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Abstract: Pby_Mn, Te crystals were obtained by the Bridgman method and PbTe,_,S,
crystals were grown by the vapour—liquid—solid technique. The structural properties
of Pb;_Mn,Te (x <0.10) and PbTe;_,S (x < 0.05) were observed by X-ray powder
diffraction analysis. The optical properties were studied by Raman spectroscopy as
a function of temperature. Measurements on these samples of different composition
gave information about the Mn and S position in the lattice (off-centering), their
clustering and ordering, as well as of the influence of these processes on the crystal
structure and properties. The model of phonon behaviour based on the Random Ele-
ment Isodisplacement model was applied, and it was found that the phonons in
PbTe,_,S, show a two-mode behaviour (each TO-LO mode pair of the end members
degenerates to an impurity mode), while the Pb;_Mn, Te optical phonons have a in-
termediate one-two-mode behaviour (the LO-mode frequency shifts continuously
from PbTe to MnTe, while the other modes resemble the two-mode case).

Keywords: lead manganese telluride, lead telluride sulphide, structural properties,
Raman spectroscopy.

INTRODUCTION

Due to its interesting physical properties, lead telluride has been studied inten-
sively for more than 40 years. Its small band gap and high carrier mobilities identify it
as a basic material for infrared optoelectronic devices! and thermoelectric materials in
two-dimension quantum well systems.2 PbTe crystallises in a rock-salt structure with a
highy ionic contribution to the bond energy.3 Lead-chalcogenides and their solid solu-
tions have electrical active native point defects (vacancies and interstitial atoms) which
produce energy states lying either above the bottom of the conduction band (donor de-
fects) or below the top of the valence band (acceptors). This leads to a high charge car-
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rier concentration in undoped crystals because of the deviation of composition from
stoichiometry. The pseudo-binary alloys PbTe-MnTe and PbTe-PbS are interesting
materials for investigation in this field. These compounds were the subject of previous
studies*~7 in which the influence of the concentration of impurities on structural and
optical properties was investigated. In this paper, the results of Raman and X-ray mea-
surements of Pb;_,Mn,Te (x < 0.10) and PbTe,_,S, (x < 0.05) alloys are presented.
Measurements on these samples at different temperatures give information about the
positions of Mn (the cation side) and S (the anion side) in the lattice (off-centering),
their clustering and ordering, as well as of the influence of these processes on the crys-
tal structure and properties. A model of the phonon behaviour based on the Randon El-
ement Isodisplacement model was applied in this study.

EXPERIMENTAL

The Pb;_ Mn, Te (x < 0.10) crystals were grown by the Bridgman method with a lowering rate
of 1 mm/h. The ingots had a diameter of 10 mm and a length about 50 mm. The chemical composi-
tion of the samples was controlled by an electron microprobe, which revealed good chemical homo-
geneity of the materials. The specimens were cut parallel to (100) (the cleavage plane) with an inner
blade diamond cutter and then mechanically polished.

The PbTe,_,S, single crystals were grown by the vapour—liquid technique (VLS), using metal
and chalcogenide atoms of high purity as the source materials. The chemical composition of the
samples was controlled by X-ray microprobe investigation.

The chemical composition of the products were also determined by the XRD powder tech-
nique. All the samples were examined under the same conditions, using a Siemens D500 powder
diffractometer with Cu Ka., Ni-filtered radiation, in the diffraction angle range 26 = 25-100°.

The Raman spectra were taken with the 514.5 nm and 488 nm lines of an Ar laser (the average power
was about 150 mW). A Jobin Yvon model U-1000 monochromator was used with a conventional photo-
counting system. In order to attain a better signal-to-noise ratio, approximately 20 spectra were averaged.

RESULTS AND DISCUSSION

The unit cells of both Pb;_Mn,Te and Pb{_,S, were calculated by the XRD
powder technique using the least square method.>-¢ As was already stated the
structural properties of the Pb;_Mn,Te compounds were previously extensively
investigated,> where the obtained lattice constants agreed with the Vegard rule.
The data for the end members were taken from the literature.8

The X-ray diffractogram for powdered PbTe( 955 5 is presented in Fig. 1.
The refracting planes are denoted with (4k/) indices and correspond to literature
data [JCPDS card number 381435] except for the reflection at 20 ~ 38° (denoted
by™), which corresponds to PbS [JCPDS 200596]. PbTe;_,S, is a pseudo-binary al-
loy (PbTe—PbS) with the rock salt structure, and a S content of 5 % was detected by
the X-ray technique. As in the case of the Pb;_,Mn,Te compounds, their lattice
constants agree with the Vegard rule.

The unpolarized, room temperature Raman spectrum of a Pbg ggMny) o, Te single
crystal in the spectral range of 15-200 cm ! is presented in Fig. 2. The experimental
results are presented by circles. The lines in Fig. 2 are the results of deconvolution. The



Pby_Mn,Te AND PbTe;_,S, COMPOUNDS 57

1200} (220
} PbTe, oS, 05

(400) (32

1422)

| (600)
JL (202} h {4407
* [
w L—Mv.—dh&—'—le
£ 5oz ot Eo3 PP oforoEEoPOPOfoRof:

Fig. 1: X-Ray diffractogram of powdered PbTe( 95S¢ os-

dashed line corresponds to the Rayleigh scattering. The two peaks at 129 and 146 cm™!
describe TeO, vibrational modes. For x = 0.02, two new modes at about 53 cm~! and
104 cm! appeared. Decreasing the temperature had no influence on the intensity and
position of the registered modes. On increasing the concentration to x = 0.10,” the in-
tensity of these modes increased, and their positions moved to 54 cm~! and 115 cmL.
The agreement between the experimental results and the convolution curve obtained in
this way, is very good. The registered properties can be explained in the following
manner: as is well known, PbTe crystallizes in a cubic structure of the NaCl Type (Oy,
space group symmetry), and the first-order Raman modes are not active. If the concen-
tration of Mn is less than 12 %, Mn enters into the Pb sublattice as a substitutional im-
purity ion. As a consequence, a number of the Te-ions in PbTe are no longer in the cen-
tre of inversion symmetry, and PbTe vibrational modes could be Raman active (the im-
purity ion is still in the centre of the inversion, but its six nearest neighbours are not).
Thus, the mode at about 104 cm~!, the well known PbTe LO-like mode, !0 become vis-
ible in the Raman spectra. In this way, the Mn2" ions are still in the centre of inversion
symmetry and Raman modes are not to be expected. However, this is in opposition
with the experimental results.

The explanation for this discrepancy can be found by supposing that the Mn2*
ions in Pb;_Mn,Te are off-centre. Off-centre-ion systems have been investigated in
the literature.!!-13 The off-centering effect means that the impurity atoms are dis-
placed from the regular lattice sites by about 0.5-1A, forming a permanent dipole and
changing the local conditions in the lattice. It was found that the system has minimum
energy when the small impurity ions are assumed to have off-centre positions along
the (111) direction. It has been suggested!2 that an off-centre site is favoured when: (1)
a large ionic size difference causes a decrease in the repulsive force because of reduced
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ionic overlap, and (2) a large difference between the polarizability of the impurity ion
and that of the lattice it replaces, resulting in a decrease of the polarization energy. This
is based on the fact that the polarization force tends to drive the impurity ion towards
the neighbour ions while the repulsive force tends to keep the impurity ion in the lattice
site.!3 The balance point of these two forces is the actual position of the impurity ion,
which is displaced from the lattice site under these conditions. The replacement of
Pb2* ion by Mn2* in Pb;_ Mn, Te satisfies these conditions. Pb;_Mn, Te alloys have a
large atomic-size mismatch between the substituted Mn atom and the host Pb atom
(Mn2":0.83 A; Pb2*:1.18 A). The difference between the ionic radii of Mn2+ and Pb2*
is about 0.35 A. To the best of our knowledge, there are no exact data of Mn?" polari-
zability in the literature. It was supposed!4 on the basis of the known polarizabilities of
Se2~ and MnSe that the polarizability of Mn2* must be very small, about 1, as in the
similar Fe2* ion. The polarizability of the Pb2* ion is 4.82, much larger than that for the
Mn2* ion which replaces it in the crystal lattice. According to Fig. 2, a dislocation of
the Mn2" ion from the central lattice position seems to be sufficient to break the selec-
tion rules. As a consequence, a mode at 53 cm ! arises in the Raman spectra.

The non-polarized Raman spectra of PbTe( 955 o5 in the spectral range from
25t0220 cm ! at temperatures between 20 and 300 K are shown in Fig. 3a. The ex-
perimental results are presented by circles. The full lines are the results of the ap-
plication of deconvolution. A typical line shape obtained in this manner is shown in
Fig. 3b. The dominant structures are clearly observed at about 40, 100 and a
complex at about 150 cm~!. These modes appeared as a consequence of the
off-center position of the sulphur-atom, as in the case of Pb;_,Mn,Te. They repre-
sent the phonons of the PbTe;_, S, solid solution and, as be seen later, it can be de-
scribed by a modified Genzel model. At temperatures T < 100 K an additional
mode at about 75 cm~! was registered.

The temperature dependence of the mode at about 75 cm~1 is presented in Fig.
3c. The intensity of this mode is low at high temperatures. At a temperature of
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Fig. 3: a) Non-polarized Raman scattering spectra of PbTe( 5S¢ 5 crystal at different tempera-
tures; b) Deconvolution of the spectrum of PbTe( 955 o5 at 7= 60 K; ¢) Temperature dependence
of the intensity of the mode at 75 cm™!.
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about 100 K a slow increase of the intensity of the mode was observed. At 7= 60 K,
the intensity of the mode was almost three times higher. With further decrease of
the temperature, the increase of the mode intensity is weak and hardly noticeable.
This kind dependency of the mode intensity on temperature in the case of the other
PbTe based systems is assumed to be the consequence of the already described
off-center phenomena of sulphur in PbT;_,S,. At "high" temperatures, the off-cen-
ters are randomly oriented, so the mode intensity connected with them is low. Or-
dering of the off-centers and electrical dipoles during the phase transition affect the
crystal polarizability, and the intensity of this mode increases. This kind of behav-
iour is stable above the temperature 7= 60 K for the sample with x =0.05, and fur-
ther decreasing of the temperature does not affect the intensity of this mode. The
position of the off-center ion in PbTe_,S, is presented in Fig. 4. In the case of
Pb;_Mn,Te, this type of phase transition was not observed, and this phonon does
not appear and consequently, there is not temperature dependence.

To study the mode of behaviour of a phonon for the ternary compounds Pb;_,Mn, Te
and PbTe;_,S,, a model based on the Genzel model!> was applied and then the agree-
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ment between the theoretical and experimental results was checked. This model gave
good results in previous studies!®-19 for describing the phonon behaviour in the terna-
ry (Hg;_,Mn,Te, Hg;_,Mn,Se) and quaternary (Cd;_Mn, Tey_ySe,, Hg \Mn,Te;_ySey)
mixed crystals. In the calculations, the basic assumptions of the Random Element
Isodisplacement model (REI) model?0 were employed. Namely, in the A;_B,C type
of mixed crystals, the crystal lattice of a mixed system comprises two sublattices, one
of them filled by C atoms only and the second filed by A and B atoms, randomly dis-
tributed. The local electric field (£},.) was taken into account and a connection be-
tween the microscopic and macroscopic parameters was made using the Born-Huang
procedure,?! where the dependence of the force constant between first neighbours on
concentration (x) was neglected but the second-neighbour force constant were in-
volved. The concentration dependence of the optical mode frequencies of Pb;_,Mn, Te
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and PbTe;_,S, single crystals are presented in Figs. 5 and 6. The curves shown in Figs.
5 and 6 were obtained by this model. The experimental values for the TO and LO
modes are marked by full circles while the values taken from the literature,® by full
squares. The agreement between the experimental and theoretical results is very good,
with regards to the approximations on which these models are based.
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The results shown in Figs. 5 and 6. suggest that the phonons in PbTe_,S, show
the two-mode behaviour (each TO—-LO mode pair of the end members degenerates
to an impurity mode), while the Pb;_.Mn, Te optical phonons have an intermediate
one-two-mode behaviour (the LO-mode frequency shift continuously from PbTe
to MnTe, while the other modes resemble the two-mode case).

CONCLUSION

The appearance of new Raman active modes in Pb;_,Mn, Te and PbTe;_,S, crys-
tals is satisfactory explained by the existence of off-centre in these compounds. It was
also found that the phonons in PbTe;_S, show two-mode behaviour, while the
Pb;_Mn, Te optical phonons have an intermediate one-two-mode character.
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U3BOJ

Pb,_Mn,Te u PbTe, S, JEAUEHA U bUXOBE ONTUYKE OCOBMHE

JEJIEHA TPAJUR!, ATEKCAHIAP TOTYBOBHE!, MAJA POMYEBUR!, HEBOJIIIA POMYEBUR !,
CIOBOJAHKA HUKOJUE! n BIATIMMUP H. HAIKM®OPOB?

]I/Incmumym 3a ¢usuxy, IIpezpesuya 118, i. tp. 68, 11080 3emyn, u ?Mockoscru OpicasHu ynueep3uitieid,
Kaitieopa 3a ¢pusuxy nuckux iiemiiepaiuypa, 119899 Mocksa, Pycuja

Kpucramu Pb;_Mn, Te cy nobujenu merogoMm no Bridgman-y, a xpucramu PbTe; S, cy
paciy noMohy TeXHUKe racoBUTO-Te4HO—4YBpPCcTO. CTpyKTYypHE 0coOuHe Pb;_ Mn, Te (x < 0,10)
nPbTe_ S, (x <0,05) cy nocMaTpaHe peHAreHcKoM AugpakuujoM npaxa. Onruyke ocoOuHe cy
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IpoyyaBaHe Ha pa3lIMYUTUM TemrepaTypama nomohy Raman crnekTpockonuje. Mepemwa Ha
Pa3IMYUTUM KOHI[EHTpaljaMa 1ajy OAroBope o mosioxkajuma Mn u S y perretku (off-rieHTpu-
Ma), BbUXOBOM KJIACTEPOBamby, MOPETKY KaO U O HUXOBOM YTHIIA]y HA CTPYKTYPY M OCOOMHE
kpuctana. [Tpumemen je mopucpukoBanu REI mMopen 3a nmoHamame (DOHOHA KOJ| YBPCTHX
pacTtBopa 1 HabeHo je Aa hoHOHN y PbTe; S, moKasyjy ABO-MOAHO MOHaIIamke (cBaku TO-LO
MOJ] KpajibuX WIaHOBa ce JIereHepHuIlle Y IPIMECH! MOf), A0K Pb;_Mn, Te onTnukn (pOHOHI
MMajy MHTCPME/INjaHO jeJHO-ABO-MOJHO MoHalIame (ppekseHnuja LO-Mofa ce KOHTUHYa-
Ho omepa ofi PbTe ka MnTe, TOK Ipyru MOIOBH 3a/[p>KaBajy IBO-MOJIHO MOHAIIAKE).

(Primgeno 7. decembra 2005, revidirano 6. aprila 2006)
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