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Simulation of pressure-induced polyamorphism in a chalcogenide glass GeSe
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The pressure-induced insulator-metal transition in amorphous GeaSeeSg) is studied using aab initio
constant pressure molecular-dynamic simulata@eSe transforms gradually to an amorphous metallic state
under the application of pressure. The transition is reversible, and is associated with a gradual change from
fourfold to sixfold Ge coordination, and from twofold to fourfold Se coordination. Pressure reduces the
occurrence of chemical disorder up to 13 GPa. It is found that the optical gap decreases gradually, and the
highly localized electronic and vibrational states of the glass at zero-pressure become extended with an
increase of the pressure.
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[. INTRODUCTION simulation to model the pressure-induced phase transition in
a-GeSeg. We find thata-GeSeg undergoes a continuous tran-
Pressure-induced insulator-metal transitions have long asition to an amorphous metallic phase. The transition is re-
tracted interest in the condensed-matter physics communityersible apparently because of the locality of the structural
An area of recent emphasis is the amorphous-to-amorphodgansformations. The coordination of Ge atoms changes
phase transition. For exampéeSi,*? a-Ge? and HO (Ref. gradually from a fourfold to a sixfold coordination w_h|le_Se
4) show a first-order phase change from a low-density amo,atoms_t_ransform fro_m a twofold toa fourfold_coordlnatlon.
phous (LDA) to a high-density amorphougHDA) phase The initial compression causes a slight reduction of chemical
while the transition proceeds gradually in Si(Refs. 3 and disorder, Whllg it leads to more t_opolog|cal disorder in the
5) and GeQ.® In the case of amorphous and crystalline bi- network. At high pressure, chainlike Se-Se clusters, emerge

nary chalcogenideAB,, A=Ge, Si:B=S, S¢ the pressure- as seen in elemental Se. The intensity of the first sharp dif-

induced phase transition is little understood. This is due ta‘ractlon peak(FSDP decreases smoothly, and its position

the challenge of constructing large realistic models, and thShlfts to a higheq with increase of pressure. The optical gap

lack d rical ial h q ecreases gradually with pressure. It is also found that highly
ack of good empirical potentials. In the present study, W8, aji7ed electronic and vibrational states at zero pressure
perform a first-principles study to elucidate the mechanisnyocome extended with application of pressure.

of insulator-metal transition in amorphous Ge%a-GeSg).
The material was intensively studied and thoroughly re-

viewed by Boolchand. Il. METHODOLOGY

For the crystal, three-dimensioned2d (Refs. 8 and The simulation reported here is carried out in a large re-
and two-dimensional Hgl(Ref. 10 structures are reported alistic 216-atom model oh-GeSe. The model is due to
at high pressure in chalcogenides. Recent experimentsobb, Drabold, and Cappelletti, and is in uniform agreement
showed that crystalline Gegend Ge$ transform to an  with structural, vibrational, and optical measureméfithe
amorphous state near 7 GPa at room temperatBgimada  model successfully produces the FSDP, which is in excellent
and Dachillé® reported the production of a high-pressure agreement with the new experimental resdltsee Refs. 14
form of a-GeSeg, and noted that crystallization at tempera- and 16 for more details The model was generated using a
tures below 573 K is inhibited. Also, they noted cristobalitelocal orbital first-principles quantum-molecular-dynamics
and Cd} type compounds at about 3 and 7 GPa at 573-878nethod which employs density-functional theory within the
K. Grandeet al® reported thah-GeSe compressed at 3 and local density approximation and the Harris functional with
7.7 GPa(at 573 K is partially crystallized. Prasaet al’>  hard norm-conserving pseudopotentials. The method is
studied GgSe gy (0=x=<40) glasses up to 14 GPa and implemented entirely in real space. The short-range nonor-
temperatures 77—-298 K, and observed a discontinuous glasgtyogonal singlez (1s+3p per sit¢ local orbital basis of
semiconductor to a crystalline metallic phase transition, coneompact slightly excitedireball orbitals of Sankey and Ni-
trary to observations by Shimacs all° The high-pressure klewski offered an accurate description of the chemistry with
crystalline phases in a G&go_, System do not correspond a significant computational advantatjedeal for this com-
to any of the known GeSephases. Based on the experi- plex system. The method was applied to form structural
ments, it is argued that possible structural transitions irmodels of the surface of glassy GeS€liquid GeSe,* and
glassy GeSg at high pressure and high temperature, coulda wide range of other amorphous materidl? The Hamil-
be similar to the ones in crystalline GeSé tonian successfully predicted a first-order pressure-induced

In this paper, we present aab initio constant pressure phase transition in crystalline silicodiamond to simple
molecular dynamicéMD) study of a semiconductor-to-metal hexagonadl in amorphous silicon (amorphous to
transition ina-GeSe, using a relatively large 216-atom re- amorphous® and in crystalline GaAszich-blende tacCmcm
alistic model. To our knowledge, this is the first direct MD and Imm2.2* Dynamical quenching under constant pressure
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1.00 ' ' ' ] ported at room temperature but, there is a transition to a
s#— Compression HDA at low temperaturé? The crystallization of an amor-

©—9 Decompression from 16 GPa phous phase may be inhibited at low temperature and an
5—=& Decompression from 75 GPa

amorphous-to-amorphous transition is favorable.
] The pressure-volume curves on decompression at 16 and
75 GPa are given in Fig. 1. The path followed from 75 GPa
is reversed up to 30 GPa. After this pressure the curve de-
velops a hysteresis, as seen in the pressure release from 16
GPa. Such a hysteresis is perhaps expected after 12 GPa,
because of the ripples seen in the pressure-volume curve. A
decompression started at a different final pressure gives a
very similar structure, albeit with small differences in density
and coordination. In a contrast to Si®Ge0,,® H,0,* and
04%5 200 200 600 80.0 a-Si! the amorphous-to-amorphous phase transition in
Pressure (GPa) a-GeSg is reversible, as reported farAs,Te;.?°

0.80

Normalized Volume

o
@
o

FIG. 1. The normalized volume &f-GeSg changes smoothly
with up to 12 GPa. After this pressure and several others, it shows
slope changes. Upon a pressure release from 75 GPa, the path is
reversed up to 30 GPa, and thereafter hysteresis is seen.

B. Structural correlation

The effect of pressure on the FSDP was studied in many

is performed to fully relax the system. Pressure is applied viglasses. X-ray-diffraction patterns of Geglass?® x-ray dif-

the method of Parrinello and RahmZmwhich enables the fraction of SiQ,° pressure-densified SjOglass;’ and

simulation cell to change volume and shape. The number dgnodel$® showed a decrease of the intensity of the FSDP, and

steps is chosen according to the criterion that the maximur@ shift of its position into higheQ relative to the zero-

force was smaller than 0.01 eV/A. For some pressures, thigressure matrix. The densification of liquid GeStie to a

required in excess of 7000 force calls. All the calculationstemperature increase produces the same effect on the

used solely thd" point to sample the Brillouin zone, which FSDP?° An experimerit also reported the appearance of a

is reasonable for a cell with 216 atoms. A fictitious cell masspeak between the FSDP and the second peak({@) of

of 1.6x10* amu was found to be suitable for this simula- SiO, under pressure.

tion. The totalS(Q) and Faber-Ziman partial structure factors
Once the equilibrium configuration under pressure is obgre depicted in Fig. 2. The intensity and positionS§f)

tained, we compute the dynamical matrix, displacing everyaynipits dramatic changes @<6 A~! under pressure. The

atom in the cell in three orthogonal directiof@®03 A) and FSDP is weakened, and its position shifts to hig@ewith

computing the resulting spring constants as second derivape appiication of pressure. The result emphasizes an inverse

tives of the total energy of the system. Diagonalizing the.q e jation between the densitgoordination of the glassy
dynamical matrix, we receive its eigenvectors and corre

di d I-mode f aigs which materials and the FSDP. We also find the emergence of a
sponding squared normal-mode frequen which en- peak at about 2 Al. This peak is due to Ge-Ge correlations.
able us to carry out the full investigation of the vibrational

; S : : The suppression of the FSDP and the emergence of the sec-
behavior of the equilibrium configurations. . : )
ond peak suggest a change of the intermediate range order in
the network® Dramatic changes are observed in the second
IIl. STRUCTURAL PROPERTIES UNDER PRESSURE and third peaks: Although both peaks move to a higQer
A. Pressure dependence of volume the intensity of the second peak increases while the third one

decreases with pressure. All partials lend a contribution to

. We plot the pressure dependence of the relative volume iﬂwe increase of the second peak, but Ge-Se correlations con-
Fig. 1. The volume changes smoothly up to about 12 GPat !

and then exhibits “ripples” at several pressures. At 12 GPa fibute predominantly. Generally the behavior{Q) under

~35.2% atoms are involved in coordination changes, an@"€SSUré is in agreement with experiments on glassy

the number of atoms suffering coordination modification in-Systems’*° , o _
creases t0~51.9% at 13 GPa. Since the volume drop at ' n€ total and partial real space pair distribution functions
these pressures is relatively small, we interpret the pressur€ a-GeSe are given in Fig. 3. The position of the first peak
induced phase change @fGeSg as a continuous transition, Shifts to a larger distance, and its intensity decreases with
in stark contrast to results aaSit pressure, corresponding to the onset of the coordination
Our model reproduces the high-pressure form of thechange. The second peak position shifts to a lower distance
amorphous structure which is in excellent agreement wittwith broadened distribution. The Ge-Se pair distribution
the experiment? but, contrary to the study of Gran@¢ al®  function becomes quite uniform after the nearest-neighbor
and Prasaet all? It was shown that-GeS is crystallized  peak, except for a feature around 5.7 A. With an increase of
at 873 K and densified at 543 ®.In a recent study, pressure, the position of the peak shifts to smaller distance
pressure-induced crystallization of vitreous Zp@las re-  with broadened distribution, which is parallel to how the
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FIG. 2. The behavior of the total structure facts¢Q) and " (Angstrom)

Fiber-Ziman structure factors. The FSDP is suppressed, and its po- g|G. 3. The total and partial real-space pair distribution func-
sition shifts toward highe@ with increasing pressure. A new peak {jons of a-GeSe.
emerges at about 27& which is mostly due to Ge-Ge correlation.

_ C. Topology and bonding under pressure
FSDP changes with pressure. A new weak peak emerges

around 3.2 A in Ge-Se partial. The correspond@galue
for this distance is crudely estimated tobd.96 A ! using eral pressures. We also plot the pressure dependence of struc-
tural properties in Fig. 6. The average coordination, which is

r=2a/|Q|, which is also in agreement with the appearancedeﬁned from the first minimum of the total pair distribution

of a peak inS(Q) at about 2 A'1. The nearest and second- . _ > : -
nearest peaks in Se-Se correlations merge and make a bro@&@ctlon (R;=2.70-2.80 A, depending on pressuria

peak around 2.8-3.2 A. In addition, a second peak EMErgeSpa, it shows a small abrupt increase at several pressures.
at about 4.8-5.4 A. The results suggest that Se atoms exhiits a10ms transform gradually from fourfold to sixfold coor-
a comparatively large structural modification relative tq Gec_iination while the average coordination of Se changes from
atoms. The Ge-Ge and Se-Se clusters at 65 GPa are givenyifiofold to fourfold. Either Ge or Se atoms involved in ho-
F|g 4. Surprising|y we find that Se atoms form chainlike mopo'ar bon@) have a tendency to form a more C|Ose|y
clusters, as seen in pure Se, while Ge atoms form randomacked structure than those chemically ordered.
clusters. The average nearest-neighbor distance between atoms is
The bond angle distribution function is given in Fig. 5. given in Fig. 6. The average nearest-neighbor distance and
We find dramatic changes in the position and intensity of thehe Ge-Se separation exhibit a small increase up to 12 GPa,
peak; the intensity of the peak decreases with the broad disnd then both increase substantially in the pressure range of
tribution, and its position shifts gradually to lower angles.12—-16 GPa. Above 16 GPa, these separations do not show a
We calculated the information entroflyof the bond angle significant modification but a small fluctuation. The increase
distribution function at a given pressure usin§= of the neighbor distance is due to the formation of new bonds
—3;P; InP;, whereP; is the distribution of the bond angles. which are larger than the average. Pressure induces a large
The entropy of the bond angle distribution function is a meadincrease of the Se-Se separation. The large modification of
sure of how well defined the bond angles are at each pressutiee Se coordination is responsible for this behavior, yielding
(large entropy, broad distributipnThe pressure dependence the occurrence of large Se-Se clusters in the network. On the
of the entropy is depicted in Fig. 5. We find a very dramaticother hand, the average Ge-Ge distance decreases, except for
increase in the entropy up to 16 GPa, implying a fast strucpressures at which “ripples” are observed in the pressure-
tural change in the network. The curve then shows a changelume curve.
in slope, and the growth i is slower. The utility ofS for One of the concerns ia-GeSg is the quantity of chemi-
analyzing structural properties is under investigation. cal disorder, in particular the fraction of “wronghomopo-

Table | presents structural propertiesafceSe at sev-
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FIG. 5. (@) The bond angle distribution functioBADF). (b)
The information entropy of the bond angle distribution function.

of pressure-induced amorphization of GgSé is reported
that the Raman spectrum of the decompressed sample does
not show the presence of the vibrational modes at about 180
cm %, indicating that pressure suppresses Ge-Ge bortding.
At 13 GPa, the number of Ge involved in homopolar bond-
ing rises suddenly from-16.66% to~26.28%, where the
pressure-volume curve shows the first discontinuity. After 20
GPa, it increases gradually with pressure. In summary, pres-
sure suppresses the occurrence of chemical disorder up to 13
GPa. At this pressure and thereafter, the system cannot resist
an increase in chemical disorder. We note that while pressure
reduces chemical disorder, it results in a softening of differ-
ent parts of the network and in more topological disorder in
FIG. 4. Atomic configuration at 65 GPa. Gp) and Se(bot- the system, which leads to a gradual transformation to a
tom) atoms are shown separately. Note the chainlike cluster of SE'DA phase ofa-GeSe.
atoms.

D. Discussion
lar) bonds between like atoms. The initial compression

causes a slight reduction of wrong bondsaiGeSe. In the

pressure range of 12—20 GPa, there is a significant increa@éadua”y from_ fo‘%”‘o'd to Sin.OId coordir_1ati(_)n, Wh"? th_e
from ~10.95% to~17.11% because of structural Ch(,jmgesaverage coordination of the anion atoms is different; in,SiO

in the network. At 65 GPa;-28.48% of the bonds are ho- and Ge@, the anion atomg¢O) transform from twofold to

mopolar. The fraction of chemically disordered Ge and Se )

. g . . TABLE |. Structural properties oh-GeSe under pressure: av-
atoms as a guncnon Of pressure I given in Flg.' 6. At Zeroerage nearest-neighbor distan¢é&NND), average bond angle
pressure, .25/(.) O.f Ge and Se atoms ar? involved in homoDo'%&BA) and average coordination numb@CN) which is calcu-
bonds, which is in close agreement with the value d62% lated from the first minimum of the PDR(=2.70-2.80 A).

Ge and 206)% Se(if only dimers are formed™ The fraction

In oxide glasses and-GeSe, the cation atoms transform

of Se atoms with wrong bonds does not change significantl)f,ressurE{GPa 0 20 40 60 65

up to 12 GPa, and then its behavior tracks that of the wrong

bonds. The number of chemically disordered Ge atoms deANND (A) 2.39 2455 2446 2431 2442
clines slightly in the presure range of 0—13 GPa. We find thaABA 103.76° 102.87° 102.64° 102.51° 102.31°
some Ge-Ge homopolar bonds break under pressure, and theN 2.68 3.46 4.04 4.40 4.84
atom forms new bon(@) with decreasing or increasing coor- ACN-Ge 3.86 4.83 5.52 6.08 6.10
dination or sometimes without changing coordination de-ACN-Se 2.09 2.77 3.30 3.7 42

pending on the local environment. In an experimental study
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FIG. 7. Pressure dependence of the optical gap.
c—OP-WB
*—x P-Ge with WB

&—P-SewithWB 1 role in amorphous compounds. Since the formation of wrong
bonds) is unfavorable energeticallfthe penalty is small in
a-GeSe), the application of pressure causes a suppression of
the occurrence of chemical disorder, and simultaneously re-
sults in a decomposition of the different parts of the model.
FIG. 6. Pressure dependence of structural properties of herefore, we argue that not only structural disorder but
a-GeSg: (a) the average coordinatiad\C), the average coordina- chemical disorder need to be considered for a gradual trans-
tion of Ge (AC-Ge), the average coordination of $AC-Se, the  formation.
average coordination of Ge with wrong b@sd(AC-Ge with WB),
and the average coordination of Se with wrong HehdAC-Se
with WB). (b) The average bond lengtABL ), the average Ge-Se IV. ELECTRONIC STRUCTURE
separationA-Ge-Sg,the average Ge-Ge distanté-Ge-Ge, and Simulation enables us to study the electronic nature of a
i?)tea?;/v?;?l%ebiﬁ;f;- \fveé;a:ﬁ?;;(e;;?éég ;hgep::gﬁqn;ﬁfhojv:gﬁg pressure-induced insulator-metal transition. It is found that
bonds) (P-Ge with WB' and the percentage of Se atoms with both the conduction and valence tails shift to higher energies
wrong bond(P-Se with WB- at Iqw pressure. The shift of the valence tail dominates, pro-
ducing a decrease of the band gap. Above 2 GPa, the con-

threefold coordination whereas the average coordination dfuction tails move to lower energies while the valence band
Se ina-GeSg change from twofold to fourfold. The exis- continues to shift toward higher energies, implying a pro-
tence of Se-Se clusters contribute to the increase of the céounced decrease of the band gap. A broadening of the bands
ordination. This important distinction is due to the ionicity of under pressure is also observed. Figure 7 shows the pressure
the materials; the oxide glasses are far more ionic, and hené&ependence of the optical gaparGeSe. The gap decreases
h0m0p0|ar bonding is much disfavored. nonlinearly with pressure. The decrease of the band gap is

Unlike elemental amorphous material&seleniunt?  consistent with a previous report anGeSe.>® In a pressure
germaniunt3 and silicor?), the transition proceeds continu- range of 2-16 GPa, the decrease is so pronounced because of

ously in most amorphous compounds sucted3aSb(Ref.  the dramatic structural changes in the system.
34) and a-GaAs®! Bond angle distributions seems to be a  Sakai and FritzscHe pointed out that the decrease in the

key signature of the behavior of a tetrahedral network undegap of chalcogenide semiconductors is associated with an
pressuré* Amorphous materials can be classified into twoincrease of the dielectric constant, which tends to decrease
classes—a continuous transition clgssostly compounds the localization of the gap states and to promote metallic
and a discontinuous transition clagmostly elementa—  conduction at high pressure. In order to characterize the lo-
based on their behavior under pressure. The similarity ofalization of electronic states through the transition, we de-
these two classes is a structural disorder which causes a sifipe the Mulliken charg€® Q(n,E) for atom n associated
nificant reduction in the transition pressure compared to theiwith the eigenvalueE. This charge can then be used as a
crystalline states. The difference is that the continuous tranmeasure of the localization of a given stat@(E)
sition class has chemical disorder in addition to structuraF NEE‘:lQ(n,E)Z, where N is the number of atoms in a
disorder, and the importance of the chemical disorder is desupercell. For a uniformly extended sta@,(E) is 1, while
termined to a large extent by the ionicitthe more ionicity it is N for a state perfectly localized on a single atom. The
present, the more chemical orfleTo our knowledge, the localization of the electron states is shown in Fig. 8. Each
effects of chemical disorder on pressure-induced phase trapeak in the figure represents an eigenvalue. The larger
sitions have not been studied or considered. The prese,(E) is for a state, the more localized the state is. At zero
study suggests that chemical disorder plays a very importamiressure, the top of the valence band is associated with

%

1 1 L L
40.0 60.0 80.0 100.0 120.0
Pressure (GPa)
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FIG. 9. Vibrational density of states on compression and decom-

FIG. 8. Electronic eigenstates aFGeSe at several pressure. gression from 16 GPa.

The position of the vertical bar represents the eigenvalues of th
electronic eigenstates, and the height of the bars is the spatial local-

ization O,(E). Note the gradual delocalization of the states. Particular attention was devoted to vibrational modes with

energies around 200 cm, with regard to the interpretation

threefold Ge atoms, twofold Se atoms forming Se dimers an featuresi; andA,; modesA, modes are in-phase breath-

onefold Se atoms, whereas the conduction-band edge is a9 V|bra_t|ons extended along comer-sharing C—_,;e@_eahe—
sociated with threefold Se atoms to a large extent. Th ral chain structures, anél;; modes are breathinglike mo-

H H 0,41
pressure-induced delocalization is due to the increasing nunjions of Se about the edge?sharlr?g GeBatrahedrd** At
ber of overlapping orbitals, yielding a broadening of bandsC" Pressure, although the intensitiesAyf andA, . change,

and a decrease of the gap. The localized states in the valentir frequencies are not shifted, which is C°”§‘St9”t with the
band at 20 GPa arise from threefold- and fourfold- Raman scattering study eFGeSe up to 2 GP&*At 2 GPa,

coordinated Se atoms involved with at least two homopolafh€ intensity ofA, decreases dramatically because of about
bonds. The result confirms our previous repbthat Se-Se 37.5% decrease of the corner-sharing tetrahedra. However,
wrong bonds cause more localized states than the geometf1€ intensity ofA,c modes increases and broadens, although
cally more defective structures. As the pressure increase¥/® find about a 5% decrease in the concentration of clusters
Se-related states become fully extended, while a few state¥ith edge-sh_alrlng Gegetetrahedra. Also, the intensity at
associated with Ge atoms at the top of the conduction ban@Pout 180 cm~, which derives from the fact that the Ge-Ge
are still localized(40 GPa. They are due to fivefold- and bonding increases significantly even though the number of

sixfold-coordinated Ge atoms with wrong bonds. At 65 GPaG€ atoms involved with homopolar bafsil decreases at 2
all localized states are completely delocalized. GPa. The results suggest a strong correlation of the modes

around 200 cm®. At 4 GPa, the feature around 200 ¢thn
changes, and a strong peak at about 200 and 189'cm
merges because of the reconstruction.

It is useful to predict the phonon modes for LDA GgSe At high pressures, the intensity of the bands decrease and
and HDA GeSeg. The physical origin of the phase transition the bands overlap. The VDOS of the zero-pressure model
can be understood by examining the pressure-sensitive sdfom decompression at 16 GPa is slightly different from that
phonon modes. The vibrational density of staf¢POS) is  of the initial model. In the range of 0—150 crh no signifi-
given in Fig. 9. The bands shift to higher frequencies withcant change is seen except for a small shift of the frequency.
pressure without softening modes, as reported in the Ramddramatic changes are seen between about 150 and 240
spectra of 3-GeSe.'® The same behavior was reported in cm 1. The increase of the intensity of the peak at 180 ém
theoretical” and experiment3f2° studies of SiQ. On the s due to the increase of Ge atoms with wrong bonds. The
other hand, the modes @Si (Ref. 1) show very different peaks around 200 cnt evolve a single peak with a broad
behaviors compared ta-GeSeg; in a-Si, the optical band distribution. In a Raman study of GeSender pressure, the
shifts to higher frequencies up to a critical pressure, at whiclspectrum of the sample obtained upon decompression is dif-
point the mode frequencies decrease abruptly whereas tlierent from the melt-quenched amorphous samples, and it
acoustic modes soften at high pressure. has been shown that very broad bands in the 150-300% cm

V. VIBRATIONAL DENSITY OF STATES
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040 | 0GPa | than 130 cm?, involving internal tetrahedral motion. The
. localized eigenmodes are extended with pressure. Similar
& o200 | , change of the localized states has been observed in the the-
‘ ‘ ‘ ‘ oretical study of Si@.3’
0.00 " .lﬂl i
040 - 13GPa 7 VI. CONCLUSIONS
vy
= 020 | 1 We have studied the pressure-induced insulator-metal
" - l“““ HH transition ina-GeSeg using anab initio constant pressure
0.00 s : MD technique.a-GeSe presents a reversible continuous
040 1 45 GPa 1 phase transition into a metallic amorphous phase. The
iy gradual changes of Géourfold to sixfold) and Se(twofold

to-amorphous phase transitionanGeSe. Pressure reduces
the occurrence of chemical disorder, while simultaneously
causing a softening of the different parts of the model and
020 | , more structural disorder. We find an inverse correlation be-
tween the coordination ci-GeSeg and the FSDP and a re-
0.00 ‘ . —— duction of the intermediate range order with an increase of
0.0 100.0 200.0 300.0 400.0 : -
E(/em) pressure. Se-Se clusters at high pressure are chainlike, as
seen in pure Se. Under pressure both localized electronic and
FIG. 10. Vibrational inverse participation ratiglPR) of  vibrational states are delocalized.
a-GeSe under pressure. The highly localized modes at zero pres- These calculations strongly suggest that the pressure-
sure are extended with the application of pressure. induced structural changes are graduaiGeSe. It is pos-
sible that this conclusion could depend upon the finite size of
region are well separated, and there is no low-wave-numbehe sample and or on limited sampling of possible conforma-
shoulder feature in the 150—200-cfregion which is asso-  tions of the glass from using only one model. We suspect that
ciated with the stretching vibration of the Ge-Ge bofiils. these possibilities are remote, since the admittedly small
The spectrum obtained from pressure release presents resuit3 6 atom model studied appears to have the characteristics
similar to those of the Raman study, except for the peak apf the real material compared to available experiments, and
around 180 cm?, which is probably due to the finite size of also because the changes seen in a-Sspeetacularlydif-
the simulation cell. ferent(a first-order transition is observedt is, nevertheless,
A convenient measure of the degree of the localization ofvorth repeating this type of study on a larger system.
the vibrational modes in an amorphous solid is the inverse
participation ratio (IPR) equal to NZJ-Nzl(uj
uj)[Z]L1(u;.uj)]1 2 The calculated IPR of the models is
depicted in Fig. 10. There are two types of the VDOS motion This work was supported by the National Science Foun-
at zero pressurdl) extended modes at frequencies less thardation under Grant Nos. DMR-00-81006 and DMR-00-
130 cm'%, involving the motion of the entire tetrahedral 74624. We thank Dr. Jianjun Dong, Dr. Xiaodong Zhang, and
units; and(2) more localized modes at frequencies higherDr. Mark Cobb for contributions to this work.

020 T | to fourfold) coordinations is responsible for the amorphous-
il
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0.40 - 65 GPa .

IPR
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