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Off-centering of Pb and Sn impurities in GeTe
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X-ray-absorption fine-structure studies of the local structure of large Pb and Sn substitutional impurities in
GeTe were carried out. The local environment of these atoms jgRbg,Te and GggsShy 15T € solid solutions
was shown to be strongly distorted in comparison with that in binary PbTe and SnTe compounds. The
neighboring Te atoms were found at two distances, 3.06 and 3.&@r#°b), and 2.97 and 3.18 Afor Sn
atoms. For both impurities the shortest distance appeared to be substantially shorter than that in corresponding
binary compounds with the same overall coordination. The off-centering of Pb and Sn impurities is explained
by participation of their deeply lying$ and 5 lone electron pairs in chemical bonding in the condition of
strong local stress created by these impurities in the laft®@163-18207)04814-3

I. INTRODUCTION the off-centering ofarge (Pb and Shsubstitutional impuri-
ties in GeTe using the XAFS technique and discuss a pos-
Off-center ions represent an interesting class of substitusible explanation for this phenomenon.
tional impurities which were discovered in 19@8ef. 1) and
h_ave been studied since ther_l using various techn_ique;. '_I'he Il EXPERIMENT
displacement of an off-center ion from a regular lattice site in
a crystal creates a dipole moment which can change its ori- Samples of GgPhy, 1Te and GggsSm 1sTe were prepared
entation. The interaction between such dipoles generatdér XAFS investigations by alloying germanium telluride
many interesting cooperative phenomena that are closely réGeTe g9 With PbTe and SnTg;6in evacuated quartz am-
lated to phase transitions. The appearance of a disorderg@ules. Before the measurements the alloys were annealed at
(dipolar glass state exhibiting nonergodic properties at low 545-590 °C for 50 h and quenched in cold water to prevent
temperature283 is such an example. Vugmeister and the possible decomposition of the solid solution. X-ray stud-
Glinchuk have recently proposed a mechanism for indirecties confirmed the homogeneity of the samples and showed
dipole-dipole interaction in highly polarizable medissually  that at 300 K they had the rhombohedral structure of
known as incipient ferroelectrigswhich results in the ap- «a-GeTe. The alloys were then powdered and sieved and the
pearance of “impurity ferroelectricity”: that is, a polar state powder was rubbed into the surface of adhesive tape. From 8
induced by off-center ion%® to 24 layers of tape were used for the recording of XAFS
X-ray-absorption fine-structureXAFS) spectroscopy is a Spectra.
powerful direct method for the investigation of local struc- The XAFS experiments were carried out at Daresbury
ture and has made a valuable contribution to studies of offLaboratory on stations 7.1 and 9.3 with an electron beam
center ions. It has established the off-centering of Ge and 8nergy of 2 GeV. The maximum storage ring current was
atoms in PbT&;® which was anticipated from indirect ex- 250 mA (in multibunch modgin the experiment on station
periments; revealed the off-centering of Ge atoms in ShTe;7.1 and 25 mA(in single-bunch modein the experiment on
showed the off-center behavior of Nb atoms in KEd® the 5 T wiggler station 9.3. The monochromators used were
Moreover, XAFS spectroscopy has given important informatwo flat S{111) crystals(station 7.1 and two flat Si220)
tion on the nature of the phase transitions in some crystalgrystals(station 9.3. Measurements were made at 80 K, at
For instance, XAFS studies have revealed that the phagéeK edges of G&11.103 keV, Sn(29.200 keV, and at the
transitions in Pp_,Ge, Te (Ref. 7) and Na g K 15Ta0; (Ref. Ly edge of P(13.055 keV. The XAFS data were collected
11) are of the order-disorder type in spite of the fact that then transmission mode using ion chambers filled with+#e
macroscopic properties of these crystals indicate displaciver He+Xe gas mixtures that gave 20 and 80% absorption of
type phase transitions. incident radiation at the edge under investigation.
It should be noted that all experimental data for off-center The oscillatory extended XAFEXAFS) function y(k)
ions are restricted to small atoms substituting for larger atwas extracted from the absorption curge(E)=In(lo/l)
oms in crystal$? The main reason for the off-center insta- (whereE is the energy of radiationin the normal way?
bility of small atoms in ionic crystals is the inability of the After removing the pre-edge background, splines were used
decreased repulsive forces to oppose the action of the polate extract the smooth atomic part of the absorption,
ization forces that tend to displace the ion from its cen-uXy(E), and the dependence=(uXx— uxg)/ uxo was cal-
trosymmetric positiod:*® In covalent crystals the off- culated as a function of the photoelectron wave vector
centering of small atoms was explained by the chemicak=[2m(E— E)/%#?]¥2 The energy originE,, was taken to
rebonding* be the position of the inflection point on the absorption edge.
In this work we report direct experimental observation of The edge steps ranged from 0.08 to 1.4. For each sample
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X wave vector. The adequacy of the data processing method
010} W — Gey,Pby,Te was checked on GeTe, PbTe, and SnTe samples.
0.05} Ill. RESULTS AND DISCUSSION
g Figure 1 shows EXAFS functioky(k) obtained at the
= 000F PbL,, edge for Gg4Phy 1Te and PbTe samples. Comparison
- between these data shows that the shape and the period of
-0.05F oscillation for these spectra are different. It means that the
] local environment for Pb atoms in gk, ;Te and PbTe is
-0.10 ¥ different. Quantitative analysis shows that the model, in
: ‘-1 é ! 1-0 1-2 which all Te atoms in the first shell of Pb in b, ;Te are

8 located at the same distance, cannot describe the experimen-
Kk (A‘1) tal data satisfactorily. We achieved good agreement between
experimental and theoretical curvesee Fig. 1 only in the
FIG. 1. EXAFS functiorky(k) obtained at the Ph,, edge for ~ case of a model in which the first shell of the Pb atom con-
GeyPhy 1Te and PbTe samples at 80 K. Points indicate filtered datsists of two Te subshells at distanc&=3.06 A and
(R=1.4-4.3 A); solid line is the best theoretical approximation R,=3.27 A (see Table ). The coordination numbers corre-
within the model with two Pb-Te distances in the first shell andsponding to these distances were 4®6 and 1.80.718
equal Pb-Ge and Pb-Pb distances in the second shell. The dott€ebye-Waller factors for the Pb-Te bonds in Geh, ;Te
curve showskx(k) data for PbTe. (62=0.002 & and 05=0.005 &) were lower than that for
PbTe (0.006 A). The metal atoms in the second shille
several measurements were repeated. The records were glid Ph were at an average distance R§=4.30 A, which
independently processed and the resulty(¢) curves fi-  coincides with the distance determined from x-ray data.
nally averaged. The species of the surrounding atoms and interatomic dis-
Direct and inverse Fourier transforms with modified Han-tances in the first and second shells revealed by the analysis
ning Wind0W§6 were used to extract the information about show that Pb atoms substitute for Ge atoms in GeTe. How-
the first and second shells from the experimental curvewer Pb atoms are much larger than Ge omge(=0.73 A,
x(K). The ranges of extraction iR space are presented in r_,,=1.26 A) and so they must create strong local stress in
the captions for each figure. The distanégs coordination  the GeTe lattice. This conclusion is confirmed by the fact
numbersN;, and Debye-Waller factors? for each shell as  that both found Pb-Te distances exceed the corresponding
well as the energy origin correctiodE, were simulta- Ge-Te interatomic distances in GeTsee Table ). The
neously varied to obtain the minimum root-mean-square destrong local stress around the Pb atom is a reason of the
viation between the experimental and calculateg(k) decreased Debye-Walller factors for Pb-Te bonds, while the
curves. The number of fitting parametéfi®om 6 to 10 was  increased Debye-Waller factor for the second sliedm-
usually about half of the number of independent data pointpared to the GeTe data, see Tablgisldue to the disorder in
[Ning=2AkAR/7r=15-20 (Ref. 15]. The accuracy of the the solid solution.
fitting parameters was estimated from the correlation matrix Two surprising facts in the data for G¢h,,;Te have
and the errors presented in this work correspond to 95%attracted our attention. They af® the appearance of two
confidence level interval of variation in the parameters. Tadifferent Pb-Te distances in the first shell instead of a single
increase this accuracy additional constraints and relations belistance andii) the fact that the shortest Pb-Te bond is 0.16
tween the parameters were taken into accdeng., equal A less than the length of the same bond in P32 A at
energy correctionsE for all shells and known relation be- 80 K, see Table)l The latter is in contradiction with the
tween coordination numbers for known structyres results of earlier EXAFS studies, which have shown that
FEFF softwaré’ was used to calculate the dependence obond lengths in isovalent solid solutions usually do not differ
the backscattering amplitude and phase, the central-atofsy more than 0.03—0.04 A from those in the basic binary
phase shift, and the mean free path of a photoelectron on itsompounds.

TABLE |. Interatomic distances and Debye-Waller factors for the first and second shells for
Geg Phy 1 Te, Gg gsSy 1sTe solid solutions and PbTe, SnTe, and GeTe binary compounds at 80 K.

Sample The first shell The second shell
Ry, A o2, 1073 A? R,, A 03,1073 A2 Rs, A 03,1073 A2

Ge Phy Te  3.055-0.00% 2.30+0.56 3.266:0.009 5.74+0.88 4.302-0.014 21.4+2.2

PbTe 3.2220.008 5.54+0.63 4.621+0.026 18.2+4.7
GeygeSpisle 2.965-0.007 1.26:0.80 3.154-0.025 8.97#2.68 4.236:0.059 31.6-:10.3
SnTe 3.1350.006 4.3%0.86 445x0.016 3.71-2.68
GeTe 2.7950.002 3.690.32 3.1480.004 6.41%*0.54 4.19%0.007 16.%1.1

aAll the distances found at the Pb edge were increased by 0.03 A to take into account systematic error
probably originating from central atom phase calculation for heavy Pb atamerm
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There are two ways to interpret the appearance of twc
Pb-Te bond lengths: to state that either all Pb atoms are 010k
off-center or that there exist two different sorts of Pb atoms
in Ge sites. Despite the unlikely possibility of a displacement 0.05
of a Pb atom from its lattice site in conditions where strong
local stress exists, we think that this interpretation is the only =< 0.00
one possible. Indeed, the only reason for the distinction in ;: '
the Pb-Te bond lengths in the model with two different sorts
of Pb atoms may simply be the difference between the
charge state of Pb atoms. However the transition of roughly
half of the Pb atoms to a state with higher valerahich
could explain the reduction in the interatomic distance to 5
3.06 A) should inevitably be accompanied by a drastic 1
change in the electrical properties of crystéts contradic- K (A )
tion with known experimental datd.

Therefore, in our opinion the interpretation of the data in  FIG. 2. EXAFS functionkx(k) obtained at the SK edge for
terms of the off-centering of the Pb atoms is much moreGe gsSth.isTe and SnTe samples at 80 K. Points indicate filtered
reasonable. In contrast to studies of all other crystals witiflata ®=1.85-4.2 A); solid line is the best theoretical approxima-
off-center ions of small radiugwhere the shortest inter- tion within the model with two Sn-Te distances in the first shell and
atomic distance is nearly the same as in corresponding binaﬁﬂum Sn-Ge and Sn-Sn distances in the second shell. The dotted
compoung, the length of the shortest Pb-Te bond in cUrve showskx(k) data for SnTe.

Ph, {Te is sh ially | than in bi
GeyPly.iTe is shown to be substantially less than in blnaryglilstance of 3.14 A for SnTe, see Table The coordination

PbTe. This fact enables us to reach some conclusions abo b di he di 297 A | 3
the nature of the observed phenomenon. The appreciable r Umber corresponding to the distance 2. was close to 3.

duction of the Pb-Te bond length clearly indicates the quali- he Ge "’g.‘d Sn atgrgg g\] the second shell were located at an
tative change in the character of the Pb-Te chemical bond iffV€"39€ Istance 4. : . .
the solid solution. This change is made possible because the These results clearly demons_trate the _essentlal change n
Pb atom has a lon@unsharefi 6s? electron pair that is ste- the character of the Sn-Te chemical bond i, &8 1sTe In

reochemically inactive in PbTe but which can become sterefOMparison with SnTe. T_herefore we can assume that Sn
ochemically active when promoting one of gselectrong® atoms are also off-center in GeTe crystals, and that the rea-

An obvious consequence of participation of 8tates in son for the off-centering is identical to that for Pb atoms.
chemical bonding will be the reorganization of the local en-Qualitatively similar results obtained for Pb and Sn impuri-

vironment of the Pb impurity atom and its displacement fromt'fas mfGeITe enabl;ehus tlo cipnclude th.at thebprglpose_? mecha-
the centrosymmetric position. nism for lowering the elastic energy is probably quite gen-

Results from investigations into the pressure—induceoeral' .
phase transition in PbTe, which occurs from NaCl to GeSi We note that ngGg(Te and Sp_GeTe sample; W'th.
structure at 50 kbat shed additional light on the nature of "W Ge concentrationX<0.2) ;;\Iready have been invest-
off-centering of Pb atoms in GeTe. These investigations.g""ted using the X_AFS t_echmqu@.The off-centering of Ge .
showed that the change in the local coordination of Pb atom toms was established in these cases. However no anomalies

from 6 to 2+ 1+2+1 at the phase transition is accompanied have Pien. found in F?{T% at?d %\r;—'llie t?ond I?ngtﬁs F(;z;cTept
by an appreciablérom 2 to 5%, according to different data that of the increase of the Debye-Waller factor for the Pb-Te

reduction in the volume of the primitive cell. Thus, the reor- bond in PR_,GeTe indicating the relative shift of sublat-

ganization of the local environment of Pb atoms may beliCeS in the polar phase.
considered to be a way in which the elastic energy of a
crystal can be lowered. In this case the off-centering of Pb IV. CONCLUSIONS

atoms becomes energetically favorable. _ We have made direct structural measurements of the local
Unfortunately, we did not perform XAFS studies on our gpyironment of the large substitutional atoms of Pb and Sn in

samples above the temperature of the ferroelectric phasgete crystals using the XAFS technique and have discov-
transition(which is well above the room temperatute fi- o4 3 new type of off-centering of impurities lafge size.

nally confirm t_he off-centering of the Pb atom. Hovyeve_r itis|n our opinion, the off-centering of these atoms is closely
extremely unlikely that such an essential reduction in thgg|ated to the existence of the los electron pair that be-
Pb-Te bond length could be associated with the polarizing,mes stereochemically active under high local stress thus
effect of the ferroelectric state on the position of the Pb atomproviding a gain in elastic energy of the crystal. Thus, we
Similar results were obtained for the Sn impurity in GeTe. |y de that chemical rebonding is probably the main cause

As follows from Fig. 2, the functionkx(k) obtained at the ¢, the off-centering of both small and large impurity atoms
Sn K edge for GggsSnyisTe and SnTe samples are also crystals.

qualitatively different. The data at the Sn edge had lower
signal-to-noise ratigcompared to GePh, ;Te data and the
spectra were contaminated by glitches. Nevertheless the
analysis revealed that the lengths of Sn-Te bonds in This work was partially supported by the Russian Foun-
GeygSy 1=Te were 2.97 and 3.18 Ain contrast to a single dation for Basic Research under Grant No. 95-02-04644.
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