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Optical phonons in Pb1ÀxEuxTe epilayers and PbTeÕEuTe superlattices: Berreman effect
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The frequencies of the zone-center optical phonons in Pb12xEuxTe (0<x<1) epilayers both grown by
molecular beam epitaxy and of the confined optical phonons in PbTe/EuTe superlattices have been determined
from the transmission minima in the far infrared. With radiation incident on the film normally, only the
transverse optical~TO! phonons can be observed, whereas oblique incidence allows the appearance of the
longitudinal optical~LO! phonons as well, due to the Berreman effect. The first-order infrared spectrum of
Pb12xEuxTe exhibits a pair of ‘‘EuTe-like’’ zone-center optical phonons originating in the localized mode of
Eu in PbTe and evolving into the LO-TO pair of EuTe; the LO modes appear only in the oblique Berreman
geometry, the radiation being polarized in the plane of incidence. From a high-quality EuTe epilayer, the
frequencies of the TO and the LO phonons at 5 K have been determined to be 109.5 cm21 and 147.2 cm21,
respectively. The phonon dispersion for EuTe with finite wave vectors along^111& has been deduced from the
confinedTO and LO modes observed in (PbTe)m /(EuTe)n superlattices.
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I. INTRODUCTION

Mn- and Eu-based IV-VI diluted magnetic semicondu
tors are attractive for basic investigations as well as for
tical applications, due to the magnetism associated with t
magnetic constituent (Mn21 or Eu21) and the extensive tun
ability of their band gaps from the midinfrared to the visib
region. Magneto-optical investigations have been reporte
the entire composition range of Pb12xEuxTe including
EuTe.1,2 Mid-infrared lasers based on Pb12xEuxTe have ex-
panded the number of lasers that utilize the band-gap e
neering of the Pb chalcogenides.3–6

EuTe is an antiferromagnetic semiconductor with a N´el
temperature of 9.7 K. Its magnetic properties and bandst
ture have been the subject of several studies.7–9 Its lattice
vibrations have been investigated using magnetic-ph
induced Raman scattering,10 infrared reflection,11 and
absorption12 spectroscopy.

Modern nonequilibrium growth techniques such as m
lecular beam epitaxy~MBE! have made the fabrication o
PbTe/EuTe superlattices possible. They have led to studie
which the magnetic interaction between the EuTe lay
through the diamagnetic PbTe barriers have been addre
Such studies are important for obtaining insights into
underlying magnetic exchange mechanisms.

In the context of a complete material characterization,
importance of lattice vibrational, in addition to electronic a
magnetic properties, has been well recognized. Various
fects involving electron-phonon interaction further und
score the significance of such investigations. Infrared refl
tion and transmission as well as Raman spectroscopy
typically exploited to discover and delineate important fe
tures of the phonon dispersion. Pb12xEuxTe, including the
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end members PbTe and EuTe, crystallize in theNaCl struc-
ture. As a consequence of therule of mutual exclusion in
centro-symmetric crystals, their zone-center transverse op
cal ~TO! and longitudinal optical~LO! phonons areinfrared
allowed but Raman forbidden. In contrast to materials with
the zinc-blende structure, the TO and LO phonons in ma
rials with the NaCl structure are accessible only in infrar
spectroscopy. It is possible to resort to defect- or sp
induced one-phonon Raman scattering, but its observatio
experimentally demanding and interpretation less straight
ward. In the range of low Eu concentration, and hence n
row energy gaps, Raman scattering using visible excitatio
again not generally profitable in view of the small penet
tion depth.

As a consequence of the large electric dipole mom
associated with the zone-center optical modes of polar c
tals like the Pb salts, one can investigate their infrared ac
ity in bulk specimens only in reflectivity. The reststrahle
spectrum thus obtained has to be subjected to a curve-fi
procedure in whichvTO, the dielectric constantse0 ande` ,
and the damping constantg are the adjustable parameters
experimental inputs. Thus the frequencies of TO and
modes are obtained with a computer-intensive procedure

Barnes and Czerny13 were the first to directly measure th
TO-phonon frequency in thin alkali halide films using tran
mission spectroscopy at normal incidence. In contrast,
Berreman effect14 allows adirect observation ofboth kinds
of phonons in films that are small in thickness compared
the wavelength of the electromagnetic radiation correspo
ing to that of the reststrahlen band. With radiation at obliq
incidence and with the electric vector polarized perpendi
lar to the plane of incidence, i.e., ins polarization, there is
only one transmission minimum atvTO, but for the
©2001 The American Physical Society16-1



ce
a

ca
il

in
ve

c
ar

rre

e

tu

ic

e
tti
T
th

e
s.

0
io
e

d

oo
o
tr
o

u

n-

e
o
2
,

h
,

No

su-
s-
of

00

as

nter
ing
ci-
ad

and
he

yer

LO

M. AIGLE et al. PHYSICAL REVIEW B 64 035316
electric vector polarized parallel to the plane of inciden
i.e., in p polarization, transmission minima are observed
bothvTO andvLO . At normal incidence, only the minimum
at vTO is observed, independent of polarization. Its appli
tion for the investigation of zinc-blende semiconductor ep
ayers and superlattices has been exploited by Sciaccaet al.15

Kliewer et al.16 and Kliewer and Fuchs17,18 have analyzed
the transmission and reflectivity of an ionic crystal slab
terms of virtual modes involving radiative and nonradiati
mixed excitations. Proix and Balkanski19 have summarized
this approach and presented a physical picture more ac
sible for comparison with experimental results. In particul
they show that, for thicknesses~d! satisfying (vTOd/c)!1,
the minima observed in infrared transmission indeed co
spond to the bulkvTO andvLO as deduced by Berreman.14

The specimens employed in our measurements do ind
fulfill this criterion.

Far-infrared spectroscopy of superlattices has been s
ied in transmission20 and reflectivity21–23 spectroscopy.

In the present paper, we report the zone-center opt
phonons in MBE-grown films of EuTe and Pb12xEuxTe (0
<x<1) and confined optical phonons in PbTe/EuTe sup
lattices using the Berreman technique. From the superla
data, we determine the optical phonon dispersion of Eu
Inelastic neutron scattering as a means of determining
phonon dispersion curve is not available for EuTe becaus
the large absorption cross section of Eu for slow neutron24

II. EXPERIMENT

A. Sample growth and preparation

Pb12xEuxTe layers, 3 to 4.6mm in thickness, were
grown directly on~111! BaF2 substrates in a RIBER 100
MBE machine. They were characterized after deposit
with high-resolution x-ray diffraction. As expected for th
~111! substrate, the epilayers displayed a~111! orientation.
The full width at half maximum of the~222! layer peak
increased from;65 arcsec forx50.02 to 260 arcsec forx
50.92. The sample withx50.81 was the only one that di
not occur in a single phase. The Eu content (x) has been
obtained using atomic emission spectroscopy and is in g
agreement with the values given by the flux calibration
MBE. From Hall measurements, the free-electron concen
tions have been deduced to be in the range
1.131017 cm23 to 4.431017 cm23 for small x, and for x
.0.2, the specimens are semi-insulating. For the PbTe/E
superlattices, a 0.3mm to 4 mm thick PbTe buffer layer
was grown on the~111! BaF2 substrate. The superlattice co
sists of 40 to 400 periods of (PbTe)n /(EuTe)m with the
number of PbTe monolayers,n, between 1 and 42 and thos
of EuTe,m, between 1 and 14 monolayers. For the details
the MBE growth and x-ray characterization see Refs. 25–
In order to avoid channeling in the infrared transmission
wedge was introduced in the BaF2 substrates of all the
samples.

B. Infrared transmission spectroscopy

The infrared transmission spectra were recorded wit
BOMEM DA3 Fourier transform infrared spectrometer30
03531
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employing a mercury source and a Mylar beam splitter.
polarizer was employed in the experiments; thep-polarized
LO phonon observed in oblique incidence thus appears
perposed on thes-polarized, unabsorbed radiation. The tran
mission experiment was carried out with a resolution
0.5 cm21 and typical spectra were obtained with 50–1
co-additions. A composite Si bolometer,31 operating at 4.2 K
with a long-pass cold filter and cone optics, was used
a detector. The samples were cooled to 5 K in aJanis Super-
varitemp 10DT optical cryostat32 with polypropylene
windows.

III. RESULTS AND DISCUSSION

A. Zone-center optical phonons in EuTe

The infrared transmission spectrum of a 2mm thick
EuTe epilayer grown on a~111! BaF2 substrate is displayed
in Fig. 1 for ~i! normal and~ii ! oblique incidence. One can
clearly see the minimum corresponding to the zone-ce
TO phonon in both geometries, whereas that correspond
to the zone-center LO phonon appears only in oblique in
dence. The TO- and LO-phonon frequencies directly re
from the positions marked by dashed lines are 109.5
147.2 cm21, respectively. The broad absorption above t
LO frequency and the structures at 150 and 172 cm21 are
due to the BaF2 substrate.33

FIG. 1. Infrared transmission spectrum of an EuTe epila
measured at 5 K:~i! normal incidence and~ii ! oblique incidence.
The sharp transmission minima corresponding to TO and
phonons are identified in the figure with vertical lines.
6-2
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In Table I we compare our values for the TO and L
frequencies with those cited in the literature. As can be se
the agreement between the low-temperature values is e
lent. Holahet al.11 have deduced their values from a fit to th
reflectivity spectrum using a single oscillator mod
Schmutzet al.10 observed the zone-center LO phonon
spin-dependent Raman scattering in a magnetic fi
Ikezawa and Suzuki12 reported the zone-center TO phonon
the absorption spectrum of evaporated EuTe films, but
tected only the infrared-active TO phonon at theG point,
presumably because they employed normal incidence in t
measurements. The present study on MBE-grown sam
has revealed both TO and LO phonons in the oblique ge
etry. The simplicity of the Berreman technique, the high s
nal to noise ratio in the spectra recorded, the sharpness o
spectral features at the lower temperature, and the high q
ity of the samples have contributed to the quality of t
results reported here.

From the channeled spectrum in the optical transmiss
well below the band gap of EuTe at 2.27 eV, a refract
index ~n! of EuTe of n52.16 is obtained. From the optica
dielectric constante`5n254.66 and the Lyddane-Sach
Teller relation, i.e. (vLO /vTO)5(e0 /e`)1/2, the static dielec-
tric constante0 is deduced as 8.42. Our values are consis
with those reported by Holahet al.11

B. Multimode behavior in Pb1ÀxEuxTe epilayers

Figure 2 shows the transmission spectra of Pb12xEuxTe
for a representative set ofx. The frequencies of the minima
labeled as TO1 and LO1, are displayed as a function ofx in
Fig. 3. Asx→1, they extrapolate to those of the TO and L
modes of pure EuTe; the single frequency to which the
and LO values converge asx→0 is ascribed to the loca
mode of Eu in PbTe. Whereas the TO1 mode can be ob-
served in oblique and normal incidence, the LO1 mode only
appears in oblique incidence. Both modes decrease in in
sity with decreasingx.

The ‘‘PbTe-like’’ modes are expected to evolve from t
TO- and LO-phonon modes in PbTe at 17 cm21 and
108 cm21, respectively.34 The PbTe TO phonon is observe
as a strong and broad absorption band whose range ap
to extend below 20 cm21 where reliable data have yet to b
obtained. The PbTe LO phonon could be observed in p
PbTe at 109 cm21. As expected, it appears in oblique inc
dence only and is weak compared to the TO phonon. The

TABLE I. The zone-center TO and LO frequencies of EuTe~in
cm21) obtained from various methods.

Method TO LO Temperature

ir reflectivitya 102.362 141.562 300 K
Ramanb 145 1.8 K
ir absorptionc 111.7 2 K
Berreman~present work! 109.5 147.2 5 K

aReference 11.
bReference 10.
cReference 12.
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mode for PbTe in the presence of;1017 cm23 free elec-
trons can be expected to have experienced a shift tov1 , the
higher-frequency plasmon-phonon coupled mode,
;200 cm21, based on theory for such excitations.35 Hence
it is intriguing that the value observed in the present wo
coincides with the literature value of the pure LO phonon.
possible speculation is that the observed weak feature o
nates from an absorption in a surface depletion layer.

The x dependence of the frequencies of the zone-ce
optical phonons, i.e., the mode behavior of alloys is usua
classified as ‘‘one-mode,’’ ‘‘two-mode,’’ and ‘‘one-two
mode,’’ behavior. Different approaches have been develo
for predicting such mode behavior.36 The simple consider-
ation of the absence of an overlap in the reststrahlen band
the end members of a ternary alloy favors a two mode
havior in Pb12xEuxTe. A criterion based on the relativ
masses, however, would predict a one-mode-behavior.37 A
more comprehensive mode criterion based on the Sax
Hutner theorem, described in Ref. 38, can be formulated
which one takes into account the existence or absence o
overlap in the phonon dispersion of the end members. In
case, the frequencies of the PbTe LO phonon and of
EuTe TO phonon come very close, and a small overlap in
density of states cannot be excluded. Indeed, from calc
tions by Ousakaet al.39 and neutron data by Cochranet al.,40

an overlap exists. However, the convergence of the
‘‘EuTe-like’’ phonon frequencies to that of a local mode
x→0 in Pb12xEuxTe suggests a two- rather than one-mo
behavior.

FIG. 2. Infrared transmission spectra of Pb12xEuxTe epilayers at
5 K for selected values ofx. In each pair of spectra shown, th
upper spectrum was recorded at normal and the lower at obl
incidence.
6-3
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For x.0, a mode labeled DM, for disorder mode, a
pears, which shows a maximum intensity atx50.05; it be-
comes weaker and finally disappears for largex. Even
though it is observed for smallx with frequencies very close
to the LO-phonon mode of PbTe, we donot ascribe it to the
PbTe-like LO phonon for two reasons:~1! In contrast to the
behavior of the 109 cm21 minimum in PbTe that disappear
at normal incidence, it shows no significant dependence
the angle of incidence of radiation.~2! It reaches a maximum
strength aroundx50.05, rather than atx50 as one would
expect for PbTe-like LO phonons. We propose that the
served DM mode is due to alloy disorder and the associa
breakdown of translational symmetry. The frequency dis
bution of lattice vibrations of PbTe calculated by Cochranet
al.40 indeed shows a distinct peak around 100 cm21, not too
different from that of the DM feature.

C. Confined optical phonons in„PbTe…m Õ„EuTe…n

superlattices: EuTe phonon dispersion

Superlattices offer a very attractive opportunity to dedu
the dispersion curves of optical phonons of the constitu
layers from infrared and Raman measurements.41 If phonons
with frequencies allowed in one of the constituents of
superlattice cannot propagate in the other, they are de
nated asconfined. Requiring that their amplitudes vanish
the layer boundaries, phonons appear as standing wav

FIG. 3. The frequencies of the Pb12xEuxTe zone-center optica
phonons and of a disorder induced mode~DM! as a function ofx.
The solid lines are a guide to the eye. The weaker LO signature
x50.29, x50.37, andx50.81 are lost in the noise because of t
specimen quality; for these samples, onlyvTO deduced from the
stronger TO phonon is displayed.
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each constituent with discrete wave vectorsuql u given byl /n
in units of pA3/a. It is implicitly assumed that the standin
waves are entirely confined without any leakage; this is
contrast to similar considerations in, for example, GaA
AlAs ~Ref. 41! and CdTe/ZnTe~Ref. 42!. The good agree-
ment between a linear chain model and the experimental
justifies this assumption. Herea is the lattice constant,n is
the number of monolayers of the material considered,
the integerl specifies the order of the confined phonon. On
excitations with an oddl are infrared active, their intensity
being proportional tol 22.

We investigated confined phonons of EuTe in a series
~111! (PbTe)m /(EuTe)n superlattices with EuTe monolayer
having n51 to 14. This has allowed us to determine t
frequencies of phonons withq’s along theL direction in the
Brillouin zone. Figure 4 shows a selection of transmiss
spectra for different values ofn with m53n, obtained at
oblique incidence. The position of the TO phonon does
show a significant change withn, but that of the LO phonon
exhibits a distinct shift. At normal incidence, only TO
observed in all the samples. We have assumed that the
phonons of EuTe are confined in spite of the overlap of
LO branch of PbTe with the TO branch of EuTe as indica
by the proximity of EuTe~TO! at 109.5 cm21 and PbTe~LO!
at 109 cm21. Our assumption is justified by the differenc

or FIG. 4. Infrared transmission spectra of (PbTe)3n(EuTe)n su-
perlattices withn54, 5, and 14. The dashed lines mark the positi
of the confined TO and LO phonons forn54. All the spectra
shown were obtained in oblique incidence. The feature
172.5 cm21 is due to an unknown impurity in the BaF2 substrate,
not present in all the samples.
6-4
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in the polarization of the corresponding eigenvectors of
modes. In samples withn51 and n52, no sharp minima
could be seen at the TO and LO positions; in such extrem
thin layers, monolayer fluctuations could very well oblitera
the phonon signature. Figure 5 shows the plot of the confi
phonon frequencies versus wave vector in theL direction.
The solid line shows the result of a simple linear chain mo
calculation for LO modes, using the force constant as a
ting parameter. The data points atq50 are taken from the
spectra of the 2mm EuTe layer; they are lower in frequenc
than the value obtained from the extrapolation of the d
from superlattices. This discrepancy appears to be relate
the strain produced by the lattice mismatch between E
and PbTe.27 In contrast, the 2mm thick EuTe epilayer,
grown directly on the BaF2 substrate, can be assumed to
completely relaxed. In this context, our LO and TO phon
dispersion relation are characteristic of strained layers. In
absence of the values for the deformation potential const

FIG. 5. The dispersion of the LO and TO phonons of Eu
deduced from the confined optical phonons in (PbTe)m(EuTe)n
along theL direction, i.e., alonĝ 111&. The solid line for the LO
phonons is computed from a linear chain model. The line for
TO phonons is a guide to the eye.
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for the LO and TO phonons of EuTe, a quantitative corr
tion for strain has to be deferred. It has also been pointed
in the literature23 on the AlAs/GaAs superlattices that inte
face roughness and disorder effects may have influence
the phonon frequencies and hence on the dispersion cu
A quantitative correction of the phonon frequencies wou
require detailed knowledge about such imperfections. A
x-ray diffraction measurements have shown that MBE allo
the growth of PbTe/EuTe superlattices with excellent str
tural properties and smooth heterointerfaces.26 These consid-
erations can be addressed with a more comprehensive c
acterization of the nature and concentration of defects, on
one hand, and model calculations on the other.

IV. CONCLUDING REMARKS

The present study shows how the Berreman technique
be profitably applied to investigate phonons in alloys a
superlattices of NaCl structure, where the phonons are
man forbidden; besides, the longitudinal and transverse c
acter of the phonons emerge naturally in the Berreman ef
for a high-symmetry direction,̂111& in our case. Applying
this technique to a EuTe epilayer, we determine accu
low-temperature values for the zone-center TO (109.5cm21)
and LO (147.2 cm21) phonons. In Pb12xEuxTe, the trans-
verse optical phonon originating from the TO phonon fr
quency of pure EuTe can be traced down to a Eu concen
tion of x50.02, where it appears as a local mode
127 cm21, well above the LO frequency of PbTe. Hence,
does not evolve into the TO frequency of PbTe, as would
required in the one-mode behavior expected from the rela
masses, dielectric constants, and force constants.37 Barring
an unlikely mode crossing, we also exclude an LO mo
connecting the LO frequencies of the end members. T
leads to the conclusion that Pb12xEuxTe showstwo-mode
behavior with a local mode of Eu in PbTe at 127 cm21.
From the investigation of superlattices with several differe
thicknesses of EuTe, we determine the LO-phonon disp
sion curve of EuTe alonĝ111& well into the Brillouin zone.
In order to obtain the phonon dispersion for bulk EuT
strain corrections are required.
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