PHYSICAL REVIEW B, VOLUME 65, 214201

Modeling the 11°%Sn Mossbauer spectra of chalcogenide glasses using density-functional
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We have used first-principles calculations based on density-functional theory to investig&téSth&loss-
bauer spectrum a-Ge) 9o S 01 S€ _x anda-Gey 99Sny 0 S1 -« - Using calculated electric field gradients and
contact charge densities, we compute geloauer 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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[. INTRODUCTION ticularly for the Ge-rich portionX>1/3) of the composition
range. Foix=1/3, Raman spectroscopy has been very effec-
Mossbauer spectroscopy is an important probe of atomitive in identifying basic structural features in the glas%.
structure in glasses, yielding detailed information aboufThe Raman spectrum in this region has relatively sharp fea-
chemical bonding. Different oxidation states of Mgsbauer tures that can be linked to structural units formed fronX@e
probe atoms are readily distinguished by the chemical isometetrahedral building blocks{=S or Se. These units include
shift, while the quadrupole splitting reflects the symmetry ofcorner-sharindC$) tetrahedra, edge-sharitgS) tetrahedra,
the electrostatic environment at the probe atom site. For exand ethanelik¢ETH) units that feature a single Ge-Ge bond.
ample, three different Sn atom sites were distinguished in th&or x>1/3, however, new features emerge in the Raman
ternary Ge_,,Sn,S; glasses. This led to a full characteriza- spectrum that are broad and difficult to resolve. They provide
tion of the structural evolution of the system as a function ofiittle insight into the structural changes occurring in the ma-
x.2 While Mossbauer data provide direct information aboutterial. On the other hand, the Msbauer spectrum in this
site chemistry, translating this information into structuralregion has been analyzed into distinct features identified with
terms can be a challenge. A basic approach is to compat@ree chemically inequivalent sites for Ge atoms in the
spectral data for a glass with those taken for a related crysglass®* So-calledA sites were identified with tetrahedrally
talline phase with a known atomic structure. Common feacoordinated atoms as in the CS and ES urBtsites were
tures in the two spectra are taken as evidence that the localentified with ETH units, andC sites were identified with
structure in the glass is the same as in the crystal. This aphreefold-coordinated Ge atoms bonded to threefoltoms
proach clearly has limitations, however, as structural arsimilar to the ionic, distorted rocksalt structure found for
rangements in the glass may not be present in any crystatGeX. The detailed analysis of the dsbauer data as a
phase. In such cases the glass spectrum can contain no¥ehction of Ge content gives an intriguing picture of the
features and their interpretation can be difficult without ad-evolution of glass structure across the Ge-rich glass-forming

ditional information. range. The analysis has played an important role in support-
In this paper we describe the use of first-principles calcuing a nano-phase-separated model of glass strugtdre.
lations based on the density-functional thediyFT) to In this paper we use first-principles calculations based on

model the Masbauer spectrum of a glass. We adopt aDFT to investigate the Mesbauer spectrum of GeS and
cluster-based approach for our calculations and show thabeSe glasses. We show first that accuratesdauer param-
this approach yields results that are consistent with experieters can be extracted from DFT calculations. We then ex-
mental measurements. We focus on the families of chalccamine the interpretation of the experimental spectra de-
genide glasses G8, , and GgSe _,. These materials are scribed above. The calculations support the interpretations of
prototype glass formers and have been studied in great detdiie A and C sites. However, calculated parameters for a Sn
using a variety of techniques including skbauer atom in an ETH environment are found to be qualitatively
spectroscopy:® This provides useful experimental data for different from the experimental values attributed to Be
comparison with our calculations. The Skbauer results for sites® suggesting a problem with this assignment.

these systems are also of considerable intrinsic interest, par- In the next section we present the details of our compu-
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tational approach. We follow that by presenting the results o{Ge, oSty 0)X1_x Samples  for experiments. The

our calculations and comparing them to relevant experimenngssbhauer-active isotopé!®Si™ involves a 23.88 keMl

tal data. The final section summarizes our results and pre=3/2—1/2 transition and substitutes for Geith which it is

sents conclusions. isoelectroni¢ in germanium-containing glasses. Careful tests

show that the Sn atoms do not aggregrate in the samples and

Il. METHOD it is assumed that the Sn atoms occupy the same sites as Ge

. o . . atoms in the glass sampl&$’

Our first-principles calculations are based on DFT in the The isome? Shift obsperved in ldebauer spectra probes

local density approximation(LDA), using the Perdew- the changes in the electron density at the nucleus. The isomer

Zunger functional for exchange and correlattorDFT is ; : o
known to give a highly accurate description of the structuralShlft (&) between different systems is given by the relation

and electronic properties of materials. We use a Gaussian- 5=C*[p(0)— pol, 1)
orbital-based implementation of the LDA featuring a varia-

tional numerical integration schehfghat yields accurate to- Wherep(0) is the contact charge density for Sn in the system
tal energies and atomic forc&sFor the present calculations, Peing investigated ang, is the contact charge density for a
we use a mixed representation featuring an all-electron treateference structure, e.g., CaSn®lereC is the isomer shift
ment for the Mssbauer-active Sn atoni{see below and  calibration constant and depends on nuclear parameters. Cal-
pseudopotentials for Ge, S, and ¥4 atoms are used to culating electron densities at the nucleus technically requires
maintain proper coordination of all S and Se atoms. We us@ completely relativistic Dirac-Fock treatment; however, to
extensive basis sets on each of the atoms. For the Ge, S, afigod approximation, the relativistic density can be obtained
Se atoms, we use fowstype, fourp-type, and threal-type from the nonrelativistic density linearly with a nucleus-
functions contracted from five single Gaussian orbtials tospecific scaling factor. The isomer shift can therefore be ex-
represent the valence orbitals; for Sn we use 24 Gaussigtessed in terms of the nonrelativistic charge densit)
exponents contracted to eight sevenp-, and fived-type ~ obtained from the LDA at the site of the Sn nucleus in cluster
orbitals to represent the core and valence states. The H atorfigodels of the glass. Sinc€ and p, are not known, we
are represented by six single Gaussians, contracted to fogannot computeé directly; however, given two or more mea-
stype, threep-type, and onal-type orbital. We have found sured values fob, we can use corresponding calculated val-
these bases to be adequate for computing electric field graes ofp(0) to fit C andpg, and thus to determine values of
dients as discussed below. 6 for environments of interest.

Features in a Mssbauer spectrum are characterized by Figure 1 shows measured values 6ffor Sn halide
two parameters: the isomer shift and the nuclear quadrupols,ystemé plotted against corresponding calculated values of
splitting. Both reflect the influence of the local chemical en-p(0). Themeasured isomer shifts for the solid Sn halides are
vironment on the nuclear energy level spectrum of aessentially identical to those obtained for the corresponding
Mossbauer-active nucleus. Since the Ge nucleus does n8nX, molecules isolated in an inert matrix. Thus we com-
have suitable properties for use in'Mbauer spectroscopy, puted values ofp(0) for the optimized, tetrahedral %p
small amounts of Sn are combined with Ge to createmolecules. The plot shows a clear linear relationship be-
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TABLE I. A comparison of calculated electric field gradient Sn and its |igand§.‘|’he greater the difference, the more ionic
(EFG) parameters usingb initio (Ref. 19 vs density functional  the SnX bond and the smaller the contact charge density at
theory methods. The values quoted for each molecule represeftie Sn nucleus, and thus the smaller the isomer shift.

V2., the largest eigenvalue of the EFG tensor, at the various atom  A|so plotted in Fig. 1 are the calculated values¢0) for
positions shown. Values are quoted in atomic units. &hénitio  gn atoms in the tetrahedral environments characteristic of
results were obtained using extensive basis sets. The DFT resul&s_Ge% andc-GeSg, plotted against the corresponding mea-
are given for the default electronic structure basis sets and for aQred isomer shifté(See the discussion of the CS and ES
extended basis. environments below and illustrated in Fig) Zhe fit of 6 vs
p(0) defined by the Sn halides is seen to do an excellent job

ab initio DFT

HE-SCE MP2 Default  Extended ©Of reproducing measured values 6ffor the chalcogenide
systems of interest here.

H, —-0342 -0338 -0350  -0.388 The Mossbauer quadrupole splitting arises from an inter-
N, 1.368 1.115 1.153 1112 action between the nuclear quadrupole moment and the elec-
F> —6.944 6258 —6.516  —6.343 ¢ field gradient(EFG) at the position of the NMesbauer
HF H ~-0521  -0546 —0.566  —0.538 nucleus. The EFG is that due to the electrons and the other

F —2.860 -2591  -2.788 —2.720 nuclei in the material. The EFG at nucleXscan be calcu-
HCI H —0.293 —0.296 —0.294 —0.296 lated as

Cl —-3.579 —3.402 —3.458 —3.469
(6{0) C 1.174 0.950 0.979 0.939

(o] 0.724 0.779 0.705 0.684 V;B:f drp(r)[3(r o= Rxa) (r g— RXﬁ)_|r_Rx|25a,/3]/
HCN H —0.317 —-0.319 —-0.334 —0.322

C 0.498 0.376 0.370 0.339

N 1.201 0.946 1.008 0.979 Ir—Ry|®— 2 Zy[3(Rya— Rxa) (Rys—Ryp)
HNC H -0419 —0421 —0.443 —0.424 Y

N 1.035 0.833 0.864 0.834

C -0017 -0.048 -0.116 —0.130 IRy~ Rl Ry~ Ry 2
H,0 H -0472  -0481 -0501  -0477 wherep(r) is the electronic charge density at positigrthe

o 1.836 1.624 1.763 L7113 Rg represent the positions of the nuclei, and the Z’s repre-
NH, H  ~03%2  ~0391  ~0407 = —0.390 sent the corresponding atomic numbers. To evali¥4ie

N 0.957 0.838 0.973 0.941 ) '

we compute the first integral numerically and add the second
term, which is a simple sum over the nuclei.
The quadrupole splitting for the=3/2 state is given by

tweend andp(0). Theline in the figure is a least-squares fit

of the data, yielding a slope of 0.26 andyaffset of 0.85. A=eOV.(1+ n2/3)Y22 3

This value for the slope is in excellent agreement with pre- QVed Lt 773) ' &

vious DFT results® Note that the line shows the expected whereQ is the nuclear quadrupole momewt,, is the largest

variation of § with the electronegativity difference between eigenvalue of the EFG tensor, angdis the asymmetry pa-
rameter,

= |Vyy_ Vxx|/sz- (4)

Here the principal axes are chosen such {hgt|=|V,,|

=V,,. We use the valu®=—0.10% for the quadrupole

moment of 191" 1 so thatA can be computed in absolute

o i terms givenV,, and ».

e )‘%} ﬁ To test the reliability of our DFT approach, we have com-

~ J\A = &gv D puted EFG components for several benchmark molecules

- that were studied recently usiradp initio methods. In Table |

we show a comparison of our DFT results and the corre-

sponding values obtained at the Hartree-Fock and MP2 lev-

els of theory!® The table shows the value of,, at each

nucleus in the molecule, in atomic units. Téle initio results

were obtained using extensive basis sets. The DFT results are
RS-ES reported for the default basis sets implementediomoL.

FIG. 2. Possible environments considered for ashhmuer- 1he table shows very good agreement between the different
active Sn nucleus. Ge atoms are dark, Se atoms are light, and $A€thods. Typical differences between DFT and MP2 results
atoms are shaded. The actual cluster models studied include the@ée on the order of 10% or less. We tested the DFT results for
environments combined in various ways, as in the RS-ES clustepasis set effects by recomputing the EFG components using
illustrated. Hydrogen atoms are used to maintain the desired cooextended basis sets, including additional diffuse single
dination of all the S/Se atoms in the calculations. Gaussian orbitals for all angular momentum types. As shown
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in Table I, the EFG parameters change only slightly with the TABLE II. Calculated values for the Misbauer isomer shii

larger basis. We use our default basis for all the calculationgnd quadrupole splitting for the environments defined in Fig. 2.

reported below. Th_e values_are averages for at least three cluster moqlels incorpo-
The site chemistry of an atom in a glass is largely deter—ré,‘t'ng the given e.nV|.ronm.ent. The range of values obtained for the

mined by the arrangement of its immediate neighbors. Therelierent models is given in parentheses.

fore an essential ingredient in any computationq[ approach is Ge-S Ge-Se

the accurate treatment of the local environment osbauer

probe atoms. We follow a cluster-based approach in which S(mmis  A(mmis  S(mmis A (mmig

cluster models are constructed to incorporate the Sn envirores 1.32(0.03 0.32(0.29 1.54(0.03 0.29(0.41)

ments expected to be present in the glass. Figure 2 illustratgss 1.30(0.02 0.29(0.0§ 1.51(0.03 0.30(0.27)

the environments anSidered in this WOfK. In the CS and E%TH 1.48(0.09 0.46(0.16 1.62(0.10 0.33(0.57

sites, the Sn atom is tetrahedrally coord|r.1at_ed to chalcogepg 3.32(04D 1.25(0.85 3.29(0.25 1.07(0.82

atoms. These environments are characteristic-GEX, and

the Massbauer isomer shifts measured for the stoichiometric

crystals are essentially identical to those measured foAthe bonds were obtained from the diffraction experiments on the

sites in the glasséd.The ethandETH) environment exhibits  stoichiometric glasses Ge@nd GeSg

broken chemical order, as the Sn atom is bonded to one Ge

atom and thre&X atoms. Evidence for the presence of ethane- ll. RESULTS AND DISCUSSION

like units in glasses with Ge-rich compositions exists in the }

Raman spectra of these glasses for Ge compositionsxnear A. Mossbauer parameters

=1/3% Finally, in the distorted rocksalRS) environment, Table Il shows the results of our calculations for all the

the Sn atom is threefold coordinated to chalcogen atomssjusters studied, for botK=S andX=Se. The average val-
which in turn are also threefold coordinated. This arrangeues for$ and A calculated for a given Sn environment are
ment is similar to that of the ionic environment of a Ge atomshown. In parentheses we give the range of the values found
in c-GeX*#* It is assumed that such arrangements argor the different cluster models containing that environment.
present in the glasses as the composition approach@s5.  This range reflects the effects of structural differences be-
We incorporate the environments shown in Fig. 2 into ayond the first-nearest-neighbor atoms. The calculated values
variety of cluster models, formed mainly by combining the can be compared to the values derived from experimental
basic structural units together to form larger clusters. Eaclybservation$ that are reproduced in Table Ill. As noted
environment appears in at least three separate cluster modedhove, the experimental results were interpreted in terms of
One simple composite modéRS-ES is shown in Fig. 2. By  three Sn site#\, B, andC.2 The range given for the experi-

considering a number of clusters containing the same Smental values corresponds to the range obtained as a func-
atom environment, we can investigate the effect of structurafion of Ge content in G&;_,.

differences at seconq.— and third-neighbor distances from the Focusing first on the calculated values for Ge-S, Table II
Sn on the calculated Msbauer parameters. Hydrogen atomsshows that the results are very similar for the CS and ES
are used in all models to maintain the appropriate coordinagnvironments. The calculatetiare essentially identical, 1.32
tion of the chalcogens at the model surface. All cluster modand 1.30 mm/s, and the spread of values from the various
els are first relaxed to a minimum energy geometry, using thenodels is very small, 0.02 and 0.03 mm/s. The calculdted
calculated DFT forces in a gradlent-based optimization algOare also very similar, 0.32 and 0.29 mm/s, respective|y_ In
rithm. The contact charge density and EFG tensor at the Sghis case the spread of values is somewhat larger, 0.29 mm/s

atom site are then computed for the relaxed geometry.  for the CS environment and 0.06 mm/s for ES. The results
As a check on our models, we can compare the calculated

structural parameters of our relaxed structures with values TABLE Ill. Experimental values, taken from Ref. 3, for
extracted from recent neutron diffraction experiments perihe Massbauer isomer shiff and quadrupole splitting for Ge-S
formed ona-GeS (Ref. 23 anda-GeSe (Ref. 24. For the and Ge-Se chalcogenide glasses. The data stem from a three-
CS and ES environments, we compute a range ofite fit of the Masbauer data for (GgsSmo)«Si-x and
2.18-2.20 A for nearest-neighbor Ge-S bond lengths. Thi§G&.osSM.o)xSe . The experimental ranges cited represent the
is in excellent agreement with the value of 2.21 A found byspan of values obtained as a functionobetweenx=0.3 andx

Petri and SalmoR® The corresponding calculated range for =0.42. The large differences between thg calculated values for the
Ge-Seis 2.33-2.35 A, again in excellent agreement with th& 'H eénvironmentgTable 1)) and the experimental values for tBe
experimental value of 2.36 % 1n the ETH models, we find 5|te_s below indicate t_hat _the latter cannot be identified with the ETH
Ge-Ge bond lengths of 2.38—2.40 A for both Ge-S and GeS"Vironment shown in Fig. 2.

Se, close to the experimental value of 2.422*All these Ges GeSe
comparisons show the tendency of the LDA to slightly un- 5 (mm/s A (mm/s 5 (mm/s A (mm/s
derestimate experimental bond lengths. In the RS models

the calculated Ge&¢ bond lengths are in the ranges A 1.3 0.3-0.4 1.53 -
2.33-2.49 A for Ge-S and 2.47-2.57 A for Ge-Se. These B 3.3-3.4 1.6-2.0 3.3 2.13
ionic bonds are significantly longer than those in the more ¢ 3.0-3.6 1.1-2.3 3.0 -

covalent environments. No data corresponding to the RS
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for the ETH environment are qualitatively similar to CS andin ionic bonding arrangements, we obtainof 3.07, 3.26,
ES. S is slightly larger, 1.48 mm/s with a spread of 0.09, andand 3.29, respectively, indicating an increasing ionic charac-
A is 0.46 with a spread of 0.16 mm/s. The results for the RSer at the Sn site across the series. Thus an increase in the
environment, by contrast, are qualitatively different. Béth ionic character of the atomic neighborhood enhances the ion-
and A are significantly larger than in the CS and ES envi-icity of a Sn site.
ronments. The spread in the calculated values is also much The large values foA obtained for the CS environments
larger. § has the value 3.32 with a spread of 0.41 mm/s, andeflects the low intrinsic symmetry of these sites. The large
A is 1.25, with a spread of 0.85 mm/s. spread in calculated values for the RS sites is evidence that
The calculated values for Ge-Se show exactly the samthe EFG at the Sn site is also more sensitive to the wider
trends as in Ge-S. The CS and ES environments have esseatomic neighborhood than in the tetrahedral environments.
tially identical Mossbauer parameters. The calculated values As discussed in the Introduction, Msbauer-effect mea-
for the ETH environment are very similar to CS and ES, butsurements have been carried out on Ge-S and Ge-Se gfasses.
the RS values are qualitatively different. The Ge-Se valueThe data were interpreted using a three-component fit, sug-
for & are slightly larger than the Ge-S values for the CS, ESgesting three chemically distinct sites for the Sn probe atoms
and ETH environments: 1.54, 1.51, and 1.62, compared ti the glasses. ThA site was assigned to tetrahedrally coor-
1.32, 1.30, and 1.48 mm/s, respectively. Thevalues are dinated Sn as in our CS and ES environments. Bkiée was
essentially the same for all these environments in Ge-Se arabsigned to Sn atoms, making three )Sribonds and one
Ge-S. For the RS sites, the calculated values for Ge-Se argh-Ge bond, as in our ETH environment. Finally, tDesite
Ge-S are approximately equal for bafrand A. was interpreted as a threefold Sn atom in an ionic configu-
The trends presented above are easily understood in termation as in our RS environment. The experimental values for
of bonding differences in the different environments. Thes andA are reproduced in Table IlI.
CS, ES, and ETH sites feature fourfold-coordinated Sn at- Comparing the calculated and experimental results given
oms, corresponding to asp® bonding arrangement for the in Tables Il and lIl, respectively, we find an excellent match
Sn. The range ob expected for tetrahedral Sn is 1.2 to 2.0 between the values calculated for our CS and ES environ-
mm/s! and the calculated values for these environments alinents and the experimental values assigned toAtlsites.
lie in this range. Differences in the values calculated forThe calculated values @&f for Ge-S are 1.32 and 1.30 mm/s,
Ge-S compared to Ge-Se are due to electronegativity differrespectively, for CS and ES, and the experimemalite
ences. As noted earlier, the larger the electronegativity difvalue is 1.3* For Ge-Se, the corresponding calculated values
ference between SnyE 1.8) and its ligands, the smalléx are 1.54 and 1.51, compared to the experimeisite value
Since S {=2.5) is more electronegative than Se<2.4),  of 1.53 mm/s’ For A, the calculated CS and ES values for
the Ge-S isomer shifts are slightly smaller. The same effecGe-S are 0.32 and 0.29, in excellent agreement with the ex-
accounts for the difference between the ETH and CS/ES vaperimentalA-site value 0.3 mm/3.No experimental values
ues forés. Here, an S or Se atom is replaced by a less elecfor A were reported for the Ge-Sesite.
tronegative Ge x=1.8) andsé increases slightly. For the Ge-S RS environment, the calculategtalue of
The small spread in the calculated values #bin the  3.32 is in the middle of the range of experimental values for
tetrahedral models indicates that the contact charge density tite C site, 3.0-3.6 mm/3.The experimental range reflects
a tetrahedral site is only slightly affected by structural differ-changes recorded as a function of Ge content iRSz§, ,
ences beyond first-neighbor distances. This is reflected in theuggesting an evolution in the local environment of Sn atoms
fact thatd is the same for CS and ES, despite the differenton the C site as the material becomes more Ge rich. For
arrangement of the second neighbors in these environmentSe-Se, the value ob calculated for the RS environment,
It also accounts for the fact that the isomer shifts measure@.29, is again consistent with the experimental value for the
for the A sites in the glasses are the same as found fo€ site, 3.0.(No range of experimental values was reported
c-GeX,.t’ for this case. The calculated\ values for the RS environ-
The larger spread in calculated values shows that the ment are also consistent with experimer@adite values. For
EFG at the Sn site is somewhat more sensitive to the aiGe-S, the calculated 1.25 mm/s lies in the range of experi-
rangement of atoms beyond the first neighbors. The relamental values, 1.1-2.4 mmisExperimental values foa
tively small values ofA calculated for these environments were not published for the Ge-Se case.
reflects the approximate tetrahedral symmefxyvanishes In contrast to the above, comparison of calculated and
identically in pure tetrahedral symmetry. experimental Mesbauer parameters does not support the
The RS site features a threefold-coordinated Sn, in a morassignmeritof the experimentaB sites to the ETH environ-
ionic bonding arrangement. Expected values ddor Sré™* ment. For Ge-S, the calculatetiof 1.48 for the ETH envi-
ions are in the range 3.0—4.0 mm?snd the average values ronment is far from the experimental range of 3.3—-3.4 mm/s
calculated for the Ge-Se and Ge-S RS sites lie in this rangdor the B site® Likewise, the calculated of 0.46 mm/s for
The spread in calculated values #®is much larger than for ETH lies well outside the experimental range 1.6—2.0 mm/s
the tetrahedral environments, indicating that the arrangemefiound for theB site3 The situation is the same in Ge-Se,
of neighboring atoms has a stronger impact on the degree efhere§ calculated for ETH, 1.62 mm/s, is qualitatively dif-
ionicity of the Sn atom and thus the Sn contact charge derferent from the experimentd-site value, 3.3 mm/s. Tha
sity. For example, in a series of calculations in which all first,calculated for ETH, 0.33 mm/s, is also far from the experi-
second, and third neighbors of the Sn atom in the model armentalB-site value of 2.13 mm/3The clear implication of
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this comparison is that the ETH environment shown in Fig. 2 TABLE IV. Relative binding energyBE) for Sn atoms in the

is not a good assignment for the experimerBasite. The environments defined in Fig. 2. The energies are obtained by di-

results in Table Il indicate that the \dsbauer signature for rectly comparing the total energies of relaxed cluster models as

Sn atoms in the ETH environment would be very similar tc)described in the text. The energy for the CS environment is taken as

that of the ES and CS environments and would be difficult tg€ "éférence for both Ge-S and Ge-Se systems. Positegative
nergies reflect ledgnore favorable environments for Sn.

distinguish from these in experiments. By contrast, the Iargg

experimental values of reported for thé sites imply ionic Ge-S Ge-Se
bonding for Sn very similar to that found in the RS environ- BE (eV) BE (eV)
ment.
CS 0.00 0.00
ES 0.08 0.08
B. Site energetics ETH 0.13 0.25
RS —0.16 0.02

In addition to predicting Mesbauer parameters for differ-
ent Sn environments, our calculations allow us to compare
the relative energy of Sn atoms in different environmentstainty of 0.04 eV per environment quoted above, confirming
This information is important for interpreting the site inten- this as a reasonable estimate of the uncertainty in the
sities in a M®sbauer experimenfThe intensity of the Mes- ~ method.

bauer signal for a Sn atom occupying a given site is propor- The results_ in Table IV suggest that the CS site is roughl_y
; ; -éiegenerate with ES, for both Ge-S and Ge-Se. The ETH site

energetically unfavorable for both systems. For Ge-S, the
nergy of ETH relative to CS is 0.13 eV, while for Ge-Se, it

is determined by the number of such sites available and b

the probe_lbility of the__ Sn atom occupying the site. If all the is 0.25 eV. The glass transition temperatdigis the tem-
sites available to a Mssbauer nucleus are equally probable,e aire at which the Sn atoms are frozen into the different
and have similar recoil-free fractions, then the $dbauer  environments. For these materials, is on the order of 750
site intensities can be taken to reflect the concentrations & 3 corresponding to a thermal energy of around 0.06 eV. At
the sites. However, energetic differences among the sites cahis temperature, the relative Boltzmann probability of occu-
make it much more likely for Sn atoms to sit at one sitepying the ETH sites compared to CS sites is 0.11 for GeS
compared to another, significantly enhancing the site intenand 0.015 for GeSe. This suggests that thesshauer signal
sity of the preferred site. corresponding to Sn atoms on ETH sites will be much
To address the question of site energetics, we have conveaker than would be predicted on the basis of concentra-
structed a number of cluster models featuring two differentions alone. The combination of a relatively weak signal and
possible environments for a Sn atom. One composite moddhe similarity between the ETH and CS-ES signatures as
(RS-ES is shown in Fig. 2. We ran two independent calcu-discussed above would make Sn atoms on ETH sites very
lations for each of these models, with the Sn placed on on@ifficult to detect in M@sbauer measurements. _
of the two sites in each case. In both calculations we opti- Perhaps, the most interesting result in Table IV is the site
mized the cluster geometry, allowing the atoms to fully relax€nergy of the RS environment. For Ge-S, the RS environ-
to a minimum energy configuration. By directly comparing Mentis more favorable than CS by 0.16 eV, while for Ge-Se,
the relaxed total energies of the two calculations, we find thdXS is essentially degenerate with CS. This qualitative differ-
relative energy of the Sn atom in one environment compare§nce is likely due to the fact that S is slightly more electrone-
to another. gative than Se, thereby stabilizing the more ionic environ-
In Table IV we show relative site energies for the envi- Ment(RS) over the more covalent environme(@S). Again
ronments defined in Fig. 2 for both Ge-S and Ge-Se system&'Sing Boltzmann probabilities calculated for=Tg, the RS
In both cases we use the CS environment to define the zegites are roughly fourteen times more likely to be occupied
of the energy scale. Making pairwise comparisons betweef@n the CS sites in GeS, while the two environments are
CS and the other environments in corresponding compositéoughly equally likely to be occupied in GeSe. This differ-
clusters, we determine the remaining site energies. To deteNCe may explain the trend in the site intensitieCofs A
mine the effect of different arrangements of second-neighbofites observed in experimeritén Ge-S, the Mesbauer site
atoms and beyond, we made the pairwise comparisons to d8tensity for siteA decays very rapidly for values of be-
in at least two different ways for each of the other environ-yondx=1/3, vanishing at about=0.35. The results in Table
ments. The average difference in relative energies found iV suggest the decay is due to the energetic preference for
this way was 0.04 eV, establishing an uncertainty for thethe C sites in Ge-S, which causéssites to be preferentially
energy calculation. We also cross-checked the results iRccupied over sites in the Ge-rich regime and greatly en-
Table IV in another way. For the Ge-S system, the results iiances the observe@site intensities. In Ge-Se, thesite
Table IV predict the RS environment to be energetically fa-intensity decays much more slowly, going to zero only at
vored by 0.24 eV over ES. In a direct comparison using e&boutx=0.39.
RS-ES composite clustésee Fig. 2, we obtain a difference ) )
of 0.27 eV. For Ge-Se, Table IV predicts RS favored over ES C. Raman signature of the RS units
by 0.06 eV, while a direct comparison yields ES favored by In Ref. 3, a Raman mode at 250 chin GgS,;_, was
0.02 eV. These cross-checks are consistent with the unceidentified with the MesbauelC site because of the proxim-
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ity of a known Raman mode at 238 cthin c-GeS and in Eq.(1). Figure 1 shows that this fit yield excellent agree-
because of a strong correlation between the growth in th&ent when used to computé for tetrahedral Sn sites in
MossbauelC-site intensity and the growth of the 250 ch  GeS and GeSg In Table | we also show that computed
Raman mode scattering strength as a function of Ge conceralues of the EFG tensor for a set of benchmark molecules
tration. In a previous paper focusing on the Raman spectrurare in close agreement with values computed uaingnitio

of GeS and GeSg® we identified the 250 cm* mode with  techniques. The EFG tensor components are used to compute
ETH units due to the excellent match to the calculatedquadrupole splittingsd, according to Eq(2).

Raman-active mode frequency of 254 chifor ETH. We We applied the DFT-based methodology to cluster models
did not include RS units in the earlier work. As discussedof Mossbauer probe atom environments expected to be
above, our present calculations indicate that the ETH envipresent in GgX;_, glasses, withX=S or Se. The results
ronment would have a weak Msbauer signature that would given in Table Il show that the values éfand A obtained

be diffcult to distinguish from the CS and ES environments.for the CS and ES environmen(isee Fig. 2 are in excellent

A growing concentration of ETH units could not be respon-agreement with the experimental results for the tetraheral
sible for an increase in thé-site Mossbauer intensity. sites shown in Table IIl. Further, the calculated results for

To better understand the correlation of Raman angdvo the RS environment are consistent with the reported values
bauer intensities, we computed the Raman-active modes é6r the presumed threefold-coordinatédsites® By contrast,
both the isolated RS and the RS-ES clusters shown in Fig. 2he calculated values for the ETH environment and the ex-
Briefly, the methofl involves relaxing the cluster geometry perimental parameters for tHe sites are inconsistent. The
within the LDA, computing the vibrational normal-mode fre- observeds values for theB sites(ca. 3.3 mm/sindicate an
guencies and eigenvectors, and then calculating the corréenic environment similar to th€ sites, while the calculated
sponding Raman intensities directly within LDA. For the iso- values for ETH reflecs p> bonding characteristic of tetrahe-
lated cluster, we find two Raman-active modes in the regionrally coordinated, covalent Sn. The strong implication of
near 250 cm?', at 238 and 264 cm', the latter being these results is th& sites cannot be identified with the ETH
somewhat stronger than the former. For the RS-ES modeknvironment as has been proposed previotSlg. atoms on
we find a single active mode in this region at 250 ém ETH sites would produce a Msbauer signature very close
These calculations indicate that RS units give rise to a Rato that of Sn onA sites(CS and ES in Fig. 2 The experi-
man feature near 250 cm, and that this feature is likely to mental resultSreproduced in Table IIl, however, suggest that
have a width on the order of 25 c¢rh This result is consis- the B sites would be chemically very similar to the RS envi-
tent with the observed correlation in Raman andsslmauer ronment. We are exploring refinements to our RS models to
spectra for Gg5; . identify possible alternative assignments for Bsites.

An interesting irony appears here. The results presented in We also used our cluster calculations to investigate the
Table Il suggest that ETH units may be difficult to distin- relative energies of Sn atoms occupying different sites. As
guish from CS and ES, but are quite distinct from RS units inshown in Table IV, the Sn atoms sit preferentially in RS
Mossbauer measurements. Conversely, the ETH units appeanvironments in Ge-S systems, while CS and RS environ-
distinct from CS and ES, but may be obscured by RS units inments are essentially degenerate in Ge-Se systems. This dif-
Raman. Very careful simultaneous analysis of both types oference in energetics may explain the rapid decayj-gite
spectra, as well as input from other methods like neutrorMossbauer intensity observed for Ge-S gladsesthe Sn
scattering”® may be needed to establish the concentrations oitoms preferentially occup@ sites enhancing th€-site in-

ETH units in the Ge-rich glasses. tensity over what would be expected based on the relative
concentrations ofA and C sites. The ETH environment is
IV. SUMMARY AND CONCLUSIONS unfavorable for Sn in both Ge-S and Ge-Se systems.

We have presented a first-principles methodology based
on DFT for computing Mesbauer isomer shift and quadru-
pole splitting parameters for Sn sites in chalcogenide glasses.
We use results for well-defined tin halide molecules to fit This work was supported by a grant from the National
calculated values of the Sn contact charge densify) to  Science FoundatiotDMRRUI9972333 and by a Cottrell
measured isomer shift§ using the linear relationship given College Science Award from the Research Corporation.
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