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FIG. 1. Rhhombohedral distortion of the cubic NaC1

y c anges in the interaxial angle a, the lattice
constant a, and the sublattice shift u.
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sponding Ge content of x =0.02, a changes from 90' to
89'58' at T=0 K.."

An important consequence of the sublattice shift in one
of the (111) directions, which then becomes the rhom-
bohedral. c axis, is the occurrence of a permanent electric
dipole moment in the unit cell. Thus, the reduction of
symmetry in these compounds below T, induces ferroelec-
tricity. ' ' Owing to the presence of free carriers, it is
difficult to detect a macroscopic spontaneous polarization
and any reorientation by external electric fields.

In the Pb, „Ge Te system of interest (relatively small
Ge contents), there is no indication of a discontinuity of
the rhombohedral angle, which constitutes a secondary or-
der parameter for this type of phase transition at T&."
This is in contrast to the Sn& Ge„Te system, which was
shown to become first order for x & 0.27. '

The phase transition in the Pbi Ge Te system has
been studied so far by various methods, which we now
list.

(i) The crystal structure was investigated by x-ray dif-
fraction. "'

(ii) Information on the lattice dynamics was obtained
from inelastic-neutron-scattering (phonon dispersion) mea-

surements. ' Raman scattering' ' and far-infrared re-

flectivity measurements' ' yielded additional evidence,

namely that the structural change is connected with the
softening of the zone-center transverse-optical-phonon
mode (q~0, q denotes the phonon wave vector).

(iii) The T dependence of the lattice constant across T,
was investigated by ultrasonic velocity measurements.

(iv) Measurements of the static dielectric constant e,
were performed by means of capacitance-voltage charac-
teristics on p-n junctions ' and Schottky barriers on PbTe
and Pb~ „GexTe. The data reveal that PbTe remains
paraelectric down to T =0 K with an extrapolated nega-
tive Curie temperature (from e, ' —+0).

All experimental data on Pb& Ge Te with x &0.10
are consistent with the occurrence of a phase transition of
second order. Below Tc, these compounds, with just two
atoms per unit cell, are the simplest conceivable ferroelec-
trics.

Since these compounds are not only ferroelectrics but
also small-gap semiconductors, in addition to the methods
mentioned above, typical semiconductor properties can be
used to investigate the phase transition. The change of
the crystal structure below Tc is accompanied by a corre-
sponding change of the Brillouin zone (BZ) and, therefore,
of the band structure (Fig. 2). Since the rhombohedral
IV-VI compounds have the same crystal structure as some
of the elemental group-V semiconductors such as Bi, one
expects some similarities in the band structure. The four
equivalent I. points of the cubic BZ will be split into sing-
let T states (along the. rhombohedral c axis) and triplet L
states below Tc. In addition, the lack of inversion sym-
metry in the rhombohedral IV-VI compounds induces @-

linear terms and lifts the Kramers degeneracy of the
bands at the T and L points of the BZ. Thus,
temperature-dependent measurements of semiconducting
properties related to the electronic band structure should
yield information on the phase transition.

Until now, an enhanced scattering of conduction elec-

FIG. 2. Brillouin zone of rhombohedral Pb~ Ge„Te with

symmetry points I, I., and T and the rhombohedral c axis.

trons in a temperature region around Tc and a corre-
sponding anomaly in the T dependence of the conductivi-

ty was used by Takaoka et al. as a very simple method
to determine Tc in Pb& „Cxe Te. Shubnikov —de Haas
(SdH) measurements were used in Ref. 23 to obtain infor-
mation on the change of the band structure below Tc.
However, the experimental resolution was insufficient to
distinguish between oscillation series resulting from car-
riers in the T and I. valleys. The Fermi surface of SnTe
(Ref. 24) and Pb& „Sn„Te (Ref. 25) above and below Tc
has also been investigated by SdH and de Haas —van
Alphen experiments. Optical absorption ' in
Pb~ „Ge~Te was performed in materials with x up to 0.1,
indicating evidence for birefringence in the rhombohedral
phase and differences of the energy gaps at the T and L
points.

However, the most direct information on the band
structure at the minimum gap at the T and I. points of
the BZ is obtained from magneto-optical intraband and
interband experiments. Preliminary investigations were
carried out in Refs. 28—30.

It is the purpose of this paper to present interband and
intraband magneto-optical measurements of Pb~ „Ge Te
both in the cubic and rhombohedral phase. The data are
analyzed within a k.p model for the C3, phase, starting
with the Mitchell-Wallis ' scheme for PbTe, but consider-
ing the reduction of symmetry at the T and L points of
the BZ

In Sec. II the k.p calculation is presented and the ac-
tion of the sublattice shift on the band shapes for the T
and L points is described in terms of k-linear contribu-
tions to the cubic Hamiltonian. Based on this treatment,
Landau levels are calculated and interband as well as in-

traband electric dipole matrix elements are derived quanti-
tatively. For the comparison with magneto-optical data,
this band-structure model is used to evaluate —in a
linear-response formalism —the tensor of the high-

frequency conductivity explicitly.
In Sec. III the experimental methods are described and

in Sec. IV the results, magneto-optical interband and in-

traband data as a function of T~ Tc, are presented. As a

result, all band-edge parameters are derived within a k.p
scheme which includes the effect of rhombohedral distor-
tion. Information on the energy gap is directly obtained
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from interband data. A complication in the analysis of
the magneto-optical data arises from the occurrence of
ferroelectric domains. ' The rhombohedral distortion
occurs along one of the equivalent & 111& directions. For
a given orientation of 8 with respect to the cubic crystal
axes, several types of domains must be distinguished
below T, . Since the domain size is larger than the cy-
clotron radii, no severe distortions in magneto-optical
transitions occur.

In Sec. V we show that with justified simplifying as-
sumptions only one interband matrix element is needed in
addition to the cubic ones, in order to account for the
main effects of the ferroelectric distortion. This addition-
al rhombohedral matrix element plays the role of a secon-
dary order parameter of the phase transition, since it fol-
lows closely in its temperature dependence that of the pri-
mary order parameter u, the relative sublattice shift.

In Sec. V, also the optical interband deformation poten-
tial at the T and L points of the BZ is obtained from a
detailed analysis of the influence of the rhombohedral dis-
tortion on the band-edge structure. The resulting values
are compared with recent results from a linear combina-
tion of atomic orbitals (LCAO) calculation of the defor-
mation potentials. Additional intraband matrix elements
caused by the O~-C3, transformation change the energy
gaps and the relative positions of the conduction- and
valence-band extrema at the T and L points. The conse-

quences of these shifts are discussed in comparison with
shifts of the energy levels induced by strain originating
from the substrate, observed earlier in PbS films.

II. THEORY

A. Band structure

The electronic band states of Pb~ Ge Te around the
T and L points of the BZ can be established most general-
ly for arbitrary x values by the method of invariants,
because only symmetry arguments are used by this
method to determine the structure of the states. Owing to
the low symmetry —at the L point the group of the k vec-
tor is C, with one reflection as the only nontrivial symme-
try operation —a complicated band structure described by
a large number of parameters follows from this
method. ""

More distinct results can be achieved by restricting
one's studies to compounds with small Ge content. The
k p perturbation calculation, which considers the cubic
Pb& „Ge Te system to be unperturbated, is then an ap-
propriate approach to obtain the band-structure changes
attendant to the phase transition. Thus, the extended
two-band scheme of Mitchell and Wallis is treated as the
unperturbated system. ' It is described as

L6p

A(k„'+ k,')+Bk,'
0

igk,

iL(k +ik—y)

A (k„+ky ) +Bk,

iL (k —iky)

igk,

—igk,
iL (k„+ik—y )

C (k„'+k„')+Dk,' EG—
iL (k~ i' )—

—igk,

C (k„'+k,') +Dk,' EG—
with L6 p as conduction- and L6+ ~ as valence-band-
edge functions, and the band parameters A, B, C, D, L,
g, and EG suitable for the cubic phase. k, is parallel to
one of the four equivalent & 111& axes.

The difference between the lattice periodic potential
above and below the phase transition is denoted by V'(r).
It is assumed that V' consists of two contributions: (i) the
relative shift of both sublattices along the [111jdirection,
which is an optical-type deformation of the cubic lattice,
and (ii) the rhombohedral distortion of the cubic cell
(rhombohedral angle & 90'), which corresponds to an
acoustic-type deformation. Both components will there-
fore increase if the temperature is lowered from Tc to-
wards 0 K due to the second-order —type phase transition.
The potential V'(r), which is of rhombohedral symmetry,
destroys the inversion symmetry of the cubic phase, and
causes C3„symmetry at the T point and C, symmetry at
the L points. The perturbation V' leads to the following
additional elements, where the 5; and 5; are all real:

& L6:
I

V' IL6+- & = «6P I

V' IL6+i & =&~

&L6. I
v'IL6+~&=«.& I

v'IL6+ &=i~', ,

holds. Then the Mitchell-Wallis matrix for k=o reads

H(k=O) =

gP
P

gP

~ P

gP

gP

P
62 —EG

gP

52 —EG
P

The fact that the 6; couple the odd L 6 conduction-band
states to the even L 6+ valence-band states leads to the con-
cept that the 6; dominantly represent the sublattice shift

& L6
I

V'
I
L6 & = &L gp I

V'
I
L gp & =5),

&L6+
I

V'IL6+ &=&L6+p
I

V'IL6p& f2

where the upper index P denotes either T or L points in
order to indicate that the corresponding values of 6& 2 and
6& 2 differ, in general, at these points. In particular,

(4)



31 MAGNETO-OPTICAL INVESTIGATIONS OF. . . Pbi Ge Te 7961

0

0 —V ) —lU2

—lU2, —
U&

where

UI —lUp

—lUp V) 0

0

contribution to V(r). This is confirmed from pseudopo-
tential band-structure calculations, which yielded the
following results: L6' states are p-like around the anion
and s- and d-like around the cation, whereas I.6 states
are p-like around the cation and s- and d-like around the
anion. In contrast, the diagonal elements 6; dominantly
represent the contribution from the distortion of the cubic
cell. Therefore the 5; will be evaluated from the unit-cell
distortion of the lattice via acoustic deformation poten-
tials.

The eigenvalues of H(k=0) of Eq. (5) are found by the
unitary transformation U,

originate from the lack of inversion symmetry of the per-
turbation and represent the significant changes of the
band shapes.

At the T point one has u2 ——0 from Eqs. (3) and (6), and
only one k-linear parameter remains:

S=2uv &L =sin(28)L =26,L/Eg,
where 5; &~EG is used. Since S will be evaluated from a
comparison of calculated with experimental results at
various temperatures, Eq. (11) gives b,

&
as a function of

temperature. It turns out that the maximum value of S is
about L/7 (for Ge contents &1 at. %), so that u=0.997,
v~ ——0.072, and u —v

&
——0.992. Therefore the interband

coupling elements L in Ht4 and Q in H», as well as the
far-band contributions 3', 8', C', and D' in H;;, are not
changed by the phase transition, and the corresponding
cubic ones can be used. The four eigenvalues E; ~ 4 of
Eq. (10) which describe the band shapes near the extrema
are found to be

u =cos8, tang='z/g,
u& ——sin8cosg, u2 ——sin8sing,

tan(28) =2[(~])'+(~3)']' '/(Eg —g—52),

(6)

E; =[ Eg+(A+—C)k, +(B+D)k, ]/2

+jI , [Eg+(A ——C)kt+(B D)k, +2—Sk~]2

+L2k2+Q2k2I1/2 k2 k2+k2 (12)

to be given by

E, „=(5i+52 Eg)/2—
+[(5t —52+Eg)'/4+(~~)'+(~2)']' ', (7)

which defines the energy gaps in the low-temperature
phase:

Eg E, E, =[——(5'—t 52+E—g) +4(b~) +4(h2) ]'~ . (8)

In order to proceed in the evaluation of the band struc-
ture in the low-temperature phase, the Mitchell-Wallis
matrix for finite k values including the additional ele-
ments 5;,5; is transformed by U defined in Eq. (6):

where for j =+1,—1 the conduction- and valence-band
shapes are obtained, respectively.

These bands have axial symmetry. In Fig. 3 constant-
energy contours in the k, k, plane are plotted for the
conduction band. It is seen in Fig. 4 that the band
minimum is shifted away from the T point tobe on a cir-
cle with radius ko-S/(A+ L /Eg). Furthermore, the
k-linear term causes a splitting of the Fermi surfaces be-

LJ -6

H= U+H(k&0) U,
which leads to the following elements of H:

H» A'(k„+k»)+——B'k, +2uv2Lk„,

H23 ——A'(k»+k»)+B'k, 2uv2Lk»—
H33 ——C'(k +k»)+D'k, +2uv2Lk Eg, —

H44 C'(k„+k»)+D—'k, 2uv2Lk Eg,— —

H t2 — H34 —2iuu&. Lk —2uu2Qk»

H]3 —H24 —i(1 —2u2)Qk, —2iu, u2Lk»,

Ht4 i(u —u~)Lk ———iu2Lk+ 2u~u2Qk-, ,

H23 — t(u —u—t)Lk++l v2Lk —2u~u2Qk, ,

(9)

. i. 5

2 3
x(106,~ )

with

A'=Au +C(1—u ), C'=Cu +A(1 —u ),
B'=Bu +D(1 —u ), D'=Du +B(1—u ) .

The k-linear terms, which appear in H;; and H&2 H34,

FIG. 3. Cross sections through the surfaces of constant ener-

gy (E=E» 30 meV) at the——T point of the BZ (k, ~~c) with

band parameters given in Table I, and S =6&&10 eVcm. For
nonzero S, the ellipsoids of revolution found in the cubic phase

are split into an inner part (o', "cigar" shaped) and an outer part

(P). In the inner part each k state is twofold occupied, whereas

the states outside the "cigar" are singly occupied.
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E(kw at T-point (cIlkz}

) I(

E "30

The dominant features based on the parameters S, T,
namely (i) repulsions between Landau levels of each band,
and (ii) relaxed selection rules for electric dipole transi-
tions as a consequence of spin mixing within the wave
functions, are presented in the following subsections.

B. Landau levels

I I I

4 -2
k kr

2 4 -2 -1 k=kr1 2

kz (10 6cm') kx, ky (10 cm")

FIG. 4. E(k) relation for the conduction band at the T point
of the BZ. The shifts of the band minima by ko (see text) are
indicated. Band parameters are given in Table I, and
S =6&(10 eV cm.

LT =QR . (14)

The band shapes near the L points derived from the
Hamiltonian of Eq. (10) can be written in a form quite
similar to Eq. (12), namely Skz on the right-hand side of
Eq. (12) must be replaced by M, where

M=[(S +R )k„+(Sky —Tk, ) ]'i . (15)

The term M destroys the axial symmetry of the L valleys
and shifts the band extrema away from the L point by an
amount Ak, which has three nonzero components in gen-
eral. A further approximation concerning the L-point ex-
trema is discussed in connection with the Landau-level
calculation.

It should be noticed that for materials with very small
or even zero gaps, much larger S values are expected and
all the approximations performed of the Hamiltonian of
Eq. (10) are no longer justified.

cause the spin degeneracy is lost due to the lack of inver-
sion symmetry. In addition, the k-linear terms produce a
strong mixing of the spin components of the bands which
significantly alters the optical dipole selection rules as
compared to the cubic case. This is a very pronounced ef-
fect if the change of the band structure is followed beyond
the phase transition, and it will be studied later in detail.

At the L point (u2&0) the band structure is more com-
plicated. Since we expect, for b,;, values which are simi-
lar to b, l, the u; will again be about 0.07, so that contribu-
tions of second order in U; to H can be neglected. Thus,
there are two additional k-linear terms,

Rk» =2uu2Lk„, Tk, =2uU2Qk, ,

the magnitudes of which are related to each other by

Adler et al. gave a detailed description of solutions
for Landau levels in a two-band model for the case of
magnetic field orientations oblique to the valley symmetry
axis applicable to PbTe. By a simple unitary transforma-
tion, these authors obtained exact eigenvalues and eigen-
functions if (i) the band parameters obey the following
conditions,

2/B =C/D =L2/Q, L/Q =g~~/gq, (16)

and (ii) there are no k-linear terms. g~~, gz denote the far-
band contributions to the g values. It is argued by these
authors that for band parameters not obeying the identi-
ties of Eq. (16), which is the case for the substances of in-
terest, the results are not significantly falsified. There-
fore, mainly the second condition, namely the k-linear
terms, prevent a likewise simple Landau-level calculation
in the actual case. We overcome this difficulty by the fol-
lowing two steps: First, we apply Adler's unitary
transformation in a slightly modified version for an arbi-
trary oriented magnetic field B,

=
~

8
~
(sin8cosg, sin8 sing, cos8),

on the Hamiltonian of Eq. (10), and obtain

U+HU=HI +Hp,
where

(17)

0

0

e '~ cos(y/2) —e '~~ sin(y/2)
e'&~ sin(y/2) e'~~ cos(y/2)U, (y, +)=

with

Do ——(Q sin 8+L cos 8)', siny=Q sin(8)/Do .

u; are the direction cosines with respect to the coordinate
system, 8 denotes the angle + (B,z), and P denotes the
corresponding angle in the x-y plane. H& stands for
Adler's result (without k-linear terms) and H2 represents
the new contributions, which are proportional to the k-
linear parameters:

p*a +pa qla +q2a

qIa+q2a —p a —pa

0

0 0

0

0

0

0

p*a +pa
—qia —q2a

—qla —q2a

—p*a —pa

(19)

where
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MitcheH-%'allis model, and, in addition, due to the k-
linear terms. Therefore, based on the convention that the
indi'ces a, /3 mean spin orientation parallel and antiparallel
to the valley axis, we attribute a to those states where the
contribution of spin parallel to the magnetic field is dom-
inant in the eigenfunction, and /3 in the opposite case.
Similarly, the Landau quantum number n is attached to a
state if the nth oscillator function is the dominant one.
Especially for large S values and low magnetic fields, dif-
ferent oscillator functions or different spin components
enter, with nearly equal weight, into the state functions,
so that the state labels lose their conventional meaning.

The additional part H2 produces a strong level
repulsion -=specially for the T valley —between states na
and (n + 1)/3, as can be seen from Eq. (19). Therefore the
levels na and n/3 are closer in energy than in pure PbTe.
This is shown in Fig. 5, together with the kz dependence
of the levels. The influence of the k-linear terms on the
k~ dependence is very small in our model. In Table I the
band parameters used for the numerical calculation are
listed.

For the interpretation of magneto-optical data the
knowledge of the selection rules is indispensable and fur-
ther investigation of the relative intensities is quite help-
ful. From a theoretical point of view, relaxed selection
rules are expected as a consequence of the additional @-

linear terms, which lead to extra structures in the absorp-
tion spectrum, if the Pb& Ge Te sample is in its low-
temperature phase. The interband absorptions show an
opposite behavior, where many absorption lines —well
resolved in the cubic phase —are much weaker or have
disappeared completely in the rhombohedral phase. This
is a direct consequence of the altered selection rules, as
will be shown in the following.

The electric dipole operator v=(u&, u2, u3) tile velocity,
adequate for the two-band model Hamiltonian 0 of Eq.
(10), is

p *= —p = —iSQ sin( 8)/[s (2LDO ) '~2],

q~ ——0, q3 iSL cos(8)/——[s (2LDO)'~l] .

0 is the angle between the valley symmetry axis and the
magnetic field.

The second step for the Landau-level calculation, re-
quired to include H2, is a variational procedure: The
eigenstates of H~+H2 are expanded into a series of N os-
cillator functions, leading to a matrix representation of di-
mension 4N &4N. A numerical diagonalization then
gives the energies and wave functions of the Landau lev-
els.

Because the k-linear parameter S is small compared to
the interband coupling parameter L (S & L/7) in our case,
a rapid convergence is the advantage of this method. To
obtain eight conduction- and eight valence-band Landau
levels for each spin orientation, it is sufficient to employ
40&40 matrices. Moreover, in this extended calculation
the unphysical restrictions of Eq. (16) can be abandoned.
The Landau states are strong mixtures of both spin com-
ponents due to spin-orbit coupling already present in the

1

1 BH
'Bk; (20)

where a=(a~, a2, a3) is the polarization unit vector of the
incident radiation. Equation (20) holds for both intraband
and interband transitions.

To present the dipole operator in the same Bloch-
function basis used for the Landau-level calculation, Eq.
(20) is transformed by Adler's unitary transformation
U(y, 0) of Eq. (18) with the result

p = I R [Dccosg L—cos8 sing —2Q sin 8cos(P)/D 0]+iSQ sin8I /[s (2LDO)' 2],
I /2 1

q) ——— (—TLu)u3/Do+i Tu2)(2L/Do)', q2
————(TLu3u3/Do i—Su3)(2L/Do)' 2, s=(fi/eB)'

S S

a and a are the raising and lowering operators for the
harmonic-oscillator functions. kl3

——0 was chosen in Eq.
(19), k~ being the component of k parallel to the magnet-
ic field.

From the structure of H2 it follows that different
eigenstates of H& are coupled by the additional part H2.
Landau states for equal spin components are coupled by
the diagonal terms, whereas states for different spin com-
ponents interact via the off-diagonal terms of H2. This
property of H2 holds for the T valley (R, T =0) as well as
for the L valleys (R, T&0). Therefore the general struc-
ture of H2 is not changed if the approximation R, T =0
for the L valleys is introduced. This means that we deal
with a model in which the shapes of the T and L, valleys
are equal. Since the action from all k-linear terms, R, S,
and T, are quite similar, very precise measurements would
be necessary to determine these parameters separately.
Indeed, our experimental data do not reveal any fine
structure due to different shapes of the T and L valleys.
The main advantage of this approximation is a descrip-
tion of the phase-transition-induced band-shape changes
by a single parameter, S. Thus, our Landau-level scheme
is based on the E(k) relation, as shown in Figs. 3 and 4
for all valleys.

Because of the axial symmetry of the valleys, the Ham-
iltonian H&+Hl of Eq. (18) is independent of p, and H&
is just Adler's result. For H. one has

fi U+a, v U=Ad =

M~a +Ma+SR'~a2
—iSa I +SR'3a 2

iL W~a~ +igW3a3

/L W3 a
& +La 3 +ig W, a 3

iSa
&
+SR'3a~

M*a'+Ma —SP,a,
iL W3a 1 +La3 —igW~a 3

iLW~a~+igW3a3

iL W&a 1
——ig W3a 3

iLW, a, +—La, +igW, a3

N*a +%a+SR'~a&

iSa
&

—S8'3a 2

iLW3a, +La3 iQW, a3-
iL W 1 a i

—ig W3 a3—
—iSa

~
—S8'3a 2

%*a +%a —SW)a2

(21)
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T-valley L-valley
W& ——Q sin(8)/Do, W3 L——cos(8)/Do,

50..

-3 -2 -1 0 1 2 3 -2 -1 0 1 2

kli (10&') kll
(10'trn')

FIG. 5. Landau states for T and L valleys for B~ ~c, B =5 T.
(S=6)& 10 eV cm).

where

M= —[ jAa—, (DO/L)' +Aa2cos(8)(L/Do)'
S

—Ba ssin(8)(L /Do) ' ],
X=—[ l Ca

&
(D—o'/L)' +Ca2cos(8)(L /Do)'

S

—Da ssin(8)(L /DD) ' ],

and kz is chosen equal to zero after the differentiation.
The experiments to be described use Faraday and Voigt
configurations with incident radiation parallel to the [111]
direction.

As already mentioned, below T, ferroelectric domains
appear, which is now important to adjoin the polarization
vectors a to the different valleys. In the Faraday configu-
ration, with Biik~ ~[lll], two types of domains must be
distinguished from each other [see Fig. 6(a)]. In the A
domain, the c axis is parallel to the [111]direction, the z
axis of the coordinate system. In B domains, the L' val-
ley is oriented with its main axis parallel to the [111]=z
direction and is nonequivalent to the remaining L valleys
denoted as L". The rhombohedral c' axis is oblique to
the z direction pointing toward the T' point in the B
domains. From symmetry reasons, three B domains exist.

The case of the Voigt configuration with the incident
radiation propagating in the [111]direction is shown in
Fig. 6(b). For B~ i[110], three types of domains must be
distinguished from each other: A,B (twofold) and C
domains. %'hereas the A domain is the same as in Fara-
day geometry, the three equivalent 8 domains are split in
two equivalent B domains and one C domain for a given
direction of the magnetic field. Table II shows the polari-

TABLE I. Sample identification, and phonon and band parameters. For the temperature-dependent
quantities EG and S, see text.

Sample identification

n (cm-')

p(300 K) (cm /Vs)
d (thickness in pm)

Cubic phase

coTo (cm )

&s —&~

Rhombohedral phase

(cm

I (damping in cm ')

n -Pbl Ge„Te

77.4
0.01

1.8 X 10"
1100
5.46

Phonon parameters

38

90 (at 50 K)
5450

90 (at 30 and 40 K)
120 (at 20 K)
150 (at 10 K)
200 (at 0 K)

5450 (at 30 and 40 K)
4080 (at 20 K)
3250 (at. 10 K)
2430 (at 0 K)

n-Pbl Ge Te

112.3
0.008

. 8~ 1016

1160
6.73

38

90 (at 30 K)
5450

90 (at 20 and 25 K)
100 (at 10 K)
150 (at 0 K)

5450 (at 20 and 25 K)
4900 (at 10 K)
2430 (at 0 K)

Band parameters

3=4.7&& 10 ' eV cm L =4.30& 10 eV cm

B=O 32&&10 ' eVcm . Q=1.53X10 eVcm
C= —679& 10 ' eV cm

gii= —3 ~ 8
c 0

g(i =1.89
v 0
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8 iI )111),c
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' [&1&] II c

T

L//

[111]

" [110]

--- Ti[111][]c'I~i

[&& 2]

VO I 6T GEOMETRY

B II [110]

A- DOMAIN 2 B-DOMAINS C-DOMAIN

L (f11]

—I (111]

X y(110] II B [112]

(11]
ill [Tl)
[111]

[11']

y[1TO] II B (112

L'i [1 1 1]

T'Ilc'

(110] 11 B [1121

FIG. 6. (a) Schematic representation of valley symmetries
and domain structure, as relevant for measurements in Faraday
geometry with films grown in cubic [111] direction. In the
equivalent B domains the T' and L" points are interchanged.
(b) Same as {a), but for Voigt geometry for B]~[110]and propa-
gation direction of light parallel to the growth direction, [111].

1. Magneto-optical interband absorption

For the explanation of the interband data, the dipole
moments (f i

d
i
i ) were calculated considering any com-

bination of valence-band ii ) and conduction-band
i f )

states up to the eighth Landau level for various magnetic
fields. As an example, all dipole elements squared greater
than 150X 10' (cm/s) for the Faraday configuration and
a magnetic field strength 8=3 T are listed in Table III,
together with those for the cubic case—without k-linear
terms —for comparison. For the T, I.' valleys additional
transitions become allowed in the rhombohedral phase,
but the largest elements confirm the ordinary selection
rules in the left part of Table III(a). Thus, the contribu-
tion from these valleys to the absorption spectrum in the
rhombohedral phase will be similar to that of the cubic
phase. Table III(b) shows that the situation for the ob-
liquely oriented valleys (I., T',L") is different. First, the
dipole elements are smaller than those for the parallel
oriented valleys. Furthermore, the number of transitions
more or less equal to intensity is much larger in the rhom-
bohedral than in the cubic phase. This is additionally
demonstrated in the fan chart for the Faraday configura-
tion (Fig. 7), where nearly all the allowed transitions are
shown. Therefore, one would expect a contribution to the
overall background absorption and, at most, a few weak
structures accounting for a finite broadening of the levels.

zation vectors a and the 0 values which had been inserted
in the dipole operator of Eq. (21). For the Voigt configu-
ration the two valleys with symmetry axes perpendicular
to the magnetic field are not equivalent with respect to the
polarization alB. The appropriate interband matrix ele-
ments differ strongly, as can be seen from the fourth and
sixth rows of the last column of Table II. No simple
selection rules can be extracted from the structure of d,
for the rhombohedral phase, because d is complicated by
itself and, further, the Landau functions are mixtures of
Adler's functions, as mentioned above. The explicit cal-
culation of the dipole moments (f i

d
i
i ) was performed

numerically, where for the final states
~
f) and initial

states
i
i ) the 40-dimensional eigenvectors of the numeri-

cal matrix diagonalization were introduced.

2. Magneto-optical intraband absorption

To peeorm a careful analysis of the cyclotron absorp-
tion experiments, we must calculate the absorption spec-
trum as a function of the magnetic field strength for vari-
ous frequencies and temperatures above and below T, .
This is indispensable because the intensities of the struc-
tures originating from different transitions depend sensi-
tively not only on the dipole matrix elements, but also on
the density of states, the occupation of the initial and final
states, and, in addition, on the fact whether the resonances
associated with the corresponding transitions occur in the
positive or negative branch of the real part of the dielec-
tric function. The procedure is as follows: First we cal-
culate the conductivity cr(co) within the model presented
before, then the lattice contribution eL (ru) to the dielectric

TABLE II. Polarization vectors a for Faraday and Voigt configurations. The valley and domain no-
tations are those of Fig. 6. The components of a refer to valley inherent coordinates where the third
axis coincides with the valley axis.

Valleys

T(A), L'(B)
L (A), L "(B), T'(B)7

0
70.53'

T(A), L'(B), L'(C)

L (A), L "(B), T'(C)

90

90

L ( A ), L "B, T'(B), L "(C) 35.26

Faraday configuration
( 1, +i,0)V 2

(+1/3, 1, +i{t/8/3))/2
Voigt configuration

a~ ~B (1,0,0)
al B (0, 1,0)
a[iB {1,0,0)
aJ.B {0,—1/3, V 8/3)
a~ ~B {1/V 3,0,V'2/3)
aiB {—2/3, (t/3, —1/2/3)

Typical interband values
for

I (f ~

a.v
~

i ) ]

' (cubic)

8000( 10' crn/s)
4400

5000
4500
5000
900

1000
3000
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TABLE III. (a) Interband dipole elements df;= I (f I
a v ii &

I
for T,L' valleys and polarizations a —=(I,+, (,0}/V2. (Cna in-

dicates a conduction-band state of Landau quantum number n and spin component a; Vna indicates that for a valence-band state. )

df; in units of 10' (cm/s) . df; is evaluated for B =3 T. (b) Interband dipole elements df; =
I (f I

a.v
I
i )

I
for L,L",T' valleys and

polarizations a—=(+1/3, 1, +i(V 8/3))/V 2 [.Symbols and units as in (ai]. df; is evaluated for 8 =3 T.

Without k-linear terms

if& de

(a)
With k-linear terms: S =6&10 eVcm

If& df If& 2
de

VOP

V3P

C la

C2a

C3a

8248

7844

7569

7425

VOP
VQa

VIP
Vla
V2P
V2a
V3P
V3a

a+
COa
C la
C1a
C2a
C2a
C3a
C3a
C4a

5846
1406
3777
1688
3160
1836
2813
1944

C IP
C2P
C2P
C3P
C3P
C4P
C4P
C5P

2398
510

2185
604

2230
638

2298
655

VOa

Vla

V2a

V3a

COP

C IP

8242

7828

7569

7420

VOa
VlP
V la
V2P
V2a
V3P
V3a

a
COP
COP
COa
COa
C la
C la
C2a

6228
2009
1732
524

1951
622

2058

C IP
C IP
C2P
C2P
C3P

3743
1845
3135
1954
2796

Without k-linear terms

If& df'

(b)
With k-linear terms:

df If & df
S =6X 10 eV cm

df';
i f & df'; 2

de

VOP
VOa
VlP
Vla
V2P
V2a
V3P
V3a

COa
COP
C la
C IP
C2a
C2P
C3a
C3P

4535
S82

4395
566

4274
551

4161
530

VOP
VOa

VIP
Vla
V2P
V2a
V3P
V3a

COa
COa
C IP
C IP
C la
C IP
C3a
C3a

2591
361
841
257
236
150
521
632

COP
C IP
C la
C la
C2f3

C2P
C3P
C4a

402
291
437
875
352
667
560
665

C IP
C la
C2P
C2P
C2a
C3a
C5a
C5a

765
713
760
892
697

1200
475
150

C la
C2P
C3g

C4a
C4g
C4P
C5P

457
233
280

560
325
934
249

C3P 808

VOP
VOa
V 1P
V la
V2f3
V2a
V3P
V3a

COa
COP
C la
C IP
C2a
C2P
C3a
C3P

585
4531

572
4391

564
4261

558
4102

VOP
VOa
VlP
V la
V2P
V2a
V3P
V3a

COP
COP
COP
COP
COa
C IP
C IP
C2P

327
2593

858
354
243
900
287

1145

C la
COa
COa
COa
C la
C2I3
C2P
C3a

216
477
200
778
784
652
885
489

C IP
C IP
C 2/3

C2a
C3P
C3P

782
249
748
567
622
428

C la
C la

158
885

C5a 203

C2P
C2P

372
195

function to obtain the total dielectric function e(ro) by

e(co }=el (co) +
COCp

(22)

From the refractive index n (ro) + ik (co) =&e(ru), the
transmitted power of a parallel slab is computed and com-
pared with the original experimental recordings. '

On the basis of linear-response theory, Wallace gave
explicit formulas for the frequency-dependent magneto-
conductivity for a many-valley semiconductor, which
were applied for PbTe in Refs. 43 and 44. Although his

work is for parabolic bands, the results are given in
model-independent quantities, so that his formulas can be
used with energy levels and transition matrix elements
from our model. For right-circular polarization, Wallace
obtained the contribution from a single valley "s,"as

~ 2

cr'+'+(ro) = [aT——,(aT —ai )sin 8]X"

+' XXie' I &f I
a v

I
~ & I

'if «f) —f«)]
Ef—E; —Ace —i%/~

(23)



796731
' MAGNETO-OPTICAL INVESTIG ATIONS OF. . . Pbi Ge„Te

2000..

1950
3,75-

E 1900-

~ 1850-

1800--
C)

+ 1750--

2,5-

1,25-

el

0,&.2c~ -.
0 2 4 6 8 10

MAGNETIC FIELD (T)

TOf3~0d.
I

12 14

1700--

1650
0

II

MAGNETIC F I ELD tT)
'

ion ener ies as a function of mag-FIG. 7. Calculated transition energ'
' ma-

-o tical interband transitions in ara
c) in the rhombohedral phasegeometry (B~ ~e) m e

S lid lines, transitions withiniven in Table I. o i ines,parameters as giv
dashed lines, transitionsthe T, (L ) Lanndau ladder system; das e

s of the obliquely oriented val-within the Landau ladder systems o t e o
leys with respect to B ((L L", and T').

the fre uency and polarization of the in-
cident radiation, respectively. For t e e ec

'

we insert the valuesrameters aT and nl, w

aT ——(2m/iri )[3 +L /(EG+EI;)],
aL ——(2m/iri )[B+Q'/(EG+EF)] .

cm, therations of the order of 10 cmFor carrier concent

h 1 b t th 11

f the Fermi energy E~ can e ne
0 denotes the ang e e

d%" h

ntribution rom transi iop f ) with energies E; an f, re1 1
~

)tofff(E) denotes the Ferm'rmi function an r a
configuration, w ic was

nts with the magnetic ie para

Th 1 i tio i th
cases are already gi

take the six lowest leve s o eac
' '

1 nd final states includessum over ihe initia an
Th 1 f th d o1any combmation off these states. e va

«d d' =
I &f I

a.v
I
i, « ffor E ~E;, used

F' 8 as a function of B.p oced, pare lotted in Fig. as a
Indeed, manyn transitions —forbid en or

quence of the levelallowed as a consequencstructure —become a
'

ns like spin flips,the k-linear terms. . Transitions i e
or combined spin-flip resonances,

ve i ll than but of theve di ole moments sma er
al c clotron resonancer of magnitude as norma cyc o

transitions. Furt-ermo, h pu
d 6 T manifest theinselves by breaks an in

t e a '
e their characters. In pa ic-the Landau states interchange

0,75

E

l~

0,25-

LOct. Za&Xx r~&

gQ~~P

t +We4.t ~

~a
R

8 10 122 4 6
MAGNETIC FIELD(T)

'
ole moments vs magneticFIG. 8. (a) Intraband transition dipo e

daiented arallel to B (~~[111],c) in the Fara ay
Solid lines: dipole moments or econfiguration. o i

b' hase, denoted bynce transitions in the cu ic p aclotron resonance
s ed lines: dipole moments or cyc o r1 tron resonance

the rhombohedral phase. o eDotted lines: corre-
d hi h loin-fli, combined spin- ip, an igsponding to spin- ip,

S =6X10 e cm.resonance harmonics. ( S =
B1 =70') with respect tofor valleys oriented oblique y

curs in the low-field region, w ereere the levels
f th designations of thether. There ore eare close to each othe .

1 meaningless inbecome more or ess mea
th d 1 fo th

All 1 ments d are evaluate

'
ld re ion. For comparison, t e f, va u

dcubic case are al o p

ip
'

the k summation in Eq. (23) can
=0. Using the approximation o

dipole matrix elements, the z summ
be performed

4 ~ 2
(s)a++(~)=++ co = aT ——,(aT —aI )sin 9, ]N

s=i

df; (Nf' N')—
. E —E; Ace iA/r '——CO

vel of valley "s."as the carrier density in eve jwith

o tained from the calculation o em
f io ofs etermined as a unc i

=X +3% condi-and magnetic field by the constant N=



7968 E. BANGERT, G. BAUER, E. J. FANTNER, AND H. PASCHER 31

structure model. In the same way, cT (co) for left-
circular polarization was found.

For the lattice dielectric function in the cubic as well as
in the rhombohedral phase, the contributions due to the
high-frequency dielectric constant e and the polar pho-
nons e~b(co) must be considered,

EL(co) =E~+E&t,(co) (25)

~TO(E) ~TO(~1) &&coLO(E) coLO(~1) (27)

Since all magneto-optical experiments are carried out on
samples with Ge contents less than or equal to 1 at. %, for
the polar-phonon contribution, again an expression like
Eq. (26) was used with phonon parameters given in Table
I.

Since both contributions for right- and left-circularly-
polarized light [Eq. (22)] have been derived, the total
transmitted power P(co,B) for linear-polarized radiation
is the mean value of those for left- and right-circular po-
larization,

P (co,B)= (Pr +P„)I2 . (28)

For an illustration of the influence of the lattice and the
free-carrier contributions on the total e(co), a plot of e as
function of 8 is shown in Fig. 9 for X=96.5 pm.

80

60

40.-

20.-

0

T Oa-2a, '

GJ j

.;,"; '
Lot 2[

0 '~, 'TO[) &[1 Lo[) ~+ Loft —1[)

Pb„)&GexTe

L0[)—Oa

UJ
E

0 2 4 6 8 10

MAGNETIC FLELD (T)
12 14

FIG. 9. Real (dashed line) and imaginary (solid line) parts of
the dielectric function vs magnetic field for a photon frequency
corresponding to A, =96.6 pm for the Faraday configuration,
8~~c. Results of model ca1culation (see text) for sample 77.4
with Fermi level corresponding to n = 1.8 )& 10' cm
Relevant magneto-optical transitions are indicated by arrows.

In the cubic phase the polar-phonon part, using a classical
oscillator model, is simply given by

(e, —e„)coTo2

ePh= 2 2 . 7 (26)
coTo —co —l coI

where coTo is the TO-mode frequency and I is a damping
parameter. Below T, the degenerate phonon mode F»
splits into an AI mode oscillating parallel to the c axis
and a doubly-degenerate F. mode oscillating perpendicular
to the c axis. Therefore, e~b must be replaced by a tensor.
However, all far-infrared reflectivity measurement failed
to reveal a splitting of the TO mode for Ge contents less
than 5 at. %. Thus, the TO-LO —mode splitting, which
is already large in the cubic phase, is much larger than the
E-A I

—mode splitting of the rhombohedral phase:

III. EXPERIMENTAL DETAILS

The Pbi „Ge„Te samples were grown epitaxially on
cleaved BaFi(111) substrates by a hot-wall technique.
The samples had typical carrier concentrations of the or-
der of n = 10' cm and mobilities higher than 10
cm /Vs at helium temperature. The sample identifica-
tion and characteristic data are listed in Table I. The
transition temperatures T, were obtained from the anom-
aly of the T dependence of the conductivity, as well as
from the measured coTo(T) values' using far-infrared re-
flectivity data.

Interband magneto-optical experiments were performed
in transmission using as a light source a CO laser with
photon energies fico=195—240 meV. Magnetic fields up
to 6 T and temperatures ranging from 1.6 to 55 K were
used. The data were obtained in the Faraday geometry
with B~ ~k~ ~[111]using a CdS quarter-wave plate for pro-
ducing circularly-polarized radiation. k denotes the prop-
agation vector of the laser radiation. In the Voigt
geometry, both orientations B~ ~E and BlE were investi-
gated with B~ ~[110] [see Fig. 6(b)] and k~

~

[111].
Intraband magneto-optical experiments were carried

out in transmission by using optically pumped molecular-
gas lasers as a light source (A, =70.6, 96.5, 118, and 163
pm). The Faraday geometry k~ ~[Ill] was applied and
the samples were situated in a variable-temperature insert
(6—70 K) within a superconducting split coil magnet (0—7
T). Some experiments were also performed at tempera-
tures of 2—40 K using a Bitter-type magnet up to 20 T at
the High Magnetic Field Facility, Grenoble. For an
analysis of the intraband data, information on the com-
plete dielectric function is necessary, since the magneto-
optical data were obtained in a frequency region between
the TO- and LO-phonon —mode frequencies coTO and cuL&,
as well as above col+, the coupled LO-phonon-
plasmon —mode frequency. Thus, reflectivity measure-
ments were done in the wave-number region 10—400
cm ' between 4.2 and 300 K using Fourier-transform
spectroscopy Inform. ation on the frequencies coTo(T) and
coLo, the phonon damping parameter I, e, (T), and the
high-frequency dielectric constant e were obtained, as
well as the coupled phonon-plasmon frequency and the
free-carrier damping parameter. For the analysis of the
reflectivity data, multiple-refiection and interference ef-
fects within the film and substrate according to the pro-
cedure described in Ref. 41 were considered.

IV. RESULTS

A. Interband transitions

1. Faraday geometry

For about 20 CO-laser photon energies, transmission of
samples 77.4 and 112.3 was measured as a function of B
with temperature as the parameter. Figure 10 shows —as
an example —magnetotransmis sion in the Faraday
geometry B~ ~k~~[111] for a CO-laser photon energy of
1850.9 cm ' (229.4 meV) and one temperature above and
several temperatures below T, . In the cubic phase the
transmission extrema are better resolved than in the
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FIG. 10. Magneto-optical interband transitions vs magnetic
field for various temperatures in the Faraday configuration,
BII[111] ( T =52 K, cubic phase; other temperatures, rhom-
bohedral phase) for sample 77.4 with o. (dashed lines) and o.+

(solid lines) circularly-polarized light and a CO-laser frequency
of vL ——1605.3 cm

rhombohedral phase. In the latter case the overall
transmission decreases by an order of magnitude and the
modulation due to the magneto-optical interband transi-
tions becomes weaker. Another tendency apparent from
the data is the fact that interband transitions involving
Landau ladder systems of the valleys oriented obliquely
with respect to B are much weaker below T, than above
it. The reason for this behavior is the relaxation of the
principal selection rules (na~np, np~na), as pointed
out in Sec. II. The oscillator strength of several closely ly-
ing transitions becomes comparable. In addition,
broadening effects make it difficult to observe these tran-
sitions as transmission minima, and instead they lead to
the enhanced background absorption. Since the oscillator
strength of these transitions also shows a considerable
dependence on 8, all of these facts together makes an
unambiguous identification of the transitions difficult.

The strong transmission minima are due to transitions
involving the Landau ladder system of the valence and
conduction band of the valley oriented parallel to B—a
T(L') valley. In the Faraday geometry the splitting of
cr+ and o transitions is readily observable, especially for
transitions from n =0(VB) to n =0(CB) levels. The data
indicate that the absorption due to the o.+ transitions is

remarkably stronger than that due to the o. transitions.
For T & T„ in addition, the cr transitions (Op~Oa) are
not only broader, but their line shape is much more asym-
metric, with an additional absorption at the low-
magnetic-field side of the main minimum (see Fig. 10),
especially at very low temperatures.

In Figs. 11(a)—11(d) the transmission minima are plot-
ted as a function of 8 for four different temperatures: 52,
35, 18.5, and 1.6 K. The transition temperature of this
sample is T, =45 K. The fan charts show that, in the cu-
bic phase, Pb~ ~Ge~Te behaves like PbTe, ' ' apart
from the slightly larger energy gap. Below T„ for a Ge
content of about 1 at. %, there is not much variation of
the apparent energy gap with temperature. However, the
splitting between o. - and o -transition minima is much
larger and, astonishingly, the extrapolation of these mini-
ma towards B =0 does not lead to the same energy gap.
In particular, the Oa~Op and Op~Oa transmission mini-
ma extrapolate to different gaps, the splitting of which in-
creases with decreasing temperature, as can be seen from a
comparison of Figs. 11(a)—11(d).

These prominent features in the interband transmission
fan chart originate from the Landau ladder systems of the
conduction band (CB) and valence band (VB) of valleys
oriented parallel to the surface normal and thus parallel to
the applied field. The increase in splitting of these
Oa~Op(o ) and Op~Oa (cr+) transitions has several ori-
gins: (i) The second-order phase transition leads to a T
dependence of the additional "rhombohedral" matrix ele-
ments in the matrix Hamiltonian of Eq. (10). This causes
an increase of the energetic difference between o+ and cr

transitions, with decreasing T and increasing 8. (ii) The
Fermi energy E~ lies within the conduction band in our
samples, and thus a Burstein-Moss shift, however modi-
fied by the density of states in the quantizing magnetic
field, occurs. The line shape and thus the position of the
transmission minima do not only depend on the E (k~ )
dependence of the Landau levels and the magnetic-field-
dependent Fermi energy, but also on the broadening of the
combined density of states. In the 0~0 transitions the
occupation effects will shift both the o+ as well as the o
transition for a given photon energy to smaller magnetic
fields. Since the lowest-conduction-band state is a Op
state and the highest-valence-band state also a Op state,
the transitions for o. -circularly-polarized radiation will
be shifted by a smaller amount than the o. -induced tran-
sition. The kz values in the VB and CB involved in the
interband absorption process are smaller for the o +
(Op~Oa) than for the o (Oa~Op) transitions, when EF
lies within the CB. Thus the extrapolation of the 0~0
transitions towards B =0 does not yield the proper energy
gap but an apparent one with a higher energy. The 1—+1,
2—+2, etc. interband transitions are not affected by the
blocking of final states for B & 1 and 0.5 T, respectively,
and thus an extrapolation toward B =0 of the transition
energies leads to EG.

For the interband transitions in the cubic structure, the
transition matrix elements of the valleys oriented parallel
to B are stronger but of the same order of magnitude as
the matrix element for the obliquely oriented valleys (see
Table III). In the rhombohedral phase, however, the tran-
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sitions involving T Landau ladders are much stronger
than the corresponding l. Landau ladder transitions (see
Table III). In addition, for the T Landau ladders, the ex-
pected selection rules for the Faraday geometry o.
na~nP, and rr+, nP~na, still hold .In contrast, for
the L Landau ladder transitions, the usual selection rules
have transition matrix elements which are comparable or
even smaller than the quite unusual ones, as shown in
Table III. Thus the distinct features in interband transi-
tions in the Faraday geometry are due to the transitions
within the T ladder system, B parallel to the valley axis.
All valleys with their main axis oriented obliquely to B
exhibit a large number of interband transitions which
more or less merge into one another and thus contribute
to the enhanced background absorption. An unambiguous
assignment to transitions within the I. ladder system is
therefore difficult and only possible for two or three ab-
sorption lines.
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2. Voigt geometry

The experiments in the Voigt geometry yield informa-
tion complementary to those in the Faraday geometry.
Figure 12 shows experimental recordings of the transmis-
sion. as a function of 8 for temperatures above and below
T, for Pb~ Ge Te, x=0.01. In both configurations

B~IE and BiE, 8~~[110], below T, the modulation of
transmission due to interband transitions is much less
than above T, . Such data were obtained for about 12 dif-
ferent CO-laser photon energies as a function of T.

In Figs. 13(a) and 13(b) fan charts for T=45 K (cubic
phase) are presented for E~~8 and EJ.B configurations.
For 8~ ~[110] there are two sets of valleys oriented with

their main axes, either with an angle of 35' or with 90'
with respect to B. For ElB the selection rules are
na~nP and nP~na, whereas for E~IB, nanna and
n p~n p. For the 35' valleys in the E~ IB case, there is an
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FIG. 13. Fan chart for transition energies vs B, Voigt config-
uration, B~ ~[110]. Experimental data: ~, calculated transition
energies: solid lines, transitions involving Landau ladders in
valleys oriented at =35 with respect to B; dashed lines, corre-
sponding transitions for valleys oriented at 90' with respect to
B. (a) Cubic phase ( T =45 K), E~ ~B; (b) cubic phase ( T =45
K}, BIB.

C)
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k I

1 2 3 4, 5
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FIG. 12. Magneto-optical interband transmission vs magnet-
ic field for two temperatures in the Voigt configuration,
B

I II: 11o].

additional transition series n a~n P and n P~n a of com-
parable oscillator strength. Whereas in the E~ ~B configu-
ration the interband transitions involving the 90' valleys
dominate due to their higher transition matrix elements
by a factor of 5, in the ElB configuration the correspond-
ing transitions involving the 35' and 90 valleys are of
nearly equal strength. Despite the fact that CO-laser lines
with small spectral width were used, the large number of
possible transitions makes it difficult already in the cubic
phase to find all transition minima in the E~ ~B configura-
tion. Closely lying minima merge into one another.

Figures 14(a) and 14(b) show the corresponding fan
charts for the rhombohedral phase in the Voigt geometry
for T =31 K. For T&T, the ratio of the transition ma-



TNER AND H. PAASCHERE. BANGERT, G. BAUER, E. O'. FA

2000 Cf
I c

1950-

1900-

g 1850-

o 1800

~ 1750-

1700-

C)
CA
V)

K

I— e„Te

1650

2000-

1950-

1900-

I

2 3

MAGNETIC FIELD(T}

E118
, Bllt110l,

5

/
v&

/
/ ~ ] /

(a)
5 ]0 15

LD (T}
965 )red laser transmission (A, = . p

1123 '
h F dp

h
'

h temperature as e
ccording tol d

in Sec II Paramet r S=
1.2+ 1

units of eV cm .
ith T. The T,L' levels

l t' to th L,L',h f d downwards in energy re a
'ares ate

r T &18 K).b 3 meV (4 meV for T &y m

1800-
I—

~ 1750-

1700-

7 =3'1,2K
ElB,8 II[110]

I

5

(b)
1650

61 2 3 4

MAGNETIC FIELD(T j

h hombohedral phase;i. 13, butin ther omg
nsitions for parameter S= . acalculated transitions

T =31.2 K, E~~B; (b} T =31.

There is somh
'

some difference in
~ ~

oriented valleys are expecte . h
'

som in
~1P transitions, we Oa~ la and

~ ~

ie is s
Th. ...„„..re as a parameter.

e the laser frequency
rt of the+ h 1

'
1ies eb tween coTo and ~L~, t

or this frequency
nd transitions wi

1 tric fu cti

~ ~

d f t
re more

selves as d e ec
minima. Apparently, with ecrea

'

s in the EIIB configu-for 90' and 35' valleys in
hroximate y e

olvin
ra

h ~ . o o g
11 1

nfi uration ep ase.
substantially sma er m

h of't aninh in the cubic phase. As in t
' '

ns become allowe editional transitions ec
ing the overall bac grou

~ ~B. Intraband transitions

nsitions were studied1 intraband transitions w
re h ton energies or eh

'
red laser p o

~ 1 hphpera u

~ ~, 111],just two ma'n
11 o i d 11cyclotron reso nance in the va ey o

'

obli uelyal and in t e rem'surface norma

n-Pb ~-xGexTe
x = 0.008
T=2K
%=70.5pm

C$

C3

Ct
I

~ 0
L 0(3-1'T O(3-1(3

I—

L Op-1p
I

0 2 4 6

MAGNGNETIC FIELD (T)

red laser transmission (

The magneto-o tica
qu

=4.8 &C 10 eV cm. e - aresults for S= . . e - a
tions are in dicated by arrows. , - e



31 MAGNETO-OPTICAL INVESTIGAT IONS OF. . . Pbi „Ge Te 7973

~-Pb1 XGexTe
x-0 008 ~ ~

a
C)

T

CX)—

~OOOO

I
I

I
Ir-- l
I I I

0 2 0 6 8 10 12 14

MAGNETIC FIELD (T)

FIG. 17. SSame as Fig. 16, but for X=118.8 m
f i b lo +). Doe ow coL . Dots: calculated results with T L'-
evel shifts as in Fig. 15. Dashed'g. . as e line: calculated results with

levels not shifted with respect to the L,L" T' lev

a . as ed-dotted line: calculated results with

y . meV [following Ferreira's {Ref. 55)evels shifted b 15.5 m
e ormation potentials], which corresponds for th'or is sample, to a

'
n wherein all carriers are with' th T,L'in e, valleys.

and more structures due to an increo m ea m
-op ica transitions appear in the rhombohedral

p ase. igures 16 and 17 show the de endence

1 lt fo s 1 774( =001
However, the analysis of the data for T T

transitions increases both
'~ ~ ~

n ~ n + 1 cyclotron resononance
o m the T as well as L valle s.

(it) Transitions forbidden in the b' h~iiy 'n e cu ic phase, such as com-
bined spin-flip resonances (OP~la) s

'

~ a, an even cyclotron resonance harmoni

emen s o these transitions are

a so depends on the position of the Fer
respect to the

'
1e initial hand final states. The latter deter-

mines the number of carriers contributin to a iv
I Fi . 15—18fits to the trransmission spectra are

wn, ase on the treatment described in Sec. II. The
various transitions are in i
f.

"icated by arrows and are d t
ie . It turned ou

i eni-
out that it was necessary to shift th

conduction-band edge of th T
domains) in ener

o e and L' valle s
nergy with respect to the L and L" and T'

valleys in order to ex lainexp ain even the gross features of the

transmi
spectra. If no such shift was assumed th 1

mission, as also shown in Fi . 17 d
e, e ca culated

all with the
ig. , oes not agree at

the experimental observed d t Th
enhanced transmission due to the dielectric

a a. e calculated

e wi t e transverse mass resonance in the T
L' valleys turns out to

in e and
o ~e too small and the overall fit is

form
much poorer. The origin of these sh'ft hs i s is t e elastic de-

rmation of the semiconductor film as di

level with
'g. . ith this shift, the variation f th F

8 was calculated as shown in Fi . 1

' no e ermi

based on the Landau level

d 'bd' S II d h
a so s own in Fig. 19, the linear-res onse f

c. , an t e values for the phonon art in
the dielectric function, where the stiffenin of co

rom the dependence of the transition matrix

evel-crossings several transitions chan e th
'

e eir c aracter.

e quite i erent. It must be indicated th h
ments iven in Fi

e at t e assign-
g' in Figs. 8(a) and 8(b) correspond to hi h ma-

pm t e cyclotron resonan
g. , e corresponding dipoleis assigned in Fi . 17 th

omen, owever, is given by the curve labeled LOP~ la

approz&mately 0.2 & 10 (eV
or LO ~2 is

e cm), whereas for the cyclo-
tron transition LOp~lp at B=5 5 T f.c . Figs. 17 and

30-

r-Pb1 „Ge„Te
x=0.01
T=2 K
X = 96.5'

a L
TOP-1P

z
C)
V)
V)

v)z
CL

TOP- On

LOP -1f1

L OP-Oct

0 2 6 8 10 12 14

MAGNETl C F I ELD (T)

FIG. 18. Same as Fi . 16
pm.

'g. 6, but for sample 77.4 and A, =96.5

20-
E

15-

10-
LU

5-

E=O--

3 I ~ I I I E I I I I I I I I

2 4 6 8 10 12 14
PAGNE T I C F I ELD (T)

FIG. 19. Calculated Landau levels {T, dashed lines' L, soid
e level is shifted down

meV with respect to the L levels. The variavels. The variation of the Fermi
g shown for sample 77.4with magnetic field is

X cm ) S =6&&10 eVcm



7974 E. BANGERT, G. BAUER, E. J. FANTNER, AND H. PASCHER 31

8(b)] this quantity is about 0.4&(10 (eV cm)2.
In magnetic field regions where the states change their

character, the labels like L2P are not a complete descrip-
tion of the wave functions. Thus transitions in these mag-
netic field regions cannot unambiguously be assigned as
cyclotron resonance, cyclotron resonance harmonics, com-
bined resonances, or spin-flip transitions in the sense of
the usual terminology.

The variation of the transmission spectra with tempera-
ture is caused by the T dependence of the band parame-
ters in the Landau-level calculation, namely EG and S,
and the consistent calculation of the variation of E~(8)
necessary for elucidating the various magneto-optical
transitions.

It is important to note that the calculated transmission
spectra shown in Figs. 15—18 for samples 112.3 and 77.4
were aimed at yielding values for the k-linear parameter
S. The "cubic'-' band parameters were kept constant in all
fits, since the two- and far-band contributions were as-
sumed not to vary for Ge contents between 0.8 and 1

at. %. The temperature dependence of the energy gaps
was directly obtained from the magneto-optical interband
measurements. Since the transmission in the far-infrared
region critica11y depends on the carrier concentration n, n

was determined for both samples by T-dependent Hall
measurements. The lattice contribution to the frequency-
dependent dielectric function was determined also in-
dependently by an analysis of reflectivity measurements. "5

The sample thicknesses were measured directly during the
growth process and controlled by interference fringes in
the near-infrared region.

Thus, apart from the electron damping parameter, only
the k-linear parameter could be adjusted to obtain fits to
the experimental recordings. In addition, the numerical
value of S and its temperature dependence have to agree
with that of the corresponding values deduced from the
magneto-optical interband results. These conditions for
the range of different S values are rather stringent, and
together with the fixed values of all other parameters, are
certainly not favorable for obtaining optimum fits to the
magneto-optical intraband data.

V. DISCUSSION

A. Band parameters

The results of the magneto-optical interband and intra-
band transitions were fitted with model calculations as
described in Secs. II and IV. The main aim was to obtain
a consistent set of band parameters for a given tempera-
ture. The parameters which fit the cubic interband and
intraband results in the cubic 4&4 Hamiltonian were kept
constant, apart from minor variations of EG with T.
Below T„ the temperature dependence results mainly
from the rhombohedral parameter S in the k.p matrix.
The fits to the experimental data were not aimed to be
perfect for a single experimental curve, but for a con-
sistent interpretation of interband and intraband data with
the same parameter set for a given temperature. With the
simplifying assumptions as discussed in Sec. II, the effects
of the rhonibohedral distortion are described alone by the
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FIG. 20. Schematic diagram indicating the conduction- and
valence-band extrema in one A and three B domains (Faraday
geometry) with relative shifts in the energy consistent with the
magneto-optical data, calculated by taking into account
substrate-induced and phase-transition-induced strain, also in-
cluding the deformation caused by the sublattice shift.
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temperature dependence of the parameter S and by the
changing EG at T and L points of the BZ.

The relative positions of the corresponding extrema of
the conduction and valence bands at the T, L, T', and L"
points as shown in Fig. 20 are consistent with the experi-
ments in Faraday geometry (see also Sec. VB). There are
one A and three equivalent domains of 8 type. The rela-
tive shifts of the energy levels are necessary for the inter-
pretation of the intraband magneto-optical transitions and
agree with the results of the interband magnetoabsorption.
In the Voigt configuration, for Bl I[110], there are three
types of domains as shown in Fig. 21. The symbols have
the same meaning as in Fig. 20. There are two domains
of B type and one each of A and C type. The energy gaps
at T and L' points are slightly different from each other
and both are larger than the gaps at L and L" points and
T' points by about 1 meV (for T=2 K and x=0.01). The
curvature in E(k) indicates schematically the different cy-
clotron masses for the Bll[111] and Bll[110] orienta-
tions, respectively, in Figs. 20 and 21.

The main result of the fits to the data is shown in Fig.
22, where the rhombohedral parameter S as a function of
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On the other hand, A~ is related to the k-linear parameter
S from Eq. (11):

where f„j, and t/j, k are valence- and conduction-band
states, and 5H represents the change of the Hamiltonian
due to an optical-type deformation, in our case
u = ( a /2)(5, 5,5).

With the definition of b, i in Eq. (2), Eq. (29) is
equivalent to it and h~ is given by

0 10 20 30 /0 5G

TEMPERATURE {K)

FIG. 22. Rhombohedral parameter S as a function of tem-
perature for two Pb~ „Ge Te samples: , x =0.01;
g, x =0.008.

temperature is given. All band parameters are listed in
Table I, with the notation as introduced in Sec. II.

We would like to stress that in Sec. II, apart from the
band parameter S, the rhombohedral distortion for the L
valleys is described by one additional parameter R, for ex-
ample. In the actual analysis this parameter was neglect-
ed, i.e., L and T valleys were treated equally. This simpli-
fication of the band theory is justified by expedience for
the samples of interest. The relatively low Cse content and
the energy gap of about 200 meV are the reasons that the
rhombohedral distortion causes rather small energy shifts.
Even for a band parameter R comparable to S, no further
magneto-optical transitions would be observed within the
L valleys, apart from those which are already introduced
by the parameter S only. Therefore the conclusions as
shown in Fig. 22 are certainly correct.

Concerning the magneto-optical transitions, the addi-
tional parameter R might alter the resonance positions
due to the L valleys by small amounts. However, for our
Ge concentrations the data would not allow a reasonable
determination of a second k-linear parameter. For higher
Ge concentrations (x & 0.05), where such a determination
of two independent k-linear parameters might be possible,
the reduction in mobility and thus scattering time
broadens all magneto-optical transitions and prevents
such a procedure.

(29)

B. Deformation potential

The rhombohedral distortion in Pbj Ge Te below Tc
can be described in terms of three components: (i) a shift
u of the two sublattices relative to each other along that
[111]direction which becomes the rhombohedral c axis,
(ii) a shear component which manifests itself in a' change
b,a of the interaxial angle of the unit cell (see Fig. 1), and
(iii) a change b,a of the lattice constant.

Dynamically, the relative sublattice shift corresponds to
an optical-type deformation. As was shown in Sec. II, the
effect of the rhombohedral distortion for the T point of
the BZ is described bp a single parameter b,

&
as defined in

Eq. (2). However, hi has the form of an interband optical
deformation potential dT as, e.g., defined in Ref. 50:

S=L sin(20) =2Lhi /[Ea+(2b, i ) j'
Using Ea(cubic) =0.190 eV, S =6&& 10 eVcm,
L =4.3)&10 eVcm, and 5& ——13.4 meV results. Since
the optical deformation potential is of interest by itself,
we have estimated

I
u

I
( T ) for x =0.01 from the data of

b,a(T ) given in Ref. 11 and the relation u =b,a/g. Us-
0

ing q=S5 deg/A according to Ref. 45 and Ao, =2@,
(shear strain due to the phase transition: e, =0.16X 10
for x =0.01 causes a change of the interaxial angle
b,a=1.l'),

I

u
I
=1.83X10 A results. With a lattice

constant a=6.43 A and the value of 5& ——13.4 meV, Eq.
(33) gives dT ——10 eV for the optical deformation poten-
tial.

This method of evaluating the optical interband defor-
mation potential of Pb& „Ge~Te from magneto-optical
data is certainly the most direct one used so far. Previ-
ously, dT was estimated from the T dependence of the en-
ergy gap and from an elaborate interpolation of the resis-
tance anomaly.

Recently, Vogl and Kocevar ' have performed band-
structure calculations for various IV-VI compounds using
the LCAO method. In order to obtain an expression for
the optical interband deformation potential, they calculat-
ed the change of the overlap integrals induced by the opti-
cal deformation according to the dependence of V&& and

V~& on 1/r, r denoting the distance between anion and
cation. For PbTe and a distortion along the [111]direc-
tion, a value of 16 eV was obtained. The agreement be-
tween the value of 10 eV derived from our experiments
and this completely independent LCAO calculation of dT
is reasonable.

At the L point of the BZ the rhombohedral distortion
induces two different interband matrix elements as given
in Eq. (2). The first is equivalent to that of the T point,
mixing a and a or /3 and /3 states of L6 and L6+. The
second mixes a and /3 states, or /3 and a states, respective-
ly. The optical deformation causes a change of the energy
gap since the squares of these matrix elements enter in the
expression for the rhombohedral gap, as shown in Eq. (8).

For the above-defined distortion u, the LCAO calcula-
tion leads to a value for the optical deformation potential
of 12 eV fear the L point, in comparison to 16 eV for the
T point of the BZ. In principle, these differences should
be observable in the temperature dependence of the gaps
at T and L- points in the rhombohedral phase. However,
the values of the rhombohedral gaps are not only deter-
mined by the optical-type deformation, but also by the
shear and dilatational components. Thus, as already
shown in Eq. (3), acoustic deformation potentials enter
into the gap values [Eq. (8)].
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g~[I11] (3Dc v+Dc v)~ +2Dc|v~
C, V (31)

(32)

Using Ferreira's values, large changes of the various [111]
and ( 111)conduction and valence levels result. From the
experimentally observed energy shifts, it seems that the
deformation potentials Dd and D„are—by about a factor
of ". smaller than those given in Ref. 55.

In Fig. 23 the energy levels and the influence of the
three different contributions are schematically shown. In
the cubic films grown on BaFz [111]substrates, the [111]
and (111) levels are split by substrate-induced strain: the

[111] levels are shifted downwards in energy in both the
conduction and valence bands by 3 and 4 meV, respective-

CUBIC CUBIC

BULK FILM

RHOMBOHEDRAL FILM

I,L" T L'

Values of acoustic deformation potentials were pub-
lished by Ferreira for PbTe. Thus, in principle, with
Ferreira's values the dilatation -and shear-induced change
of the energy gap could be found. However, we have
some evidence that the values for D„and Dd given by
Ferreira are too large. In our epitaxial films there is, in
addition, substrate-induced strain which lifts the degen-
eracy of the four valleys already in the cubic phase and
changes their gaps with respect to the bulk material.
The influence of strain has been determined by x-ray mea-
surements as a function of temperature between 300 and
40 K for Pbp 99Gep pt Te. From measurements of different
x-ray-diffraction peaks of lattice planes parallel and in-

clined to the sample surface normal, the tensor com-
ponents of e,j were determined. Resulting values for
e,j.——ed are 3&&10 and e; =e, are —7&(10 (T =40
K). The energy shifts are then given by

ly [using Eqs. (31) and (32) and measured values for ed
and e,]. The energy gaps at [111]and (111) L points
change only slightly.

Below T, the dilatation- and shear-induced changes of
the energy gaps at the T, L ", L ' and T' points (in the no-
tation of Fig. 6) are indicated for T=1.6 K, where the
starting levels are those of the cubic Pb& ~Ge Te films.
For x =0.01 the rhombohedral shear and dilatation strain
tensor components are e2 ——1.6& 10 and ed ——1.7X 10
In order to calculate the corresponding shifts of the ener-

gy levels due to this rhombohedral unit-cell distortion, Eq.
(31) can be used to obtain 5 and Eq. (32) for 5 . These
shifts are shown in Fig. 23 for the T, L', L and L" extre-
ma by the dashed lines. The third contribution, the opti-
cal deformation, symmetrically increases the various gaps
according to Eq. (8) [as shown in Fig. 23 by the solid lines
based on b,

&

——13.4 meV and Eq. (8)]. With our choice of
the intraband deformation potentials and optical deforma-
tion potentials, the gaps at T and 1.' points are compar-
able to each other and both are about 1 meV larger than
those at the I. and I.", and T' points. Owing to the
rhombohedral shear-, dilatation-, and optical-
deformation-induced shifts, the relative position of the T,
L, L', L", and T' levels changes, but the main difference
between T, I.', and all the other levels is still caused by
the substrate-induced strain for samples with Ge contents
&1 at. %.

The relative positions of the various levels were origi-
nally obtained from the fits to the magneto-optical intra-
band data. They are compatible with the interband data.
The consistent description of the experimental data is pos-
sible only with the level shifts, including those obtained
from acoustic deformation potentials, if the Ferreira
values D„'" and Dd'" are reduced by a factor of about 4.
The optical deformation potential is in agreement with the
value obtained from the LCAO calculation within a fac-
tor of 2.

EG

&EG=2,5 &EG=3,6 8 EG=3,4 hEG=2, 8meV

FIG. 23. Schematic representation of various contributions to
the band-gap shifts in Pbl „Ge„Te (x =0.01, T=1.6 K). In
cubic films on BaF2(111)substrates, the substrate-induced strain
lifts the degeneracy of the four equivalent L extrema: The [111]
valley oriented parallel to the surface normal is shifted down-
wards in the conduction as well as the valence band. Below the
phase-transition temperature, the deformation of the elementary
cell characterized by Aa [8,", see Eq. {21)] leads to the energy
levels indicated by the dashed lines for the T, L', L, and
(L",T') points of the BZ (points in angular brackets correspond
to domains with c' axes oblique to the surface normal). The
solid lines (rhombohedral film) correspond to the additional en-
largement of the gaps due to the optical-type deformation,
characterized quantitatively by 6, ' [see Eq. (24)]. Energy
shifts are drawn to scale, apart from EG.

VI. CONCLUSION

The influence of the structural phase transition in the
pseudobinary Pb~ Ge~ Te system on the electronic
band-edge structure was investigated theoretically and ex-
perimentally. The effect of the reduced symmetry in the
rhombohedral phase on the energy-momentum relation-
ship of the free carriers was studied by use of the k.p
method. Landau levels were calculated and the allowed
electric dipole transitions were obtained for interband as
well as for intraband magneto-optics. These results were
applied to experimentally observed magneto-optical tran-
sitions in the near infrared (band-to-band transitions), as
well as in the far-infrared region.

It was shown that with justified assumptions for low
Ge content (L and T valleys treated similarly) the effect
of the rhombohedral distortion is properly accounted for
by introducing one additional matrix element in the k p
Hamiltonian to the cubic ones. This additional matrix
element has a temperature dependence due to the second-
order —type phase transition (O~-C3„) and establishes a
secondary order parameter.

For a given temperature and composition, it was possi-
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ble to describe both intraband and interband magneto-
optical data with one set of band parameters. The addi-
tional "rhombohedral" parameter' S causes the appearance
of k-linear terms in the E(k) relationship and removes
the Kramers degeneracy at the T and L points of the BZ.

By relating the primary order parameter u, the sublat-
tice shift, to an optical deformation potential at the T and
L points, it was possible to determine these optical defor-
mation potentials from a comparison of experiments with
calculations. The resulting values are in reasonable agree-
ment with predictions of a recent LCAO calculation of
deformation potentials. Information on acoustic deforma-

tion potentials was obtained from strain measurements us-
ing x-ray techniques.
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