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We have used a recently developed computational technique based on density-functional theory to study the
Raman-active modes of amorphous GeSe2 and GeS2. Vibrational modes and the associated Raman activities
for three cluster building blocks of the glasses are calculated directly from first principles. The positions of the
calculated symmetric-stretch modes in the cluster models are in excellent agreement with sharp features in the
observed spectra. Moreover, simulated spectra based on the cluster results are in good agreement with experi-
ment, accounting for all the observed features in the bond-stretch region of the spectra. The cluster results
suggest a new interpretation for the 250 cm21 mode appearing in the spectra of Ge-rich samples in the
GexS12x family. @S0163-1829~99!51846-8#
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Raman spectroscopy has been an important tool for in
tigating the properties of chalcogenide glasses for over
decades.1–4 Applications have ranged from early investig
tions of short-range order in the glasses3,5,6 to very recent
probes of network rigidity.7–9 The Raman spectra of glass
such as GeS2 and GeSe2 are interesting because they conta
sharp, molecularlike features that can be associated with
cal structural elements of the materials. The molecular na
of the spectra has motivated calculations based on ato
clusters to interpret the spectral features.1,2 These calcula-
tions used empirical force fields to compute vibration
modes10 and in some cases bond polarization models to co
pute Raman intensities.11–13 Such calculations gave a usef
qualitative understanding of the spectra but were limited
the empirical nature of the models in the amount of de
they could provide. Higher level calculations have been
plied to bulk a-GeSe2

14,15 and to liquid GeSe2,16 but these
calculations were not aimed at interpreting the Raman sp
trum.

In this paper we use a first-principles method based on
density-functional theory~DFT! to study the Raman spectr
of GeSe2 and GeS2. We use standard DFT techniques
obtain the vibrational normal modes of cluster models a
PRB 600163-1829/99/60~22!/14985~5!/$15.00
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then a DFT-based method17 to compute the associated R
man activities. We show that the main features of the
served spectra are reproduced in excellent agreement
experiment and that the overall spectra can be simulated
well using only the results of cluster calculations on thr
simple structures. Finally, we use the results of our calcu
tions to suggest a new interpretation for the 250 cm21 mode
observed in Ge-rich compositions of GexS12x .4

The calculations described here are based on the den
functional theory in the local-density approximatio
~LDA !.18–20We use a Gaussian-orbital-based formulation
the theory, with a robust numerical integration scheme21 that
gives highly accurate total energies and atomic forces.22 The
cores of the heavy atoms are represented by norm-conse
pseudopotentials,24 while the H atoms are included in a
all-electron framework.23

To study the Raman-active modes of GeS2 and GeSe2, we
use finite clusters of atoms containing structural units
pected to be important in the glasses. Dangling bonds on
cluster surfaces are terminated by H atoms, to better mo
the chemical environment of the glasses. The cluster ge
etries are optimized using a conjugate-gradient algorith
and the vibrational normal-mode frequencies and eigenv
R14 985 ©1999 The American Physical Society
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tors are computed using standard techniques. The large
difference between H and the heavy atoms prevents H-a
motion from mixing strongly in the Ge-X vibrational modes.
The bulk of the H-atom modes lie well outside the spec
region of interest for GeS2 or GeSe2. Any H-atom modes
that do fall in this region are removed from the analysis.

The key feature of this work is our ability to compu
Raman activities for each of the vibrational modes direc
within the LDA.17 The Raman-scattering activity,I Ram, as-
sociated with a given vibrational mode is related to t
change in the electrical polarizability of the material due
the normal-mode displacements of the atoms.25 The essential
ingredients are the gradients of the polarizability with resp
to the nuclear coordinates:

]a i j

]Rk
52

]3E

]Gi]Gj]Rk
5

]2Fk

]Gi]Gj
, ~1!

whereE is the cluster total energy,Gi is the i th component
of an external electric field, andFk is the calculated force on
the kth atomic coordinate. We calculate the field derivativ
by finite differences using forces from independent se
consistent calculations with small applied electric fields26

We have found that field strengths on the order of 0.005
yield converged results for the derivatives.17

The basic structural building blocks for GeS2 and GeSe2
are Ge-centered tetrahedra, GeX4. These can be connected
two simple ways in the glasses, by sharing a single corne
an edge. The corner-sharing~CS! and edge-sharing~ES!
structures are illustrated in Fig. 1.~Another possibility is to
share threeX atoms to form face-sharing tetrahedra, but o
calculations27 suggest such a structure is energetically un
vorable and we do not consider it further here.! The third
cluster shown in Fig. 1 is an ethanelike~ETH! structure, the
simple structure exhibiting Ge-Ge bonds. Clear experime
evidence for broken chemical order exists for both Ge2
and GeS2.4,28

We list the frequencies and calculated Raman activi
for the main Raman-active cluster modes in Table I a
compare them with the positions of peaks in the obser
spectra.3 The agreement between the calculated and obse
frequencies shown in Table I is striking. Both ES modes
within 1 cm21 of the observedA1c peaks and the selenid

FIG. 1. The corner-sharing~CS!, edge-sharing~ES!, and ethane-
like ~ETH! cluster models studied here.
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ethanelike mode is in perfect agreement with the position
an observed peak that is associated with Ge-Ge bond28

Both CS modes are slightly softer than the observedA1

peaks. The differences are small and may simply reflect
inherent limitation of the LDA in calculating frequencie
The differences may also have a structural origin. Rec
experiments have shown that theA1 peaks shift to higher
frequency with Ge content as the glasses go through the
gidity transition.7 Below the transition, at aroundx50.23, the
measuredA1 frequency is 195 cm21 for GexSe12x and 341
cm21 for GexS12x . These frequencies are closer to the c
culated values shown in Table I. The CS clusters appare
model theA1 modes in the floppy regime better than in th
rigid regime. No systematic shift of theA1c modes in these
systems was mentioned in Ref. 7.

In Fig. 2 we present simulated spectra for GeS2 and
GeSe2, derived from the cluster results. For comparison
show the corresponding observed spectra3 in the insets. The
simulated spectra represent Gaussian-broadened densit
states of the cluster modes, weighted by the calculated
man intensities. To keep the simulated spectra as unbiase
possible, the width assumed for each cluster mode is
equal to the width of the nearest feature in the obser
spectra as assigned in the analysis of Sugai.3 We have shifted
the frequencies of the two CS symmetric stretch modes
bring them into agreement with the observedA1 peaks
shown in Table I. This makes the ethanelike mode in Ge2
a more pronounced shoulder and has no effect on other p
of the simulated spectrum.

Creating the simulated spectra also requires specifying
relative concentrations of the CS, ES and ETH structu
These are deduced from experiment by assuming that
total integrated intensities for theA1 , A1c , and ethanelike
peaks in the observed spectra are proportional to the pro
of the concentration of the corresponding CS, ES, and E
structural features and the calculated absolute intensitie
the cluster modes:

TABLE I. A comparison of observed peak positions in Ge2

and GeSe2 with calculated Raman-active modes for the clust
shown in Fig. 1. TheA1 and A1c peaks are labeledA and C for
convenience. Also given are the calculated absolute Raman in
sities (I Ram) of the different cluster modes and the clusters in wh
they appear.

Ge2

mode vExp vTh I Ram cluster
(cm21) (cm21) (Å4/amu) model

250 254 39.1 ETH
A 343 335 77.5 CS
C 374 373 79.3 ES

366 45.1 ETH
437 436 6.7 ES

179 179 49.2 ETH
A 202 195 47.9 CS
C 218 219 40.5 ES

288 3.9 ETH
310 319 7.7 ES
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FIG. 2. Simulated and ob-
served Raman spectra for GeS2

and GeSe2. The observed spectra
shown in the insets are taken from
Ref. 3 The simulated spectra wer
obtained from the cluster calcula
tions as described in the text.
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for
I i
exp}Ci•I i

th , ~2!

where I i
exp is the observed intensity,I i

th is the calculated
absolute intensity of the cluster mode andCi is the concen-
tration. By also assuming that the concentrations sum to
we arrive at concentrations of 0.77, 0.22, and 0.01 for
CS, ES, and ETH structures for GeS2 and 0.58, 0.33, and
0.09 for GeSe2.

The simulated GeS2 spectrum shown in Fig. 2 is in exce
lent agreement with the measured spectrum, reproducin
the observed features in the bond-stretching region at
proper positions. The calculations also produce modes in
bond-bending region below 250 cm21, but since the experi-
mental spectrum in this region is bandlike, we do not exp
to reproduce it in the cluster calculations. The broad feat
at around 400 cm21 contains contributions from both the C
and ES clusters, but the peak at about 436 cm21 is due
entirely to the highest mode in the ES cluster. Previous e
pirical force field calculations assigned this mode to S
modes,12 but these lie higher, at frequencies near 480 cm21,
in the spectra for S-rich compositions reported by Sug3

The association of the 436 cm21 mode with the ES structure
implies that the intensity of this feature should track that
e,
e

all
e

he

ct
re

-

.

f

theA1c peak at 373 cm21. A visual inspection of the spectr
made as a function of Ge content in Ref. 3 suggests that s
a relationship exists.

For GeSe2, the simulated and observed spectra agree v
well in the A1 region ~170–230 cm21) and at frequencies
above 280 cm21, but differ in between. The experimenta
spectrum contains broad peaks centered around 240 and
cm21 that are missing in the calculated spectrum. These
tures appear to be related to Se-Se bonds, since they be
much more prominent for Se-rich compositions.3 We have
studied27 simple models containing Se-Se bonds and find
Se-Se stretch frequencies to fall near 270 cm21. Further-
more, we find no Ge-Se modes in any of our cluster cal
lations between 220 and 276 cm21. We therefore attribute
the difference between the simulated and observed spect
the absence of Se-Se related features contributing the for
The highest feature in the simulated spectrum, lying at 3
cm21, comes from the ES structure. We associate this w
the small experimental peak observed at 310 cm21 by
Sugai.3

There is an interesting difference between the spectra
GeSe2 and GeS2 in the region below theA1 peak. There is a
prominent peak at 179 cm21 for GeSe2, but only a very
weak feature around 250 cm21 for GeS2. Both these features
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are known4,28 to depend sensitively on the Ge content of t
sample, appearing only in Ge-rich samples. The 179 cm21

peak has been assigned to ethanelike units.10,28 This assign-
ment is supported by our calculations which find a Ram
active mode for the ETH cluster at 179 cm21 ~see Table I!.
Similarly, our calculations find a Raman-active mode at 2
cm21 for the ETH cluster in the sulfide case, and by analo
to the selenide case, we assign it to the observed 250 c21

mode in GeS2. A similar assignment was previously mad
by Lucovsky,10 however this mode has also been assign4

to a Ge-rich rock-salt-like structure~the C sites in Ref. 4!
similar to that found inc-GeS. That assignment was based
two arguments. First, the peak falls very near the known
cm21 Raman line ofc-GeS.29 In addition, the weakness o
the 250 cm21 peak appears to be inconsistent with the Mo¨ss-
bauer site intensity data4 that suggest the concentration
ethanelike orB sites in GeS2 is greater than in GeSe2. The
Raman signature for theB sites was assumed to be obscur
by theA1 or A1c peaks in Ref. 4.

If the 250 cm21 mode is to be assigned to theB sites, as
our calculations suggest, why is it so weak in the obser
spectrum? Our calculations are consistent with a weak
cm21 mode in two ways. First, as shown in Table I, th
Raman intensity of the sulfide ETH cluster is split betwe
two modes, one at 254 cm21 and the other at 366 cm21,
directly between theA1 andA1c peaks. The 254 cm21 mode
that we associate with the observed feature has only 1/2
intensity of the corresponding CS mode, while in the
lenide case, the ETH mode has a slightly larger intensity t
the CS mode. Thus, for equal relative concentrations of E
units to CS units in the glasses, the 250 cm21 mode in GeS2
would have only 1/2 the intensity compared to theA1 peak
as the 179 cm21 peak in GeSe2. Second, the calculated bind
ing energies for the various clusters are consistent wit
smaller concentration of ETH units in GeS2 than GeSe2.
This would also make the 250 cm21 mode weaker compare
to the 179 cm21 selenide mode. In the sulfide case, the ET
cluster is 0.16 eV per bond less stable than the CS and
clusters,30 while in the selenide case, the ETH cluster is on
0.08 eV per bond less stable. Formation of the ETH un
should therefore be more favorable in GeSe2 than in GeS2.
Further, the lack of S-S related features near 480 cm21 in the
observed spectrum also suggests a low concentrationB
sites. Such features should be expected on bond-coun
grounds given a significant concentration of Ge-Ge bon
Analogous Se-Se features are seen in the GeSe2 spectrum, as
noted above.
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Regarding the Mo¨ssbauer site intensity data, which give
B site intensity of about 0.3 for GeS2 and only about 0.2 for
GeSe2, we note the discussion in Ref. 4 that the site inten
ties are not directly proportional to concentrations. Site
ergetics for the Mo¨ssbauer tracer Sn atoms must also
taken into account. It is possible that site intensity data ov
estimate the population of theB sites in GeS2.

Given the different interpretations of the 250 cm21 mode,
additional work may be needed to settle the issue. Exp
mentally, a careful line-shape analysis of the Raman spe
could be done to search for the predicted 366 cm21 ETH
mode forx near 1/3 in GexS12x . The intensity of this mode
should grow in proportion to that of the 254 cm21 mode. On
the theory side, it would be interesting to construct models
theC sites, in order to calculate their Raman signatures. T
would facilitate a more detailed interpretation of the Ram
spectra for samples withx.1/3. A C-site Raman feature
near 240 cm21 would be difficult to resolve fromB-site fea-
tures at 250 cm21.

In this paper we have used a first-principles method
investigate the Raman-active modes of the chalcogen
glasses GeS2 and GeSe2. The method is used to calculat
both the frequencies and the corresponding Raman activ
of the vibrational modes for cluster models of the glass. T
calculated frequencies of the symmetric-stretch modes
these clusters are in excellent agreement with the position
the sharp peaks in the observed spectra. In addition, the
culated Raman intensities allow a detailed comparison
tween theory and experiment, resulting in the simula
spectra shown in Fig. 2. The good agreement between
simulated and observed spectra suggests that the clu
shown in Fig. 1 represent the essential structural element
the stoichiometric glasses. On the basis of our calcula
results, we suggest an alternate assignment for the 250 c21

peak observed in Ge-rich compositions of GexS12x .4 We
attribute this feature to the ethanelike cluster shown in Fig
The previous assignment4 of this peak was to a more Ge-ric
structure with a nominal GeSe composition. We are curren
investigating cluster models for this structure in order to
tablish its Raman signature in the near future.
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thank Professor Shunji Sugai for permission to reproduce
data in Fig. 2.
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