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Abstract

Raman scattering spectra as well as results of galvanomagnetic, X-ray and ultrasonic measurements @&, FhFe0.02 and 0.05)
mixed crystals in the temperature range from 10 to 300K are presented. A structural phase transitionat a6 for x = 0.05 was
detected, whereas for samples with 0.02, the phase transition was not observed. The two TO/LO mode pairs of RBTmixed crystals
are determined from Raman spectra at all temperatures, and according to that we found that the optical phonon modes of these mixed cryst:
showed a two-mode behaviour. The model of phonon behaviour based on the model of Genzel et al. was applied. One additional mode, :
about 75 cm?, the intensity of which is connected with off-center sulphur ions, is observed in all samples. Our results suggest that the only
reason for complex phase transition in PhT&, systems may be the off-center sulphur ions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction IV=VI cation-substituted solid solutions in which at least one
of the end-member binary components is ferroeled@]c

The low-temperature ferroelectric phase transition is an Namely, PbTe and PbS are paraelectric at all temperatures.
interesting feature of some IV-=VI semiconductors. Two Second, although PbTe itself is not ferroelectric, the addition
different approaches have been proposed to explain theof only 2% of S to PbTe induces the phase transition and, for
appearance of ferroelectricity in IV=VI semiconductors: the higher concentrationdl; is a strongly non-linear function
ferroelectric phase transition in GeTe, SnTe and RBn, Te of x. Third, the PbTe_,S, alloys may undergo a complex
was explained by the softening of TO-mode at gamma phase transition: a coupled orientational order—disorder and
point of the Brillouin zone[1,2], while the transition in displacive ferroelectric phase transitions (FPT), where the
Pb;_ ,Ge, Te was attributed to the ordering of dipoles formed long-range ordering of dipoles created by off-center sulphur
by off-center iong3,4]. ions may induce the bulk displacive FIPIO].

PbTe_,S, is a narrow gap semiconductor with a direct The phonon properties of Pbile, S, are not studied yet.
gap in the infrared domaifb]. Recent experimental studies But it is obvious that one cannot treat PhTgS, alloys by
[5-8], indicate that there is a second-order phase transitionsimply interpolating the phonon behaviour between two end-
in the PbTe_, S, system. Its ferroelectric nature was proved point materials. Also, the subject of the investigation were
by dielectric measuremenfS]. The phase transition in the mixed crystals with a relatively high concentration of sul-
PbTe_ .S, alloy system has several interesting anomalies. phur[10]. Raman spectroscopy is a powerful technique for
First, these alloys are different from the previously studied investigation in this field.

In our paper Raman spectra were measured on two sam-
msponding author. Tel.: +381-11-3160-346; p_Igs o_f PbTe_,S;: in the composition, where the phase tran-
fax: +381-11-3161-190. sition is not observedk(= 0.02), and on the sample where the

E-mail addressromcevi@phy.bg.ac.yu (N. Ratevic). complex phase transition exists£ 0.05).
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2. Experiment Bry in an HBr at room temperature after exposure for 3 min.
We successfully used this solution for PhMn, Te alloys
Single crystals of Pbhe .S, alloys were grown by  [12], but the exposure time for this system was 2 min.
the vapour—liquid—solid (VLS) technique, using metal and  The widely known etch pit technique is very suitable for
chalcogenide atoms of high purity as source materials. Thethe study of crystalline solids. For such studies, cleavage

details of the growth procedure can be founfbin The chem- planes are often preferred to the mature surface, because the
ical composition of the samples was controlled by X-ray mi- former are free from the usual growth features and the char-
croprobe investigation. acteristic surface marking which affects each pattern pro-

Characterization of the obtained samples was carried outduced. As in the case for the chemical polishing, we used
by: a mixture of 20g KOH in 1 ml HO, at room temperature

. ] ] ) ) as etching solution for PbTexS,. The exposure time was

o X-ray diffraction analysis (powder diffractometer Siemens 7 min, 1 min longer than for Rb,Mn,Te alloys[12]. The
D500 with Cu K,, Ni-filtered radiation, in the diffraction  gtching produced sizable pits with a characteristic shape for
angle range2=25-100); _ the [1 0 0] plane. The microscopic observation of chemically

e transport measurements: resistivitfT) was determlned etched [100] surfaces also revealed other structural char-
in the Van der Pauw contact geometry. The size of the ycteristics. It was confirmed that low-angle grain boundary
samples was about 3.5 mm in diameter with a thickness of fq¢ PbTe_.S, single crystals were obtained, and no cellu-
about 0.75mm. The current through the samplesias |5y structure and metal inclusions were observed. The other
10 mA;- o structural characteristics were obtained by the XRD powder

e acoustic measurements: the sample has a d|sI§—I|ke formtechnique. The unit cells of PbTe, S, were calculated by a
with the dimensions 1 10 x 10 mn?. The direction of _least square method (presented in the inseFigf 1), and
acoustic wave propagation was [0 0 1]. For the generation obey Vegard’s rul§l3]. Fig. 1presents X-ray diffractograms
of ultrasound, the effect of direct transformation of elec- ¢, powdered PbTe ,S,. The refracting planes are denoted
tromagnetic waves into ultrasound waves is U3ddl Be-  py (hk)) indices and they correspond to literature data [JCPDS
cause of that, on both sample plane surfaces [00 1] thin 38-1435], except the reflection a# 2~ 38° (denoted by
conductivity aluminium layers (tm) were created. Ap- *), which corresponds to PbS [JCPDS 20-0596]. RTS8,
plying electromagnetic waves on metal surface producesig 5 pseudo-binary alloy (PbTe-PbS) with rock salt struc-
ultrasound when a constant magnetic field is present. EX'ture, and a content of 5% S can be detected by the X-ray
citation is induced by the Lorentz interaction between the technique.

magnetic field Kio) and the metal sample free electrons.  The temperature dependencies of the resistiv{f) for
Using this method, it is possible to excite and detect both 4,4 PbTa_,S. samples are given ifiig. 2 (denoted by o

transverse (f) and longitudinal (I) ultrasound waves, by anq + forx = 0.02 and 0.05, respectively). For the sample
changing the space orientation of the applied constantmag-ith x = 0.05 we found a local maximum in the resistivity
netic field. A pair of solenoids around the sample realizes ¢,ve at abouT = 60 K (arrow inFig. 2) with a width AT =

excitation and detection of ultrasound oscillations. Theres- 5 k |n the boundary compounds (PbTe and PiS] and in
onance characteristics of the surface sample impedance ibeTe) 980,02 Such behaviour is not observed.

registered when the ultrasound waves are present in the  Tp¢ temperature dependencies of the velocity of longi-
sample is an object of the experimental obs_ervations. Thet,dinal ) and transverseS) ultrasonic wave propagating
resonance frequencf_y detect_ed under standing Waves 0N 4jong the [0 0 1] direction for the PbggsSo.os single crystal
the thicknessl of the installation allows the calculation of 5.6 shown iFig. 3 NearT ~ 60 K there is an evident anomaly
the ultrasound velocity valug +. The accuracy of acous-  represented by an abrupt change in velocity of the longitu-
tic viave frequencyf(; =n§4/2d,n=1,3,..) detectionis  ing| ultrasound waveAS/'S~2.8%), while the change in
107>. The intensity of the magnetic field during the mea- \g|ocity of the transverse ultrasound wave is much smaller
surements wallo = 50 kO at the frequendy~ 50 Hz. (ASS ~ 0.2%). The smaller anomaly, which can be seen
e The Raman spectra were taken with the 514.5nm and;, the curve of temperature dependency of transversal ultra-
488 nm lines of an Ar laser using a Dilor multichannel Ra-  5ond wave velocity, is a result of the significantly smaller
man spectrometer equipped with a liquid-nitrogen-cooled (o or three times) sensitivity of the displacement module
charge-coupled-device detector. on compression fluctuation near the phase transition temper-
ature.
2.1. Sample characterization The registered anomalyigs. 2 and Bis a result of the
ferroelectric phase transition. The exact phenomena of the
The samples were cut parallel to [100] (the cleavage ferroelectric phase transition in the PhTgS, mixed crys-
plane) with an inner blade diamond cutter and then me- tals are not clearly understood yet. But, as we have already
chanically polished. We did not find solutions for chemical mentioned, the only reason for the registered complex phase
polishing and etching of PbTe, S, alloys in the literature. transition and ferroelectrivity in PbTe,S, may be the off-
Chemical polishing was carried out with solutions of 5vol.% centering of the S atoms. An off-center site is favoured when
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Fig. 1. X-ray diffractogram of PbTe .S, single crystals. Inset: the lattice parameters. concentration)). Parameters for the end membe®g (vere taken
from [13].

a large ionic size difference causes a decrease in repulsiveabout half of that for T& (S°~: 5.0, Té—: 10.0), it is very
force because of reduced ionic overlap, and a large differ- likely that $ is displaced from the normaFs site, form-
ence between the polarizability of an impurity ion and that ing a permanent dipole. The sulphur ions are off-center in
of the lattice it replaces results in a decrease in polarization both high- and low-temperature phases. The corresponding
energy[14]. The polarization force tends to drive the im- off-center displacement of the ions depends strongly on the
purity ion towards the neighbour ions, while the repulsive sulphur concentration. The magnitude of the off-center dis-
force tends to keep the impurity ion in the lattice site. The placement of the ions is important in the physics of these
balance point of these two forces is the actual position of materials. The larger the displacement, i.e. the larger the
the impurity ion, which is off the normal lattice site posi- magnitude of the dipole moment, the stronger is its effect
tion. The replacement of ¥e by & in PbTe_,S, satis- on the phase-transition-related properties. The off-center S
fies these conditionL0]. Namely, the ionic radius of S ions are randomly oriented in different [1 1 1] directions in
is 1.90A and that of T&~ is 2.22A. Since the - is about the high temperature phase. These off-center ions form local
0.32A smaller than T& and the polarizability of % is electric dipoles that undergo an orientational order—disorder
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single crystal.

transition, which in turn may induce the displacive transition. 3. Raman spectra : results and discussion

So, this system involves an effective double-phase-transition:

an order—disorder ferroelectric phase transition due to the

The non-polarized Raman spectra of PRTeS, in the

alignment of the off-center S ions along the [111] direc- spectral range from 25 to 220 crhat temperature between
tion, and a bulk displacive FPT along the same [111] di- 20 and 300K are shown iRig. 4 Experimental results are

rection[10] at temperatur@; = 60K, for x = 0.05 in our

case.

presented by circles. Full lines are results of application of

deconvolution, which will be described later (sE. 5).
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Fig. 4. Non-polarized Raman scattering spectra of PbJ®, mixed crystals at different temperatures: Xa 0.02; (b)x = 0.05.

The samples were polished just before measurement in or-3.1. Phonon properties of Pbile, S, mixed crystals
der to prevent the formation of the Te@nd PbO layer.

Because of that, the intensity of its mofes] is very low. In this part of the paper we applied a model for phonon
In all samples three dominant structures at about 40, 100mode behaviour forthe ternary compound AB,C based on
and 150cm?! are clearly observed. At temperaturés< the model of Genzel et dl19], and then check the agreement
100K, an additional mode at about 75This registered between theoretical and experimental results.

in the sample withx = 0.05. Also, at the same tempera- In our calculations the basic assumptions of the REI model
ture, the complex nature of structure at about 150tiis [20] are employed. For mixed crystals of A.B,C type they
visible. may be formulated as follows:

Raman spectra are often analysed with the help of a . . ]
Lorentzian function or by the convolution of a Lorentzian ® the crystal lattice of a mixed system comprises two sub-
and Gaussian curvg$6,17]. As the quality of the spectra in lattices, one of them occupied by C atoms only and the
Fig. 4is such that it allows only a quantitative analysiswitha ~ Second statistically occupied by A and B atoms;
partial discussion of the trend, we assume that all lines are of ® the atoms of the same kind vibrate in the same phase and
Lorentzian type. A typical line shape obtained in this way is ~ With the same amplitude;
shown inFig. 5 This picture is characteristic forA,B,C » each atom is subjected to the forces produced by the sta-
alloys with relatively smalk [18]. In that way, we registered tistical average of the surrounding atoms.
five lines the position and intensity of which depend on com- If we take into account the influence of the effective elec-

position and temperature. tric field on the motion of the atoms in Te,S,Pb, the fol-

In principle, PbTe and PbS crystallize in the cubic NaCl lowing equations of motion for Te, S and Pb atoms could be
type structure (@space group symmetry), and the first order written: '

Raman modes are not active. In our opinion, off-centered

sulphur atoms are responsible for the Raman activity in i, = — Fip(ut — up) — x Frs(ut — us) + etpEoc (1)
PbTe_,S, systems. As we shall see later four of the reg-

istered modes are phonon lines and satisfy the so calledmsiis = —Fsp(is — up) — (1 — x) Fis(us — ut) + espEioc (2)
two-mode behaviour, and the mode at 75¢nis strongly
connected with the ferroelectric phase transition and repre- ..
sents the phonon density of states of the RbT8, mixed mpiip = —xFsplup = us) = (1 = x) Fiplup — 1)

crystals. —[(1 — x)etp + xespl Eioc 3)
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Fig. 5. The results of the application of the deconvolution on the spectrum
of PbTe_,S;: (@)x=0.02 (T = 60K), and (b)x = 0.05 (T = 60 K).

wherem, msandmy, are the masses of the atoms Te, S and Pb,
g, Us anduy, are the displacements;, andFsp are the force
constants between the nearest neighbdugsis the force
constant between the second neighbours Te and Sggnd
andegp are the effective charges of the corresponding binary
compoundsEjq is a local electric field defined if21];

E\oc

(4)
()

&, as andap are electronic polarizabilities of the ions Te, S
and Pb. The volume of the primitive cellis given byv =
a®/4, wherea is the lattice parameter of the cubic crystals,
which vary with compositiona(x) = ag + (asp—atp)X, where
ayp andagp are lattice parameters of corresponding binary
compounds PbTe and PbS. As we see figign 1, this as-
sumption is justified¢ is constant, and its value &TO) =
3/4x for transverse modes, ag{lL.O) = —3/8x for longitu-
dinal modes.

The microscopic parameters Bfjs. (1)—(5)are related

= %[(1 — X)etp(ut — up) + xesp(us — up)]

n = v€ — [(1 — x)(ot + orp) + x(ets + cp)]

29
Table 1
Parameters in the model for PhTgS,
a(10m) wro ®Lo 0 foo Reference
(em™y  (em™)
PbTe 6.44 46 114 400 65.13[13]
PbS 5.97 66 216 175 16.34[13]

The force constants between the second neighbours were
determined from impurity modes. In the case of sulphur im-
purity mode in PbTe, we assume its position from experiment
(151 cnm ). The position of Te impurity in PbS was estimated
in the simplest way, which is described in detai[22]:

msg —1
®ITe = @TOPLS [ — = 33CM
\ my

The curves shown irFig. 6 were obtained by solving
Egs. (1)—(5) The experimental values for TO and LO
modes are marked by full circle®], the values taken
from literature—by full squared), and values for impurity
modes by open circleg ). Agreement between experimen-
tal and theoretical results is very good, with regard to the
approximations on which these models are based.

The results shown irFig. 6 suggest that the optical
phonons in PbTe S, mixed crystals have a well-known
two-mode behaviour, according to the notation of Genzel et
al.[19].

(6)

3.2. Nature of the mode at 75 cth

The temperature dependence of the mode at about
75 cnt ! for both samples is presented Biy. 7. In the case
of the sample withx = 0.02, the mode intensity is relatively
low, and the changes remain within the error range with de-
creasing temperature. For the sample with 0.05, the in-
tensity of this mode is low at high temperatures, and there is
not significant difference from the = 0.02 sample. Below
about 100K, a modest increase of the mode intensity is ob-
served in the sample with= 0.05. AtT ~ 60K, there is a
strong increase of the mode intensity. With further tempera-
ture decrease, the increase of the mode intensity is weak and
hardly noticeable. This kind of temperature dependence of
the mode intensity has not been observed in the case of other
PbTe based systems, as far as we know.

This mode can not be the sulphur local mode, because
if the semiconductor is doped with a substitutional impurity
[23] (in this case sulphur), and when the substitution involves
the atoms of lighter mass (in this case Te), a lighter impurity
leads to a localized mode which rises out of the top of the
optical band. As we see frofig. 6the position of this mode
is about 151 cm®. But, the influence of the impurity may
be seen as amplification of the host crystal mode intensities,

to macroscopic parameters according to usual Born—Huangwhich are in some way forbidden (by the selection rules, or

procedurg19]. We assumed that the force constant between
the nearest neighbours does not vary with composk[&8].
Macroscopic parameters are givenleble 1

these are second order modes, etc.), whereas the mentioned
modes have definite phonon state density. The mode position
observed at about 75 cthis equal to the Brillouin zone edge
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mode in [0 0 1] direction. The phonon density of state of PbTe sample withx = 0.05, and further temperature decrease does
has a maximum atthese frequend®4. Due to the tempera-  not affect this mode intensity.

ture dependence of the mode intensity, we assume thatitis the

consequence of the already described off-center phenomena

of sulphur in PbT_,S,. At relatively high temperatures, the 4. Conclusion

off-centers are randomly oriented, so the mode intensity con-

nected with them is low. The off-center and electrical dipole  In this paper we analysed phonon properties of two sam-
ordering during the phase transition affect the crystal polar- ples of PbTe_,S,: one withx = 0.02, where phase transition
izability, and intensity of this mode increases. This kind of is not observed and the other with= 0.05, where we con-
behaviour is stable above the temperaflire 60 K for the firmed the existence of acomplex phase transitidn=60 K.
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The long wavelength optical phonon modes of these mixed [8] A.I. Dmitriev, V.I. Lazorenko, V.I. Litvinov, G.V. Lashkarev, Pis'ma
crystals showed a two-mode behaviour. An additional mode  Zh. Eksp. Teor. Fiz. 47 (1988) 576 [JETP Lett. 47 (1988) 669].
at 75cntlis induced by the off-center sulphur ions. and its [9] G. Hohler, Dynamical properties of IV-VI Compounds, Springer-
. . . \ Verlag, Berlin, 1983.

intensity is strongly connected with the phase transition and

the nature of these centers.
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