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Modeling the 119Sn Mössbauer spectra of chalcogenide glasses using density-functional
theory calculations
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We have used first-principles calculations based on density-functional theory to investigate the119Sn Möss-
bauer spectrum ofa-Ge0.99xSn0.01xSe12x anda-Ge0.99xSn0.01xS12x . Using calculated electric field gradients and
contact charge densities, we compute Mo¨ssbauer isomer shifts and quadrupole splittings for a number of
cluster models incorporating proposed environments for Sn atoms in the glasses. The calculated parameters are
in excellent agreement with experimental values for tetrahedrally coordinated Sn atoms and for ionic,
threefold-coordinated Sn atoms. Parameters computed for Sn atoms in ethanelike environments, however, do
not match experimental values attributed to these sites. We also compute site energies to determine the most
energetically favorable sites for Sn atoms in these systems. For the Ge-S system, we find the threefold
environments to be favored, while for Ge-Se, the threefold and tetrahedral environments are essentially de-
generate.
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I. INTRODUCTION

Mössbauer spectroscopy is an important probe of ato
structure in glasses, yielding detailed information ab
chemical bonding.1 Different oxidation states of Mo¨ssbauer
probe atoms are readily distinguished by the chemical iso
shift, while the quadrupole splitting reflects the symmetry
the electrostatic environment at the probe atom site. For
ample, three different Sn atom sites were distinguished in
ternary Ge222xSn2xS3 glasses. This led to a full characteriz
tion of the structural evolution of the system as a function
x.2 While Mössbauer data provide direct information abo
site chemistry, translating this information into structu
terms can be a challenge. A basic approach is to com
spectral data for a glass with those taken for a related c
talline phase with a known atomic structure. Common f
tures in the two spectra are taken as evidence that the
structure in the glass is the same as in the crystal. This
proach clearly has limitations, however, as structural
rangements in the glass may not be present in any cry
phase. In such cases the glass spectrum can contain n
features and their interpretation can be difficult without a
ditional information.

In this paper we describe the use of first-principles cal
lations based on the density-functional theory~DFT! to
model the Mo¨ssbauer spectrum of a glass. We adop
cluster-based approach for our calculations and show
this approach yields results that are consistent with exp
mental measurements. We focus on the families of cha
genide glasses GexS12x and GexSe12x . These materials are
prototype glass formers and have been studied in great d
using a variety of techniques including Mo¨ssbauer
spectroscopy.3–5 This provides useful experimental data f
comparison with our calculations. The Mo¨ssbauer results fo
these systems are also of considerable intrinsic interest,
0163-1829/2002/65~21!/214201~8!/$20.00 65 2142
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ticularly for the Ge-rich portion (x.1/3) of the composition
range. Forx<1/3, Raman spectroscopy has been very eff
tive in identifying basic structural features in the glass.6–8

The Raman spectrum in this region has relatively sharp
tures that can be linked to structural units formed from GeX4

tetrahedral building blocks (X5S or Se!. These units include
corner-sharing~CS! tetrahedra, edge-sharing~ES! tetrahedra,
and ethanelike~ETH! units that feature a single Ge-Ge bon
For x.1/3, however, new features emerge in the Ram
spectrum that are broad and difficult to resolve. They prov
little insight into the structural changes occurring in the m
terial. On the other hand, the Mo¨ssbauer spectrum in thi
region has been analyzed into distinct features identified w
three chemically inequivalent sites for Ge atoms in t
glass.3,4 So-calledA sites were identified with tetrahedrall
coordinated atoms as in the CS and ES units,B sites were
identified with ETH units, andC sites were identified with
threefold-coordinated Ge atoms bonded to threefoldX atoms
similar to the ionic, distorted rocksalt structure found f
c-GeX. The detailed analysis of the Mo¨ssbauer data as
function of Ge content gives an intriguing picture of th
evolution of glass structure across the Ge-rich glass-form
range. The analysis has played an important role in supp
ing a nano-phase-separated model of glass structure.9,10

In this paper we use first-principles calculations based
DFT to investigate the Mo¨ssbauer spectrum of GeS an
GeSe glasses. We show first that accurate Mo¨ssbauer param
eters can be extracted from DFT calculations. We then
amine the interpretation of the experimental spectra
scribed above. The calculations support the interpretation
the A and C sites. However, calculated parameters for a
atom in an ETH environment are found to be qualitative
different from the experimental values attributed to theB
sites,3 suggesting a problem with this assignment.

In the next section we present the details of our com
©2002 The American Physical Society01-1
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FIG. 1. Measured values~Ref.
1! of the isomer shiftd plotted
against the calculated contac
charge densityr(0) for three Sn-
halide systems. The line is a leas
squares fit of the Sn-halide data.
has a slope of 0.26 and ay inter-
cept of 0.85. Also plotted are mea
sured values ofd for c-GeS2 and
c-GeSe2 against calculated value
of r(0) for the CS and ES envi-
ronments defined in Fig. 2.
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tational approach. We follow that by presenting the results
our calculations and comparing them to relevant experim
tal data. The final section summarizes our results and
sents conclusions.

II. METHOD

Our first-principles calculations are based on DFT in
local density approximation~LDA !, using the Perdew-
Zunger functional for exchange and correlation.11 DFT is
known to give a highly accurate description of the structu
and electronic properties of materials. We use a Gauss
orbital-based implementation of the LDA featuring a var
tional numerical integration scheme12 that yields accurate to
tal energies and atomic forces.13 For the present calculations
we use a mixed representation featuring an all-electron tr
ment for the Mo¨ssbauer-active Sn atoms~see below! and
pseudopotentials for Ge, S, and Se.14 H atoms are used to
maintain proper coordination of all S and Se atoms. We
extensive basis sets on each of the atoms. For the Ge, S
Se atoms, we use fours-type, fourp-type, and threed-type
functions contracted from five single Gaussian orbtials
represent the valence orbitals; for Sn we use 24 Gaus
exponents contracted to eights-, sevenp-, and fived-type
orbitals to represent the core and valence states. The H a
are represented by six single Gaussians, contracted to
s-type, threep-type, and oned-type orbital. We have found
these bases to be adequate for computing electric field
dients as discussed below.

Features in a Mo¨ssbauer spectrum are characterized
two parameters: the isomer shift and the nuclear quadru
splitting. Both reflect the influence of the local chemical e
vironment on the nuclear energy level spectrum of
Mössbauer-active nucleus. Since the Ge nucleus does
have suitable properties for use in Mo¨ssbauer spectroscopy,15

small amounts of Sn are combined with Ge to cre
21420
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(Ge0.99Sn0.01)xX12x samples for experiments.3 The
Mössbauer-active isotope119Snm involves a 23.88 keVI
53/2–1/2 transition and substitutes for Ge~with which it is
isoelectronic! in germanium-containing glasses. Careful te
show that the Sn atoms do not aggregrate in the samples
it is assumed that the Sn atoms occupy the same sites a
atoms in the glass samples.3,17

The isomer shift observed in Mo¨ssbauer spectra probe
the changes in the electron density at the nucleus. The iso
shift (d) between different systems is given by the relation15

d5C* @r~0!2r0#, ~1!

wherer(0) is the contact charge density for Sn in the syst
being investigated andr0 is the contact charge density for
reference structure, e.g., CaSnO2. HereC is the isomer shift
calibration constant and depends on nuclear parameters.
culating electron densities at the nucleus technically requ
a completely relativistic Dirac-Fock treatment; however,
good approximation, the relativistic density can be obtain
from the nonrelativistic density linearly with a nucleu
specific scaling factor. The isomer shift can therefore be
pressed in terms of the nonrelativistic charge densityr(0)
obtained from the LDA at the site of the Sn nucleus in clus
models of the glass. SinceC and r0 are not known, we
cannot computed directly; however, given two or more mea
sured values ford, we can use corresponding calculated v
ues ofr(0) to fit C andr0, and thus to determine values o
d for environments of interest.

Figure 1 shows measured values ofd for Sn halide
systems1 plotted against corresponding calculated values
r(0). Themeasured isomer shifts for the solid Sn halides
essentially identical to those obtained for the correspond
SnX4 molecules isolated in an inert matrix. Thus we com
puted values ofr(0) for the optimized, tetrahedral SnX4
molecules. The plot shows a clear linear relationship
1-2
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MODELING THE 119Sn MÖSSBAUER SPECTRA OF . . . PHYSICAL REVIEW B 65 214201
tweend andr(0). Theline in the figure is a least-squares
of the data, yielding a slope of 0.26 and ay offset of 0.85.
This value for the slope is in excellent agreement with p
vious DFT results.18 Note that the line shows the expecte
variation ofd with the electronegativity difference betwee

TABLE I. A comparison of calculated electric field gradie
~EFG! parameters usingab initio ~Ref. 19! vs density functional
theory methods. The values quoted for each molecule repre
Vzz, the largest eigenvalue of the EFG tensor, at the various a
positions shown. Values are quoted in atomic units. Theab initio
results were obtained using extensive basis sets. The DFT re
are given for the default electronic structure basis sets and fo
extended basis.

ab initio DFT
HF-SCF MP2 Default Extended

H2 20.342 20.338 20.350 20.388
N2 1.368 1.115 1.153 1.112
F2 26.944 26.258 26.516 26.343
HF H 20.521 20.546 20.566 20.538

F 22.860 22.591 22.788 22.720
HCl H 20.293 20.296 20.294 20.296

Cl 23.579 23.402 23.458 23.469
CO C 1.174 0.950 0.979 0.939

O 0.724 0.779 0.705 0.684
HCN H 20.317 20.319 20.334 20.322

C 0.498 0.376 0.370 0.339
N 1.201 0.946 1.008 0.979

HNC H 20.419 20.421 20.443 20.424
N 1.035 0.833 0.864 0.834
C 20.017 20.048 20.116 20.130

H2O H 20.472 20.481 20.501 20.477
O 1.836 1.624 1.763 1.713

NH3 H 20.392 20.391 20.407 20.390
N 0.957 0.838 0.973 0.941

FIG. 2. Possible environments considered for a Mo¨ssbauer-
active Sn nucleus. Ge atoms are dark, Se atoms are light, an
atoms are shaded. The actual cluster models studied include
environments combined in various ways, as in the RS-ES clu
illustrated. Hydrogen atoms are used to maintain the desired c
dination of all the S/Se atoms in the calculations.
21420
-

Sn and its ligands.1 The greater the difference, the more ion
the Sn-X bond and the smaller the contact charge density
the Sn nucleus, and thus the smaller the isomer shift.

Also plotted in Fig. 1 are the calculated values ofr(0) for
Sn atoms in the tetrahedral environments characteristic
c-GeS2 andc-GeSe2, plotted against the corresponding me
sured isomer shifts.~See the discussion of the CS and E
environments below and illustrated in Fig. 2.! The fit of d vs
r(0) defined by the Sn halides is seen to do an excellent
of reproducing measured values ofd for the chalcogenide
systems of interest here.

The Mössbauer quadrupole splitting arises from an int
action between the nuclear quadrupole moment and the e
tric field gradient~EFG! at the position of the Mo¨ssbauer
nucleus. The EFG is that due to the electrons and the o
nuclei in the material. The EFG at nucleusX can be calcu-
lated as

Va,b
X 5E drr~r !@3~r a2RXa!~r b2RXb!2ur2RXu2da,b#/

ur2RXu52(
Y

ZY@3~RYa2RXa!~RYb2RXb!

2uRY2RXu2dab#/uRY2RXu5, ~2!

wherer(r ) is the electronic charge density at positionr , the
R’s represent the positions of the nuclei, and the Z’s rep
sent the corresponding atomic numbers. To evaluateVa,b

X ,
we compute the first integral numerically and add the sec
term, which is a simple sum over the nuclei.

The quadrupole splitting for theI 53/2 state is given by

D5eQVzz~11h2/3!1/2/2, ~3!

whereQ is the nuclear quadrupole moment,Vzz is the largest
eigenvalue of the EFG tensor, andh is the asymmetry pa-
rameter,

h5uVyy2Vxxu/Vzz. ~4!

Here the principal axes are chosen such thatuVzzu>uVyyu
>Vxx . We use the valueQ520.109b for the quadrupole
moment of119Snm,16 so thatD can be computed in absolut
terms givenVzz andh.

To test the reliability of our DFT approach, we have com
puted EFG components for several benchmark molec
that were studied recently usingab initio methods. In Table I
we show a comparison of our DFT results and the cor
sponding values obtained at the Hartree-Fock and MP2
els of theory.19 The table shows the value ofVzz at each
nucleus in the molecule, in atomic units. Theab initio results
were obtained using extensive basis sets. The DFT result
reported for the default basis sets implemented inNRLMOL.
The table shows very good agreement between the diffe
methods. Typical differences between DFT and MP2 res
are on the order of 10% or less. We tested the DFT results
basis set effects by recomputing the EFG components u
extended basis sets, including additional diffuse sin
Gaussian orbitals for all angular momentum types. As sho

nt
m

lts
an

Sn
ese
er
r-
1-3



th
on

te
er
h

ic
ro
a
E
g

tr
e

G
ne
th
a

m
ge
m

ar

he
ac
d

S
r
th

m
in
od
th
go
S

t
ue
e

o
h
by
or
th

e

n
e
s
s

or
R

the

he
-
re
und
nt.
be-
lues
ntal
d
s of
-
unc-

II
ES

2
ous
d

In
m/s

ults

.
rpo-
the

r

hree-

the

the

TH
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in Table I, the EFG parameters change only slightly with
larger basis. We use our default basis for all the calculati
reported below.

The site chemistry of an atom in a glass is largely de
mined by the arrangement of its immediate neighbors. Th
fore an essential ingredient in any computational approac
the accurate treatment of the local environment of Mo¨ssbauer
probe atoms. We follow a cluster-based approach in wh
cluster models are constructed to incorporate the Sn envi
ments expected to be present in the glass. Figure 2 illustr
the environments considered in this work. In the CS and
sites, the Sn atom is tetrahedrally coordinated to chalco
atoms. These environments are characteristic ofc-GeX2 and
the Mössbauer isomer shifts measured for the stoichiome
crystals are essentially identical to those measured for thA
sites in the glasses.17 The ethane~ETH! environment exhibits
broken chemical order, as the Sn atom is bonded to one
atom and threeX atoms. Evidence for the presence of etha
like units in glasses with Ge-rich compositions exists in
Raman spectra of these glasses for Ge compositions nex
51/3.20 Finally, in the distorted rocksalt~RS! environment,
the Sn atom is threefold coordinated to chalcogen ato
which in turn are also threefold coordinated. This arran
ment is similar to that of the ionic environment of a Ge ato
in c-GeX.21,22 It is assumed that such arrangements
present in the glasses as the composition approachesx50.5.

We incorporate the environments shown in Fig. 2 into
variety of cluster models, formed mainly by combining t
basic structural units together to form larger clusters. E
environment appears in at least three separate cluster mo
One simple composite model~RS-ES! is shown in Fig. 2. By
considering a number of clusters containing the same
atom environment, we can investigate the effect of structu
differences at second- and third-neighbor distances from
Sn on the calculated Mo¨ssbauer parameters. Hydrogen ato
are used in all models to maintain the appropriate coord
tion of the chalcogens at the model surface. All cluster m
els are first relaxed to a minimum energy geometry, using
calculated DFT forces in a gradient-based optimization al
rithm. The contact charge density and EFG tensor at the
atom site are then computed for the relaxed geometry.

As a check on our models, we can compare the calcula
structural parameters of our relaxed structures with val
extracted from recent neutron diffraction experiments p
formed ona-GeS2 ~Ref. 23! anda-GeSe2 ~Ref. 24!. For the
CS and ES environments, we compute a range
2.18–2.20 Å for nearest-neighbor Ge-S bond lengths. T
is in excellent agreement with the value of 2.21 Å found
Petri and Salmon.23 The corresponding calculated range f
Ge-Se is 2.33–2.35 Å, again in excellent agreement with
experimental value of 2.36 Å.24 In the ETH models, we find
Ge-Ge bond lengths of 2.38–2.40 Å for both Ge-S and G
Se, close to the experimental value of 2.42 Å.24 All these
comparisons show the tendency of the LDA to slightly u
derestimate experimental bond lengths. In the RS mod
the calculated Ge-X bond lengths are in the range
2.33–2.49 Å for Ge-S and 2.47–2.57 Å for Ge-Se. The
ionic bonds are significantly longer than those in the m
covalent environments. No data corresponding to the
21420
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bonds were obtained from the diffraction experiments on
stoichiometric glasses GeS2 and GeSe2.

III. RESULTS AND DISCUSSION

A. Mössbauer parameters

Table II shows the results of our calculations for all t
clusters studied, for bothX5S andX5Se. The average val
ues ford and D calculated for a given Sn environment a
shown. In parentheses we give the range of the values fo
for the different cluster models containing that environme
This range reflects the effects of structural differences
yond the first-nearest-neighbor atoms. The calculated va
can be compared to the values derived from experime
observations3 that are reproduced in Table III. As note
above, the experimental results were interpreted in term
three Sn sitesA, B, andC.3 The range given for the experi
mental values corresponds to the range obtained as a f
tion of Ge content in GexX12x .

Focusing first on the calculated values for Ge-S, Table
shows that the results are very similar for the CS and
environments. The calculatedd are essentially identical, 1.3
and 1.30 mm/s, and the spread of values from the vari
models is very small, 0.02 and 0.03 mm/s. The calculateD
are also very similar, 0.32 and 0.29 mm/s, respectively.
this case the spread of values is somewhat larger, 0.29 m
for the CS environment and 0.06 mm/s for ES. The res

TABLE II. Calculated values for the Mo¨ssbauer isomer shiftd
and quadrupole splittingD for the environments defined in Fig. 2
The values are averages for at least three cluster models inco
rating the given environment. The range of values obtained for
different models is given in parentheses.

Ge-S Ge-Se
d ~mm/s! D ~mm/s! d ~mm/s! D ~mm/s!

CS 1.32~0.03! 0.32 ~0.29! 1.54 ~0.03! 0.29 ~0.41!
ES 1.30~0.02! 0.29 ~0.06! 1.51 ~0.03! 0.30 ~0.27!
ETH 1.48~0.09! 0.46 ~0.16! 1.62 ~0.10! 0.33 ~0.57!
RS 3.32~0.41! 1.25 ~0.85! 3.29 ~0.25! 1.07 ~0.82!

TABLE III. Experimental values, taken from Ref. 3, fo
the Mössbauer isomer shiftd and quadrupole splittingD for Ge-S
and Ge-Se chalcogenide glasses. The data stem from a t
site fit of the Mössbauer data for (Ge0.99Sn0.01)xS12x and
(Ge0.99Sn0.01)xSe12x . The experimental ranges cited represent
span of values obtained as a function ofx betweenx50.3 andx
50.42. The large differences between the calculated values for
ETH environments~Table II! and the experimental values for theB
sites below indicate that the latter cannot be identified with the E
environment shown in Fig. 2.

Ge-S Ge-Se
d ~mm/s! D ~mm/s! d ~mm/s! D ~mm/s!

A 1.3 0.3–0.4 1.53 –
B 3.3–3.4 1.6–2.0 3.3 2.13
C 3.0–3.6 1.1–2.3 3.0 –
1-4
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for the ETH environment are qualitatively similar to CS a
ES.d is slightly larger, 1.48 mm/s with a spread of 0.09, a
D is 0.46 with a spread of 0.16 mm/s. The results for the
environment, by contrast, are qualitatively different. Bothd
and D are significantly larger than in the CS and ES en
ronments. The spread in the calculated values is also m
larger.d has the value 3.32 with a spread of 0.41 mm/s, a
D is 1.25, with a spread of 0.85 mm/s.

The calculated values for Ge-Se show exactly the sa
trends as in Ge-S. The CS and ES environments have es
tially identical Mössbauer parameters. The calculated val
for the ETH environment are very similar to CS and ES, b
the RS values are qualitatively different. The Ge-Se val
for d are slightly larger than the Ge-S values for the CS, E
and ETH environments: 1.54, 1.51, and 1.62, compared
1.32, 1.30, and 1.48 mm/s, respectively. TheD values are
essentially the same for all these environments in Ge-Se
Ge-S. For the RS sites, the calculated values for Ge-Se
Ge-S are approximately equal for bothd andD.

The trends presented above are easily understood in t
of bonding differences in the different environments. T
CS, ES, and ETH sites feature fourfold-coordinated Sn
oms, corresponding to ansp3 bonding arrangement for th
Sn. The range ofd expected for tetrahedral Sn is 1.2 to 2
mm/s,1 and the calculated values for these environments
lie in this range. Differences in the values calculated
Ge-S compared to Ge-Se are due to electronegativity di
ences. As noted earlier, the larger the electronegativity
ference between Sn (x51.8) and its ligands, the smallerd.
Since S (x52.5) is more electronegative than Se (x52.4),
the Ge-S isomer shifts are slightly smaller. The same ef
accounts for the difference between the ETH and CS/ES
ues ford. Here, an S or Se atom is replaced by a less e
tronegative Ge (x51.8) andd increases slightly.

The small spread in the calculated values ford in the
tetrahedral models indicates that the contact charge dens
a tetrahedral site is only slightly affected by structural diffe
ences beyond first-neighbor distances. This is reflected in
fact thatd is the same for CS and ES, despite the differ
arrangement of the second neighbors in these environm
It also accounts for the fact that the isomer shifts measu
for the A sites in the glasses are the same as found
c-GeX2.17

The larger spread in calculatedD values shows that the
EFG at the Sn site is somewhat more sensitive to the
rangement of atoms beyond the first neighbors. The r
tively small values ofD calculated for these environmen
reflects the approximate tetrahedral symmetry.D vanishes
identically in pure tetrahedral symmetry.

The RS site features a threefold-coordinated Sn, in a m
ionic bonding arrangement. Expected values ford for Sn21

ions are in the range 3.0–4.0 mm/s,15 and the average value
calculated for the Ge-Se and Ge-S RS sites lie in this ran
The spread in calculated values ford is much larger than for
the tetrahedral environments, indicating that the arrangem
of neighboring atoms has a stronger impact on the degre
ionicity of the Sn atom and thus the Sn contact charge d
sity. For example, in a series of calculations in which all fir
second, and third neighbors of the Sn atom in the model
21420
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in ionic bonding arrangements, we obtaind of 3.07, 3.26,
and 3.29, respectively, indicating an increasing ionic char
ter at the Sn site across the series. Thus an increase in
ionic character of the atomic neighborhood enhances the
icity of a Sn site.

The large values forD obtained for the CS environment
reflects the low intrinsic symmetry of these sites. The la
spread in calculatedD values for the RS sites is evidence th
the EFG at the Sn site is also more sensitive to the wi
atomic neighborhood than in the tetrahedral environmen

As discussed in the Introduction, Mo¨ssbauer-effect mea
surements have been carried out on Ge-S and Ge-Se glas3

The data were interpreted using a three-component fit, s
gesting three chemically distinct sites for the Sn probe ato
in the glasses. TheA site was assigned to tetrahedrally coo
dinated Sn as in our CS and ES environments. TheB site was
assigned to Sn atoms, making three Sn-X bonds and one
Sn-Ge bond, as in our ETH environment. Finally, theC site
was interpreted as a threefold Sn atom in an ionic confi
ration as in our RS environment. The experimental values
d andD are reproduced in Table III.

Comparing the calculated and experimental results gi
in Tables II and III, respectively, we find an excellent mat
between the values calculated for our CS and ES envir
ments and the experimental values assigned to theA sites.
The calculated values ofd for Ge-S are 1.32 and 1.30 mm/
respectively, for CS and ES, and the experimentalA-site
value is 1.3.3 For Ge-Se, the corresponding calculated valu
are 1.54 and 1.51, compared to the experimentalA-site value
of 1.53 mm/s.3 For D, the calculated CS and ES values f
Ge-S are 0.32 and 0.29, in excellent agreement with the
perimentalA-site value 0.3 mm/s.3 No experimental values
for D were reported for the Ge-SeA site.

For the Ge-S RS environment, the calculatedd value of
3.32 is in the middle of the range of experimental values
the C site, 3.0–3.6 mm/s.3 The experimental range reflec
changes recorded as a function of Ge content in GexS12x ,
suggesting an evolution in the local environment of Sn ato
on the C site as the material becomes more Ge rich. F
Ge-Se, the value ofd calculated for the RS environmen
3.29, is again consistent with the experimental value for
C site, 3.0.~No range of experimental values was report
for this case.! The calculatedD values for the RS environ
ment are also consistent with experimentalC-site values. For
Ge-S, the calculated 1.25 mm/s lies in the range of exp
mental values, 1.1–2.4 mm/s.3 Experimental values forD
were not published for the Ge-Se case.

In contrast to the above, comparison of calculated a
experimental Mo¨ssbauer parameters does not support
assignment3 of the experimentalB sites to the ETH environ-
ment. For Ge-S, the calculatedd of 1.48 for the ETH envi-
ronment is far from the experimental range of 3.3–3.4 mm
for the B site.3 Likewise, the calculatedD of 0.46 mm/s for
ETH lies well outside the experimental range 1.6–2.0 mm
found for theB site.3 The situation is the same in Ge-S
whered calculated for ETH, 1.62 mm/s, is qualitatively di
ferent from the experimentalB-site value, 3.3 mm/s. TheD
calculated for ETH, 0.33 mm/s, is also far from the expe
mentalB-site value of 2.13 mm/s.3 The clear implication of
1-5



.

r
to

t t
rg

n-

r-
a
ts

n-

o
h
b

he
le

s
c

ite
e

co
en
d
u
on
pt
la
g
th
re

vi-
m
ze
ee
s
t
b
C

n
d
th

s
fa
g

E
b
c

ing
the

hly
site
the
it

ent

At
u-
eS

l
ch
tra-
nd
as
ery

ite
on-
e,

er-
e-
n-

ied
are
r-

for

n-

at

-

di-
as

n as

JACKSON, SRINIVAS, KORTUS, AND PEDERSON PHYSICAL REVIEW B65 214201
this comparison is that the ETH environment shown in Fig
is not a good assignment for the experimentalB site. The
results in Table II indicate that the Mo¨ssbauer signature fo
Sn atoms in the ETH environment would be very similar
that of the ES and CS environments and would be difficul
distinguish from these in experiments. By contrast, the la
experimental values ofd reported for theB sites3 imply ionic
bonding for Sn very similar to that found in the RS enviro
ment.

B. Site energetics

In addition to predicting Mo¨ssbauer parameters for diffe
ent Sn environments, our calculations allow us to comp
the relative energy of Sn atoms in different environmen
This information is important for interpreting the site inte
sities in a Mössbauer experiment.3 The intensity of the Mo¨ss-
bauer signal for a Sn atom occupying a given site is prop
tional to the number of probe atoms occupying that site. T
is determined by the number of such sites available and
the probability of the Sn atom occupying the site. If all t
sites available to a Mo¨ssbauer nucleus are equally probab
and have similar recoil-free fractions, then the Mo¨ssbauer
site intensities can be taken to reflect the concentration
the sites. However, energetic differences among the sites
make it much more likely for Sn atoms to sit at one s
compared to another, significantly enhancing the site int
sity of the preferred site.

To address the question of site energetics, we have
structed a number of cluster models featuring two differ
possible environments for a Sn atom. One composite mo
~RS-ES! is shown in Fig. 2. We ran two independent calc
lations for each of these models, with the Sn placed on
of the two sites in each case. In both calculations we o
mized the cluster geometry, allowing the atoms to fully re
to a minimum energy configuration. By directly comparin
the relaxed total energies of the two calculations, we find
relative energy of the Sn atom in one environment compa
to another.

In Table IV we show relative site energies for the en
ronments defined in Fig. 2 for both Ge-S and Ge-Se syste
In both cases we use the CS environment to define the
of the energy scale. Making pairwise comparisons betw
CS and the other environments in corresponding compo
clusters, we determine the remaining site energies. To de
mine the effect of different arrangements of second-neigh
atoms and beyond, we made the pairwise comparisons to
in at least two different ways for each of the other enviro
ments. The average difference in relative energies foun
this way was 0.04 eV, establishing an uncertainty for
energy calculation. We also cross-checked the results
Table IV in another way. For the Ge-S system, the result
Table IV predict the RS environment to be energetically
vored by 0.24 eV over ES. In a direct comparison usin
RS-ES composite cluster~see Fig. 2!, we obtain a difference
of 0.27 eV. For Ge-Se, Table IV predicts RS favored over
by 0.06 eV, while a direct comparison yields ES favored
0.02 eV. These cross-checks are consistent with the un
21420
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tainty of 0.04 eV per environment quoted above, confirm
this as a reasonable estimate of the uncertainty in
method.

The results in Table IV suggest that the CS site is roug
degenerate with ES, for both Ge-S and Ge-Se. The ETH
is energetically unfavorable for both systems. For Ge-S,
energy of ETH relative to CS is 0.13 eV, while for Ge-Se,
is 0.25 eV. The glass transition temperatureTg is the tem-
perature at which the Sn atoms are frozen into the differ
environments. For these materials,Tg is on the order of 750
K,3 corresponding to a thermal energy of around 0.06 eV.
this temperature, the relative Boltzmann probability of occ
pying the ETH sites compared to CS sites is 0.11 for G
and 0.015 for GeSe. This suggests that the Mo¨ssbauer signa
corresponding to Sn atoms on ETH sites will be mu
weaker than would be predicted on the basis of concen
tions alone. The combination of a relatively weak signal a
the similarity between the ETH and CS-ES signatures
discussed above would make Sn atoms on ETH sites v
difficult to detect in Mössbauer measurements.

Perhaps, the most interesting result in Table IV is the s
energy of the RS environment. For Ge-S, the RS envir
ment is more favorable than CS by 0.16 eV, while for Ge-S
RS is essentially degenerate with CS. This qualitative diff
ence is likely due to the fact that S is slightly more electron
gative than Se, thereby stabilizing the more ionic enviro
ment ~RS! over the more covalent environment~CS!. Again
using Boltzmann probabilities calculated forT5Tg , the RS
sites are roughly fourteen times more likely to be occup
than the CS sites in GeS, while the two environments
roughly equally likely to be occupied in GeSe. This diffe
ence may explain the trend in the site intensities ofC vs A
sites observed in experiments.3 In Ge-S, the Mo¨ssbauer site
intensity for siteA decays very rapidly for values ofx be-
yondx51/3, vanishing at aboutx50.35. The results in Table
IV suggest the decay is due to the energetic preference
theC sites in Ge-S, which causesC sites to be preferentially
occupied overA sites in the Ge-rich regime and greatly e
hances the observedC-site intensities. In Ge-Se, theA-site
intensity decays much more slowly, going to zero only
aboutx50.39.

C. Raman signature of the RS units

In Ref. 3, a Raman mode at 250 cm21 in GexS12x was
identified with the Mo¨ssbauerC site because of the proxim

TABLE IV. Relative binding energy~BE! for Sn atoms in the
environments defined in Fig. 2. The energies are obtained by
rectly comparing the total energies of relaxed cluster models
described in the text. The energy for the CS environment is take
the reference for both Ge-S and Ge-Se systems. Positive~negative!
energies reflect less~more! favorable environments for Sn.

Ge-S Ge-Se
BE ~eV! BE ~eV!

CS 0.00 0.00
ES 0.08 0.08
ETH 0.13 0.25
RS 20.16 0.02
1-6
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ity of a known Raman mode at 238 cm21 in c-GeS and
because of a strong correlation between the growth in
MössbauerC-site intensity and the growth of the 250 cm21

Raman mode scattering strength as a function of Ge con
tration. In a previous paper focusing on the Raman spect
of GeS2 and GeSe2,8 we identified the 250 cm21 mode with
ETH units due to the excellent match to the calcula
Raman-active mode frequency of 254 cm21 for ETH. We
did not include RS units in the earlier work. As discuss
above, our present calculations indicate that the ETH en
ronment would have a weak Mo¨ssbauer signature that woul
be diffcult to distinguish from the CS and ES environmen
A growing concentration of ETH units could not be respo
sible for an increase in theC-site Mössbauer intensity.

To better understand the correlation of Raman and Mo¨ss-
bauer intensities, we computed the Raman-active mode
both the isolated RS and the RS-ES clusters shown in Fig
Briefly, the method8 involves relaxing the cluster geometr
within the LDA, computing the vibrational normal-mode fre
quencies and eigenvectors, and then calculating the co
sponding Raman intensities directly within LDA. For the is
lated cluster, we find two Raman-active modes in the reg
near 250 cm21, at 238 and 264 cm21, the latter being
somewhat stronger than the former. For the RS-ES mo
we find a single active mode in this region at 250 cm21.
These calculations indicate that RS units give rise to a
man feature near 250 cm21, and that this feature is likely to
have a width on the order of 25 cm21. This result is consis-
tent with the observed correlation in Raman and Mo¨ssbauer
spectra for GexS12x .

An interesting irony appears here. The results presente
Table II suggest that ETH units may be difficult to disti
guish from CS and ES, but are quite distinct from RS units
Mössbauer measurements. Conversely, the ETH units ap
distinct from CS and ES, but may be obscured by RS unit
Raman. Very careful simultaneous analysis of both types
spectra, as well as input from other methods like neut
scattering,23 may be needed to establish the concentration
ETH units in the Ge-rich glasses.

IV. SUMMARY AND CONCLUSIONS

We have presented a first-principles methodology ba
on DFT for computing Mo¨ssbauer isomer shift and quadr
pole splitting parameters for Sn sites in chalcogenide glas
We use results for well-defined tin halide molecules to
calculated values of the Sn contact charge densityr(0) to
measured isomer shiftsd using the linear relationship give
-
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mu
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in Eq. ~1!. Figure 1 shows that this fit yield excellent agre
ment when used to computed for tetrahedral Sn sites in
GeS2 and GeSe2. In Table I we also show that compute
values of the EFG tensor for a set of benchmark molecu
are in close agreement with values computed usingab initio
techniques. The EFG tensor components are used to com
quadrupole splittings,D, according to Eq.~2!.

We applied the DFT-based methodology to cluster mod
of Mössbauer probe atom environments expected to
present in GexX12x glasses, withX5S or Se. The results
given in Table II show that the values ofd andD obtained
for the CS and ES environments~see Fig. 2! are in excellent
agreement with the experimental results for the tetrahedraA
sites3 shown in Table III. Further, the calculated results f
the RS environment are consistent with the reported val
for the presumed threefold-coordinatedC sites.3 By contrast,
the calculated values for the ETH environment and the
perimental parameters for theB sites are inconsistent. Th
observedd values for theB sites~ca. 3.3 mm/s! indicate an
ionic environment similar to theC sites, while the calculated
values for ETH reflectsp3 bonding characteristic of tetrahe
drally coordinated, covalent Sn. The strong implication
these results is thatB sites cannot be identified with the ETH
environment as has been proposed previously.3 Sn atoms on
ETH sites would produce a Mo¨ssbauer signature very clos
to that of Sn onA sites~CS and ES in Fig. 2!. The experi-
mental results3 reproduced in Table III, however, suggest th
theB sites would be chemically very similar to the RS env
ronment. We are exploring refinements to our RS models
identify possible alternative assignments for theB sites.

We also used our cluster calculations to investigate
relative energies of Sn atoms occupying different sites.
shown in Table IV, the Sn atoms sit preferentially in R
environments in Ge-S systems, while CS and RS envir
ments are essentially degenerate in Ge-Se systems. This
ference in energetics may explain the rapid decay ofA-site
Mössbauer intensity observed for Ge-S glasses3 as the Sn
atoms preferentially occupyC sites enhancing theC-site in-
tensity over what would be expected based on the rela
concentrations ofA and C sites. The ETH environment is
unfavorable for Sn in both Ge-S and Ge-Se systems.
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