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Magnetoreflectivity of Pb12xEuxTe epilayers and PbTe/Pb12xEuxTe multiple quantum wells
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Molecular-beam epitaxy grown n-type Pb12xEuxTe epilayers (x<0.034) and PbTe/
Pb12xEuxTe (x<0.039) multiple-quantum-well~MQW! samples were studied by magnetoreflectivity in the
Faraday configuration (Bi@111#) for magnetic fields up to 6 T at 4.2 K. Since the IV-VI lead salt compounds
are quite polar semiconductors, resonant electron-longitudinal-optic-~LO-! phonon coupling~Fröhlich cou-
pling! modifies the cyclotron resonance~CR! energies in the Pb12xEuxTe single epilayers for the three-
dimensional~3D! case. Due to the many-valley band structuretwo different Fröhlich coupling constants are
relevant. However, the CR energies of quasi-two-dimensional~2D! carriers in PbTe wells
@n2D5(1.523)31011 cm22# of PbTe/Pb12xEuxTe MQW samples donot exhibit a significant resonant
electron-LO-phonon interaction. This observation is attributed to finite-electron concentration effects, in par-
ticular, to a partial filling of the lowest 2D Landau spin level. The static and dynamic screening of the polar
interaction are considered as well, but are ruled out as an explanation for the absence of any remarkable
polaron correction to the CR energies of electrons in the PbTe quantum wells for the range of carrier concen-
trations investigated. The magnetoreflectivity spectra of Pb12xEuxTe single layers and PbTe/Pb12xEuxTe
quantum well samples are simulated numerically, using a model for the dielectric response of IV-VI com-
pounds in a magnetic field, which also includes the electron-LO-phonon interaction. The transverse and
longitudinal masses, and thus also the interband momentum matrix elements are determined for Pb12xEuxTe as
a function of the composition up tox,0.034. It is found that the transverse massincreaseswith Eu content,
whereas the longitudinal one nearly stays constant. The 2D CR masses of electrons in the PbTe wells increase
with decreasing well width, i.e., with increasing quantum-well interband energies, a behavior which results
from the strong band nonparabolicity.@S0163-1829~97!03807-1#
el
fo

m

bT
y
ub

ps
w

d.
e
ed

B
po
nc
le
le
ro
-
od

ng
e

bTe,
er-
et
in
-
of

ar-
-
the
dy
. In
f-
opo-

O-

are

ar-
lec-
he
I. INTRODUCTION

IV-VI compound semiconductors and their quantum-w
~QW! structures have been used for quite a period of time
midinfrared detectors and laser diodes.1–4 In particular, the
fabrication ofp-n junction laser diodes has benefitted fro
the molecular-beam epitaxial~MBE! growth of binary, ter-
nary, and quaternary compounds based on PbSe and P1

Multiple-element infrared focal-plane photodetector arra
have been fabricated using IV-VI epilayers grown on Si s
strates with sensitivities not much inferior to Hg12xCdxTe,
but with much less demanding material processing ste5

Recently, there has been further progress in the MBE gro
of IV-VI compounds6 and, e.g., for PbTe/Pb12xEuxTe
quantum-well samples grown on (111) BaF2 substrates the
observation of the quantum Hall effect has been reporte7,8

Also the successful growth of IV-VI compounds lattic
matched to (100) BaF2 substrates has been report
recently.9

The progress which has been achieved in the M
growth of the lead salt compounds and which has made
sible these applications as midinfrared lasers and adva
detectors also yields bulklike and quantum-well samp
with which some basic phenomena can be studied. The
salt compounds are quite polar semiconductors with a F¨h-
lich coupling constanta of the order of 0.2. Thus the cyclo
tron resonance of electrons and holes should exhibit a m
550163-1829/97/55~7!/4607~13!/$10.00
l
r

e.
s
-

.
th

E
s-
ed
s
ad

i-

fication of the Landau levels due to polaron coupli
whenever the cyclotron frequency\vc becomes comparabl
to the longitudinal-optic-phonon frequency\vLO .

10–13 For
a50.2, the weak-coupling limit is still applicable.10 Polaron
coupling phenomena have been observed in the past in P
but a quantitative description of the carrier-LO-phonon int
action in this many valley semiconductor is still not y
available. In addition to studies of the polaron interaction
three-dimensional~3D! systems, it is well known that po
laron effects have to be considered for the interpretation
the cyclotron resonance energies in two-dimensional~2D!
systems, like carriers confined at heterojunctions or in n
row quantum wells.13 However, in 2D systems with a rela
tively high electron density the polaron enhancement of
cyclotron mass may be in competition with many-bo
screening effects of the electron-polar-phonon interaction
addition, it is well known that Landau-level occupation e
fects have a drastic influence on the resonant magnet
laron interaction.14–16

In this paper we address the problem of the electron-L
phonon interaction in epilayers of Pb12xEuxTe with Eu con-
tents ranging from 0 to about 3.43%. These epilayers
severalmm thick and thus even atT54.2 K the carriers
behave 3D-like. Because of the peculiarities of the pol
phonon contribution to the total frequency-dependent die
tric function in these materials with a huge difference of t
static («0'1400 atT54.2 K) and high-frequency dielectric
4607 © 1997 The American Physical Society
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TABLE I. Sample parameters for Pb12xEuxTe single layers. Eu contentx, energy gapEg at 4.2 K,
epilayer thicknessd, electron concentrationn, and electron mobilitiesm are given.

Sample No. x ~%! Eg ~meV! d (mm) n (1016 cm23) m (103 cm2/V s)

No. 127 0 189.7 4.5 3.2 465~20 K!

No. 143 1.30 248 4.9 40 50~4.2 K!

No. 199 1.73 267 3.9 2.5 100~4.2 K!

No. 114 2.45 299 4.3 2.2 3.1~77 K!

No. 145 3.43 343 4.2 5.0 20~4.2 K!
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constant («`'36) we have used far-infrared magnetorefle
tivity studies in Faraday configuration with the magnet
field B oriented parallel to the@111# growth direction, to get
information on the cyclotron resonance energies as a fu
tion of the magnetic field. From the cyclotron resonance f
quencies in these many valley semiconductors, the de
dence of the transverse and longitudinal electron effec
masses on the Eu content is obtained. Furthermore pin
phenomena are observed when the cyclotron resonance
quency\vc becomes comparable to the longitudinal-opt
phonon frequency\vLO both for the carriers in the longitu
dinal ~@111#! and the three oblique (^1̄11&) valleys. The
n51 Landau level becomes double valued for magne
fields corresponding to\vc>\vLO . A splitting of cyclotron
resonance absorption and a corresponding polaron-ind
change of the effective mass can be observed for this reg
of magnetic fields.12,17

The electron-polar optical-phonon interaction for man
valley semiconductors has been treated by Pekar
co-workers18,19 and Larsen20 in a series of papers. For PbT
electrons and holes are located in valleys at theL point of the
Brillouin zone, with a mass anisotropy ratio of about 10, b
interact with LO phonons at the center of the Brillouin zo
(\vLO'14 meV!.

The knowledge and understanding of the 2D polaron
fect at heterointerfaces between a wide- and narrow-
semiconductor is still somewhat less developed than for
homogeneous 3D case. A large amount
experimental,17,21–29and theoretical work13–16,30–32has been
devoted in the past to resonant polaron phenomena in
systems, mainly in III-V compounds. In contrast to the the
retical predictions for much larger polaron mass renormal
tions in 2D systems as compared to 3D ones, experime
findings usually indicated much smaller ones th
expected.21–25According to Peeterset al.,31 three corrections
have to be considered for a description of the measurem
in 2D structures:

~i! The nonzero width of the 2D electron channel redu
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the electron-polar-phonon interaction considerably, since
polaron diameter is comparable to the confinement lengt

~ii ! The one-phonon polaron theories have to be correc
for Pauli’s exclusion principle as accounted for by the Ferm
Dirac statistics. The finite Landau-level occupancy leads t
cyclotron resonance mass renormalization which is an os
lating function of the filling factor. Furthermore, even in m
terials like GaAs, the band nonparabolicity constitutes
competing effect which can be larger than the oscillato
contribution from the polaron effects.

~iii ! The static or dynamic screening of the electro
phonon interaction by the presence of many electrons ha
be taken into account.

In our experiments, polaron effects were observed for
3D carriers in the semimagnetic Pb12xEuxTe epilayers.
However, in PbTe/Pb12xEuxTe QW’s, where the electron
density in the PbTe QW’s is of the order o
(1.5–3)31011 cm22, essentially no resonant polaron inte
action was observed.

To understand the experimental results, we develo
model for the simulation of the measured magnetoreflectiv
spectra. By comparing the calculated and experimental s
tra, we determine the effective masses by investigating
CR of carriers in the valleys oriented parallel and oblique
the @111# growth direction.

This paper is organized as follows: in Sec. II, we descr
samples and experiments; in Sec. III, we outline the theor
cal background used to simulate the experimental spectra
Sec. IV we present the results, and in Secs. V and VI
discuss and summarize this work.

II. SAMPLES AND EXPERIMENTS

The Pb12xEuxTe-samples were grown on cleaved~111!
BaF2 by MBE under ultrahigh-vacuum conditions. The bea
flux rates from the PbTe-, Eu-, and Te2-effusion cells were
measured by an ion gauge beam flux monitor calibrated w
a quartz-crystal thickness monitor for an absolute flux r
TABLE II. Sample parameters for PbTe/Pb12xEuxTe MQW samples. Layer thicknessesd, number of periods, Eu contentx, lowest
interband transition in PbTe QW’sE11 at 4.2 K, and energy gap of the Pb12xEuxTe barriers and buffer layers at 4.2 K are given.

Sample No. d ~buffer! d ~barrier! d ~well! No. of periods x E11 Eg ~barrier!
mm Å Å ~%! ~meV! ~meV!

No. 157 4.6 486 118 30 3.23 203 334
No. 156 5.0 641 91 39 3.36 210 340
No. 151 5.2 621 62 46 3.50 224 346
No. 148 4.9 648 93 50 3.85 210 362
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measurement.In situ reflection high-energy electron diffrac
tion ~RHEED! at 35 keV was used to monitor the grow
process. For low substrate temperatures a large numbe
RHEED intensity oscillations was observed for the PbTe a
Pb12xEuxTe growth,33 which in turn could be used to dete
mine the absolute growth rates, which in all cases was c
to 1mm/h. Detailed growth conditions are describ
elsewhere.34 For all the MQW samples, the Pb12xEuxTe
buffer layer incorporates the same Eu-contentx as the
Pb12xEuxTe barrier layers within the PbTe/Pb12xEuxTe
MQW structures. The optical and electronic quality of t
samples was examined by transmission and reflectivity m
surements using Fourier-transform infrared~FTIR!
spectroscopy35–37 and is best reflected by quantum Hall e
fect ~QHE! measurements.7,8 FTIR transmission measure
ments at temperatures from 4.2 K to 300 K show Fabry-Pe
~FP! oscillations~due to thickness fringes!. The transmission
at FP peaks is as high as 98% which indicates a very h
finesse of the samples. The optical constants—absorption
efficient and refractive index—of the samples were de
mined from a numerical fit to the transmission spectra a
interrelating them by a Kramers-Kronig transformation. Mi
infrared transmission measurements at different spots
the sample’s surface, using an infrared microscope, reve
high epilayer uniformity (;5%). FTIR photoconductivity
~PC! measurements were performed as well.36 PC signals
were usually obtained at temperatures up to 240 K, wh
also indicates the high electronic quality of these samples
accordance with mobility measurements.38 The energy gaps
of bulklike Pb12xEuxTe layers and the QW interband trans
tion energy of PbTe/Pb12xEuxTe-MQW’s were determined
both by FTIR transmission and photoconductivity measu
ments. The structural and geometrical parameters of
samples were determined by high-resolution x-r
diffraction.39 They are summarized in Table I fo
Pb12xEuxTe epilayers and in Table II for PbTe
Pb12xEuxTe MQW samples, together with electrical tran
port parameters.

Magnetoreflectivity measurements were performed wit
Bruker 113 v FTIR spectrometer to which a split-coil sup
conducting magnet with a low-temperature insert for opti
measurements was attached. The experiments were ca
out in the Faraday geometry (Biki@111#) in magnetic fields
up to 6 T at 4.2 K. Farinfrared~FIR! radiation is incident on
the sample and the reflected beam is detected by a liquid
cooled Ge bolometer. For Pb12xEuxTe epilayers on BaF2
substrates, thermal-expansion mismatch strain~about
131023) pushes the oblique valleys (o valleys! up a few
meV with respect to the longitudinal valley (l valley!,40 and
thus more electrons populate the longitudinal valley than
oblique valleys. For sufficiently low-carrier concentrations
is possible that all the carriers are located only in the lon
tudinal valley.~The absolute value of the strain in the ep
layer depends also on the Eu content.! For samples with
sufficiently low carrier concentrations, cyclotron resonan
can only be observed for the carriers in the longitudinal v
ley of Pb12xEuxTe. For Pb12xEuxTe samples used in thi
work, the carrier concentrations range from 2.231016 to
5.031016 cm23, except for sample No. 143 with a high ca
rier concentration of 431017 cm23 ~see Table I!. For all
Pb12xEuxTe epilayers studied in this work, dips in the refle
of
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tivity spectra are observed due to magnetic-field-induced
electric anomalies~DA’s! involving electrons in the longitu-
dinal valley. DA’s arise in the range of frequencies close
the zeros of the total dielectric function.40–42 They are lo-
cated in a spectral regime, where normally~i.e., without
magnetic field! the sample is totally reflecting.40

For the PbTe sample No. 127 (x50) which has the low-
est strain and for the Pb12xEuxTe-sample No. 143 which ha
the highest electron concentration, DA’s involving electro
in the oblique valleys are also observed. Since the DA
cause the strongest spectral features accompanying the a
cyclotron resonance~CR! positions, in a magnetoreflectivity
or magnetotransmission spectrum, an unambiguous dete
nation of CR is only possible by a numerical fit to the o
served spectra.40,42

III. THEORETICAL BACKGROUND

The optical response of a sample is commonly descri
by a frequency-dependent dielectric function. In a magne
field, in Faraday or Voigt configuration, the free-carrier d
electric function becomes a tensor.41 This tensor has been
derived for PbTe by several authors for the many-val
case40–42 for light propagation along the@111# direction, in-
cluding phenomena due to finite damping. In Faraday c
figuration and forBi@111#, the dielectric function including
the polar-phonon contribution to the dielectric function~the
TO mode is infrared active in the rocksalt crystal structure! is
given by42

«65«`1
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vTO is the transverse-optic-phonon frequency, andvt1
andvt2 denote the free-carrier damping frequencies in
@111# longitudinal valley and in the three obliquely oriente
valleys, respectively.n( l ) andn(o) are the carrier concentra
tions in the longitudinal and oblique valleys. The sup
scripts ‘‘2 ’’ and ‘‘ 1 ’’ label conduction bands and valenc
bands. The cyclotron massesM'

2 andM i
2 denote the princi-

pal masses of the energy ellipsoids of the conduction and
valence band.M'8

2 is related to the oblique valley ellipsoi
and combines in dependence on the inclination angleu both
interband momentum matrix elements 2P'

2 /m0, and
2P//

2 /m0.
43 u is the angle between the magnetic-field dire

tion and the main axis of the valleys, i.e., cosu51 for the
longitudinal valley and cosu51/3 for the three oblique val
leys. For a nonvanishing magnetic fieldB, a detailed calcu-
lation ofM'

2 andM'8
2 including the nonparabolicity of en

ergy bands is given in Ref. 43.
The dielectric function as introduced above does not

clude the Fro¨hlich electron-LO-phonon interaction. Th
quantum-mechanical treatment of lowest order~5 one pho-
non! electron-phonon interaction was specially applied
single-valley polar semiconductors like InSb.44–46 Vogl and
Kocevar47 have calculated the correction for the real a
imaginary part of the dielectric function of PbTe for fini
population of the valleys and compared it with experimen
results of Burkhard, Bauer, and Zawadzki.42 In the following
we adopt Harper’s one-LO-phonon model for InSb~Ref. 44!
and expand it to the many-valley semiconductor PbTe. T
dielectric function for the Faraday geometry is of the form

«65«`1
«`~vLO

2 2vTO
2 !

vTO
2 2v22 igv

7
n~ l !e2

«0M'
2

1

vZ6~v!

7
n~o!e2

«0M'8
2

1

vZ86~v!
, ~7!

where the superscripts ‘‘6 ’’ attached to«6 andZ6 refer to
the response to right-hand (1) and left-hand (2) circularly
polarized light, whereas the superscript ‘‘2 ’’ along with
M'

2 andM'8
2 stands for the conduction band in the notati

used for lead salts.Z6(v) andZ86(v) are complex imped-
ances, which explicitly contain the electron-LO-phonon
teraction, and are distinct for the longitudinal and obliq
valley, respectively. TakingZ6(v)5X(v)6 iY(v), X(v) is
related to the frequency shift,Y(v) to the line broadening o
the cyclotron resonance line. BothX andY are discontinuous
asv passes throughvLO :

For v,vLO ,

Y~v!50, ~8!

X~v!5v2vc2avLOS vLO

vc
D 1/2PE

0

`S 1x2
1

aD x
3e2x2

x22a2
dx,

~9!

wherevc denotes the corresponding cyclotron resonance
quency,a25(vLO2v)/vc , andx is the variable of integra-
tion. P takes the principal value of the integral. To include
finite damping even forv,vLO a constant damping param
eterg8 is assumed forv,vLO instead ofY(v)50 accord-
ing to Eq.~8!.
e

-

he

-

-

r

l

e

-

e-

a

For v.vLO,

X~v!5v2vc2avLOS vLO

vc
D 1/2PE

0

` x2e2x2

x22~v2vLO!/vc
dx,

~10!

Y~v!5
1

2
avLOS v

vLO
21D 21/2

PE
0

` xe2x

x1~v2vLO!/vc
dx,

~11!

wherea is the 3D Fro¨hlich coupling constant given by

a5
e2

4A2p«0
S 1«`

2
1

«0
D S M'

2

vLO\3D 1/2. ~12!

For the oblique valleys, the mass in Eq.~12! should be
replaced byM'8

2. For the longitudinal and oblique valleys o
PbTe, the Fro¨hlich constant atB50 is a50.12 and
a850.18, respectively. For Pb12xEuxTe, it increases with Eu
content, due to the increase of the effective mass~see below!
and the decrease of«` with increasing Eu content.35

Finally we address the problem of the polaron correct
in a material with a many-valley band structure. The ani
tropic effective mass in PbTe-related compounds must
corrected for electron-LO-phonon interaction in the follow
ing way. The undressed masses differ by a factor of 10,
the longitudinal mass is ten-times heavier than the transv
mass. Dressing by long-wave LO phonons ofq vectors near
the center of the Brillouin zone yields a slight isotropizati
of the masses. We follow an analysis of Pekar a
co-workers18,19 and Larsen,20 where the influence of
electron-phonon interaction onto mass anisotropy is exp
itly analyzed. The final result for the dressed masses in
3D case is

1

m'

5
1

M'
F12

a

6
w'S M i

M'
D G , ~13!

1

m i
5

1

M i
F12

a

6
w iS M i

M'
D G . ~14!

Mi are theundressed3D masses,m i the masses correcte
for LO-phonon interaction. The anisotropy parametersw i are
derived in Refs. 18,19 for a mass anisotropy of'10 being
w'51.6886 andw i50.5988. From Eqs.~13! and ~14!, we
obtain instead of the undressed massM'50.22m0 the po-
laron mass m'50.0228m0, and m i50.243m0 for M i
50.22m0. Correspondingly the Fro¨hlich parameters accord
ing to Eq.~12! are changed from

a'50.1264 to a'50.1287,

a i50.1907 to a i50.1940.

It turns out that these corrections are rather small.
would like to point out that Larsen48 hasexplicitly taken into
account the electron-phonon coupling into thek•p matrix
Hamiltonian for isotropic~but nonparabolic! bands. Since
there is no weak-coupling theory for polarons in nonpa
bolic anisotropic bands, we have restricted ourselves to
use of Harper’s perturbative approach, starting with u
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dressed masses. Our treatment of the polaron correction
the anisotropic parabolic bands of the IV-VI compounds
thus in the sense of Larsen’s model not sufficient. As sta
above, the corresponding changes in the Fro¨hlich parameters
a are so small, that our treatment is at least plausible.

In this spirit, in the expressions for the dielectric functio
for the cyclotron resonance energies\vc in Eqs. ~9!–~11!,
the corresponding nonparabolic energies calculated from
k•p model in a magnetic field were inserted, i.e., using
sentially the undressed expressions for the masses for
the longitudinal and the oblique valleys. Thus, in all the fi
of the experimental magnetoreflectivity spectra we used n
parabolic bare masses for both types of valleys and added
polaron correction as a perturbation to the bare band par
eters in the spirit of Harper’s model.

The energy of LO-phonon coupled Landau levels was
tained by neglecting the broadeningY(v) and solving for
the zeros ofX(v). The results are shown for PbTe in Fig
1~a!, ~b!. For the longitudinal valley@Fig. 1~a!# the n512

spin level becomes double valued forB.2.7 T, as can be
seen by the split solid line. If one neglects any populat
effect of the lowest~unsplit! Landau spin level 02, the CR
splits also into two resonances for a magnetic fieldB.2.7 T.

FIG. 1. Coupled electron-LO-phonon energy levels of PbTe a
function of magnetic field for the longitudinal~a! and oblique~b!
valleys. Solid lines are for ‘‘spin-down’’ levels, while dashed lin
are for ‘‘spin-up’’ levels. The Landau levels are corrected
polaron-mass enhancement~Ref. 16!. The lowest Landau levels ar
obtained from Ref. 43. The dashed-dotted line shows the
phonon offset. Arrows indicate split cyclotron resonances.
in
s
d

,

he
-
th

n-
he
m-

-

n

We denote the branch with the lower CR energy byvc1
( l ) , and

the other byvc2
( l ) . The dashed line is the LO-phonon offs

energy added to the lowest Landau level, which should vi
alize the pinning of the lower CR branch to (1/2)\vc
1\vLO . The corresponding CR transitions for the upp
spin state~superscript1) are not shown for simplicity. Note
that the extrapolated fan chart of Fig. 1~a! for B→0 does not
emerge from zero energy, since for the 3D case the pola
dressed mass correctionm*→m* (11a/6) shifts the CR en-
ergy to a lower energy than is expected from an undres
CR.

For the oblique valleys@Fig. 1~b!# the crossover betwee
the zero-phonon dispersion curve and the (n512)-Landau
level takes place at a higher magnetic fieldB56 T, which
reflects the mass increase (M'8

2.M'
2) of the oblique val-

ley. The calculations take into account the distinct Fro¨hlich
parametersa,a8 for both valley types, and include nonpar
bolicity effects.

For the remainder of this chapter we shall transfer
one-phonon model of electron-phonon coupling to the
case. The influence of~i! possible screening and~ii ! of the
Landau-level occupation effects on the resonant interac
with 2D polarons will be discussed later on. The dielect
function for a 2D electron gas in a magnetic field is giv
by49–51

«~v!5«`1
«`~vLO

2 2vTO
2 !

vTO
2 2v22 igv

1
is~v!

v«0
, ~15!

wheres is the dynamical conductivity of a 2D electron ga
in a magnetic field.17,26For the PbTe case, the relevant equ
tions were given by Pichler, Bauer, and Clemens,49

s6~v!5
nse

2

M'~2D!
2

vt1 i ~v6vc!

vt
21~v6vc!

2 . ~16!

vc is the cyclotron frequency,vt the damping parameter
ns is the 2D electron gas density. The6 signs denote the
right- or left-hand polarization state of radiation.

For an applied magnetic field parallel to the samp
growth direction, i.e., for the Faraday configurationBiki
@111#, the eigenenergies have been calculated in the fra
work of the envelope function approximation~EFA! follow-
ing the procedure outlined by Kriechbaumet al.52 Whereas
for the @111# ~longitudinal! valley the analysis is straightfor
ward, the calculation of the magnetoelectric levels for t
oblique levels is much more elaborate. For all our MQ
samples, the carrier concentration is such that only the l
est electric subband associated with the longitudinal valle
populated (E1

l ), i.e., also the lowest oblique QW subban
(E1

o) is not populated by electrons, wherel is the index of
electric quantization ~subbands in the QW’s
l51,2, . . . ), n is the Landau index (n50,1,2, . . . ) ofmag-
netic quantization.El are evaluated using an envelope fun
tion calculation assuming a type-I conduction-band offset
@Eg(Pb12xEuxTe)2Eg(PbTe)#/Eg(Pb12xEuxTe)50.55.36,37

For the calculation of the eigenenergies as a function
the magnetic fieldEn(B), the band parameters of bulk PbT
~Ref. 43! and of bulk Pb12xEuxTe ~Ref. 53! are used. From
the effective band-gap enhancement due to the formatio
the electric subbands, the 2D CR mass in the Pb

a
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QW’s becomes larger than the corresponding PbTe 3D
mass M'

2 . Since the EFA calculation is based on t
(434) k•p matrix Hamiltonian for PbTe like compounds,54

it includes all nonparabolicity corrections, of course also
finite magnetic fields. The magnetic-field dependence of
2D cyclotron mass follows from the eigenenergies, and
obtained from

M'~2D!
2 ~B!5

\eB

E2~B!2E1~B!
, ~17!

where the indices denote adjacent Landau levels.
For the simulation of the magnetoreflectivity spectra

fixed magnetic field first information on the background
electric function of the Pb12xEuxTe barrier layers and of the
Pb12xEuxTe buffer layer is needed. This is derived from i
dependent FTIR transmission measurements
Pb12xEuxTe single epilayers using the method described
Ref. 36. For a given dielectric function and thickness of ea
individual layer~including the substrate, the buffer layer, th
PbTe QW layers and the Pb12xEuxTe barrier layers!, the
magnetoreflectivity spectra of the multilayer MQW samp
can be calculated as a function of magnetic field using
transfer-matrix method55 as outlined by Pichler, Bauer, an
Clemens49 and Kimet al.51

IV. RESULTS AND DISCUSSIONS

A. Pb12xEuxTe „0<x<3.43%… single epilayers

In Fig. 2~a! experimental reflectivity spectra from a PbT
epilayer ~sample No. 127! are shown for magnetic field

FIG. 2. Experimental~a! and calculated~b! reflectivity spectra
of PbTe No. 127 at 4.2 K forB50, 3.5, and 5.5 T. CR energies an
dielectric anomalies are indicated by full and dashed arrows,
spectively. FP denotes the Fabry-Perot fringes. For clear pres
tion, the spectra forB53.5 and 0 T are shifted up by 0.5 and
respectively. No adjustable band parameters are used in the c
lation.
R

r
e
is

t

n
n
h

s
e

B50, 3.5, and 5.5 T. ForB50 and 3.5 T, the traces ar
shifted upwards by 1 and 0.5, respectively. ForB50, the
effective plasma frequencyvp* is close to the LO-phonon
energy~117 cm21! of PbTe. The sharp increase of the refle
tivity at about 190 cm21 indicates the TO-phonon frequenc
of the BaF2 substrate.42 The first Fabry-Perot~FP! fringe
appears at 240 cm21, its position depends essentially on th
thickness of the epilayer. In the presence of a magnetic fi
dips in the reflectivity spectra appear due to dielect
anomalies from a zero of the dielectric function, which a
indicated by dashed arrows. Taking the dielectric function
Eqs.~7!–~11! and applying the transfer-matrix method55 for
the propagation of electromagnetic fields through the e
ayer and substrate, the reflectivity spectra are calculated
B50, 3.5, and 5.5 T. Since for the experiments nonpol
ized FIR light was used, the reflectivity is calculated as
average of reflectivities for left- and right-hand circular
polarized light. In the calculation, the band parameters
PbTe are taken from the literature.40 For BaF2 the following
phonon parameters are used:vTO5189 cm21,
vLO5290 cm21, «051.93, andg53 cm21. The calculated
results of reflectivity spectra are shown in Fig. 2~b! in which
the CR positions are indicated by full arrows, and the diel
tric anomalies by dashed arrows. A splitting of the longit
dinal (l ) valley CR (\vc1 ,\vc2) due to Fro¨hlich electron-
phonon interaction is indeed required to reveal t
experimentally observed features. The CR for the obliq
(o) valley appears at lower frequency due to an increa
effective mass. From the fits to the reflectivity spectra
effective masses are extracted, taking into account the n
parabolicity of the band structure.43 They depend on the
magnetic field due to the polaron effect and they determ
the CR frequencyvc and the Fro¨hlich constanta according
to Eqs.~2! and ~3! and Eq.~12!.

In Fig. 3, the experimentally observed and calculated
clotron resonance energies and the energy positions o
electric anomalies are plotted as a function of magnetic fi
for the PbTe sample No. 127~which has a mobility

e-
ta-

cu-

FIG. 3. Fan chart for PbTe No. 127 showing~1! cyclotron reso-
nance energies with and without taking into account the electr
LO-phonon interaction and~2! the experimentally observed and ca
culated dielectric anomalies~DA’s! associated with cyclotron
resonances. Results are for the longitudinal (l ) and oblique (o)
valleys. All band parameters used in the calculation are taken f
Ref. 29.
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TABLE III. Parameters used for the calculation of the magnetoreflectivity spectra for Pb12xEuxTe.

Sample No. n( l )/n a vLO vTO a b g g8 «0
c «`

d

~%! (cm21) (cm21) (cm21) (cm21)
No. 127 25 117 18 0.120 15 5 1521 36
No. 143 68 117 18 0.147 18 5 1407 33.3
No. 199 100 117 18 0.151 20 5 1399 33.1
No. 114 100 118 18 0.167 20 5 1354 31.5
No. 145 100 120 18 0.198 25 5 1258 28.3

an( l )/n is the percentage of carriers in the longitudinal valley.
bFor longitudinal valley only and for low magnetic field.
cObtained from theL-S-T relation:«05«` (vLO /vTO)

2.
dExtrapolated from Ref. 19.
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CR
m54.653105 cm2/Vs at T520 K!. We observed also the
upper branch\vc2 of CR for electrons in the longitudina
valley. The lower branch\vc1 of the CR pins to the LO-
phonon frequency~at about 117 cm21, this value increases
slightly with increasing Eu concentration! at high magnetic
fields. Such a pinning effect is also expected for the low
branch of CR in oblique valleys but their CR transition
only close to the LO-phonon frequency at magnetic fie
B close to 6 T, and thus in the field range investigated,
upper branch is not visible.

As demonstrated in Ref. 7, the carrier mobility
Pb12xEuxTe samples drops dramatically with increasing
content, i.e., forx52.5% the electron mobility at liquid he
lium temperatures is already as low as 23104 cm2/V s ~see
Table I!. It turns out that for the Pb12xEuxTe epilayers, only
the lower branch of the CR line is observable, probably d
to the much stronger damping than in pure PbTe. It is e
dent that the positions of the DA dips of course do not
incide with corresponding CR energies. The phonon a
Fröhlich parameters and the percentual population of the
gitudinal valley, which are used in the calculations, are lis
in Table III. The carrier transport and band parameters,
momentum matrix elements and effective masses in
framework of a two-band model of IV-VI-compound sem
conductors are listed in Table IV for all PbxEu12xTe
samples.

In Fig. 4~a!, measured reflectivity spectra are shown fo
Pb12xEuxTe sample~No. 199,x50.0173) forB50 and 4 T.
As mentioned previously, the electrons populate only
longitudinal valley for an electron concentration
2.531016 cm23, since the epilayer strain lifts the valley de
generacy at theL points of the Brillouin zone. Consequentl
r

s
is

e
i-
-
d
-
d
e
e

e

only DA’s for longitudinal valleys are observed. Fo
B54 T two DA dips associated with cyclotron resonan
absorption are resolved. The calculated spectra using
model dielectric function Eq.~7! are shown in Fig. 4~b!.
From the numerical simulations it is found that one of t
two DA dips, the one at higher photon energy disappear
the carrier concentration falls below 1016 cm23.

Similar results are obtained for the other Pb12xEuxTe
samples. A comparison between experimental and calcul
fan charts is shown in Fig. 5 for samples No. 1
(x50.0173) and No. 114 (x50.0245). The CR frequencie
with ~full line! and without~dashed-dotted line! electron-LO-
phonon interaction are plotted as a function of magne
field. Note the excellent correspondence of calculated
measured DA positions.

For the Pb12xEuxTe sample No. 143 (x50.013) with a
relatively high electron concentration of 431017 cm23, also
the oblique valleys are partly populated by electrons. The
fore, CR of electrons in the oblique valley is observed in t
experiments. The momentum matrix elements as given
Table IV are somewhat different from the ones reported p
viously by Karczewskiet al.,56 but are similar to those o
Geist et al.53 Thus the energy ellipsoid ink space for the
lowest conduction band in Pb12xEuxTe becomes somewha
more isotropic with Eu alloying than that of PbTe, an obs
vation which is in agreement with recent interband mag
tooptical experiments.53

In Tables III and IV the lattice and band parameters us
for the calculation are listed for all Pb12xEuxTe samples.
The transverse effective masses as obtained from our
measurements on the@111# valleys of Pb12xEuxTe are a
s

TABLE IV. Two-band parameters of Pb12xEuxTe.

Sample No. x Eg m 2Puu
2/mo 2P'

2 /mo M'
2 M uu

2

~%! ~meV! (103 cm2/V s) ~eV! ~eV! (mo) (mo)

No. 127 0 189.7 465~20 K! 0.51 6.02 0.021 0.21
No. 143 1.30 248 50 0.5 5.3 0.026 0.25
No. 199 1.73 267 100 5.2 0.028
No. 114 2.45 299 3.1~77 K! 4.8 0.031
No. 145 3.43 343 20 4.0 0.035
Ref. 55 2.0 279a 30 ~4 K! 0.55 8.23 0.020 0.218

aAccording to the note added in proof, the calculated energy gap forx50.02 is Eg5279 meV.
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function of the Eu contentx and are plotted in Fig. 6. The
transverse mass increases continuously with increasinx
from 0.021m0 for PbTe (x50) to 0.035m0 for x50.0343.
The accuracy of the determination of the longitudinal m
from experiments withBi@111#, i.e., from the cyclotron
resonance of the carriers in the oblique valleys, is not v
high and further experiments, in particular, withBi@110#
would be needed. For Eu contents higher thanx51.3%, the
longitudinal mass could not be determined from the CR re
nances at all, since the oblique valleys are not populated
the comparatively low-carrier concentrations~see Table I!.

The analysis of the CR data shows that the transve
momentum matrix element 2P'

2 /m0 decreases with Eu con
tent from 6.02 eV for PbTe to about 4.0 eV forx50.0343~in
reasonable agreement with the analysis of magnetoop
interband investigations53!, while the longitudinal momen-
tum matrix element 2Puu

2/m0 does not change significantl
with Eu content at least up tox50.013. For ap-type
Pb12xEuxTe sample (x50.02, with a hole concentration o
7.531017 cm23), Karczewskiet al.56 determined the effec
tive hole masses from magnetotransmission experiments
derived values for the momentum matrix elements 2P'

2 /m0

and 2Puu
2/m0. Their results are compared with ours in Tab

IV ~last line! and in Fig. 8. For the transverse momentu
matrix element Karczewskiet al. quoted 2P'

2 /m058.23 eV,
for 2Puu

2/m050.55 eV~for x50.02). Thus their results imply
an increase of the mass anisotropy ratioK for holes, whereas
our results imply a slight decrease ofK for electrons. The
discrepancy between their results for 2P'

2 /m0 and ours~8.23
vs 4.8 eV! as well as those by Geistet al.53 is obvious. We
find that the conduction-band transverse massM'

2 increases

FIG. 4. Measured~a! and calculated~b! reflectivity spectra for
Pb12xEuxTe No. 199 forB50 and 4 Tesla. CR’s and associate
dielectric anomalies DA’s are indicated by full and dashed arro
respectively.
s

y

-
or

se

al

nd

with Eu content, in agreement with the results of both Re
53 and 57. The origin for this discrepancy on 2P'

2 /m0 and
2Puu

2/m0 can be manifold, and, in particular, we would like
stress that for the determination of the dependence of
effective masses on the compositionx for Pb12xEuxTe from
the cyclotron resonance experiments on just one type of
riers the variation of the energy gap of Pb12xEuxTe with
compositionx has to be known precisely in the investigat
samples. Furthermore, information on the far band contri
tions to the effective masses are required as well~since these
are essential, contributing of the order of 30%!. We used
measured values for Eg from absorption data

,

FIG. 5. Cyclotron resonance~CR! energies with and without
electron-LO-phonon interaction versus magnetic field for
Pb12xEuxTe single layers Nos. 199 and Nos. 114. In the expe
ments, CR manifests itself through dielectric anomaly~DA!. Both
calculated and measured DA are shown in the graph.

FIG. 6. The transverse effective masses for Pb12xEuxTe as a
function of Eu concentrationx. Results of this work and those b
Karczewskiet al. ~Ref. 56! are compared.
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for the analysis of the CR data. The results for t
Pb12xEuxTe band parameters derived from a set of fi
samples using interband magnetooptical and CARS exp
ments withx ranging from 0 up to 0.017 performed by Gei
et al.53 essentially confirm our own set of data derived fro
the CR, i.e., a steady decrease of 2P'

2 /m0 from its value for
PbTe with increasing Eu content. Finally, we would like
mention, that Pb12xEuxTe is a diluted magnetic semicondu
tor and thus electron-Eu exchange interaction43,53,58 might
influence the Landau-level energies as a function of the m
netic field. Recent coherent anti-Stokes Raman-scattering
periments, where theg factors are measured directly hav
shown, that for electrons the exchange induced correct
are negligibly small, i.e., the exchange parametersB and
b1 are just 563 and 0.363 meV, respectively. Thus, in par
ticular, for the calculation of the electron CR transition e
ergies, exchange-induced corrections can be neglected.

B. PbTe/Pb12xEuxTe quantum well samples

The motivation to perform cyclotron resonance expe
ments on PbTe/Pb12xEuxTe quantum-well samples was two
fold:

~a! Due to the band nonparabolicity of the narrow g
PbTe a strong dependence of the 2D cyclotron masses o
PbTe well width can be expected, and

~b! since the 2D CR transition energies can be tun
through the LO-phonon energy in the range of magne
fields accessible, it is obvious that one can study the reso
2D-electron LO-phonon interaction in PbTe/Pb12xEuxTe
QW’s.

To address the first problem, magnetoreflectivity spec
of several PbTe/Pb12xEuxTe MQW samples were measure
in the Faraday geometry. The four samples studied are li
in Table II, and had quite similar Eu contents~3.2–3.9%! in
the Pb12xEuxTe layers and thus not very different barri
heights. The Pb12xEuxTe barrier width was chosen to b
sufficiently long~486–648 Å!, in order to ensure negligible
overlap of the wave functions for carriers confined in t
n51 or 2 electric subbands of the PbTe wells. The Pb
well width ranged from 62 to 118 Å, leading to a change
the lowest interband transition energy (1-1)l between con-
fined electron and hole levels from 203 to 224 meV.

For solving the second problem, magnetoreflectivity m
surements were performed on the PbTe/Pb12xEuxTe MQW
samples in the field range between 2 and 6 T. As describe
Sec. II, the MQW structures were deposited
Pb12xEuxTe buffers. The use of the comparatively thic
Pb12xEuxTe buffer ~about 5mm thick, see Table II!, which
has the identical Eu content as the barrier layers, induce
the buffer layer, however, a parallel channel of 3D electro

All MQW samples investigated were characterized by
terband absorption measurements and by the midinfra
photoconductivity spectra in the absence of a magnetic fi
The photoconductivity spectra show clearly the~1-1! inter-
band transitions within the QW structures involving ele
trons both in the longitudinal valley (l ) and oblique valleys
(o).36 The (1-1)o interband transition energy is considerab
higher than the (1-1)l interband transition energy, in goo
agreement with envelope function approximation~EFA!
calculations.36 The onset of the photoconductivity spectru
ri-
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~taken atT54.2 K! indicates that the lowest 1o electric sub-
band corresponding to the oblique valleys of the conduct
band is not populated by electrons, otherwise the (1-1)l in-
terband transition would not be observed in the photoc
ductivity experiments. Therefore, only the first subband
the longitudinal valley in the conduction band of the Pb
QW’s is populated by carriers in all four samples listed
Table II. In the Pb12xEuxTe buffer layers with a typical
width of about 5mm, a parallel electron channel is prese
which can unfortunately not be avoided. Also there, only
longitudinal valley is populated with electrons.

As a consequence the magnetoreflectivity spectra a
function of the wave number with the applied magnetic fie
as a parameter show features associated with the 2D cy
tron resonance of electrons in the lowest electric subban
the longitudinal valley as well as a 3D cyclotron resonan
of electrons in the longitudinal@111# valley in the
Pb12xEuxTe buffer layer, which have a much higher tran
verse effective mass. Due to the background dielectric fu
tion associated with the presence of the substrate, of
buffer and the barrier layers, the cyclotron resonance app
shifted with respect to reflectivity dips, which are in the fo
lowing denoted by ‘‘dielectric anomalies’’~DA’s! despite
the fact that not all dips are associated with zeros of the t
dielectric function.

In order to enhance the magnetic-field-induced signatu
in the reflectivity spectra, normalized dataR(B)/R(B50)
are shown in Fig. 7~a! for the MQW sample No. 157. In Fig
7~b! calculated normalized reflectivity data for this samp
are shown for comparison and for identification. The d
from the DA’s and the cyclotron resonance positions can
assigned by inspection of the simulation Fig. 7. As expec
there is just one cyclotron resonance due to the 2D elect

FIG. 7. Comparison between experimental~a! and calculated~b!
R(B55 T)/R(B50 T) spectra for PbTe/Pb12xEuxTe MQW No.
157.
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in the PbTe QW layers. However, it is preceded by m
than one dip at lower wave numbers in theR(B)/R(0) spec-
trum @designated by ‘‘DA’s’’ in Figs. 7~a!,~b!#, which are
simply caused by interference phenomena induced by
cyclotron resonance.

In the simulation in Fig. 7~b! we have used the magnetic
field dependence of the dielectric functions for t
Pb12xEuxTe buffer layer and for the MQW stack on top of i
For the 2D carriers in the PbTe wells a 2D CR damp
parametervt of 1 cm

21, was used, whereas the correspon
ing 3D CR damping parameterg for the electrons in the
Pb12xEuxTe buffer layer turns out to be 5 cm

21 ~below LO-
phonon frequency!. Thus the 3D CR damping parameter
five-times larger than that for the 2D carriers, which is
qualitative agreement with the differences in the Hall mob
ties. In the photon energy region close to the LO-phon
frequency of PbTe (117 cm21), the lower branch of the
DA’s in the QW’s is not well resolved, neither in the expe
ment nor in the calculation. In Fig. 8 we show the calcula
Landau-level fan chart for sample MQW No. 157. For t
02-12 CR transitions the crossover with\vLO occurs at
about 2.8 T.

The transition energies for the MQW sample No. 157
plotted in Fig. 9. It is found that the DA dips at the high
frequencies are associated with the CR in the PbTe-Q
~full circles!, being that they are very close to the CR ener
These transitions do not pin to the LO-phonon energy. T
second one~full squares! follows in its behavior a polaron
cyclotron resonance with a tendency of pinning to the L
phonon energy.

In Fig. 10 for four MQW samples as listed in Table II, th
cyclotron resonance energies of the 2D carriers in the P
wells are shown as a function of the magnetic fieldB, as
obtained from the fits to the magnetoreflectivity data. F
carriers in the electric subband associated with the long
dinal @111# valley the electric and magnetic quantization a
decoupled forBi @111#. Thus the cyclotron masses shou
follow a simple trend: the QW’s with the smallest ener
E11 for the (1-1)

l transitions should have the highest cycl
tron resonance energies because the transverse mass
electrons in this level should be the smallest. The experim
tal data shown for the four MQW samples exhibit indeed t

FIG. 8. The Landau levels attached to the lowest electric s
band (E1) of the longitudinal@111# valley in the PbTe QW’s for
PbTe/Pb12xEuxTe MQW sample No. 157. The Landau levels a
corrected for polaron-mass enhancement~Ref. 16!. The zero energy
is at the bottom of the QW’s.
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trend with the gapE11: sample No. 157 has the highest C
energy and sample No. 151 the lowest one, while sam
Nos. 148 and 156, which have an identical gapE11 have
nearly the same CR energies in between those of MQW N
157 and 151. Furthermore, in particular, from the data
MQW No. 151 it is apparent that the 2D cyclotron resonan
energies do not exhibit any significant pinning to the L
phonon energy. For this sample, at 3.5 T the CR ene
crosses the LO-phonon energy~117 cm21). Apparently the
smooth dependence of the CR energies on magnetic
clearly shows that pinning is indeed negligible.

In Fig. 11 the increase of the transverse CR mass du
band nonparabolicity is shown, as deduced from the exp
mental CR data. Since the QW interband gapE11 is the same
and all other PbTe and Pb12xEuxTe band parameters ar
nearly identical for MQW sample Nos. 148 and 156~see
Table II!, the corresponding CR masses are also ne
equal. However, we want to point out that due to the far ba
contributions in the (434) k•p Mitchell and Wallis Hamil-
tonian as used for the EFA calculations52 the cyclotron
masses are of course determined not alone byE11.

The CR of 3D electrons in the Pb12xEuxTe buffer layer is
affected by the Fro¨hlich electron-LO-phonon interaction

- FIG. 9. Magneto-optical transition energies for PbT
Pb12xEuxTe MQW No. 157, showing the experimental and calc
lated dielectric anomalies~DA’s! and cyclotron resonance~CR! en-
ergies as a function of magnetic field for both the electrons in
PbTe QW’s and in the Pb12xEuxTe buffer layer structures.

FIG. 10. Experimental values for the 2D CR transition energ
as a function of magnetic field for four PbTe/Pb12xEuxTe MQW
structures~Nos. 157, 148, 156, 151!. No resonant electron-LO-
phonon interaction is observed.
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~see, e.g., Fig. 9!. Thus the lower branch of dielectric anom
lies in Fig. 9 is interpreted as CR from the Pb12xEuxTe
buffer layer. The Eu content of the buffer laye
Pb12xEuxTe for sample Nos. 148, 151, 156, and 157 isx 5
0.0385, 0.035, 0.0336, 0.0323, respectively. Because the
ergy gap and in turn the 3D CR mass of bulk Pb12xEuxTe
increase with the Eu content, we expect that the CR ene
of the buffer layers decreases correspondingly, which me
that the position of the buffer-related DA’s~squares! in-
creases in energy for the sequence of sample Nos. 148,
156, and 157. This fact is indeed observed.

V. DISCUSSION

By the simple one-phonon-one-electron picture for the
scription of electron-LO-phonon interaction in a magne
field, we neglected so far many-particle and population
fects. It is known43 that mass renormalization due to static
dynamic screening shifts the 2D polaron energy by a con
erable amount. PbTe is quite a polar semiconductor and
screening radius in the Thomas-Fermi approximation ha
value of 170 Å forn2D51011 cm22 at 4.2 K, due to the
rather tremendous static dielectric constant«0'1400. In this
static limit, the screening radius becomes thus even la
than the typical quantum-well thickness of our QW sampl
Therefore static screening is not probable in our short pe
QW samples (dw562–118 Å!. If dynamic screening were
significant, an increase of the polaron-shifted CR energ
should be observed in the experiment. However, any obs
able shift in the PbTe QW cyclotron resonance energies d
not occur~see Figs. 9,10! and thus its absence rules out d
namic screening.

Finally, we are left with the population effect of nonze
electron density. As worked out by Larsen16 for electrons
confined to a heterojunction, the polaron correction is s
jected to a discontinuity as a function of the filling factorn
of the lower (n50) Landau level atn51 in a 2D electron
system. The filling factor is defined as usual by

n52pn2D
\

M'
2vc

5
n2Dh

eB
. ~18!

We take for the 2D effective mass the value for the tra
verse mass in the longitudinal valley. The consequence
density-dependent polaron corrections is that in a given m

FIG. 11. 2D cyclotron masses of the four MQW’s as deriv
from Fig. 10, as a function of the magnetic field.
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netic field, spin-up and spin-down cyclotron frequencies
come slightly different when these spin states are unequ
populated. In the case of PbTe we restrict the discussio
the spin level (2) of Fig. 1~a!. For the expected polaron
split CR the field isB52.75 T, which yields for a electron
concentration of 1011 cm22 a filling-factor 1,n,2. Thus
this (n50) Landau spin level is fully occupied, and virtua
phonon transitions from the (n51) Landau level to this leve
are forbidden by Pauli’s exclusion principle. The same ar
ments hold also for the other (1) spin Landau levels of Fig.
1~a! for the whole range of magnetic fields in our expe
ments. Thus, for the rather highly populated quantum w
of PbTe in our MQW samples indeed we can rule out a
observability of polaron corrections to the cyclotron res
nance. To lower the filling factor ton<1 at a magnetic field
of B52.75 T, the electron concentration should be decrea
to aboutn2D<6.531010 cm22 in the PbTe quantum wells
From such low-carrier MQW samples, not available at t
time, polaron-corrected cyclotron resonance should be
observed in PbTe-based heterostructures. As shown in
11, obviously the observed increase of the transverse ma
the 2D electrons confined in the PbTe wells can be explai
entirely and quantitatively by the band nonparabolicity
the basis of the (434) k•p Mitchell and Wallis Hamiltonian
used for the EFA calculations.

VI. SUMMARY

Systematic magnetoreflectivity experiments were p
formed on a series of Pb12xEuxTe single epitaxial layers
(0<x<3.43 %! in the far-infrared spectral region in a rang
where resonant electron-LO-phonon interaction occu
These samples exhibit a bulklike behavior and show pinn
phenomena. The cyclotron resonance~CR! transitions ener-
gies of electrons in the longitudinal and the oblique valle
~magnetic-field orientationBuu@111#) are pinned to the LO-
phonon energy and become even split into two branches
spite of the damping, even the upper branch of CR beca
observable in a PbTe epitaxial sample of sufficiently hi
electron mobility (m'53105 cm22/V s). In the frequency
range of interest and in the range of magnetic fields appl
the cyclotron resonance frequency is smaller than
coupled LO-phonon-plasmon frequency of the IV-VI com
pound epilayer, or in the range of the reststraehlen regio
the substrate. Thus, the cyclotron resonance is accompa
by dielectric anomalies and the experimental reflectivity d
do not coincide with the resonance positions. Therefore
experimental magnetoreflectivity data were analyzed wit
model for the frequency and magnetic-field dependence
the dielectric function, were the electron-LO-phonon~Fröh-
lich! interaction was explicitly taken into account, based
Harper’s model. This model starts with ‘‘undressed’’ mass
i.e., the Landau-level calculation is based on a rigid-latt
nonparabolick•p model and includes the Fro¨hlich interac-
tion in a perturbation approach. The polaron terms for b
types of valleys consist of a Drude-like expression with t
square plasma frequency as a prefactor and a complex
pedance factor 1/vZ. All phonon-assisted effects are in
cluded in Z via the Fröhlich parameter a, whereas
the cyclotron frequencies are calculated as ‘‘bare-’’ma
derived quantities. The mass which appears



iv

n
n
o
n
n
b
te

2
n

nt
to
r
F
f
o
n
n

Te
.
f-
u
n-
ion
ron

e

de-

c-
F.
nce.

E,

4618 55SHU YUAN et al.
the plasma frequency prefactor is also a bare mass der
from the rigid-latticek•p model.

For the electrons in the two different types of valleys a
thus with different cyclotron masses, pinning phenome
were clearly observed and quantitatively described. From
experiments and calculations on the cyclotron resona
transitions the two interband momentum matrix eleme
were obtained. Their numerical values compare favora
with a recent experimental determination of band parame
in Pb12xEuxTe as a function ofx, as derived from interband
magneto-optical transitions and coherent anti-Stokes Ram
scattering experiments.

We have also investigated the cyclotron resonance of
electrons confined in the PbTe wells, with widths rangi
from 62 to 118 Å, in PbTe/Pb12xEuxTe MQW structures. In
these samples just the lowest electric subband~associated
with the longitudinal valley! was occupied and the releva
cyclotron mass forBuu@111# is the transverse mass. Due
the narrow gap of PbTe, nonparabolicity effects are clea
observed and quantitatively explained, based on the E
model calculations. The 2D cyclotron resonance masses
low a trend according to which they are inversely prop
tional to the quantum-well gap, i.e., to the lowest interba
transition energyE11 between valence and conductio
electron subbands.

We did not find evidence for resonant 2D carrier-LO
in
t

p
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G

tt
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ed

d
a
ur
ce
ts
ly
rs

an-

D
g

ly
A
ol-
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d
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phonon interaction for the electrons confined in the Pb
QW’s in a series of PbTe/Pb12xEuxTe samples investigated
This finding is attributed to finite-electron concentration e
fects and, in particular, to a filling of the lowest 2D Landa
spin level 02. Also arguments of static and dynamic scree
ing were considered, but were ruled out for the explanat
of the absence of polaron corrections to the 2D cyclot
resonance in PbTe quantum wells.

Note added in proof.Recently, the dependence of th
PB1-xEuxTe energy gap on the Eu contentx has been
checked and it was found that the previously established
pendence~Refs. 1 and 35! has to be modified according to

Eg ~meV!5189.710.48S T2

T129D @K#~127.56x!

14480x.
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