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The d namics ofy
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glassy GeSe2 have been investigated throu h a c
theoretical approa h P t' lroac . ar icu ar attention was devoted to vibrati

roug a combined experimental and

25 meV (2PP c
o e o vibrational modes with energies around

cm j, with regard to the interpretation of features ~A an A
spectroscopy. Ab in 't l l-dini io oca — ensity-functional molecular-d nam'

ea ures ( z and A', ) observed by Raman

r a -a om mo el with periodic boundary conditions. T e
time-of-Bi ht inelastic-n

y con i ions. The results are in good agreement with
e-o - ig ine astic-neutron-scattering measurements of the vibrational densit

the dynamic structure factor of GeS Th
o e vi ra iona ensity of states and of

c or o e e2. e motions associated with the Ai e i., band are shown to be
a ing mo ions o edge-sharing Se4 tetrahedra around Ge atoms. T

substantial contribution from d l l' d
e a oms. here is also a

om mo es oca ized on network defects.
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The value of neutron-scattering experiments on the

when the results can be interpreted in terms of real-
istic computer simulations. In the following we show

~ ~ ~

e o owing,
that ab znztzo molecular-dynamics simulations provide
another very valuable tool in the interpretation of neu-
tron data. Using relatively small cells, this method ap-
pears to be particularly powerful for compound network

cu ations disordered model structures can be generated
w ic result &om electronic and ionic interactions at the
most basic level. Applying this approach to a 63-atom
model of glassy GeSe2, we have been able to identify in
detail the atomic motions associated. with the Aq and
Aq modes observed in Raman scattering experiments '2

and in this work. The structure of this glass remains
controversial, ' and the interpretation of the Aq, mode
and of the first sharp diHraction peak in the static struc-
ture fure factor are relevant issues. Within the limitations
imposed by its size, the model provides an excellent de-
scription of the static structure factor, vibrational den-
sity of states (VDOS), and wave vector (Q) dependence
of the inelastically scattered neutron intensity S(Q, E).

A new set of neutron-scattering data was required to
furnish a good basis for comparison with the model.
These results were obtained on a 42 t' f hg por ion of the
same, carefully prepared, GeSe2 sample used in the ex-
tensive neutron scattering study of Walter et al. The
current experiment was designed to provide suKcient en-
ergy resolution in the energy region around 25 meV to
distinguish between Ai and Ai modes, while at the same

~ ~time providing enough Q range to compare with calcula-
tions of S(Q, E). The data were obtained on the Fermi-
Chopper time-of-flight spectrometer at the Cold. Neutron
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FIG. 1. Vibrational density of states of g-GeSe2.. solid
curve, theory; open circles, experiment. The short line un-
der the central peak shows the FWHM of the time-of-Bight
spectrometer in this energy range.

Research Facility of the National Institute of Standards
and Technology. An incident neutron energy of 14 meV
was employed, and the vibrational spectrum was mea-
sured in neutron energy gain, with the sample at room
temperature. Standard procedures were employed to ob-
tain the vibrational density of states (Fig. 1) corrected
for multiphonon efFects.

The neutron time-of-flight measurements were treated
as follows. After subtracting the smoothed results of an
empty alumInum foil container run and correcting detec-
tor efIiciencies using the results of a separate vanadium
sample run, the data were reduced to provide a neutron
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VDOS with corrections for multiphonon scattering as de-
scribed previously. Other corrections are not expected
to alter the shape of the VDOS reported here. Indeed,
where they can be compared the results are in very good
agreement with the previous measurements of Walter et
al. on the same sample. Our dynamical structure fac-
tors are not normalized as were theirs, but the shapes
are in good agreement. Since the work of Walter et al.
was completed several years ago, we checked the sample
for evidence of reversion to the crystalline state by de-
termining S(Q, O) from the time-of-Hight measurements
between Q = 1.5 and 5 A ~ and also from measurements
made with the triple-axis spectrometer BT-4 at NIST be-
tween Q=0.5 and 3.5 A. ~. The results are in excellent
agreement with Ref. 4.

Computations described here used the o,b initio, lo-
cal basis density-functional method of Sankey and co-
workers. The essential approximations are (1) Bachelet-
Hamann-Schliiter pseudopotentials, (2) the Harris func-
tional, (3) the local-density approximation, (4) a minimal
basis set of one 8 and three p confined pseudoatomic or-
bitals per site. The method has met with great success
in a wide variety of systems, and provides a transferable
description of covalently bonded materials.

Two models were constructed with 62- or 63-atom sim-
ple cubic supercells. The calculations were carried out
at constant volume and used a time step of 2.5 fs. In
quenching, four special k points were used for sampling
the small Brillouin zone to compute energies and forces.
For annealing studies the I' (k = 0) point was used. A
first crude model was formed by placing 20 Ge and 43
Se randomly on sites of a diamond lattice. Then the cell
was (1) annealed at 5000 K for 1 ps, " (2) equilibrated at
1500 K, (3) cooled over 4 ps to T=300 K, (4) quenched
to T=O K. The bonding was quite reasonable, with the
exception of a Se trimer, which was modified by removing
the middle Se and annealing and quenching the resulting
62-atom cell. The cell has a pair distribution function,
static structure factor, dynamic structure factor, and a
vibrational spectrum in impressive agreement with ex-
periment, considering the small cell size and the ad hoc
procedure used to form the structure (see below). In or-
der to test the robustness of the procedure, and to get the
exact stoichiometry for GeSe2, we added a Ge atom and
annealed the cell at 1500 K for 6 ps. The cell was then
cooled to 300 K over 4.2 ps, and then quenched to T=O.
This cell has a density suited to g-GeSe2. 4.2 gm/cc. The
anneal at 1500 K led to substantial difFusion, and a well
equilibrated liquid. The second cell's structural and dy-
namical properties were quite similar to the first. In the
rest of the paper our discussion is based on the second
model.

The dynamical matrix is determined by displacing each
atom by 0.03 A. in each of three orthogonal directions and
performing ab initio force calculations for all the atoms
for each such displacement. Each such calculation yields
a column of the force constant matrix. The vibrational
eigenvectors and eigenvalues of the supercell are then eas-
ily obtained. The VDOS calculated for comparison with
experiment was obtained by summing Gaussians centered
at each eigenvalue having FWHM corresponding to the
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FIG. 2. Dynamical structure factors: experiment, open cir-
cles; theory, solid line. The upper set has been vertically
shifted up by 0.5 units for clarity. See text for details on
energy cut.

experimental resolution. The results are shown as the
solid line in Fig. 1 where we see that the principal fea-
tures of the spectrum are reproduced.

The Aq and Aq modes are contained in the measured
feature in Fig. 1 centered about 25 meV. While no def-
inite minimum between the two peaks is observed, the
energy resolution (FWHM 1.6 meV in this energy range)
was good enough to allow the Q dependence of the scat-
tering of the Aq region (22.5 to 26.5 meV) to be traced
without much interference with the Aq, region (26.5 to
28.5 meV), with the results plotted in Fig. 2. The Q
dependences are very similar, implying that the dynamic
correlations associated with Aq and Aq are quite simi-
lar. It is probable that the 25 meV feature in this glass
would appear with much the same shape as in Fig. 1 in
any neutron-scattering experiment, even if much better
energy resolution were available. Sugai gives a Raman
FWHM of 2.13 meV for the Aq and a FWHM of 1.23 meV
for the A&, . Because transition-probability weighting se-
lects modes in Raman scattering and does not in neutron
scattering, the measured neutron widths are expected to
be larger since other modes are mixed in.

Using the above molecular-dynamics (MD) simulation,
the theoretical dynamical structure factors were com-
puted from Eq. (8) of Walter et aL with broadening
chosen to be suitable to the experimental resolution and
statistics. The resulting structure factors agree rather
well with the experiment (see Fig. 2).

The computed normal modes can be animated by cre-
ating a set of Ales of atomic displacements along each
eigenvector which vary sinusoidally in time and display-
ing them in sequence on a computer screen using the
program "XMol." In this manner we have visually ex-
amined each mode and focused on those specific to the
A~ and A~ segments of the spectrum.

While the motion in each band is complicated, certain
simple features appear. In particular, we Gnd that the
A~ band is dominated by modes more or less extended
throughout the supercell which are largely breathing mo-
tions of tetrahedra, i.e., the eigenvectors of the Se atoms
surrounding a Ge atom in a tetrahedron lie mainly along
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FIG. 3. A view of the atomic motions of a mode in the
Aq region of the spectrum. Arrows on each atom represent
calculated eigenvalues. Two edge-sharing tetrahedra, marked
by two dark-circled Se atoms, show a partially localized bite-
trahedral breathing mode.

the lines joining them to the Ge atom. One sees this mo-
tion somewhat localized on particular tetrahedra in the
cell, and on difFerent tetrahedra in neighboring modes
within the band. There are also more localized tetra-
hedral breathing modes. Most of the tetrahedra in the
supercell share one or more of their corners with another
tetrahedron. In addition, we find motions of edge-sharing
tetrahedra in this region. About 1/4 of all Se atoms in
the cell are found along edges shared by two tetrahedra.
In particular, we noticed a localized motion in which the
outer four Se atoms of a bitetrahedron "rock" symmet-
rically while the Ge and shared Se atoms are nearly at
rest.

The calculated modes in the Aq band can likewise be
described in two categories: first, there are partially lo-
calized breathing motions of the edge-sharing tetrahedra
accounting for about 2/3 of the modes in this region.
Among these are modes nearly identical to those de-
scribed by Sugai. An example is shown in Fig. 3 (which
was generated by "XMol"). Second, about 1/3 of the
modes in the models are more localized and associated
with network defects. A conventional measure of mode
localization is the inverse participation ratio (IPR) which
is large for localized modes. The IPR for the 63-atom
model glass is shown in Fig. 4(a) where a sharp onset of
localization is seen near mode index 100. In Fig. 4(b)
the IPR's for the Aq and Aq bands are compared, the
latter showing considerably more localization.

Several types of network defects appear in the model
glass, and two of these contribute significantly in the Aq
band: triply coordinated Se and singly coordinated Se.
The defects are found. by measuring bond lengths be-
tween atoms in the model and comparing them to ex-
pected values for Se-Ge or Se-Se. In particular, there
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FIG. 4. Inverse participation ratios (IPR) for the 63-atom
model; (a) IPR for entire vibrational eigenvalue spectrum, (b)
blowup of the Az and Az, energy range. For reference, the
calculated Aq band involves modes 116—124 (corresponding to
24.4—26.2 meV), and the Aq involves modes 124—137 (mode
137 has an energy of 30.0 meV).

are several examples of a motion strongly localized on
tetrahedra containing a singly coordinated Se. This type
of defect appears to be associated with another, namely
triply coordinated Ge, which occurs with roughly the
same statistics. Localized modes associated with this
latter defect are found at 20 meV, close to the small
peak between the first broadband in the measured VDOS
and the smaller central band containing the Aq and Aq,
bands.

The static structure factor of the 63-atom model is
shown as the upper line in Fig. 5, and is in reasonable
agreement with the experimental measurements taken
from Fig. 5 of Ref. 4 (lower curve and points). In par-
ticular, the location of all the principal peaks are close
to the measured ones. A noticeable discrepancy is the
small feature at 2.50 A. . Because of finite size effects
(the artificial periodicity associated with the supercell),
we show calculated S(Q) for Q ) 1 g



9136 BRIEF REPORTS 52

2 3 4 5 6 7 8 9
0(A ')

FIG. 5. Upper curve, static structure factor for 63-atom
model. Only Q ) 1.0 A is shown because of periodic
boundary condition artifacts. The lower curve and points
are experimental results from Fig. 5 of Ref. 4.

To check on the above results we have begun a study
extending the calculations to a 216-atom cell. Calcula-
tions of vibrational properties are still in progress, but
the structural results are in very good agreement with
the measured S(Q), the anomaly at 2.50 A i nearly dis-
appearing. It is also gratifying that the simulation is
accurate in the placement and weight of the first sharp
diffraction peak, often taken to be a signature of the in-
termediate range order (IRO). We expect further study
of this model to elucidate the origin of this peak. More-
over, these studies support the smaller cell study in terms
of the statistics of corner and edge-sharing tetrahedra. In
addition, they show that about 25% of the Ge participate

in Ge-Ge "wrong" bonds within the structure. Of these
14'%%up are in ethanelike configurations and the remain-
ing 11'%%up are in other configurations (defects of various
kinds. ) Mossbauer measurements using a small amount
of Sn as a probe of the Ge sites show two peaks the
larger of which has been identi6ed with Ge in tetrahedral
sites accounting for 85% of the Ge and the smaller with
ethanelike sites accounting for 15% of the Ge. It appears
that the model contains more defects than the real glass,
which is not unexpected.

Vashishta and co-workers performed MD simulations
with empirical potentials on a 648-atom cell of GeSe2 and
obtained S(Q) in semiquantitative agreement with exper-
iment and a VDOS which agreed less well. The present ab
initio calculation on a 63-atom cell yields a signi6cantly
improved VDOS. Our preliminary S(Q) results on the
216-atom model are comparable in agreement with ex-
periment to Ref. 13 but give a more accurate placement
of the Grst sharp diffraction peak.

In summary, the ab initio MD calculations on a 63-
atom model of' g-GeSe2 described here are in excellent
agreement with neutron-scattering measurements pre-
sented in this work. These calculations provide detailed
insights into the dynamics of g-GeSe2 in the regions of
the A~ and Aq bands. A more complete MD study is
underway on a 216-atom model. We expect to report
on structural information and elucidate its connection to
the various portions of the measured vibrational spec-
trum, describe the atomistics of the IRO, and give an
account of light-induced metastability.
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