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First-order pressure-induced polyamorphism in germanium
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We report on the pressure-induced phase transition in amorphous GermamiGe (sing anab initio
constant pressure-relaxation simulatierGe exhibits a first-order polyamorphic phase transition at 12.75 GPa
with a discontinuous volume change 6f19%. The transition pressure is also calculated from the Gibbs
free-energy curves, and it is found that the transition occurs at 5.2 GPa in agreement, with the experimental
result of 6 GPa. The pressure-induced delocalization of electronic and vibrational states is obtained.
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Some disordered materials show an unusual response sure, the model is equilibrated and relaxed with a local-
applied pressure. }0 (Ref. 1) undergoes a first-order phase orbital first-principles quantum molecular-dynamic method
change from a low-density amorphous phase to a highof Sankey and Niklewski' The energy difference between
density amorphou@HDA) phase. The existence of such mul- diamond and the amorphous structure is found to be 150
tiple disordered phases is termed “polyamorphism.” A simi- meV/atom in agreement with 120 meV/atom from a heat
lar transition to that of HO was reported in amorphous crystallization measuremettt'® This Hamiltonian was ap-
silicon (a-Si),? and in Si0,.>* The general problem of dis- plied to study a first-order amorphous to amorphous phase
order to disorder phase transitions in tetrahedrally bondeghange in silicorf, a continuous amorphous to amorphous
materials is little explored with theoretical methods becaus®hase transformation in GeS€ ZB—Cmcm—Imm2 tran-
of the challenge of constructing realistic models and the lackitions in GaAs.® and a diamond to simple hexagonal phase
of the good empirical potentials. transition in silicor? Pressure is applied via the method of

Experiment has shown that amorphous germaniunParrinello-Rahmar® and it is increased in increments of 2
(a-Ge) undergoes a transition to a metallic amorphous phas&Pa up to 12 GPa, after which an increment of 0.25 GPa is
with a sharp drop in resistivity and the optical gap at roomcarried out in order to accurately estimate the transition pres-
temperature around 6 GPand it appears that this transition sure. Dynamical quenching at zero temperature under con-
was first order. Minomufareported thas-Ge transforms to a  Stant pressure is performed to fully relax the system accord-
disorderedﬂ-Sn structure at 6—7 GPa. An amorphous toing to the criterion that the maximum force is smaller than
B-Sn phase transition with a 5% volume drop is seen aP-01 eV/A. We usel'-point sampling for the supercells’
room temperature near 6 GPa in an X-ray diffraction Sfudy_BriIIouin-zone integration, which is reasonable for a 216-
However, the amorphous sample contains some crystallinatom model. A fictitious cell mass of ¥610° amu was
grains, and with the application of pressure the crystallindound to be suitable for these simulations.
parts undergo a phase changeAeSn (only 25% of the As a preliminary, we perform a simulation for crystalline
amorphous structure transforms ®Sn) while the other Ge (c-Ge). At 22—-24 GPa the diamond structure transforms
parts still  remain amorphousy a “partia| structural into a B-Sn structure in excellent agreementAWith experi—
transition.”” On the other hand, no phase transition was obments. The computed transition volumeéf( 7 veiameng of
served up to 8.9 GPa in an EXAFS analysisagbe® These the 8-Sn is 0.65 and the axial ratie/a, is 0.52 at 24 GPa.
studies indicate that the different types of high-pressurdoth values, however, are less than the experimental results
structures can forlamorphous or crystatlepending on the of 0.69 and 0.55XRef. 1%, respectively. We calculate the
sample preparation and loading conditich. bulk modulus(B) and its pressure derivativeB() of dia-

In a theoretical investigation using the Tersoff potential, amond andB-Sn structure using the Birch-Murnaghan equa-
gradual amorphous to amorphous phase transformation wéien of staté® and findB=80 GPa andB’=5.19 for dia-
obtained® In the same study, however, a free-energy calcumond, which are consistent with the experimental values for
lation predicts a first-order amorphous to amorphous phasgiamond ofB=77 GPa an®’'=4.6°andB=89 GPa and
transition ina-Ge? It is also argued that the HDA phase of B'=3.5 for 8-Sn structure, in agreement with=86 GPa
a-Ge is similar to liquid-Ge I-Ge). reported in a theoretical calculation using the local-density

Despite extensive experimental studies and one theoretapproximation with a nonlinear core-valence interactdn.
cal analysis, several issues concerna@e under pressure The details of this simulation will be discussed elsewhere.
remain: (1) What are the microscopic changes in the struc- In the rest of the paper, we will concentrate on the amor-
ture which occur with the application of pressuk@?lIs the  phous structure. The pressure-volume curve-&fe is given
transition is first order?3) Is the transition reversible@) in Fig. 1. The volume changes smoothly up to 12.75 GPa,
What is the nature of insulator-metal transition? In this paperand at this pressure an abrupt decline of the volume is seen,
we perform accuratab initio simulations of the response of indicating a first-order phase transition. The volume drops
a-Ge to pressure and give unambiguous answers to the issuabout 19%, which is close to the value of 19.2% obtained in
reviewed above. diamond toB-Sn transformation ot-Gel’ a-Ge transforms

The model used here is generated using an improved vefrom a low-density amorphous phase to a metallic HDA
sion of the Wooten-Winer-Weaire algoriththAt zero pres- phase in agreement with the experim&mm,t the predicted
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FIG. 1. (a) The pressure dependence of the normalized volume J ~
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transition pressure is larger than that of the experiment. The FIG. 2. (a) The real-space pair distribution functiotb) The
large value of the critical pressure compared to experimentsond-angle distribution function on compression and decompres-
is commonly seen in constant pressure simulations and casion.

be attributed to the kinetics because of the short time scale of

the simulation and finite size of the simulation cell. In orderupon the pressure release, the height of the peaks at 60° and
to obtain an equilibrium critical pressure, we calculate theggo g reversed, and a relatively similar bond-angle distribu-
Gibbs free energy &=E+PV) at zero temperature for jon fynction to that of-Ge is formed even though the den-
a-Ge and the HDA phase of Ge. The Gibbs free-energy curvgy, of the high-pressure phase is larger than th&t®@é. The

of Lher?e phases croslseslabOl;t65-érsG_lF_’r?, Wh'ICh IS cohn5|st ak at 60° represents a more closed packed structure with
wr|]t the experimental V{:} ue o 0 a '5115’10 yamorp (ch typical metallic bonding. Upon decompression, the structure
phase transition is similar to that of ;8> a-Si” and  gragyally changes from a more closed packed structure to an
SIC,. ) pen structure with some tetrahedral bonding.

Zero-pressure samples upon decompression are mostly the high pressure properties @fGe are given in Table .
amorphous structure with some crystalline fragmehend  poggire yields shortened bond lengths and narrowed bond
the sample is denser than the initial a_lr_norphous structure b%{ngles up to the transition at which point the average bond
cause of a 5% volume drop at transition pressuée find angle drops to 98.81° which is intermediate between the tet-
that the path on pressure relgase is not reve(Sigd 1), and rahedral and octahedral values of 109.5° and 90° respec-
the obtained structure remains amorphous. The structure {ﬁ/ely and the average bond length increases to 2.63 A. The
found to be 18% denser than the initial amorphous Structurgerage coordination from the first minimum of the pair dis-
indicating an |rrev?rzsl|ble lgmorph(.)uss to amorphous phasgiption function within a critical cutoff radius Rc
tranimon as In '?'O' . a;S|, gnd'S@.. L h =3.01 Ais~8 and is quite sensitive to choice of the cutoff

The pair distribution function is given in Fig. 2. The po- 1,45 Upon pressure release, the average bond angle and

sitions of the peaks shift gradually to shorter distances, indipq 4 length exhibit a small change, whereas the average co-
cating tighter packing of the network, up to the transition

pressure at which the first peak shifts abruptly to a larger

distance with a broadened distribution and decreased inten- VABLE I. Structural properties ob-Ge on compression: aver-
sity while the third peak continues to move to a shorter dis-29¢ Pond 1engthABL), average bond angléBA), width of bond-
tance with a slightly pronounced intensity. However, there isangle distribution (WBAD), and average coordination number

no well-defined second peak at the transition. Upon decom(-ACN)'

pression, the second peak appears gradually and the first aBgessure(GPa 0 8 10 125 12.75

third move to larger distances . i '
The bond-angle distribution function afGe is depicted ABL (A) 2.421 2.357 2.345 2332 2.638

in Fig. 2. The network exhibits a smooth distribution with a ABA 109.16° 108.98° 108.90° 108.71° 98.81°

single peak centered at tetrahedral angle up to the transitiofysAD 10.18 11.09 11.46 12.28 32.37

pressure. At 12.75 GPa, the bond-angle distribution functiomcn 4.0 4.0 4.0 4.0 8.03

is rather broad with main peaks around 60°, 90°, and 140~
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TABLE Il. Structural properties ofa-Ge on decompression.
Same nomenclature as Table . 10 |
PressurdGPa 0 2 6 8 10 [
0.8 |
ABL (A) 2.667 2.676 2.640 2.639 2.653 N 12,5 GP
ABA 100.73° 100.09° 100.31° 99.97° 99.21° 3 0.020 —=22T8 1275 GPa
WBAD 31.30 3190 3164 31.92 3241 § 06 0.015
ACN 6.48 6.97 6.98 7.27 7.87 o —
5 2 o0.010
m04t G
ordination is reduced to 6.48able Il). This value is close to 0.005 L
the coordination of-Ge, 6.8 obtained in an x-ray diffraction 02 | 0.000 e 1050 30 —10
study?? and 6-7.1 in a first principles calculatidhAlso the S e Bev
position of the first peak, 2%BA , is comparable to 2.70 A
- 0.0 : : : : : :
(Ref. 22 and 2.63 A ofl-Ge. . 00 20 40 60 80 100 120
The volume change upon compressiap to 12.5 GPa Pressure(GPa)
and decompression can be fitted to the Birch-Murnaghan

equation of state? The calculation yield8=73 GPa and FIG. 3. The pressure dependence of the optical gap. Inset: Elec-

B'=3.2 for a-Ge. These values are different fro  tronic eigenstates in the band-gap region. The position of the verti-
=34.5 GPa andB’'=8 reported in an x-ray diffraction cal bars represent the eigenvalues of the electronic eigenstates, and
study! and B=97+8 GPa andB’'=6+2 obtained in an the height of the bars is the spatial localizati@a(E). The Fermi
EXAFS analysi§_ For the HDA phase, we finB=55 GPa level lies in the middle of the band gap. Note the abrupt delocaliza-
and B’=3.19. The softening of these bulk modulus com-tion of the tail states at 12.75 GPa.

pared to the other structures is due to the high coordination,

which leads to additional restrictions to the bulk relaxation inp) anda-GeSe.!* At the transition pressure the tail states are
the disordered networks. abruptly delocalized as seen @Si.

We can track the electronic nature of the pressure-induced |t js valuable to predict the pressure dependence of the
insulator-metal transition in the simulation. With the applica-phonon modes before and after the phase transition. The
tion of pressure, the valence tail states tend to move towar_Ehysical origin of the phase transition can be understood by
the center of the band gap. However, the conduction taibxamining the soft phonon modes. The vibrational density of
states reveal a complex behavior: up to 8 GPa, the states shiffates(VDOS) is given in Fig. 4. With the application of
to higher energies, producing an increase of the band gapyressure the acoustic modes soften while the optical band
and after this pressure the states move to lower energiegpift to higher frequencies up to the transition pressure, at
yielding a decrease of the gap. The response of the condugyhich point the mode frequencies decline abruptly and the
tion tail states to pressure determines the optical g@®€.  pands overlap as seenarSi>?’ We also find that the local-
Simultaneously, a broadening of the band is observed. Thgeq eigenmodes at zero pressure are extended with pressure

Fermi level lies on the middle of the band gap and graduallysimilar change of localized states has been observed in the
shifts to a higher energy with an increase of pressure. Thgheoretical study of-GeSe,** a-Si?’ and SiQ. 2

The gapincreasessmoothly up to 8 GPa, in agreement with gmorphous phase transition, which is due to the ideal amor-
the experiment but, after this pressure it decreases gradually.

The band gap exhibits a linear behavior up to 4 GPa and has

a slope of 1.68 meV/kbar, which is comparable to the coef- 50 ~m 0 GPa
ficient 0.8 meV/kbarRef. 7 and 3.5 meV/kbat> At 12.75 -=— 125GPa
GPa,a-Ge transforms to a metallic phase with a sharp drop 40 | 12.75 GPa

in the optical gap. The tiny gap is a finite size and minimal
basis artifact: the material is certainly conducting.

In order to study the pressure dependence of the localized 30|
states, we define the Mulliken chargfeQ(n,E), for atomn
associated with the eigenvalle This charge can then be
used as a measure of the localization of a given state 20
Q,(E)= NE,“1':1(Q(n,E)2 whereN is the number of atoms in
a supercell. For a uniformly extended sta@,(E) is 1,
while it is N for a state perfectly localized on a single atom.
The localization of the electron states near the band gap is

depicted in Fig. 3. As expected the states near the band gap 0-00_0 2000

VDOS

1.0

. . e 2000 3000 4000
are quite localized at zero pressure, and the localization of E(em™)
these states decreases gradually, indicating pressure-induced
delocalization of the states, similar to that foundhiSi (Ref. FIG. 4. Vibrational DOS at 0, 12.5, and 12.75 GPa.
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