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Optical phonons in Pb,_,Eu, Te epilayers and PbTéEuTe superlattices: Berreman effect
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The frequencies of the zone-center optical phonons in fuTe (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 opticalTO) 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
Pb, _,Eu,Te 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 109'5amin147.2 cm?,
respectively. The phonon dispersion for EuTe with finite wave vectors glbht) has been deduced from the
confinedTO and LO modes observed in (PbT€)EuTe), superlattices.
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[. INTRODUCTION end members PbTe and EuTe, crystallize in M&Cl struc-
ture. As a consequence of thelle of mutual exclusion in
Mn- and Eu-based IV-VI diluted magnetic semiconduc-centro-symmetric crystalsheir zone-center transverse opti-
tors are attractive for basic investigations as well as for opeal (TO) and longitudinal opticalLO) phonons arenfrared
tical applications, due to the magnetism associated with the@llowed but Raman forbidderin contrast to materials with
magnetic constituent (M or EL#*) and the extensive tun- the zinc-blende structure, the TO and LO phonons in mate-
ability of their band gaps from the midinfrared to the visible rials with the NaCl structure are accessible only in infrared
region. Magneto-optical investigations have been reported ispectroscopy. It is possible to resort to defect- or spin-
the entire composition range of PhEuTe including induced one-phonon Raman scattering, but its observation is
EuTel? Mid-infrared lasers based on PhEuTe have ex- experimentally demanding and interpretation less straightfor-
panded the number of lasers that utilize the band-gap engward. In the range of low Eu concentration, and hence nar-
neering of the Pb chalcogenid&s. row energy gaps, Raman scattering using visible excitation is
EuTe is an antiferromagnetic semiconductor with @Ne again not generally profitable in view of the small penetra-
temperature of 9.7 K. Its magnetic properties and bandstrudion depth.
ture have been the subject of several stufiiédts lattice As a consequence of the large electric dipole moment
vibrations have been investigated using magnetic-phasexssociated with the zone-center optical modes of polar crys-
induced Raman scatterif@), infrared reflectiod! and tals like the Pb salts, one can investigate their infrared activ-
absorptioh? spectroscopy. ity in bulk specimens only in reflectivity. The reststrahlen
Modern nonequilibrium growth techniques such as mo-spectrum thus obtained has to be subjected to a curve-fitting
lecular beam epitaxyMBE) have made the fabrication of procedure in whichwtg, the dielectric constantg, ande.. ,
PbTe/EuTe superlattices possible. They have led to studies and the damping constantare the adjustable parameters or
which the magnetic interaction between the EuTe layergexperimental inputs. Thus the frequencies of TO and LO
through the diamagnetic PbTe barriers have been addressedodes are obtained with a computer-intensive procedure.
Such studies are important for obtaining insights into the Barnes and Czerdywere the first to directly measure the
underlying magnetic exchange mechanisms. TO-phonon frequency in thin alkali halide films using trans-
In the context of a complete material characterization, thenission spectroscopy at normal incidence. In contrast, the
importance of lattice vibrational, in addition to electronic andBerreman effedt allows adirect observation oboth kinds
magnetic properties, has been well recognized. Various e®bf phonons in films that are small in thickness compared to
fects involving electron-phonon interaction further under-the wavelength of the electromagnetic radiation correspond-
score the significance of such investigations. Infrared reflecing to that of the reststrahlen band. With radiation at oblique
tion and transmission as well as Raman spectroscopy aiacidence and with the electric vector polarized perpendicu-
typically exploited to discover and delineate important fea-lar to the plane of incidence, i.e., Bpolarization, there is
tures of the phonon dispersion. PREu,Te, including the only one transmission minimum abro, but for the
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electric vector polarized parallel to the plane of incidence, T
i.e., in p polarization, transmission minima are observed at
both wtg andw, 5. At normal incidence, only the minimum

at wto is observed, independent of polarization. Its applica-
tion for the investigation of zinc-blende semiconductor epil-
ayers and superlattices has been exploited by Scietcakl®
Kliewer et al'® and Kliewer and Fuch$'® have analyzed

the transmission and reflectivity of an ionic crystal slab in
terms of virtual modes involving radiative and nonradiative .
mixed excitations. Proix and Balkanikihave summarized
this approach and presented a physical picture more acce:
sible for comparison with experimental results. In particular, €
they show that, for thicknesséd) satisfying (wod/c)<1,
the minima observed in infrared transmission indeed corre-2
spond to the bulkvwto and w o as deduced by Berremath.
The specimens employed in our measurements do indee
fulfill this criterion.

Far-infrared spectroscopy of superlattices has been stud
ied in transmissioff and reflectivity'~2* spectroscopy.

In the present paper, we report the zone-center optica
phonons in MBE-grown films of EuTe and PhEu, Te (O
<x=1) and confined optical phonons in PbTe/EuTe super-
lattices using the Berreman technique. From the superlattice
data, we determine the optical phonon dispersion of EuTe . 7 .
Inelastic neutron scattering as a means of determining the ;g 20 110 130 150 170 190
phonon dispersion curve is not available for EuTe because o Wave number (cm™)
the large absorption cross section of Eu for slow neutfdns.
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FIG. 1. Infrared transmission spectrum of an EuTe epilayer

II. EXPERIMENT measured at 5 K(i) normal incidence andii) oblique incidence.
_ The sharp transmission minima corresponding to TO and LO
A. Sample growth and preparation phonons are identified in the figure with vertical lines.

Pb,_,EuTe layers, 3 to 4.6um in thickness, were
grown directly on(111) BaF, substrates in a RIBER 1000 employing a mercury source and a Mylar beam splitter. No
MBE machine. They were characterized after depOSitiOfpo|arizer was emp|0yed in the experiments; pqpo|arized
with high-resolution x-ray diffraction. As expected for the LO phonon observed in oblique incidence thus appears su-
(111 substrate, the epilayers displayed1d1) orientation.  perposed on the-polarized, unabsorbed radiation. The trans-
The full width at half maximum of thg222) layer peak mission experiment was carried out with a resolution of
increased from~65 arcsec fox=0.02 to 260 arcsec fox =~ 0.5 cm'* and typical spectra were obtained with 50—100
=0.92. The sample withk=0.81 was the only one that did co-additions. A composite Si bolomet&roperating at 4.2 K
not occur in a single phase. The Eu contex} fias been with a long-pass cold filter and cone optics, was used as
obtained using atomic emission spectroscopy and is in good detector. The samples were cooledtK in aJanis Super-
agreement with the values given by the flux calibration ofvaritemp 10DT optical cryost#t with polypropylene
MBE. From Hall measurements, the free-electron concentrayindows.
tions have been deduced to be in the range of
1.1} 10" cm 3 to 4.4x 10 cm™3 for small x, and forx

>0.2, the specimens are semi-insulating. For the PbTe/EuTe lIl. RESULTS AND DISCUSSION
superlattices, a 0.3um to 4 um thick PbTe buffer layer

was grown on thé¢111) BaF, substrate. The superlattice con- A. Zone-center optical phonons in EuTe

sists of 40 to 400 periods of (PbTg(EuTe), with the The infrared transmission spectrum of a/2m thick

number of PbTe monolayers, between 1 and 42 and thQSE EuTe epilayer grown on é111) BaF, substrate is displayed

of EuTe,m, between 1 and 14 monolayers. For the details ofn Fig. 1 for (i) normal and(ii) oblique incidence. One can
the MBE growth and x-ray characterization see Refs. 25-2%early see the minimum corresponding to the zone-center
In order to aYOid Channelling in the infrared transmission, a'ro phonon in both geometries' whereas that Corresponding
wedge was introduced in the Bafsubstrates of all the tg the zone-center LO phonon appears only in oblique inci-
samples. dence. The TO- and LO-phonon frequencies directly read
from the positions marked by dashed lines are 109.5 and
147.2 cm!, respectively. The broad absorption above the

The infrared transmission spectra were recorded with 40O frequency and the structures at 150 and 172° trare

BOMEM DA3 Fourier transform infrared spectromeffr, due to the Baf substraté’?

B. Infrared transmission spectroscopy
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TABLE I. The zone-center TO and LO frequencies of Euife ' T ' T ' T

cm™ 1) obtained from various methods. T=5K

Method TO LO Temperature 5
x=0.91 <

ir reflectivity? 102.3t2 141.5:2 300 K B

Raman 145 18K 8

ir absorptiofi 111.7 2K L

Berreman(present work 109.5 147.2 5K a

%Reference 11.
bReference 10.
‘Reference 12.

ransmission (arb. units)

In Table | we compare our values for the TO and LO
frequencies with those cited in the literature. As can be seeng
the agreement between the low-temperature values is exce
lent. Holahet al* have deduced their values from a fit to the
reflectivity spectrum using a single oscillator model.
Schmutzet all® observed the zone-center LO phonon in
spin-dependent Raman scattering in a magnetic field.
Ikezawa and Suzuki reported the zone-center TO phonon in
the absorption spectrum of evaporated EuTe films, but de-
tected only the infrared-active TO phonon at thepoint,

presumably because they employed normal incidence in thei 70 % 110 130 150 170 190
measurements. The present study on MBE-grown sample Wave number (cm™)

has revealed both TO and LO phonons in the oblique geom- o _

etry. The simplicity of the Berreman technique, the high sig-  FIG. 2. Infrared transmission spectra of,PREUTe epilayers at

nal to noise ratio in the spectra recorded, the sharpness of ti%eK for selected values of. In each pair of spectra shown, the
spectral features at the lower temperature, and the high quafPPer spectrum was recorded at normal and the lower at oblique

ity of the samples have contributed to the quality of theincidence.

results reported here. mode for PbTe in the presence of10t” cm™3 free elec-

From the channeled spectrum in the optical transmissiol, s can be expected to have experienced a shift,to the
well below the band gap of EuTe at 2.27 eV, a refrac“"ehigher-frequency plasmon-phonon coupled mode, at

index (n) of EuTe ofn=2.16 is obtained. From the optical ._5q cm L, based on theory for such excitaticfisHence
dielectric constante.,=n’=4.66 and the Lyddane-Sachs- it is intriguing that the value observed in the present work
Teller relation, i.e. o/ wro) = (€o/€..)"% the static dielec-  coincides with the literature value of the pure LO phonon. A
tric constante, is deduced as 8.42. Our values are consistenpossible speculation is that the observed weak feature origi-
with those reported by Holabt al** nates from an absorption in a surface depletion layer.

The x dependence of the frequencies of the zone-center
optical phonons, i.e., the mode behavior of alloys is usually
classified as “one-mode,” “two-mode,” and ‘“one-two-

Figure 2 shows the transmission spectra of REu,Te  mode,” behavior. Different approaches have been developed
for a representative set af The frequencies of the minima, for predicting such mode behavitt.The simple consider-
labeled as T and LG, are displayed as a function gfin  ation of the absence of an overlap in the reststrahlen bands of
Fig. 3. Asx— 1, they extrapolate to those of the TO and LO the end members of a ternary alloy favors a two mode be-
modes of pure EuTe; the single frequency to which the TChavior in Ph_,EuTe. A criterion based on the relative
and LO values converge as—0 is ascribed to the local masses, however, would predict a one-mode-behaViér.
mode of Eu in PbTe. Whereas the T@ode can be ob- more comprehensive mode criterion based on the Saxon-
served in oblique and normal incidence, the;L@ode only  Hutner theorem, described in Ref. 38, can be formulated in
appears in oblique incidence. Both modes decrease in intefvhich one takes into account the existence or absence of an
sity with decreasing. overlap in the phonon dispersion of the end members. In our

The “PbTe-like” modes are expected to evolve from the case, the frequencies of the PbTe LO phonon and of the
TO- and LO-phonon modes in PbTe at 17 timand EuTe TO phonon come very close, and a small overlap in the
108 cm !, respectively’* The PbTe TO phonon is observed density of states cannot be excluded. Indeed, from calcula-
as a strong and broad absorption band whose range appesicns by Ousakat al3® and neutron data by Cochranal,*°
to extend below 20 cm' where reliable data have yet to be an overlap exists. However, the convergence of the two
obtained. The PbTe LO phonon could be observed in puréEuTe-like” phonon frequencies to that of a local mode as
PbTe at 109 cm'. As expected, it appears in oblique inci- x—0 in Ph_,EuTe suggests a two- rather than one-mode
dence only and is weak compared to the TO phonon. The L®ehavior.

B. Multimode behavior in Pb,_,Eu,Te epilayers
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FIG. 3. The frequencies of the PhEu,Te zone-center optical Wave number (cm™)

phonons and of a disorder induced ma@M) as a function ok. o
The solid lines are a guide to the eye. The weaker LO signatures for FIG. 4. Infrared transmission spectra of (Pbf¢EuTe), su-
x=0.29, x=0.37, andx=0.81 are lost in the noise because of the Perlattices witm=4, 5, and 14. The dashed lines mark the position

specimen quality; for these samples, omly, deduced from the ©Of the confined TO and LO phonons for=4. All the spectra
stronger TO phonon is displayed. shown were obtained in oblique incidence. The feature at

172.5 cm ! is due to an unknown impurity in the BaBubstrate,

. t tin all th les.
For x>0, a mode labeled DM, for disorder mode, ap- not present in &l ine samples

pears, which shows a maximum intensityxat 0.05; it be-
comes weaker and finally disappears for langeEven each constituent with discrete wave vectay$ given byl/n
though it is observed for smatlwith frequencies very close in units of /3/a. It is implicitly assumed that the standing
to the LO-phonon mode of PbTe, we dot ascribe it to the waves are entirely confined without any leakage; this is in
PbTe-like LO phonon for two reason) In contrast to the contrast to similar considerations in, for example, GaAs/
behavior of the 109 cm* minimum in PbTe that disappears AlAs (Ref. 41 and CdTe/ZnTgRef. 42. The good agree-
at normal incidence, it shows no significant dependence oment between a linear chain model and the experimental data
the angle of incidence of radiatio(®) It reaches a maximum justifies this assumption. Heweis the lattice constanfy is
strength arounc=0.05, rather than at=0 as one would the number of monolayers of the material considered, and
expect for PbTe-like LO phonons. We propose that the obthe integell specifies the order of the confined phonon. Only
served DM mode is due to alloy disorder and the associateexcitations with an odd are infrared active, their intensity
breakdown of translational symmetry. The frequency distri-being proportional td ~2.
bution of lattice vibrations of PbTe calculated by Cochesn We investigated confined phonons of EuTe in a series of
al.**indeed shows a distinct peak around 100 ¢pnottoo  (111) (PbTe),/(EuTe), superlattices with EuTe monolayers
different from that of the DM feature. havingn=1 to 14. This has allowed us to determine the
frequencies of phonons witl's along theA direction in the
Brillouin zone. Figure 4 shows a selection of transmission
spectra for different values af with m=3n, obtained at
oblique incidence. The position of the TO phonon does not
Superlattices offer a very attractive opportunity to deduceshow a significant change with but that of the LO phonon
the dispersion curves of optical phonons of the constituenexhibits a distinct shift. At normal incidence, only TO is
layers from infrared and Raman measureméhtsphonons  observed in all the samples. We have assumed that the TO
with frequencies allowed in one of the constituents of thephonons of EuTe are confined in spite of the overlap of the
superlattice cannot propagate in the other, they are desig-O branch of PbTe with the TO branch of EuTe as indicated
nated asconfined Requiring that their amplitudes vanish at by the proximity of EuTETO) at 109.5 cm?® and PbTé.0O)
the layer boundaries, phonons appear as standing waves @ 109 cm®. Our assumption is justified by the difference

C. Confined optical phonons in(PbTe),,/(EuTe),
superlattices: EuTe phonon dispersion
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160 - , . - . for the LO and TO phonons of EuTe, a quantitative correc-
tion for strain has to be deferred. It has also been pointed out
in the literaturé® on the AlAs/GaAs superlattices that inter-
face roughness and disorder effects may have influence on
the phonon frequencies and hence on the dispersion curves.
A quantitative correction of the phonon frequencies would
require detailed knowledge about such imperfections. Also,
x-ray diffraction measurements have shown that MBE allows
the growth of PbTe/EuTe superlattices with excellent struc-
tural properties and smooth heterointerfat®&Ehese consid-
erations can be addressed with a more comprehensive char-
acterization of the nature and concentration of defects, on the
one hand, and model calculations on the other.

150

140

130 - g

Wave number (cm™)

120 | 8 IV. CONCLUDING REMARKS

The present study shows how the Berreman technique can
° ° ° e be profitably applied to investigate phonons in alloys and
110y T0 i superlattices of NaCl structure, where the phonons are Ra-
man forbidden; besides, the longitudinal and transverse char-
acter of the phonons emerge naturally in the Berreman effect
for a high-symmetry direction,111) in our case. Applying
100 . . . - . this technique to a EuTe epilayer, we determine accurate
0 01 P2 i - 0:5 06 low-temperature values for the zone-center TO (109.59m
reduced wave yector(EZ5) (unlts of i) and LO (147.2 cm'') phonons. In Ph_,Eu,Te, the trans-
FIG. 5. The dispersion of the LO and TO phonons of EuTeVerse optical phonon originating from the TO phonon fre-
deduced from the confined optical phonons in (PRTENTe),  quency of pure EuTe can be traced down to a Eu concentra-
along theA direction, i.e., along111). The solid line for the LO  tion of x=0.02, where it appears as a local mode at
phonons is computed from a linear chain model. The line for thel27 cni !, well above the LO frequency of PbTe. Hence, it
TO phonons is a guide to the eye. does not evolve into the TO frequency of PbTe, as would be
required in the one-mode behavior expected from the relative
masses, dielectric constants, and force consfarBarring
in the polarization of the corresponding eigenvectors of thean unlikely mode crossing, we also exclude an LO mode
modes. In samples with=1 andn=2, no sharp minima connecting the LO frequencies of the end members. This
could be seen at the TO and LO positions; in such extremeljeads to the conclusion that PhEuTe showstwo-mode
thin layers, monolayer fluctuations could very well obliteratebehavior with a local mode of Eu in PbTe at 127 crh
the phonon signature. Figure 5 shows the plot of the confineBfrom the investigation of superlattices with several different
phonon frequencies versus wave vector in thalirection.  thicknesses of EuTe, we determine the LO-phonon disper-
The solid line shows the result of a simple linear chain modekion curve of EuTe alongl11) well into the Brillouin zone.
calculation for LO modes, using the force constant as a fitin order to obtain the phonon dispersion for bulk EuTe,
ting parameter. The data points @0 are taken from the Strain corrections are required.
spectra of the 2um EuTe layer; they are lower in frequency
than the value obtained from the extrapolation of the data
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