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We have performed magnetoreflectivity experiments on n-PbTe epitaxial films using the Faraday
configuration (ﬁu [111]) in the frequency range of 10-400 cm™' and in magnetic fields up to 14 T.
Cyclotron-resonance structures and dielectric anomalies have been observed at frequencies between the TO
and LO lattice modes of PbTe. We interpret our results using a free-carrier susceptibility derived within the
framework of a linear-response theory. The Landau-level structure has been calculated according to the f(-ﬁ
approach of Mitchell and Wallis. In the quantitative description of magnetoreflectivity spectra we take into
account the magnetic-field-dependent occupation of the Landau states. Fitting our data we determine a set of
band parameters for PbTe, which also successfully describe magneto-optical experiments of other authors.

L. INTRODUCTION

A classical description of intraband magneto-
optical properties of a narrow-gap semiconductor
with the use of an energy-dependent effective mass
taken at the Fermi level is often inadequate. For
intermediate carrier concentrations several
Landau levels are usually occupied within a wide
range of magnetic fields.! Due to nonparabolicity
of the band, magneto-optical transitions originat-
ing from different Landau states cannot be de-
scribed properly with a constant effective mass.
In the lead compounds one should, in addition,
consider band’s anisotropy since the band minima
are located at the L point of the Brillouin zone.

In addition, in polar materials the contribution
of infrared-active phonons to the total dielectric
function is of considerable importance in the fre-
quency range where intraband magneto-optical
transitions are usually observed, that is, in the
far-infrared region. The lead compounds, in
particular PbTe,? exhibit a very large TO-LO
phonon splitting, the TO mode frequency being
temperature dependent, i.e., softens near the
center of the Brillouin zone (g — 0).

In this paper we obtain information on band
parameters from intraband magneto-reflectivity
spectra. It turns out that the Wallace model®
for the multivalley band structure, based on the
classical free-carrier oscillator function, is not
sufficient to account for the experimentally ob-
served spectra. In order to interpret the data,
it is important to consider the variation of the

Fermi level as a function of magnetic field. For
all directions of the field, except that of (100),
repopulation effects between nonequivalent valleys
occur due to different spacings of the Landau
ladders.

In the calculation of the Landau levels in PbTe
we use the general E-'ﬁ treatment of Mitchell
and Wallis* for the lead compounds. The free-
carrier contribution to the total dielectric function
is calculated on the basis of a quantum-mechanical
formulation (linear-response theory) of the high-
frequency magnetoconductivity, taking into account
anisotropy and nonparabolicity of the bands in-
volved. We analyze magneto-optical intraband
transitions. A discussion of the determined band
parameters and their applicability to the descrip-
tion of other experimental data is presented.

In Sec. II we present a short survey of the ex-
periments. The theoretical description is given
in Sec. III. Section IV deals with the results
and their interpretation. In Sec. V we summarize
our conclusions.

II. EXPERIMENTAL

Far-infrared magnetoreflectivity spectra of
n-PbTe epitaxial layers were measured in the
frequency range of 10-400 cm™!, The samples
were grown by the hot-wall technique® on {111}
surfaces of the BaF, substrates. They had
carrier concentrations between 6 X 10'® and
5X10' em™2 and film thicknesses indicated in
Table I. The experiments were performed in
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TABLE I. Sample identification.

n . Thickness
Sample Orientation - (1017 cm™3) (um)
A 1101 [111] 6.3 19.5
A 83-4 [111)] 2.3 14.0
1922 [111] 0.60 15.0
1925-16 [111] 0.80 7.6
2096 [111] 0.97 11.8
2092 [111] 0.80 9.4
A 134—6 [111] 1.67 12.0
1777 [111] 48 45

Faraday geometry with the magnetic field

ﬁll[lll] in a gas-flow cryostat at temperatures
between 4.2 and 25 K, using Fourier-transform
spectroscopy (a Bruker IFS 114 or a Beckman
720 Fourier-transform spectrometer) and Bitter
coils or superconducting solenoids. The exper-
imental setup is described in Ref. 6. Frequency
dependences of the optical constants of the PbTe
films were determined according to the procedure
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m}, my, g7 represent the far-band contributions

(in the above sense) to the transverse and longi-
tudinal effective masses and g factors in the
valence (+) and conduction (-) bands. 7., is the
main contribution to the effective mass coming
from the valence-conduction two-band interaction:
@, =eB /. my are the far-band mass contribu-
tions; myg results from the direct interaction of
LS and LS levels:

my =m; cos?6 +mj; sin?6,

mg = 3E,(cos®6/P2 +sin?0/P3) .

outlined in Ref. 7, taking into account multiple
reflections and interference effects in the films
and the substrate.

[I. THEORY
A. Band model

It is known by now that the lowest conduction
band and the highest valence band at the L point
of the Brillouin zone of PbTe are not exact mirror
images of each other. This is a clear indication,
that a two-band model is not sufficient for the
calculation of the Landau levels. We use the
k *D approach of Mitchell and Wallis,* including
exactly the interaction of the lowest conduction
(L8Z) and the highest valence (LS]) levels of
PbTe,®? and incorporating the other four levels
(LSZ, L3557, L3, L) in k% approximation, 101t
The level ordering is taken according to pseudo-
potential calculations.®’® The matrix Hamiltonian
describing the L} valence and L3Z conduction
levels is given by'!

-
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Py and P, are interband momentum matrix ele-
ments. The 4 X4 matrix [Eq. (1)] can be solved
exactly for B||[111] in terms of harmonic-oscil-
lator functions, giving the following'! eigenener-
gies (for k5 =0)
Eg:::g‘::i = %(an +bn)
= 3{(a, —b,,)2+4Egﬁ5:m,(n+1)]1/2, @)

Egnsiii=2(c,+d,)
+ %[(Cn _dn)2+4EA’E G’cu(n + 1)]1/2 ’

where
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Gy =5Eg +Hw; (n+3)+ 387 5B,
b, ==3E, +hw}(n+ 3) - 3818,
Cp=3E;, +hwj(n+3) - 327 B,
d,==3E, +T}(n+3) + 3851458,

and
wi=eB/m}, @' =eB/my!,

and
mét‘/m(,:Egmo/zPi .

For a magnetic field not parallel to the main
ellipsoid axis the matrix Hamiltonian cannot be
solved exactly. In this case we use the approx-
imation of Baraff,'? adapted by Dimmock,°
solving exactly the two-level model and including
the far-band contributions as perturbations. In
this approximation the Landau levels are given
by Eq. (2) replacing, however, for g*~g*, o*~o*,
and &~ &:

—+_ Pygisin®6+P, g3cos?0
T (P%sin®6+P2 cos?g)2

ot = 3(Pjwi* +Piw??) s'm29+Piw*,27cos29
w3P, (P3sin%6 + P; cos®6)“® ’

where w? =eB/(m%m5)”2 and
Beo = (2eB /E;m2)P, (P}sin?6 + P} cos®6)2,

For kg # 0 it is not possible to give simple exact
expressions for the energies even for ﬁll[lll].
We observe, however, that, if one neglects far-
band contributions the exact solutions can be
found, having a term E,72k%/2my under the square
root. It is then a good approximation in our
range of energies to include the kp dependence
by inserting the above term under the square
roots of Eq. (2), which corresponds to exact
solutions at k5 =0 and two-band solutions for the
kg dependence. For example, the error in energy,
as compared to the numerical diagonalization of
Eq. (1) is less than 5% for n<5xX 10" ¢cm~? and
B =3 T. It should be mentioned that the valence
and the conduction bands are both nonparabolic
and nonspheroidal. We are not concerned here
with problems arising from the nonspheroidal
nature of the Fermi surface in PbTe. A detailed
discussion of this problem was given by Adler
et al.*?

According to Eq. (2) the highest valence and the
lowest conduction Landau levels are E, ., ¢--;
=b., and E; ., 5--, =C.,. In the following we use
a more physical notation for the Landau levels
(cf. Ref. 11) by raising the » numbers of the |-)
states by one and assigning an effective spin of
+ 3 to the |+) states.

B. Fermi energy

For the interpretation of intraband magneto-
optical data it is important to know the number

. of carriers in different valleys.

The electron occupation of the different valleys
depends on the orientation as well as on the mag-
nitude of the applied magnetic field. This redis-
tribution between valleys nonequivalent with re-
spect to the magnetic field, as compared to the
no-field case, is brought about by the Landau
quantization. For the possible magneto-optical
transitions in an equivalent set of valleys the
energetic position of the Fermi level with respect
to the bottom of the lowest Landau level is of '
importance. Using the condition that the total
number of free carriers N is a constant, the
variation of Fermi energy with magnetic field
can be calculated numerically from the following
relation:

-1 eB s
Mg L RS

3)

where Ep denotes the Fermi energy, kg is the
momentum in the direction of the magnetic field,
and f is the Fermi-Dirac distribution function.
The summation extends over the number of val-
leys s (s =4 for PbTe). We have calculated the
variation of the Fermi energy with magnetic field
for BJ|[111] using Eq. (3). Figure 1 shows the
Ez(B) dependence for the electron concentration of

z(in

0 2 ) 3 8 10 12 %
MAGNETIC FIELD (T)

FIG. 1. Variation of the Fermi energy with magnetic-
field intensity for the PbTe sample 1925-16, Bl [111],
The numbers denote Landau-level numbers where ni
denote n|+> states for the levels associated with the
{11) valleys and = the levels associated with the [111]
valley.
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N=8X10'" cm™3, It can be seen that for the mag-
netic fields below 7 T more than one Landau level
is populated.

C. Dielectric function

1. Classical model

In the Faraday configuration (B|[q) the dielectric

function for the two circularly polarized modes
(+) is given by a sum of several susceptibility
contributions'*:

€*=1+y (valence electrons) +y (polar phonon)
+x* (free carriers). (1)

For the free-carrier contribution a classical
oscillator model, taking into account ellipsoidal
surfaces of constant energy, was developed by
Wallace.® For both p- and n-type PbTe with
§“[111], two cyclotron-resonance frequencies
w, and w,, appear: one determined by the trans-
verse effective mass m, (resonance of the car-
riers in the ellipsoid with its long axis oriented
along [111]), and one determined by m ,,
=3my[my/(8mp+m;)]*2 (resonance in the three
ellipsoids with their long axis parallel to one of
the (111) directions). This model was used by
Buss and Kinch'® for fitting intraband magneto-
reflectivity data of PbTe bulk samples in the far
infrared. Burkhard et al.°® and Ramage ef al.'®
also used this model to describe both magneto-
reflectivity and magnetotransmission data taken
on epitaxial n- and p-PbTe samples.

For the orientation B||[111] the electronic con-
tribution to the susceptibility is given by

x* (free carriers)

w%(m(L/m T)("":F wcl - inL)
dw[(wF w,, ) + i, ]

2

whla(w +i W) bw,) (WP = w2, = WF) — 2 wwy,)

w[(w® = wZ, = wE)? + 40P, |
(4)

where

wi=née*/egm,, w,=eB/my,

we =[(1/9m 1) (8/my, + l/mT)]‘/zeB s
a=5my(4/my+5/mg),
b=s5my(8/my+1/myz);

Wqy, Wr, are the damping parameters for the
carriers in the [111] and (TI11), the three oblique
valleys, with respect to BJ|[111].

Equation (4) implies that one-fourth of the total
number of carriers occupies the [111] valley
(% w?) and the remaining three-fourths occupy the
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FIG. 2. Real (ef: solidline) and imaginary part (ef:
dot-dashedline) of the dielectric function, calculated ac-
cording to the Wallace model [Eq. (4)], as a function of
frequency for:

n=8%101 em"3 w,y =0w,,=1.0 cm™,
mag/my=0.0235, my/my=0.15, B=2.78 T(B ||[111]),
wro=17.5 em™, wy =114 em™!, €,=1350.

other three equivalent(111) valleys. Since the valley
populations are determined by the variation of the
two [111] and (I11) Landau ladders one must adopt
a valley repopulation approach in order to use

the Wallace model. As far as the damping prob-
lems are concerned the damping parameter of

one resonance can influence the other resonance.
In the interpretation of experimental results some
authors use two different damping parameters

for the resonances. In Fig. 2 the real and imag-
inary parts of the total dielectric function are
plotted using Eq. (4) for the electronic contribu-
tion. A classical oscillator model was used to
describe polar phonon contribution.

However, the validity of this model is limited
if applied to PbTe, due to the following short-
comings.

(a) Magnetic field dependence of the cyclotron
masses should be introduced to account for band
nonparabolicity. In an intermediate magnetic
field range, when several Landau levels are oc-
cupied, inter-Landau level transitions cannot
be characterized by a single cyclotron mass.

(b) If nonparabolicity is taken into account

_properly, the line shape of the spectra will de-

viate from that given by a Lorentzian distribution.
Due to band nonparabolicity the transition ener-
gies depend on kg, the highest corresponding to
kp=0. This leads to an increase of the imaginary
part €, for frequencies lower than the transition
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frequency at k5 =0, as compared to the classical
model, This fact modifies €, as well,

2. Linear-response theory

To circumvent these problems and to take into
account the actual band structure properly, the
free-carrier contribution to the dielectric function
was calculated using a linear-response theory for

]

- . .eéN . i
0%(w,q - 0)=¢ m—oj {ar - 3(ar- QL)SIH293}+ 7w

where 6, is the angle between B and the orientation
of the long axis of valley s. We set ap=m,/

mr, 0y =my/myg, while f is the Fermi-distribution
function. » and »’ are Landau-level quantum num-
bers and 0 denotes the spin quantum number; £

is the damping parameter and E is Landau-level
energy. The transition-matrix elements are

given by!®

M3 =(&/my)[yem’ +1)8,0 pay +ViR 850 g, ]
X (Ent kg ,0ss = Enyg.o,s) s
M2 =(&/mo)[Vim' +1)0,0 puy +¥E0"0,0 0]
X (Ep,rg,0,5 = Enpe_,0,5) (7

kg
where
vs=3(Var+V4;), vi=:(Var-vL,),
with

§s= Qp - (OlT— OtL) Sinzgs.

The summation } jzy.k5 is replaced by
(eB/4n?n) [~ dky. N, denotes the carrier con-
centration in valley s and it depends on magnetic
field B through the position of the Fermi level
Ep. Taking into account band’s nonparabolicity,
the magnetic-field-independent contribution to
o5(w) in Eq. (6) (first term) has to be averaged
over energy according to Zawadzki,'® with the
curly brackets meaning an integral average ac-
cording to the procedure outlined in Eqs. (5) and
(254) of Ref. 19,

Whereas for the calculation of the transition
energies and the occupation probabilities we used
the expressions presented in Sec. IIIA, for the
intraband matrix elements we neglected the &4
dependence of the intraband matrix elements and
used a parabolic approximation for M2, The
problems associated with the introduction of the
broadening factor £ to expressions like Eq. (6)
are common to all treatments of o(w, B), and they

nn’0 kykp

the high-frequency conductivity in a quantizing
magnetic field:

/
(

x* (free electrons)= éu—) > ot, (5)
S

where 0% is the high-frequency conductivity due to
valley s for “right” and “left” (¢) circular polari-
zation. In the long-wave length limit it is given
byl’l.lB

Mi[f(En,k ,G,s) "f(En',k ,O.S)]
Z (l/ﬁ)(En',kB,i,s‘En,ka,alsf_ w-ZE g (6)

f

~ were discussed by Tosima et al.2°

As in the classical oscillator model, for the
three ellipsoids with long axis inclined with
respect to B the eigenmodes are no longer circular
but elliptical. Thus, there does not exist a pure
active or inactive mode and the carriers in these
three valleys will exhibit a resonance behavior
also for the inactive sense of circular polariza-
tion of the incoming electromagnetic wave.'*

The variation of the Fermi energy Ep as a func-
tion of magnetic field intensity for a fixed field
direction and carrier concentration is obtained
numerically from Eq. (3), which allows us to
determine the population of the four (111) valleys.
This information enables us to use Egs. (5)=(7)
to calculate the free-carrier susceptibility con-
tribution to the total dielectric function,

In Fig. 3 we have plotted the real (¢,) and
imaginary part (€,) of the total dielectric function
for a magnetic field of 2.78 T (B||[111]), with the
free-carrier contribution calculated according to
the procedure outlined above, Also included are
data on the free-carrier susceptibility contribu-
tions to €, and €, separately. These curves de-
viate considerably from those calculated with the
classical oscillator model,® especially in their
asymmetries with respect to the resonance fre-
quencies (see Fig. 2).

IV. RESULTS AND ANALYSIS
A. Lattice parameters

Apart from all the problems associated with the
band structure and the proper free-carrier con-
tribution to the dielectric function, one needs to
know the lattice parameters determining the
optical properties of the films and substrate.

Reflectivity spectra of all samples were taken
also at B =0 and the phonon parameters of the
PbTe films: wrg, wo €, and €, and I' were
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determined. This is described in detail in Refs.
T and 21. The classical oscillator model is
used for the polar phonon contribution to the di-
electric function:

wgro (€ - eao)

X (polar phonon) = —— e iwl’

where € is the static and €, is the high-frequency
dielectric constant, while I' is the damping pa-
rameter. wro and corresponding €, were found
to depend not only on temperature but also on the
carrier and total vacancy concentration.?’ For
our epitaxial films the frequency wyo (PbTe)
varied between 17.5+0.5 and 18.5+0.5 cm™! at
helium temperature, increasing with increasing
carrier concentration. This behavior is consis~
tent with a model for TO phonon mode softening,
based on electron—-TO-phonon interband inter-
action, as proposed by Kawamura et al.?*> For
wio a value of 114 cm™ resulted and I' varied
from 0.2 to 1.5 em™. €, ranges from 1300 to
1650, Multiparameter descriptions of reflectivity
spectra of Pb-compound epitaxial layers were
also carried out by Tennant and Cape®® and
Amirtharaj et al.?*

qam
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FIG. 3. Real (€;: solid and dashed lines) and imagin-
ary part (e,: dot—dashed line) of the dielectric function,
calculated using k °p model accordmg to Eq. (3), as a
function of frequency for : T=10 K, f_ 5.7meV, E,
=190 meV, £¢=1 cm~!, w;o=17.5 em™!, w;o=114 cm“,
€g=1350 for B=1.78 T, B II[111].

B. Magnetoreflectivity spectra

Typical magnetoreflectivity spectra are shown
in Figs. 4(a) and 4(b). The dips are associated
with cyclotron resonance in the [111] and (111)
valleys, respectively. The minimum at the lowest
frequency for a given magnetic field is due to a
dielectric anomaly (zero of the dielectric func-
tion). Additional dips are associated with inter-
ference effects in the Fabry-Perot-like PbTe
films. With increasing magnetic field the magneto-
reflectivity dips shift towards higher frequen-
cies. The coupled plasmon-phonon frequency
wio = (wh/€. +wio )2 (for B=0, neglecting damping)
is higher than the cyclotron-resonance frequen-
cies, making the sample opaque and almost total-
ly reflecting for magnetic fields at which w> w,.
A multiparameter fit has been performed using
Wallace model® and the results are shown in Figs.
4(a) and 4(b). The cyclotron-resonance frequen-
cies are fairly well described. The details of
the structures below the resonance, however, are
not represented satisfactorily.

Another shortcoming of the simple classical
model is demonstrated in Fig. 5, where the two
cyclotron frequencies determined from fits to
magnetoreflectivity data as a function of fre-
quency for various magnetic fields are presented.
Samples having different carrier concentrations
yield different slopes of the w,, and w,, curves as
functions of magnetic field. The frequencies w,
and w,, represent averages over transition ener-
gies, and thus it is hardly possible to deduce di-
rectly band-edge masses and band nonparabolicity
from these data.

1.0

0.8 0.8

[111) - Aan I

!

REFLECTIVITY
o
-3
1
REFLECTIVITY
o
?

(@)
04 T T T T 04
50 65 80 95 110 125

FREQUENCY (cm™)

(b)

T T T T T
40 50 60 70 80 90 100
FREQUENCY (cm ™)

FIG. 4. (a) (Left part) magnetoreflectivity vs frequency
for sample 1925-16 at B=2,48 T (g_esonance associated
with carriers in the [111] valley, B Il[111]); solid line
experimental data; (@) calculation according to the Wal-
lace model CEq 4). Parameters: n=8 X106 cm=3,

w, =1.5 cm™, mp/my= 0.0235, my/my=0.15, B=2.48
TE I [111]); wpo =17.5 em™!, w, =114 cm", €5=1350;
(b) as (), resonance structures as associated with car-
riers in the three (I11) valleys. Solid line, experimental
data; 4, calculation. Parameters: B=4.11 T, myg/m,
=0.0245, m;/m;=0.155, w,=1.5 cm~!, In general, the
classwal—model fit does not describe details of the
structures below cyclotron resonance satisfactorily.
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100 - )

50— 7/~

FREQUENCY (cm™")

o T <
0 2 4 .6

MAGNETIC FIELD (T)

FIG. 5. Cyclotron-resonance frequencies wg (x1/mg)
and g [0 [(1/9m5) 8/my +1/m)I1/2] as determinéd from
magnetoreflectivity spectra using a classical model di~
electric function parameter fit as shown in Figs. 4(a)
and 4(): experimental data for sample PbTe 1922 (W),
(n=6.0%x10'¢ cm=3) and PbTe A 1101 (A), (r=6.3 X10!
em™?). Apparent resonance frequencies determined from
the classical model decrease with increasing carrier
concentration,

Using a dielectric function calculated according
to Egs. (5)~(7) a better agreement with the ex-
perimental data can be obtained. This is shown
in Figs. 6(a) and 6(b), where the same data as in
Figs. 4(a) and 4(b) are compared with the calcula-
tion. The comparison has been carried out in the
following way: Having determined the lattice
contribution to the dielectric function one obtains
the exact position of the Fermi level and its
variation with magnetic field. For the sample
of Figs. 6(a) and 6(b) the Fermi energy vs B, as
determined from Eq. (3), is shown in Fig. 1.
Next, using the dielectric function according to
Egs. (5)=(7) a fit, as indicated in Figs. 6(a),
and 6(b), is obtained. For the resonances as-

1.0 L - L 1 10 I T S S
fi)
q - 4 +

0.8+ L 0.8 +
< z
z . r
=4 =
Q o6 [ - §osq aw +
x e
uw E Fow g +
o @ © |e

04 04

. ——
40. 50 60 70 80 90 100
FREQUENCY (cm™')

50 65 80 95 110 125
FREQUENCY {cm™)

FIG. 6. (a) (Left part) magnetoreflectivity vs frequency
for sample PbTe 1925-16 at B=2,48 T and T=15 K (re-
sonance associated with carriers in the [111] valley,

B Il [111]),(solid line) experimental data; @ calculation as
described in the text is based on linear response ex-
pression for x*. (b) As above, resonance structures
associated with carriers in the three(T11) valleys. B
=411 T. (Solid line) experimental data; & calculation.

10

0.9

'0.8-

0.7+
0.6 J

05 T T T T T T T T
50 60 70 80 90 100 110 120
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FIG. 7. Magnetoreflectivity spectra of sample 1925-16
for B=5.15T vs frequency at two different lattice temp-~
eratures. The lower dip is due to a dielectric anomaly
(ITLO), the higher one is agsociated with the resonance in
the (T11) valleys. The resonance due to electrons in the
[111] valley is no longer resolvable. With increasing
temperature broadening, a frequency shift of the reso-
nant structures occurs.

REFLECTIVITY

! .
i ] - 25K

sociated with the carriers in the (111) and [111]
valleys we use a kp-independent electron damping
parameter £. Depending on the lattice tempera-
ture, we used values for £ ranging from 0.8 to
1.5 cm™,

C. Temperature dependence of the magnetoreflectivity spectra

The experimentally observed magnetoreflectivity
spectra exhibited a considerable dependence on
temperature. An example is shown in Fig. 7. The
resonant structures shift due to the temperature
dependence of the cyclotron transition frequencies
and the associated dielectric anomalies., In ad~
dition, this shift is also influenced by the thermal
excitation of carriers if band nonparabolicity is
taken into account. The position of the arrows
indicates the lowest dielectric anomaly ¥;,. The
dielectric anomalies are determined by the con-
dition Im[-w/€(w)] =max. For negligible damping
this can be approximated by Re€ =0, which we
have used.

The measurements at different temperatures
were performed at various magnetic fields. Fig-
ure 8 shows the frequency difference of the sharp-

(4.2)-7,5(25) (cm™)

Yo
°
o

MAGNETIC FIELD (T)
FIG. 8. Difference of dielectric anomaly dips 7}
4.2 K) -9, (25 K) vs magnetic field. @: measured
values; O: calculated values, as described in the text.
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est structures, the lowest dielectric anomaly
dips 710 (sharp minima in reflectivity) for two
different temperatures as a function of B. To-
gether with these experimental data, the position
of the calculated difference frequencies 7 (25 K)
- 710 (4.2 K) are shown. The total dielectric
function obtained from the linear response ex-
pressions x* was used in the calculation. The
shift of the dielectric anomaly to lower frequen-
cies with increasing temperature is mainly due to
two reasons: o .

(a) Increasing energy gap results in the increase
of the band-edge mass.

(b) Electrons are thermally excited to higher
Landau levels. As a consequence, €, and €, in-
crease at lower frequencies and the zero of the
real part of the total dielectric function shifts
into this direction.

This comparison is another test for the applica-
bility of our model calculations which explain
the shift of the resonances with temperature.

D. Pinning phenomena

The cyclotron frequencies in our experiments
occur in a frequency range between the TO and
LO lattice mode frequencies. For sufficiently
high magnetic fields, the cyclotron frequencies
approach LO mode frequencies.

A pinning of the observed cyclotron resonance
structures is found at frequencies higher than the
bare LO phonon frequency.®?® This resonant.
interaction differs from the one observed in rel-
atively pure semiconductors, when w, approaches
wro, due to the high carrier concentration of our
samples, and thus due to the fact that in this
case carrier-carrier interactions might be not
negligible.?®

The above pinning phenomena can be explained
neither on the basis of classical magnetopolar-
phonon-plasmon modes in the Faraday configura-
tion'*'15:27 nor by plasmon-electron interaction
described in Ref. 28. Recently, Ramage ef al.'®
have reported a similar pinning in p~-PbTe.

Resonant magnetopolaron effects in semicon-
ductors with high carrier concentrations were
recently studied by Vogl.'® It has been shown
that strong pinning phenomena can occur by a
hybridization of many-particle states which in-
volve single as well as collective excitations and
phonons. A theoretical and numerical analysis
carried out in Refs. 18 and 29 yielded a pinning
of singularities of the electronic susceptibility
towards w,o +E(B)/#%, where E} is the Fermi
energy counted from the 07 level (Ep =E, ,, -,
+E2). The experimentally observed pinning of
the cyclotron-resonance structure is in qualita-

tive agreement with this result. Because of the
decrease of E}(B) with increasing B, the fre-
quency wg, pins to a higher frequency than w,,,
which approaches w;o +E% at higher fields. This
pinning frequency depends on carrier concentra-
tion, increasing with increasing n, as observed
experimentally in Refs. 6, 25, and 16.

The pinning phenomena also have consequences
for the dielectric anomalies. This is demonstrated
in Fig. 9 for the dielectric anomaly lying below
we,. The dots represent the corresponding reflec-
tivity minima and the dashed curve is a calcula-
tion based on the band model of Sec. III, using the
variation of Er(B) also shown in this figure. This
dashed curve is obtained from Re(€) =0 using Eqgs.
(5)=(7) for the electronic contribution to the total
dielectric function.

Also as a consequence of the pinning phenomena
the dielectric anomaly exhibits a considerable
decrease of the slope of ¥, versus magnetic field
at high fields (see dots in Fig. 9). A consistent
calculation of these deviations based on the correct
band model and on the resonant magnetopolaron
effects is beyond the scope of this work.

E. Band parameters

We measured a large number of reflectivity
curves at various magnetic fields. These spectra
were fitted by the procedure outlined in Secs.
IITA-IIIC. Even a rough analysis (see, e.g.,

Fig. 4) shows that a simple two-band model is
not appropriate to account for the data. The
Lg: conduction band is less nonparabolic than
predicted by the two-band model, which is re-
lated to the far-band contributions. In addition,
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magnetic field. @represent experimental values (sam-
ple number: PbTe 1925-16). The calculated values of
B, o (dashed line) taking into account the variation of the
Fermi energy Ep with B agree up to 8 T with experi-

" ments, above 8 T (dashed line) a deviation occurs due

to resonant magnetopolaron interaction.



intravalence band magnetotransmission experi-
ments’® have shown that the band-edge masses in
the valence band are different from those of the
conduction band. A two-band model would imply
exact mirror images (apart from a small free-
electron term),

As our intraband magnetoreflectivity measure-
ments are not sufficient to determine all param-
eters of the E'ﬁ model presented in Sec. IIIA,
we had to rely on other measurements: (a) Con-
duction-band spin-flip data®’; (b) cyclotron reso-
nance in the L§; valence band'®; (c) interband
transitions3!'32; (d) cyclotron resonance har-
monics'!; (e) pseudopotential energies?; and (f)
temperature dependence of band gap E,.** In
addition; the related data from magnetotransport
measurements, as compiled by Hewes ef al.,**
imposed a constraint on the possible set of band
parameters. It should be noted that, in principle,
even a set of band parameters explaining con-
sistently all available magneto-optical data is
not necessarily unique. Small variations of the
two-band matrix elements can be counterbalanced
by corresponding adjustments of the far-band
parameters.

The starting point of the fit program for our
magneto-optical data was a set of k °P parame-
ters which described the measurements (a)~(d)
These parameters were next altered in successive
steps to provide a good description of our data.
The changes of the parameters were made in such
a way that the constraints (a)-(f) were satisfied.

Since the intraband transition energies are de-
termined by the direct interaction of the L. and
L, levels and by the far-band interactions a
separation of the two is not possible. However,
certain interband magneto-optical data allow a
determination of only far-band interactions. The
magnetic field dependence of the lowest conduc-
tion level (E, , .) and the highest valence level
(E,,o,-) is governed by the far bands alone. Inter-
band transitions between these levels have been
observed by several workers.’? These measure-
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ments were used as an additional check on our
far-band parameters. The intraband transition
energies of the carriers in the [111] valley do not
depend on the longitudinal-direct-interband-
momentum matrix element P,. This is of ad-
ditional aid in the determination of P;. The low-
est magnetic field to which the optimum values

of P, and P, are applicable is 1 T.

The set of band parameters obtained that way
are given in Table II. The band parameters are
presented in Mitchell-Wallis sign convention,
together with the pseudopotential level energies.?

In PbTe there is a considerable variation of the
direct energy gap E, with temperature. For a
fit of the reflectivity spectra taken at different
temperatures we used the variation of E,(T) as
determined by Antcliffe and Parker.’® We neglect-
ed variations of the far-band contributions with
temperature, since to our knowledge no precise
experimental data are available for the distant
gaps.

As shown in Secs. I[IIA~IIIC, the lattice param-
eters of the PbTe film enter into the dielectric
function and thus influence positions of the mag-
netic-field-induced singularities and anomalies.
It is therefore important to determine how much
the lattice parameters can affect the k D pa-
rameters. For example, for a carrier concentra-
tion of 8 X 10'® ¢m™2 a change of wyo from 17.5
to 10 cm™! and a corresponding increase of €;
shifts a singularity at 60 cm™ (3 T) by less
than 1 cm™' downwards. ' For the singularity at
40 cm™! the corresponding shift would be less
than 1.5 cm™., However, if the frequencies were

" further reduced into the neighborhood of wqg,

substantial errors would be unavoidable without
exact knowledge of the lattice parameters.

For the determination of the band parameters
from magneto-optical data it is necessary to take
the resonant magnetopolaron effects into account
by restricting the range of magnetic fields at
which reflectivity spectra were used for the fitting
procedures. Otherwise considerable errors in-

TABLE II. Pseudopotential level energies and parameters at the L point.

E,=L1§ _L§t=0.1895 eV?

2P}/my=5.9 £0.2 eV

L8 —L%*=0.979 eV®

m$/my=-0.095 £0.01

L§-—L§=1.33 eV®

L8-—18+=1.,523 eV® L4~ _181=1.278 eV?

3+ 3 1+
g7/=+1%0.2
g1=-3+0.6

mz/my=+ 0.07 +0.007

(P,/P,)?=10.24+0.6

my/mi="1.84 £2
mi/m;=5.9 +2

21=0.36 +0.08
gi=-1.5+0.3

2For T=0 K.
bReference 14,
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dicating a too strong nonparabolicity of the band
would result.

V. DISCUSSION AND CONCLUSIONS

The interpretation of far infrared magneto-
reflectivity spectra of n-PbTe was performed,
based on a k +p model for the valence and con-
duction bands and a linear response theory for
the electron susceptibility. A quantitative de-
scription of the reflectivity structure was pos-
sible. ’

Since even the purest PbTe material available
until now is still degenerate, the position of the
Fermi level and its variation with B is decisive
for the shape of the magnetoreflectivity spectra.
Thus, quantitative data can only be obtained by
taking properly into account the band-population
effects in the presence of a magnetic field, For
this reason even in the purest available samples
no exact data on the cyclotron-resonance fre-
quencies can be directly derived from the re-
flectivity structure. In addition, experiments in
a frequency range wpo<w,<w;, can be properly
explained only if the polar phonon contribution to
the total dielectric function is taken into account.

Despite a large amount of work on PbTe, the
dispersion of the reported values for the lattice
parameters €, and wyg as well as the band pa-
rameters is still large.?®* Bauer et al.?! and
Kawamura et al.® have shown recently that €
and wy depend on the carrier concentration and
on the total concentration of lattice defects, which
explains at least some of the discrepancies.

Intraband magneto-optical transitions induced
by far-infrared radiation usually provide an
effective technique for determining band param-
eters. In PbTe, for frequencies between 20 and
100 cm™', wt approaches 100 and more, so that
sharp resonant structures can be expected. How-
ever, the difficulties with the lattice contributions
to the dielectric function and with the band-popula-
tion effects substantially complicate the analysis
of the experimental data. Some recent reports
on magneto-optical intraband data yield quite
different band parameters, especially as far as
the band-edge effective masses are concerned.
Drew and McKnight,*” and Foley and Langenberg®®

reported band-edge mass values which are about
20% to 30% smaller than often quoted numbers.
Foley and Langenberg?®s used microwave frequen-
cies, having necessarily somewhat poorer resolu-
tion than that obtainable with far-infrared tech-

- niques and encountering problems arising from

nonlocal effects. However, the discrepancy of
these results is so large, that they are most
probably not due to experimental uncertainties.
The results of Foley and Langenberg® yield also
the smallest values of wrgand the highest ones of
€, reported so far, There exist observations®®
suggesting that the “static” dielectric constant
values determined from far infrared and micro-
wave techniques are different, indicating that
there must be some additional oscillators below
the wyo frequency. Based on a recent suggestion
by Burns and Burstein®® we have shown that local
modes associated with the vacancies may be
responsible for a further increase of “€;” with
decreasing frequency.?! If these local modes
exist, then the microwave results of Foley and
Langenberg could be possibly influenced by these
effects. )

Our magnetoreflectivity spectra are not influ-
enced by surface-space-charge effects. Schaber
et al.®® found that in as-grown epitaxial PbTe
samples of the same source, a flat-band condition
prevails.

The band parameters we determined describe
our magnetoreflectivity data, the conduction-band
g factors, the cyclotron resonance in the valence
band, and the magneto-optical interband reflec-
tion data (cf. Ref. 17). This provides the necessary
test for the validity of the band model and th
obtained values. :
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