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Ab initio molecular-dynamics study of the structural, vibrational, and electronic properties
of glassy GeSe
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We present results of aab initio molecular-dynamics study of glassy Ge3gsing a 216 atom model. The
network topology of our model is analyzed through partial pair correlations, angle distributions, partial static
structure factors, and ring structures. The total static structure factor and first sharp diffraction peak are in good
agreement with experiment. The vibrational density of states and dynamical structure factor are in good
agreement with experimental results as well. We have visualized the normal modes vectors in order to quali-
tatively understand their motion. The electronic density of states compares very well with experimental ultra-
violet photoemission spectroscopy and x-ray photoemission spectroscopy measurements. The localization of
the electronic states is analyz¢80163-182006)09141-2

[. INTRODUCTION not a simple matter. In a material such as githe highly
ionic nature of Si-O bonds makes wrong bonds less likely to
The structural, vibrational, and electronic properties of bi-occur? but this is not the case far-GeSe. The dynamics of
nary alloy chalcogenide glasses are long standing areas gtGeSe can only be properly characterized by a force
interest in the field of amorphous materials. Glassy germascheme which includes the many-body effects derived from
nium diselenide §-GeSe) is one of the most intensely stud- covalent bonding.
ied chalcogenide alloys. This glass is of particular interest Our previous study ofy-GeSe focused on 62 and 63
for a number of reasons: its intermediate-range order, diffiatom modelS. We found that our results for the structural
cult interpretation of its vibrational dynamics, and very un-and vibrational properties were in good agreement with ex-
usual electronic and optical properties which include photoperiment. Unfortunately these models were not large enough
darkening. Amorphous Ge-Se semiconductors have potentiéd adequately describe the intermediate-range qiiéD) of
applications in optical storage devices, solar cells, and othgy-GeSe. In particular, the first peak of the static structure
such devices that require materials which arefactor S(Q) (a definite sign that IRO was presgnias not
photosensitivé.In this paper we present a detailed theoreti-well defined, suggesting that a larger model was required.
cal study of the structural, vibrational, and electronic prop-The first sharp diffraction peakFSDP of S(Q) in g-
erties of theg-GeSe using a 216 atom model. GeSe indicates structural order on the range of approxi-
This work has importance as an eaaly initio study of a  matey 6 A but the precise structural characteristics respon-
binary glass. It is nol priori obvious that the traditional sible for it have yet to be determined. We find that there is a
molecular-dynamics method of simulating a liquid, coolingstrong correlation between the FSDP and the fraction of
and quenching should lead to a credible model of a systeradge-sharing Ge atoms. Our structural analysis focuses on
exhibiting the complex ordering features of a glassy binarythe network topology and the chemical disorder of our
chalcogenide. We note thgtGeSe is a particular challenge model. Because we possess #temic coordinatesf a cred-
since the energy penalty for wrong bon@e-Ge or Se-Se ible model, we can infer the microscopic origins of the ex-
is not so overwhelming as in SiQwhich has also recently perimentally measured structural features.
been studied witfab initio methods? The primary concern is A significant difference between the vibrational density of
that the time scales accessible to the most efficdninitio  states(VDOS) of our earlier studies and the experimental
schemes aréar too short compared to experiment, and thisVDOS occurred around 20 meV. Our 62/63 atom models
might be expected to have serious impact on a system exhilivad significantly less spectral weight then the experimental
iting complex ordering. We demonstrate in this work thatVDOS in this region. The improvement between our model
such systems arsurprisingly wellmodeled withab initio  and experimental results we attribute to the Ge homopolar
methods, even reproducing features like the first sharp difbonded structures which were not present in our smaller
fraction peak, and the vibrational spectrum accurately. Thenodels. Our analysis of the model's dynamical properties
structural and dynamical credibility of the models we pro-focuses on regions of the vibrational density of states which
pose implies that a broad range of theoretical work on stahave been studied extensively through Raman and inelastic
bility, light-induced effects, and transport is accessible forneutron scattering and clearly elucidates the connection be-
these interesting materials. tween experimental vibrational spectra and microscopic net-
In order to correctly model the chemistry and dynamics ofwork modes of the material. Theory and experiment are
g-GeSe anab initio approach must be employed. Determin- compared directly through the VDOS and the dynamical
ing the bonding configurations that Ge and Se will choosestructure factoiS(Q,E). We present an analysis of the nor-
beyond the obvious GBe,,,) 4 tetrahedral configurations is mal mode dynamics based on species-projected density of
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states, localization, and visual inspection using computer ani-
mation. This analysis of the dynamics, which would be im-
possible to obtain through experimeiim particular the vi-
sual analysis provides us with a much deeper understanding
of g-GeSe’s dynamics then was ever previously possible.

The electronic structure of our model is compared to ex-
perimental results through the electronic density of states and
the localization of the electronic states is determined and
compared to the results of previous theoretical studies. A
guestion of fundamental importance is whether there are
states in the gap between the valence and conduction
bands'* One might expect that there would be a number of
gap states due to topological defects but experimentally very
few are actually observed. We find no gap states in any of 09 y
our models despite the fact that they have large numbers of Q)
defects(onefold Se, threefold Se, threefold Ge

(arb. units)

S(Q)

FIG. 1. The upper curve is th&(Q) from our 216 atom model
Il. MODEL and the lower curve i§(Q) data from Fig. 5 of Ref. 23.

Computations described in this section usedahenitio, The summations are over the atoms of the supergglbe-
local basis density functional method of Sankey anding the distance between atonmand atomj. The scattering
co-workers> The essential approximations at® Bachelet- length values taken from Ref. 10 afes,=0.819 and
Hamann-Schiter ~ pseudopotentiafs, (2) the Harris o =0.797 in units of 104 A. The partial static structure
functional! (3) the local-density approximatidhand (4) a  factors(Fig. 2) are defined as
minimal basis set of ons and threep confined pseudo-
atomic orbitals per site. The method has met with great suc- 1 a
cess in a wide variety of systems, and provides a transferablg, ,(Q) =
description of covalently bonded materials. In addition, ap- N(bAH\ i PR Fij
plication of a self-consistent variant of this Hamiltonian pro- (2)
duces similar results.

A cubic supercell 18.76 A on a side with 144 selenium — N.b2+N.b>
atoms and 72 germanium atoms placed on a diamond lattice (b? =QQTM,
was chosen for the initial configuration of our model. This
gave our model the correct stoichiometry and by construc-
tion a number density close to the experimental one of 3.339
X 10?2 cm~3 (see Ref. 1D The initial temperature of the ] Ge-Ge
cell was 6000 K, it was then equilibrated to 5000 K over |
approximately 600 fs. The cell was then cooled to 1000 K
and equilibrated at this temperature for approximately 1 ps.
As a final step the system was slowly cooled to 300 K over
4 ps and then quenched T6=0 K. All of our calculations
were done at constant volume using only thepoint to
sample the Brillouin zone. ThE point is a suitable choice
because of the small size of the Brillouin zone.
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Ill. STRUCTURAL PROPERTIES

s(Q)

The topology of our model is determined through the par- 01 |
tial pair-distribution functiongPDF’s), angle distributions,
and ring statistics. The static structure facgf) is calcu-
lated in order to have a direct comparison with experiment.
The partial static structure factors are used to determine the : Se-Se
contribution from the various real-space correlatide- 10 |
Ge,Ge-Se,Se-%e

A. Static structure factor 05 ¢

In this work the static structure fact@¥ig. 1) is computed
as N S S—
1 —— sin(Qry)) ‘ Q(A")
SQ=1+—2 X bbj———. (1

N(b2) i ji#i Qrj; FIG. 2. Partial structure factot3, ;(Q) for 216 atom model.
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S(Q)=Sse-s¢Q) +2Sge-sdQ) +Sge-cdQ)- (4

20 r

In Eqg. (2) the summations are restricted to atoms of species
a andB. 10 L

The second, third, and fourth peaks are a result of the
short-range order of the model. This was determined by cal-

culatingS(Q) from the local environment of each ata(all 0.0
the atoms within a chosen spherical radius or correlation dis-
tance of an atom The volume of the local environment is 60 |

incrementally increased in order to observe the appearance of
peaks inS(Q). The third and fourth peaks appear as soon as
the local environment includes nearest neighbors. These
peaks, as well as peaks at higligrdepend primarily on the
nearest neighbors. The second peak depends on the next- 0.0
nearest neighbors at approximately 3.8 A. It is quite evident
from the partial structure factors that the second peak is due

a(n)

30

to Se-Se correlations, thus it is the next-nearest-neighbor cor- 20 |
relations between Se atoms which determine the shape of
this peak; the 3.5 Q) and Sgecd Q) structure factors can- 10 |
cel each other.
The first sharp diffraction peakFSDP around 0.91 %00 30 50 70

A~1is a result of correlations on a length scale of approxi-
mately 7.0 A(this length is obtained from the FSDP’s wave
vector usingr =2/|Ql). From theS,4(Q)’s it is apparent . S .
that the FSDP has Contrlbutlons from a” Of the partlaIS, but FIG. 3. Partlal-pall’ dIStI’IbutIOI’] functions for 216 atom model

Scesd Q) and Sg.5{Q) determine the peak position of the : . .

FSDP. Thels,c Q) contributes o the ighe shouider of 1, o 1% et PIGE a7 (T8 ST 2 6 TEETaRe, B 2
th.e FSDP, broadgning it. These results are in disagreeme&te(Sel,z)4tetrahedra. In addition 25% form G8e, ethanes
with x-ray scat_tenng_ experlme_nts @nGeSe? (s_,ee Ref. 11 and 15% are threefold coordinatéohly one of which is in
and neutron-diffraction experiments on liquid GeS&ee . athane configurationThere are two types of Se bonding
Ref. 12. _The analysis of Ref. 11 |_mpI|es that the FSDP Ofdefects, 10% are onefold coordinated and 20% are threefold
g'GeSGQ.'S due to Ge-Ge cor.relgitlolns only. The resu_lts 0fcoordinated. The threefold Ge atoms are correlated with one-
Ref. 12 imply that the F.SDP in liquid Geg@an be atrib- fold Se atoms at a distance of about 3.2 A and show a much
uted to Ge-Ge correlations as well. Comparing these tWQeayer correlation with other threefold Ge atoms at a dis-
results strongly suggests that Ge-Ge correlations are respOfince of about 3.5 A. This suggests that the threefold Ge

sible for t_he FSDP.OQ'G?SQ' . atoms are mostly defective (8,5, tetrahedra and not
There is still a slight discrepancy between the experlmen(sezseG ethanes with long Ge-Ge bonds.

tally observed strength_ o.f t_he secqnd peak and thgt of our Mossbauer experimertfs on bulk quenched prepared
S(Q)..Overall ourS(Q) is in impressive agreement with the g-GeSe, samples using Sh as a Ge probe indicate that
expenmepfal resultS in which S(Q) is measured out 10 5514169 of the Ge atoms are not tetrahedrally coordi-
Q=35 A™%. We will discuss the FSDP and its relationship ateq by Se. It has been shown experimentally that the frac-
to real-space structural properties further in Sec. Il D. tion of Ge-Ge bonds is much less in bulk quenched samples
versus evaporation deposited thin fillig® This higher per-
centage of Ge-Ge bonds we observe in our model suggests
that the short-time scales of quenching for our model are
Partial pair-distribution functionsPDF’s) g,4(r) are de-  closer to evaporation prepared films. It should be pointed out
fined in the same manner as those of Ref. 13. Fgop(r) that the time scales of our molecular-dynamics approach is at
the the nearest-neighbaverage chemical bond lengtand  most on the order of a few picoseconds, orders of magnitude
next-nearest-neighbor peaks are easily determined. The avdaster then any laboratory method for creatiggGeSe
age coordination radii are determined from the position ofsamples. This gives us a plausible explanation for the larger
first minimum. From Fig. 3 it is apparent that the averagefraction of Ge-Ge bonds in our model.
Ge-Se bond length of 2.37 A is quite close to the crystal We find that the fraction of Se atoms forming homopolar
Ge-Se bond length of 2.355 @or «-GeSe) and that unlike  bonds is about twice what was seen in our earlier 62/63 atom
the crystal there are Ge-Ge and Se-Se bdhd$he models. About 20% of the Se atoms form dimers and another
Oce-sdr) pair distribution becomes quite uniform after the 5% form trimers. To our knowledge the exact fraction of
nearest neighbor peak except for a peak around 5.7 A. ThiSe-Se bonds has not been experimentally determinédsMo
second peak indicates that there is some kind obauer experiment$ using Te as a Se probe indicate that
intermediate-range order within our model; the strength andhere are two distinct Se sites in bulk quenchhe@eSe; the
width of this peak are due to Ge correlations with Se ontwo different sites being Ge-Se-Ge and Ge-Se-Se configura-
neighboring tetrahedra. tions. Raman experiments on evaporation deposited thin

r(A)

B. Pair distribution functions
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films and bulk quenched samples provide evidence for thedge-sharing tetrahedra/ethanes, thus the short-range order of
existence of Se-Se bonds as wellThese experiments our model is very similar to what is found experimentally.
clearly show that vibrational modes near 33 meV attributedThe 40% fraction of edge-sharing (&, ,,), tetrahedrg(in-

to Se-Se motion decrease as the thin films are annealed, beluding threefold Ggin our model agrees with experimental
coming more like the bulk quenched samples. Similar resultsesults for bulk quenched samples, but our model has an
are observed for a peak associated with Ge-Ge motion locadditional 7% edge-sharing Ge atoms inSeg configura-
cated around 23 meV. It can be concluded from these resultions as well.

as well that homopolar bonds exist for both species and that Thegs..g{r) nearest-neighbor peak is located at approxi-
their numbers are significantly less in annealed thin films andnately 2.40 A. The strength of this peak is about twice as
bulk quenched samples. The degree of chemical disorder ilarge as what was observed in our earlier 62/63 atom models
our model is much smaller then that of a random covalentlue to the larger number of homopolar bonds. Roughly 2/3
network (RCN) (see Ref. 18 In a RCN Ge-Ge and Se-Se of the gg..g{r) distribution’s second peak is due to correla-
bonds each account for 25% of the total number of bondstions between Se atoms bonded to the same Ge atom. Cor-
The Ge-Ge and Se-Se bonds in our model account, resperelations between Se atoms not bonded to the same Ge atom
tively, for only 3.5 and 7.4 % of the total number of bonds. contribute the remaining 1/3 of this peak’s strength. The sec-
This clearly shows that the chemistry of our model is notond peak position at approximately 3.8 A is identical to the
random and that the short-time scale of our model’s creatiose-Se separation distance in crystallim&eSe (Ref. 10.

did not prevent the correct chemistry from emerging.

The nearest-neighbor peak ofggdr) is located at ap-
proximately 2.46 A. The next-nearest-neighbor peaks in
Oge.cd ') are due to correlations between Ge which share Se. The various angle distributions were determined for all
This peak is rather wide due to the edge and corner configuhe possible nearest-neighbor configuratisee Fig. 4. Be-
rations of both the G&e;,), tetrahedra and G&Se;  cause the topology of thg-GeSe is determined essentially
ethanes. The three subpeaks can be attributed to the GSfy G€Se, ), tetrahedra and the manner in which they are
angle distributionlwhich we will discuss in Sec. Ill € The linked together, the most significant angle distributions are
first peak at approximately 3.06 A can be attributed to edgethose of the triads Ge-Se-G6SG and Se-Ge-SEGS. In
sharing(fourfold ring9 tetrahedra/ethanes. The GSG angleorder to better understand these statistics we determined
distribution (Fig. 4) has a single sharp peak associated withangle distributions based on ring structures. The angles of a
edge-sharing tetrahedra/ethanes and the average distance farticular triad are assigned exclusively to #mallestring
edge-sharing Ge which form the angles of this peak is aboustructure they are part of. An angle is assigned to its lowest
3.06 A. The next two subpeaks at approximately 3.5 and 3.8rder ring structure on the assumption that these rings are the
A are due to corner sharing Ge configurations. relevant ones to the short- and intermediate-range order. The

Experimental results indicate that approximately 40% ofring structures in our model are determined by starting on an
g-GeSe’s Ge atoms are in edge-sharing configuratiths. atom, moving to one of its neighbors, and then repeating this
These experimental results show a peak at 3.0 A in the radigirocess for the neighbor until the original atom is located
distribution function which is attributed to edge-sharing Geagain after the desired number of iteratigmsaking sure not
atoms. As mentioned previously there is a peak in outo include any atom which is already part of the ring from a
Jce.cdr) distribution around at 3.06 A corresponding to the previous iteratiohn In Table | the number ofi'th order rings

C. Angle distribution functions



12 166 MARK COBB, D. A. DRABOLD, AND R. L. CAPPELLETTI 54
TABLE I. Ring statistics. The number af-order rings,n=3  structures which they are part of. The SGS angle distribution
throughn= 12, and the number of these rings which contain 2—-7 Sds peaked at 113°, close to the ideal tetrahedral angle of
atoms. 109.5°, with smaller shoulder peaks at approximately 98°
and 125°. The fourfold ring SGS angles are all located in the

Ring size 3 4 56 7 8 9 10 11 12 \jcnjty of the 98° peak and account for much of its strength.
Number of rings 3 20 10 23 3 12 7 9 20 17 |t is apparent from the width of the SGS distribution that
2 Se rings 3 20 2 there are significant bond angle distortions in the tetrahedra
3 Se rings 8 20 1 of our model.

4 Se rings 3 2 10 4 The GGG and SGG angle distributions have their main
5 Se rings 2 2 8 14 2 peaks at 116° and 108°, respectively. Two of the Ge atoms
6 Se rings 1 1 6 13 have two Ge-Ge bonds and the angle distributions indicate
7 Se rings 2 that they are part of tetrahedral-like structures. The SGG

angle distribution is quite similar to the SGS distribution as
well. There appears to be a slight shift towards higher angles
from n=3 ton=12 are given as well as the number of thesein the SGG distribution, indicated by the distribution strength
rings which have Zminimum number of Seto 7 (maximum  around 125°.

number of Sg Se atoms.

The GSG angle distribution has several peaks, the two
most significant of these being at approximately 80° and
106°. The ring-order distributions reveal that GSG angles The FSDP’s of our previous 62/63 atom models were not
which are part of fourfold rings account almost entirely for as well defined as the FSDP of our 216 atom model. It would
the first peak at 80°. Interestingly a flat Ge-Se-Ge-Se fourappear that a good description gfGeSe’s intermediate-
fold ring with sides of length equal to our average Ge-Segange order requires the larger supercell volume of the 216
bond length and GSG angles of 80° has Ge atoms which a@om model. Nevertheless it is still intriguing that the FSDP
3.05 A apart. We obtained a Ge-Ge separation of about 3.0& reproduced so well by a 216 atom model with a cube edge
for edge sharing Ge atoms in our model and thus one ca@f length 18.76 A. The improvement of the FSDP parallels
infer from this that the fourfold rings in our model are quite @1 improvement in the fraction of edge-sharing Ge atoms
planar. Indeed visual inspection supports this conclusion. (fourfold rings from 60% in our earlier models to 47% in

Corner sharing Ge configurations account for the the reseur 216 atom model. The fraction of edge-sharing Ge atoms
of the angle distribution. The complexity of the GSG distri- has been determined experimentally to be 4®%f. 10. A
bution can be understood in terms of ring structuffesir, similar correlation between the FSDP and the fraction of
five, six, seven, or eightfold ringss well as corner sharing €dge-sharing Ge has been observed in other stéiifesn
Se atoms that only take part in highgreater then eightfo)d  these studies the fraction of edge-sharing tetrahedra was 5
order rings. Apart from the peak at 80° arising from fourfold and 32 % and there was significant improvement in the
rings, the sixfold rings are the most significant ring structureFSDP as the fraction of edge-sharing tetrahedra increased.
for the GSG angles with contributions to all of the peaksThere were no wrong bonds in these other studies, thus there

except for the one around 135°. The peak around 118° is dugould appear to be no significant correlation between the
entirely to sixfold rings. The fivefold rings contribute to the FSDP and chemical disorder. It is not obvious why the FSDP
peaks around 92° and 106°. The five to eightfold rings ancXhibits this dependence on the fraction of edge-sharing tet-
rings of higher order all contribute in some way to the peakdahedra or why the fraction of edge-sharing Ge changes so
around 106°, the sixfold rings making the largest of thesedramatically with cell size in our studies, but it does provide
contributions. The sevenfold and eightfold rings contribute®n€ important insight into the origin of the FSDP in
significantly to the peak at 125°. Angles which are only partg'GeSQ-
of ring ordersn>10 also make significant contributions to

the peak around 98°.

The SSG angle distribution is centered around a peak at
approximately 95° and is quite similar to the SSS angle dis- The dynamical properties of our model are analyzed
tribution. The SSG distribution is determined mainly by five- through the vibrational density of stat€gDOS), species-
fold rings and angles which are only part of rings 11 with  projected VDOS, site projection of the normal modes, in-
some small contributions from six and sevenfold rings. Theverse patrticipation ratidPR), the dynamical structure factor
peak around 60° is due to some rather odd threefold rin@g(Q,E) (DSPF), and visual inspection of the normal modes.
structures. The SSS angle distribution has most of itSThe VDOS and DSF can be determined through inelastic
strength around 100° with very strong peaks at 99° andheutron scattering whereas the normal modes can only be
104°. This is to be expected when one considers pure triganferred through a combination of experiment and theory.
nal selenium. The trigonal form of selenium is composed ofBecause the VDOS and DSF can be determined experimen-
Se chains with SSS angles around 1@&ef. 19. In our tally they provide a straightforward test of our model’s dy-
supercell there are two selenium chaiimme with four Se  namical properties. Projection of the VDOS and the normal
and another with six Sén which all the Se trimers take part modes involves determining the contribution to the normal
except for two(which are not linkegl mode from a chosen set of atoms. The species-projected

We do not present an extensive ring analysifAeGe-B  VDOS is determined by scaling the total VDOS at each en-
angles since these angles are quite insensitive to the ringggy with the contribution to the normal mode magnitude

D. Structural properties and the FSDP

IV. DYNAMICAL PROPERTIES
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FIG. 5. Vibrational density of states: solid curve 216 atom FIG. 6. Vibrational density of states and species projected vi-
model; open circles experimental data from Ref. 3. brational density of states for Se and Ge for 216 atom m@ajen
circles for Se and’s for Ge).

from either the Ge or Se atoms. The localization of each

normal mode is determined through the IPR. Computer visu(see Ref.  The 25.7 meV peak is split such that it has two
alization is used as well to obtain a qualitative understandinggeaks around 25 and 27 meV referred to as Myeand

of the normal mode atomic motion. Agc.

The supercell normal mode eigenvalues and eigenvectors Based on Raman measurements the 25 meV peak has
were obtained from the dynamical matrix. The dynamicalbeen associated with the tetrahedral breathinglike motion
matrix is determined by displacing each atom by 0.03 A in(see Ref. 2b An interpretation of the 27 meV peak has
three orthogonal directions and then performialg initio  proved more difficult. It has been hypothesized thatAhg
force calculations for all the atoms for each such displacemotion of Se atoms connecting edge-sharing tetrahedra are
ment. Each such calculation yields a column of the forceresponsible for the 27 meV pe&kin our model the normal
constant matrix? The vibrational eigenvectors and eigenval- modes of theA; band(24.37-26.43 meyand theA,. band
ues of the supercell are then easily obtained. The VDOS wa26.43—-29 meVY appear to be dominated by tetrahedral
determined from the vibrational eigenvalues by summingbreathinglike motions. There is a qualitative difference be-
Gaussians centered at each eigenvalue; each Gaussian haisivaenA; andA,. atomic motion of edge-sharing tetrahedra.
full width half maximum corresponding to the energy- In the A;. the atomic motion of Se which link the edge-
dependent experimental resolution of Ref. 3. sharing tetrahedra has more of a bond-bending quality as
opposed to the bond stretching seen in ke This was
determined through direct visual inspection of the normal
mode atomic motion using the programoL (Ref. 26. Ani-

In our earlier 62/63 atom models we found good agreemating the normal modes gives us a good qualitative under-
ment between the vibrational density of states and the experstanding of their dynamics. Additional insight is provided by
mental inelastic neutron-scattering resdligevertheless dis- the species-projected density of statEsy. 6). The species-
crepancies occurred between experimental neutron-scatteripgojected VDOS for the Se and Ge atoms clearly show that
results and our 62/63 models in the 17—22 meV region. Bethe Se atoms are responsible for most of the motion in the
yond 34 meV the calculated VDOS of the 62/63 atom mod-24—28 meV range. The ratio of the Ge and Se species-
els and the experimental results disagreed as well. As seemwojected VDOS reaches its minimum value at 25.6 meV
from Fig. 5 there is good agreement between our 216 atorwhich is consistent with the tetrahedral breathinglike motion
model and the experimental neutron-scattering results of Re@bserved usingmoL.

3. The 216 atom model VDOS improves upon our earlier The peak around 20 meV has been interpreted as an
work but still does not have the correct spectral weight in theethane  Ge-Ge stretch mode based on Raman
17-20 meV region and there is still a 2—4 meV redshift frommeasurementS.About 60% of the modes in the 18—23 meV

experiment starting around 35 meV. We will discuss furtherregion are highly localized on threefold Ge and/or their near-
the improvement of the 216 VDOS between 20 and 22 meVest neighbors; this type of localization was observed in our

Experimentally determining the atomic motions of the previous work as weff.In 22% of the 18—23 meV modes
normal modes can only be accomplished indirectly throughhere is significant localization on ethanes. Modes involving
Raman scattering, and thus our model offers a way of resolvethane motion represent a new type of normal mode not seen
ing controversies about the dynamics of particular peaks iin our earlier models due to the absence of Ge-Ge bonds. In
the VDOS. We have focused our analysis on the regions 019% of the modes in the 18-23 meV regi(ee Fig. 7
the VDOS which have been studied extensively through neuGe-Ge motion accounts for approximately 15% of the total
tron and Raman scatterifg®* The main peaks observed in mode magnitude; these modes do not have a large degree of
neutron-scattering experiments occur around 9, 11, 25.7, 3Bcalization on any particular ethane, but rather an increased
and 36 meV with weaker features around 18.5 and 39 meWeight on a number of ethanes. In a perfectly extended mode

A. Vibrational density of states and the normal modes
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FIG. 7. Fraction of normal mode magnitude as a function of FIG. 9. Vibrational density of states and scaled inverse partici-
mode energy for Ge atoms with wrong bonds. pation ratio histogram for the 216 atom model.

the contribution of Ge-Ge motion to the total mode magni-modes around 39 meV involving ethariese Fig. 7. These
tude would only be about 8%. This suggests it is the ethaneigsults are consistent with those of previous Raman
which account for the significant improvement between ourstudiest>2324
216’s VDOS and experiment in the 20-22 meV region and The IPR has a value of 1 for a completely localized state
why our earlier models did not compare very well to theand a value of 1/ (1.54x10 3 for N=216) for a com-
experimental data for this region. This appears to confirm th@letely extended state. A trend of intense localization in re-
experimental conjecture that Ge-Ge stretch modes contribugions of decreasing spectral densiband tail$ is apparent
significantly to the modes of the 20 meV region. from Fig. 9 in which the IPR iscaledand plotted against the
The general kind of tetrahedral motion which was ob-VDOS. The IPR(Fig. 10 is less then 102 for almost all the
served throughout the 29—-41 meV region resemblessthe modes below mode 33@5.5 meVf and greater then 1
mode of an isolated tetrahedrdhThis type of motion in- for aimost all the modes above this energy. The same type of
volves the Ge atom moving towards two of its Se neighborsiramatic transition was seen in the IPR of our previous work
(which are moving towards it as wglwhile its two other Se  as well® A plausible explanation for this transition can be
neighbors move away from it. As seen from Fig. 6 the Sefound in the types of motion which occur above and below
and Ge species-projected VDOS are similar in this energy5.5 meV. There are two general types of VDOS motidi:
range and therefore consistent with-type motion. In addi-  extended modes<(15.5 me\ involving the motion of entire
tion there are a number of modes which are highly localizedetrahedral units an@®) more localized modes<15.5 meV\f
on Se atoms with homopolar bonds; Se atoms with homopadinvolving internal tetrahedral motionge.g., tetrahedral
lar bonds contribute significantly to the mode amplitudes inbreathing,F,-type motion. One might expect a higher de-
this region of the VDOS as seen from Fig. 8. Ge atoms withgree of localization for modes which involve local structural
homopolar bonds contribute to the modes of this region agroperties of the supercell topology as opposed to modes
well and in particular there is a band of highly localized which involve the motion of larger regions of the supercell.
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FIG. 8. Fraction of normal mode magnitude as a function of FIG. 10. Vibrational inverse participation ratio of 216 atom
mode energy for Se atoms with wrong bonds. model.
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FIG. 11. S(Q,E) for 9 meV. Open circles indicate experimental
neutron-scattering data from Ref. 3. FIG. 13. S(Q,E) for 32.71, 35.88, and 39.4 meV. Open circles

) indicate experimental data from Ref. 3.
B. Dynamical structure factor

A direct comparison between theory and experiment care all quite similar, suggestirfg,-like motion at all of these
be obtained through the dynamical structure fa8@®,E).  energies. The features of our theoreti&(Q,E) in the
The theoretical dynamical structure factors were compute@9—41 meV range are quite invariant as seen from Fig. 13 in
from Eq. (8) of Ref. 23 with the same neutron-scattering agreement with the experimental results of Refs. 3 and 23
lengths used fo8(Q). We find good agreement between our and our normal mode visualization. It should be pointed out
S(Q,E) and the experimental neutron-scattering data of Refthat whileS(Q,E) indicates qualitative trends in the dynam-
3 for 9 meV(Fig. 11), theA; andA, regions(Fig. 12, and ics it is remarkably insensitivéo the fine structure which
higher energies of 32.71, 35.88, and 39.4 m@iy. 13. exists in the VDOS, a fact which is certainly evident from
These dynamical structure factors were calculated with athe S(Q,E) plots in Figs. 12 and 13.
energy resolution of 1.6 meV corresponding to the experi-
mental resolution of Ref. 3 at 25 meV. V. ELECTRONIC STRUCTURE

In Ref. 23S(Q,E) generated from the normal modes of a ) ) o
single GéSe,,) , tetrahedra are very similar to experimental ~ Our electronic density of stat¢EDOS in Fig. 14 agrees
data at 39.9 meV and qualitatively similar to results at 25.919uite well with experimental results obtained from x-ray
meV. They identify the 25.91 meV motion as thg tetra- Photoemission spectroscop¥PS) (Ref. 28 and ultraviolet
hedral breathing mode and the 39.9 meV motion asfpe Photoemission spectroscoyPS (Ref. 29 measurements
tetrahedral mode. This gives support to our visual observa@S ‘.’Ve"8 28 with those obtained in earlier theoretical
tions of tetrahedral breathinglike motion around 25 meV anctudies:®**~**The models ofg-GeSe, presented in Refs.
F,-like motion in the 29—41 meV region. As pointed out in 30,31 were large scale models based on high-temperature

Ref. 23 the experiment&(Q,E) around 33, 36, and 39 meV forms of crystalline GeSge (48 atom layered structureln
both these models there is a substantial splitting between the

first two peaks of the valence barithe A; and A, peaks,
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FIG. 12. S(Q,E) for A; (25 meV\) andA,. (27.4 meV regions.
Open circles indicate experimental neutron-scattering data from FIG. 14. Theoretical electronic density of states. Valence-band
Ref. 3. edge is at zergsee text for details
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TABLE II. The positions of theA,, A,, A3, andB peaks in the

electronic density of states of our model compared to the experi- Ge
mental results of Ref. 29. 02y
€V) A, A, As B g
Theory -1.4 —-2.7 -4.6 -7.0 '*5 0.0 .
Experiment -1.38 -3.0 4.6 -7.8 S oo Se
3
‘E’ 041 |
respectively. TheA; andA, peaks of our model do not have %00 L |m IIM -
this high degree of separation and are in better agreemer Total
with the experimental data. The assignment of Myepeak 02 |
was made by comparing XPS and UPS data. The XPS result
of Ref. 28 is quite similar to our EDOS, indicating that the  *'| “
Az peak should be assigned to the shoulder of the valence oo

band peak and not to the small peak just to the left of the =~ =~ 2 ™ ® ® Fey ° 0t ¢ 20

A,. The two other main peaks arounell2.3 and—7.3 eV
(the B peak are in good agreement with the XPS results as |G, 15. Localization of electronic eigenstates. The total local-
well. The theoretical peak positions are listed in Table lljzation, localization on Se, and localization on Ge are shown.
(indicated by arrows in Fig. J4with those obtained from valence-band edge is at zero.

UPS measuremenrifs(where our electronic eigenvalues have
been shifted in order to place the valence-band-edge eige
value at zerp The EDOS was obtained by summing suitably

broadened Gaussians centered at each eigenvalue. t0 —9.8 eV, at the edge of the gap separating the Se and Ge

The T"-point optical band gap of our model is 1.72 eV . . ; .
which is approximately 0.2—0.5 eV less then the experimenl-ocal'zed states, are localized on Se trimers. The Se trimers

tally determined optical gap of evaporation deposited ané’_LI Sii a5cgc\)/untthf§rlgv\tlglsnt be?,r;? o ke"%zlgolgf;azsse?aﬁéar:?uhr;d
annealed thin films, respectively®33It has been shown ex- ' ’ 9y : gnly

) i L localized Ge states around -8.5 eV occur almost entirely on
perimentally that the optical gaps of gGeSe thin films ; U
! d . Ge atoms with homopolar bonds. There are significantly
increase when they are annealéfi.Since our model is

structurally similar to an evaporation deposited thin film oneore states bordering both sides of the gap between Se and

would expect the band gap to be smaller then that of a bulkGe states in the 216 atom model than in our 62/63 atom

sample. It is quite remarkable that there arestates in the models. This can be attributed to the larger fraction of Se

N . homopolar bonds and the appearance of Ge homopolar
fundamental band gagonsidering the number of topological bonds in the 216 atom model.

defects in our model. Very small concentrations of midgap Eigenstates of the valence-band peak betwest0 and

_10/cm?3 -Spi -
states (18-10"7cm?), detected through electron-spin reso 1.6 eV are quite extended, but as one approaches the

nance and dc conductivity measurements, have been attrib- : . ;
uted to Ge and Se coordi%ation defetEor the ideal case valence-band edge the eigenstates become increasingly local-

of an impurity free sample one would have to question thi ized as seen from Fig. 15. The @g(E) peak near the va-
) purity P q Sence band edge is due almost entirely to undercoordinated
interpretation of the observed gap states.

W . i . Ge atoms, while the Se localization is more complex and
e determine the localization of our electronic elgenval-d ; )
- C : oes not appear to involve just one type of defect, although
ues through an inverse participation ratio o o .
there is significant localization on atoms that are singly co-
N ordinated and those that have homopolar bonds. As seen
N N2 from Fig. 15 the conduction band states are more localized
QZ(E')_nZ‘l a(n.E)%, ®) on Se, with highly localized states on Se atoms that are over-
coordinated or those that have homopolar bonds. Beyond the
such thaty,(E) equals 1 for completely localized states andfirst main peak of the conduction band the eigenstates be-
1/N (N being the total number of atomgor completely come localized essentially on Ge atoms.
delocalized stateqFig. 15. The charge localization at These results are similar in character to a model put forth
atomic site n for eigenvalue E; is determined from by Lannoo and Bensoussan in Refs. 28,32, which predicted
g(n,E;). For details we refer the reader to Ref. 34. The num+that the low-energy peaks should consist of Se and Ge
ber of eigenvalues in the peaks centered aroud@.3 and 4s-orbital states with a splitting of 6 eV between these
—7.3 eV is equal to the number of Se and Ge atoms, respepeaks. The experimental UPS data for crystalline Ge and Se
tively. The Se and Ge,(E)'s (Fig. 19 reveal that the lo- in Ref. 28 support our model as well. Crystalline Ge has a
calization of the—12.3 eV peak is on Se atoms and for the peak corresponding to out7.3 eV peak, but lacks a peak
—7.3 eV peak it is on Ge atoms. The eigenstates of the mainorresponding to our-12.3 eV peak, while the situation is
peak at—12.3 eV are not highly localized and are associatedexactly the opposite in crystalline Se. Their model predicts
with Se atoms that do not have homopolar bonds. The eigerse-Se bonding states in the valence-band with Se lone-pair
states of the small subpeak arourdl eV are all highly electron states at the valence-band edge. They also predict
localized and occur predominantly on Se atoms with hothat the conduction band will have Se and Ge-Se antibonding
mopolar bonds and/or overcoordination. There is a smaltates with the Se states at the conduction band edge.

Band of highly localized states on singly coordinated Se at-
oms centered around 12 eV. The eigenvalues from10.8
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VI. CONCLUSION and 30-40 meV regions have been determined through vi-
. . sual inspection of the normal modes. We find that the results
strl\JAé?urgTirfga\jibC)r:;ioznla? rzfumsrg?%ﬂr 'g?ﬁ‘:i%ﬁ;n theobtained from .visualization are consistent with inelastic
compared to experiment. The FSDP and the fraction of edger]eutron-scattermg and Raman .meas.urements. Norr.nal' mode
' LT analysis also shows that chemical disorder has a significant
sharing tetrahedra clearly indicate that the topology of OUL oot on the dynamicg-GeSe
216 model is closer to experiment. In addition the fraction of '

o : The electronic structure of our model is in good agree-
wrong bonds for both species increased in the 216 atom . . ;
. . .~ ment with experiment and more importantly there are no gap
model. We conclude from this that our model’s chemical

disorder is very similar to that of an evaporation deposite tates observed in our EDOS despite the large number of
y P P opological defects which exist. The lack of gap states in our

thin film as opposed to a bulk quenched sample. Evidentl ) . .
the larger 216 supercell allows the correct chemistry an)énOdel suggests that such states are highly improbable in pure

topology to emerge. g-GeSQ. In conclusion we find that our Iarger 216 atom
: .model improved upon the results of our earlier study in its
The dynamics of the current model are closer to experi- - , .
escription ofg-GeSe’s structural, vibrational, and elec-

ment as evidenced by the improvements in the VDOS. Th ronic properties, indicating that deficiencies associated with

spectral weighting of the 2040 meV region is nOticeanyfinite-size effects have for the most part been overcome
better then our earlier 62/63 atom models. Yet, there is still a )

redshift between the VDOS and the experimental neutron

scattering data at higher energies. Our analysis of the normal ACKNOWLEDGMENT
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