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a b s t r a c t

X-ray Absorption Fine Structure (XAFS) measurements were performed on uniformly doped PbTe:Yb
(1.3 at.%) at all elemental absorption edges and the analysis of the results has provided precise informa-
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tion on the local structure around each atom. From the near edge part of the absorption spectra it was
determined that Yb is in the mixed valent state, which is predominantly divalent with a small trivalent
contribution. The analysis of the high energy region of the absorption spectra revealed that Yb incorpo-
ration causes deformation of the host PbTe lattice, manifested through extension of all the nearest-, and
next-nearest neighbour distances.
ead-telluride
b mean valence

. Introduction

Lead-telluride-based semiconductors are widely used in infra-
ed (IR) optoelectronics and thermoelectronics [1–5]. They are
haracterized by tunable direct energy gap, high efficiency of radia-
ive recombination, high values of static dielectric constant, small
ffective mass of carriers, etc. Doping with certain impurities can
elp to achieve Fermi level (EF) pinning and long-term relaxation
rocesses, such as persistent conductivity which enables construc-
ion of extremely sensitive far IR photodetectors [1]. These effects
re ascribed to formation of deep defect states in energy spectrum
f semiconductor, and are common for group III impurities (In and
a, in particular). Appearance of impurity states that stabilize EF has
een observed also in Yb doped PbTe-based alloys [6–8], although

t is believed that the mechanism itself is substantially different.
tterbium modifies electronic spectrum of PbTe in a different way
han In and Ga, and its introduction leads to increase of the band
ap [9]. The impurity levels of In and Ga are narrow, but that of
b is rather broad [6]. Further, while the position of pinned EF

s independent of In and Ga concentration, it does depend on Yb
oncentration [7,8]. The most intriguing observation related to all

mpurities in question is their mixed-valence behaviour in PbTe
nd related alloys. It is believed that In and Ga valence change
rom nominal 2+ to a mixture of 1+ and 3+ states [10], and that
b valence switches by one (i.e. from non-magnetic Yb2+ to mag-
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netic Yb3+). Ytterbium is typical divalent metal with ground state
electronic configuration 4f145d06s2. It enters the Pb sub-lattice in
PbTe by replacing Pb2+ ion and hence a non-magnetic Yb2+ state is
expected. However, impurity-induced magnetic response related
to the presence of magnetically active Yb3+ ions is observed in a
number of PbTe-based alloys [7,8]. This change of the Yb valence
state is ascribed to change of the f-shell occupancy, from 14 elec-
trons in Yb2+ to 13 electrons in Yb3+ state (4f135d16s2), and is
accompanied with charge redistribution in the local surrounding
of the impurity atom. A significant distortion of the host structure
around impurities was already observed in numerous PbTe-based
compounds [11,12].

The aim of this paper is to determine the local structures around
all atoms in PbTe:Yb and to reveal how Yb incorporation affects
the host PbTe lattice. Special attention is paid to exact determina-
tion of Yb valence and its temperature stability. To that end XAFS
spectroscopy was employed, since it is a powerful technique for
local structures and electronic distributions determination, which
are lacking for PbTe:Yb. The analysis comprises both the near edge
(XANES-X-ray Absorption Near Edge Structure) and the high energy
region (EXAFS-Extended X-ray Absorption Fine Structure) of the
absorption spectra. The obtained results are discussed and related
to available data for PbTe:Yb system.

2. Measurements and data processing
XAFS measurements were performed on PbTe uniformly doped
with 1.3 at.% Yb. Tellurium K-edge, and Pb and Yb LIII-edge XAFS
data were collected at beamline X1 of HASYLAB (DESY). The
synchrotron radiation source was operating at electron beam

http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:iva@vinca.rs
dx.doi.org/10.1016/j.jallcom.2010.04.068
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Fig. 1. Fits in k- and R-space of PbTe:Yb(1.3 at.%) EXAFS spectra taken at Te K-edge
at 20 K.
60 I. Radisavljević et al. / Journal of All

nergy of 4.5 GeV with a maximum stored current of 200 mA.
amples were oriented at 45◦ to the incident beam, and a 7-
egment Ge-detector was used to collect spectra in the fluorescence
ode. Multiple scans were taken to improve signal-to-noise ratio.
ata analysis was performed using ATHENA and ARTEMIS pack-
ges [13]. The self-absorption attenuation of the amplitudes of
he Te K- and Pb LIII-edge spectra was corrected using Booth
lgorithm [13]. The energy dependent oscillatory part of the
easured X-ray absorption coefficient �(E) was background-

orrected by a smooth spline function �0(E), and normalized
ccording to the standard procedure [14]. XANES spectra were
odelled with the real space multiple scattering code FEFF8.2

15], using the self-consistent field approach with Hedin–Lundqvist
xchange-correlation. ARTEMIS package [13] was used to ana-
yze EXAFS data. Fourier transforms (FT) of the EXAFS function
(k) = (�(k) − �0(k))/��(k) (k-photoelectron wave vector) were

aken over the k-range between kmin = (2.0, 3.0) Å−1 and kmax = (12,
4) Å−1, using the Hanning window. The kmin and kmax values were
hosen at �(k) node points to minimize the spectral broadening. To
inimize the unphysical peaks in the low region of the FT(�(k)),

bkg = 1.6 was used. In the fitting procedure following parameters
ere varied: the mean distance of the jth shell (Rj), the number of

toms in the jth shell (Nj), the mean-squared displacement of atoms
n the jth shell (�2

j
), and the single edge shift correction (�E0).

or each absorption edge, the value of amplitude reduction fac-
or S2

0 was estimated from �2(S2
0) dependence for k�(k), k2�(k) and

3�(k). The stability of each particular fit was checked by changing
-weights of the �(k) function, and by performing the fitting pro-
edure both in k- and in R-space. The fit-quality factor R, estimated
y the reduced chi-square method (�2

v ) [13], was less than 4% for
ll reported results.

. Results and discussion

.1. EXAFS

The fits in k- and R-space of the EXAFS spectra taken at Te K-, Pb
III- and Yb: LIII-edge at 20 K, are presented in Figs. 1–3, respectively.
he results are summarized in Table 1. From the low tempera-
ure data we were able to determine structural parameters up to
he third coordination shell around all atoms (see Table 1). At RT
not presented in Figs. 1–3) the EXAFS oscillations are suppressed
eyond the second coordination making the third coordination
ractically undetectable.

In reference to pure PbTe, the nearest-, and next- nearest neigh-
our distances around all atomic positions are elongated, and
lmost independent of temperature (see Fig. 4). The most elongated
f all, Yb–Te distance is ≈3% longer than corresponding distance
n YbTe (3.18 Å [16]), and ≈1.5% longer than Pb–Te distance in
ure PbTe (3.23 Å [17]). The observed increase of Pb–Te distance, as
btained from Te: K- and Pb: LIII-edges, is approximately 1% com-
ared to pure PbTe. The discrepancies from the PbTe-values are
ecoming smaller when going toward further coordinations, and
lready the third coordination atoms’ distances approach the value
.595 Å [17] of the average distance in PbTe (see Table 1 and Fig. 4).
hese results imply that the structural perturbation introduced by
b incorporation in PbTe is of a local nature.

YbTe has the same NaCl-type structure (space group Fm3m)
s the host PbTe, with slightly smaller lattice parameter
aYbTe = 6.359 Å [16], aPbTe = 6.462 Å [17]). It has been claimed that

or Yb concentration in the range 0.5–2 at.%, the lattice constant
f PbTe:Yb decreases approximately linearly with increasing Yb
ontent [18], which is in contradiction with the bonds elonga-
ion found in this work. One should, however, bear in mind
hat the nature of bonding in PbTe is rather complicated and

Fig. 2. Fits in k- and R-space of PbTe:Yb(1.3 at.%) EXAFS spectra taken at Pb LIII-edge
at 20 K.
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Table 1
Results of the Te K-, Pb LIII- and Yb LIII-edge EXAFS data fits of PbTe:Yb(1.3 at.%) at 20 K and RT.

Parameter 20 K RT

Coordination Coordination

First Second Third First Second
Te–PbI Te–Te Te–PbII Te–PbI Te–Te

Te K-edge R [Å] 3.248(5) 4.591(7) 5.63(2) 3.30(2) 4.62(8)
�2 [Å2] 0.0013(5) 0.0022(6) 0.002(2) 0.008(2) 0.024(7)
E0 [eV] 7.3(6) 7.8(8) 7.3* 1.9(9) 3(2)
S2

0 0.53(7) 0.51(7)

Parameter 20 K RT

Coordination Coordination

First Second Third First Second
Pb–TeI Pb–Pb Pb–TeII Pb–Te Pb–Pb

Pb LIII-edge R [Å] 3.250(3) 4.595(7) 5.60(1) 3.28(1) 4.59(4)
�2 [Å2] 0.0034(4) 0.0041(6) 0.005(1) 0.013(2) 0.02(1)
E0 [eV] 0.6(3) −1.6(5) 0.6* 1.3(6) 1.3*
S2

0 0.74(4) 0.71(8)

Parameter 20 K RT

Coordination Coordination

First Second Third First Second
Yb–TeI Yb–Pb Yb–TeII Yb–TeI Yb–Pb

Yb LIII-edge R [Å] 3.284(5) 4.61(1) 5.60(1) 3.31(3) 4.63(6)
2 2 0.0

1.0

R ift cor

c
p
a
t

F
a

� [Å ] 0.0018(6)
E0 [eV] 4.6(5)
S2

0 0.62(6)

, interatomic distance; �2, Debye–Waller factor along bond direction; E0, phase sh
omprises mixture of ionic, covalent and metallic bond. A sim-
le estimate on the basis of bond valence sums implies that
ll the bonds in PbTe:Yb (metal–tellurium, metal–metal and
ellurium–tellurium) are more ionic than in pure PbTe. Taking

ig. 3. Fits in k- and R-space of PbTe:Yb(1.3 at.%) EXAFS spectra taken at Yb LIII-edge
t 20 K.
03(1) 0.002(1) 0.010(4) 0.010(6)
(9) 4.6* 1(2) −5(3)

0.6(1)

rection; S2
0 , amplitude reduction factor (fixed values are marked with *).

the ionic radii Ri(Yb2+) = 1.16 Å, Ri(Yb3+) = 1.008 Å, Ri(Pb2+) = 1.20 Å,
Ri(Te2−) = 2.21 Å [19], one derives the following bond lengths:
R(Pb–Te) = 3.41 Å, R(Yb2+–Te) = 3.37 Å, R(Yb3+–Te) = 3.218 Å. Our
experimentally observed Yb–Te distance can be obtained by appro-
priate mixture of Yb2+–Te and Yb3+–Te bonds estimated this way.
The increased iconicity is in accordance with observed increase of
the PbTe:Yb bang gap with Yb concentration [9].

To reveal how the PbTe lattice accommodates these variations
of Yb valence, Debye–Waller (DW) factors (�2) were analyzed. DW
factors contain contribution both from configurational and ther-
mal disorder of the distances and give direct information about
structural disorder in the investigated system. Low temperature
measurements allow to extract the information about configura-

tional disorder, since the thermal vibrations are largely suppressed.
The low temperature DW factor �2

Pb–Te is twice as high as �2
Yb–Te,

which is inside experimental uncertainties the same as �2
Te–Pb. The

similar relation exists between the second coordination atoms’ DW

Fig. 4. Elongations of PbTe:Yb(1.3 at.%) distances in reference to pure PbTe.
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Fig. 5. The experimental XANES spectra of PbTe:Yb(1.3 at.%) taken at Yb L -edge
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at 20 K and RT), and the model XANES spectrum of Yb placed at regular PbTe lattice
osition.

actors, �2
Pb–Pb ≈ �2

Te–Te (see Table 1). The facts that the same Pb–Te
ond has markedly different DW factor (as seen from two differ-
nt edges), and that Pb–Pb bonds have the largest DW factor, can in
art be ascribed to the larger mean square displacement of Pb, 〈u2

Pb〉
in comparison to that of Te, 〈u2

Te〉 [20]. However, since the effect
hould not be that much pronounced on temperatures as low as
0 K, it means that Pb sub-lattice is to a quite extent affected by
b presence. Tellurium sub-lattice, on the other side, at 20 K well
ccommodates Yb-induced stress, which is reflected through low
W factor. At RT, DW factors from all elemental edges and for both

he first and the second coordination are approximately an order
f magnitude larger than at 20 K, implying predominant influence
f thermal vibrations to structural disorder.

The amplitude reduction factor S2
0, both estimated by the proce-

ure described in Section 2 and determined in the fitting procedure
see Table 1), is approximately 20% smaller than theoretically pre-
icted, although it increases in the right direction from lighter
owards heavier elements. This result could be due to some exper-
mental uncertainty (such as inappropriate detector dead time
orrection), but it could also indicate the presence of highly dis-
orted regions in the investigated sample.

.2. XANES

The experimental Yb LIII-edge XANES spectra taken at 20 K and
T, together with the model XANES spectrum of Yb placed at regu-

ar PbTe lattice position are presented in Fig. 5. The model spectrum
hite line is characterized by one intensive peak, whereas the

xperimental spectra (which look almost identical at the two tem-
eratures) have their white line composed of two distinct peaks
eparated by approximately 7 eV. In both experimental and in
odel spectrum the main peak at the absorption edge is positioned

t ≈8943.5 eV, and corresponds to Yb2+ configuration [21]. The sec-
nd peak in the experimental spectra at ≈ 8950 eV corresponds to
b3+ [21]. The presence of Yb3+ in the sample also explains the
educed intensity of the experimental white line. In the higher
nergy region the spectra completely match, indicating that the
ocal structure of the first two coordination shells only are affected
y Yb presence, in agreement with the EXAFS results.

To determine the fraction of divalent and trivalent Yb ions in
he sample, the linear peak fit analyses was conducted, and the

esults are presented in Fig. 6. The normalized XANES spectrum
as fitted with two arctangent functions representing the LIII-edge

bsorption and two Lorentzian functions representing the white
ine. From the relative intensities of the two Lorentzian functions
t was determined that at 20 K approximately 88% of Yb atoms
Fig. 6. Fit of PbTe:Yb(1.3 at.%) XANES spectrum taken at Yb LIII-edge at 20 K and at
RT.

are in divalent state, and the remaining 12% are in trivalent state,
leading to the mean valence of 2.12+. At RT, the amount of Yb3+

ions increases to 16%, and the mean valence to 2.16+. The Yb–Te
distance evaluated by taking the upper ratio of Yb2+ and Yb3+

ions slightly exceeds that obtained from EXAFS spectra analysis,
which implies that Yb–Te bonds in PbTe:Yb are not completely
ionic.

Presence of Yb3+ cannot be explained as due to existence of a
different impurity phase, since inside PbTe lattice Yb occupies the
same crystallographic site as Pb which it replaces. Given that our
EXAFS and XANES spectra analysis strongly support the NaCl-type
structure of the investigated sample, it is then more likely that Yb
is in intermediate valent ground state which comprises a mixture
of 4f14 and 4f13 states. Induced by hybridization between local-
ized 4f and conduction electrons, such a ground state is believed to
be responsible for the valence instabilities phenomena observed in
many rare-earth based compounds [22]. Another explanation could
be the self-compensation effect, proposed in [7,8], which assumes
the formation of native acceptors to compensate for the donor
effect of doping. Detailed band structure calculations, necessary to
resolve these doubts, are in progress.

4. Conclusion

The paper presents results of the X-ray Absorption Fine Struc-
ture (XAFS) measurements performed on uniformly doped PbTe:Yb
(1.3 at.%) at 20 K and RT. From the analysis of the near edge (XANES)
region of the absorption spectra the mixed-valence behaviour of Yb
is revealed. It was found that at 20 K the mean valence of Yb is 2.12+,
and that does not change significantly with temperature (2.16+
at RT). The high energy region of the absorption spectra (EXAFS)
revealed that Yb incorporation causes deformation of the host PbTe
lattice which is manifested through extension of the nearest-, and

next-nearest neighbour distances around all atoms in the com-
pound. The effect is more pronounced around Yb impurity, which
altogether contradicts previously observed contraction of PbTe:Yb
lattice for the same impurity concentration.
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