
in the spectra of Hg, _,Mn,Te mixed crystals of very
low Mn content, namely for samples A and B. For k&
exceeding 0.008 (samples C, D, E), the impurity line
disappears as the acceptor lies below the Fermi level in
applied magnetic field. This population effect origi-
nates from the exchange interactions inducing a semi-
metallic configuration in the I's Landau spectrum :
for such compositions, the heavy hole level b (— 1)
lies in the electron continuum. As required by elec-
trical neutrality, the Fermi level is tied to the valence
level by, (— 1) of high density of states.

The same population effect also explains the
peculiar behaviour of the interband transition

br (1) - ar,(0)
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in the spectrum EZH. At T = 4.2 K, this line progres-
sively weakens with increasing Mn content. By
lowering the temperature from 4.2 K to 2K, the
intensity of the line decreases (this. behaviour is
illustrated on figure 23 for the sample C). For alloys D,
E, the by (1) — a; (0) transition is no longer observed
at T =2 K.

T=2K

TRANSMISSION (au)

VOIGT EIH

| | ]
010 20 30

H(kG)

F1G. 23. — Temperature dependence between 4.2K and 2K of
the lineshape at fiw = 282.3 MeV, sample C. Voigt geometry,
e/H.

This temperature dependence of the intensity is
connected with the filling of the ar (0) level. As
shown on figure 23, the temperature decrease reduces
the intensity of br (1) - ar,(0) but also shifts the
position of the resonance line to lower field. This
effect provides direct evidence of the location of the
ar,(0) edge below the Fermi level.

For sample C, whereas the transition occurs at
k. = 0at T = 4.2 K, the population of ar,(0) induces
a Moss-Burstein shift of the resonance to k., # 0 at
T = 2 K. This effect is experimentally manifested by
a reduction of the line strength, and also by a displace-
ment to high energy of the resonance. This Moss-
Burstein shift also explains the systematic discrepancies
between the theoretical fits and experiments for the
transitions by, (1) — ar,(0) (Fig. 9, 11).

8. Conclusion. — The I'¢— I's magnetooptical
spectrum of semimetallic Hg, _,Mn,Te alloys is
quantitatively interpreted using the virtual crystal
and molecular field approximations, and including
exchange interactions in the framework of the Pid-
geon and Brown model. The identical band structure
for both alloy systems HgTe-CdTe, HgTe-MnTe of
low composition (— 300 < gy < — 200 meV) is
proved by the same values of the band parameters.
We show that the s-p and p-d exchange interactions
are entirely responsible for the existence of striking
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anomalies in Hg, _,Mn,Te alloys which we have
correlated to the spin dependent effects, e.g. anoma-
lous gyromagnetic factors.

The theoretical model developed in the present
study provides a relatively accurate determination of
the exchange parameters and the magnetization func-
tion. The noticeable deviations from a Brillouin law
invalidate the model of non interacting spins. Anti-
ferromagnetic (at least predominantly) Mn-Mn corre-
lations should be introduced to account for the expe-
rimental magnetization.

Nel

The Landau level energy spectrum in I'g, establish-
ed at k, = 0, exhibits quite pecular anomalies induced
by the exchange interactions : the overlap of the levels
ar,(n) by by (n — 1) leads to a new ordering of the
spectrum in alloys of k£ > 0.004. The overlap and the
crossing of the highest valence b (— 1) and lowest
conduction ar (0) give rise to a semimetal — semi-
conductor transition induced by the magnetic field.

The reorganization of the Landau level spectrum
is expected to induce striking anomalies in all quantum
phenomena.
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