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Ab initio simulation of high-pressure phases of GaAs
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The pressure-induced phase transition in GaAs is studied usirab anitio constant-pressure relaxation
simulation. GaAs undergoes a first-order phase transitio@rocm at 54 GPa. Upon further increase of
pressure a gradual phase changéntan2 structure is seen at 57 GPa, which confirms an earlier experiment
and clears some doubts about the existence and identityiw®. The transition pressures are also calculated
from the Gibbs free energy, and it is found that the structural phase change occurs at 23.5 Gia fioand
at 24 GPa forlmm2. The transformation path fro@mcmand Imm2 proceeds through sliding of some
Cmcmplanes and relatively large sliding yields a transition friarm2 to simple hexagonal structure. We find
thatCmcmandImm2 phases are semimetals.

DOI: 10.1103/PhysRevB.66.045209 PACS nunider64.70.Kb, 71.30+h, 61.50.Ks

[. INTRODUCTION principles dynamical simulations are preferable, which may
provide detailed information about transition paths and elec-

Numerous experimental and theoretical investigationgronic structure of phases for each applied pressure. Unfor-
have successfully identified high-pressure phases of semiunately the predicted transition pressures are commonly
conductors. In the case of GaAs, the high-pressure phases dégger than experimental and theoretiddtom the free-
the subject of many speculations. Recently GaAs-Il has bee@nergy calculationsvalues. The large value of the meta-
determined to hav€ mcmstructure. However, the identity stable transition pressure from the dynamical simulations can
of GaAs-lll remains unsolved. In this study, we perform abe attributed to an intrinsic activation barrier, and hence the
first-principles calculation to elucidate the high-pressuresimulation cell is superpressurized in analogy to isobaric su-
phases of GaAs and a possible transition path betweeperheating in simulation®:*

GaAs-Il and GaAs-IlI. In this paper, we perform a partial study of the GaAs

An earlier x-ray-diffraction studyhas reported on several phase diagram by simulating the response of GaAs to pres-
high-pressure phases of GaAs at room temperature; GaAssure. In our calculation, wél) directly simulate pressure-
(zinc blend¢ — GaAs-Il — GaAs-lll (Imm2)—GaAs-Iv  induced phase transitions by dynamical simulation from
(simple hexagonalat about 17, 24, and 60—80 GPa, respec-Parrinello—Rahman methdd,and (2) use the structure of
tively. The study assigned GaAs-ll as an orthorhombicGibbs free energy at zero temperatu@-E,,;+ PV) to ac-
(PmnR) structure. Motivated by experiment, Zhang andcurately estimate transition pressures that are overestimated
Cohert performed a first-principles calculation and found in the dynamical simulationgParrinello—Rahman methpd
that this structure is thermodynamically favored over thebecause of kinetics. Potentially significant features of the
rocksalt structure. However, a recent experiment using th&ansitions are neglected here, including entropic contribu-
angle-dispersive techniqtibas reported that the structure of tions from lattice vibrations. The dynamical simulations suc-
GaAs-Il isCmcm which is observed in ZnTéRef. 4 and  cessfully identify the high-pressure phases of GaAs with
InSb? In addition, the experiment has shown that there is nd®verestimated transition pressures. Nevertheless, the simula-
phase transition to GaAs-lll above 24 GPa. Mujica andtions eliminate doubts about the identity of both phases. The
Need§ performed a first-principles calculation and found predicted transition pressure from the Gibbs free-energy cal-
that Cmcmstructure is more stable thadmn® for GaAs.  culations is 23.5 GPa fo€Emcmand 24 GPa foimm2,

In contrast to Si and Ge, the GaAs-Il phase transformgvhich are comparable to the experimental results. The trans-
back to zinc-blend¢ZB) structure upon decompression. Mc- formation fromCmcmto Imm2 is associated with the slid-
Mahon and Nelmésobserved a new hexagonal phase, four-ing of some planes o€ mcmstructure. Both high-pressure
fold coordinatedCinnabar, betweenCmcmand ZB phase phases of GaAs are semimetallic.
on the pressure release. They also reported @iabhabar
phase persists with applied pressure before transforming to
Cmcmat about 15 GPa and on further pressure release it
transforms to ZB phase near 4 GPa. However, there is no The simulation reported here is carried out in a 216-atom
evidence of a transformation from ZB t@innabaron pres- model of GaAs that is initially arranged in ZB structure at
sure increase at room temperature. First-principlesnitial lattice parametea,=5.658 A. We use a local-orbital
calculatio® have found thaCinnabar phase is thermody- quantum molecular dynamic methdtThe essential ap-
namically unstable. proximations are(1) nonlocal, norm-conserving pseudopo-

First-principles calculations using thermodynamic crite-tentials, (2) slightly excited local-orbital basis set of four
rion of equal free energies have successfully explainedrbitals per site, an@) the Harris functional implementation
pressure-induced phase transitions. However, the methods density-functional theory in the local-density approxima-
can be only applied to known structures. In principle, first-tion. This method has been successfully applied to predict
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expanded volume phases of Gafsand pressure-induced 1.00 ' ' '
phase transition in crystalline silicofa diamond to simple
hexagonal in amorphous silicor{first-order amorphous to 0.90

amorphous®® and a continuous amorphous to amorphous
phase transformation in GeS¥ For each pressure, slow

dynamical quenching starting at 1400 K is performed to fully 080
relax the ZB structure to zero temperature. For dynamical
approach, pressure is applied via the method of Parrinello 0.70

and Rahman? which enables the simulation cell to change
volume and shape. The number of steps was selected to en- 0.60 |
sure that the system was completely relaxadcording to

the criterion that the maximum force was smaller than

Normalized Volume

0.01 eV/A). All the calculations used solely tfiepoint to 058 o 20.0 200 50.0
sample the Brillouin zone, which is reasonable for a cell with Pressure(GPa)
216 atoms. A fictitious cell mass of ¥5.0° amu was found ~232i0 ' '

to be suitable for these simulations.

lIl. RESULTS AND DISCUSSION -233.0 r

A. Parrinello—Rahman simulation

E(eV/molecule)

In order to understand the mechanism of the semiconduc-
tor to metal transition, we first plot the pressure dependence
of the relative volume from the dynamical approach in Fig.
1. The volume changes smoothly up to 39 GPa. At this pres-
sure, an abrupt decline of the volume is seen. In the pressure
range 39-54 GPa, the volume decreases gradually and at 54 25800 30.0 200 50.0
GPa another small change of the volume relative to the first Volume(A*molecule)
one is obtained. Up to 65 GPa no sharp modification of vol- -225.0 ! ;
ume is seen.

In tetrahedrally bonded materials, initial compression
causes a reduction of bond lengths and change of bond
angles. The structural properties of GaAs under pressure are
given in Table I. The average bond length and bond angle
decrease smoothly up to 39 GPa. At this pressure, a slight
increase of the average bond length is seen while the average
bond angle and especially the width of the bond angle dis-
tribution changes significantly without modification of coor-
dination indicating that a transition to a distorted structure
takes place(Fig. 3. This result is consistent with the
(?xper_imen]t7 that has reported that GaAs presents “crystal- =50 555 0
line disorder” before it transforms into GaAs-1l. At ambient Pressure (GPa)
temperature, the phase transition in GaAs tends to be slug-
gish and diffraction patterns of the high-pressure phases FIG. 1. (@ The normalized volume to the zero-pressure mea-
characterized by broad peaks indicative of strain andgured volume(b) The energyE in eV per molecule versus the
disordert® In the pressure range 39-54 GPa, the averag®olume per molecule for ZB and tft@mcmandimm2 phase(c)
bond angle and the width of the bond angle distribution ex-The Gibbs free energy of ZB ar@mcmandImm2 structures.
hibit a significant modification, implying more distorted
phases. The structures in the pressure range 39-54 GPa doThe second abrupt change of the structural parameters is
not have partial sixfold coordination as reported in theseen at 54 GPa. The average bond length increases and the
experiment which is probably due to the use of a perfect coordination changes from fourfold to sixfold. All bonds are
crystalline structure with periodic boundary conditions. In aheteropolar. The bond angle distribution function of the ob-
perfect crystal, the compression is uniformly distributed andained structure at 54 GPa is given in Fig. 2. The structure
nucleation centers for phase transitions do not exist, whiclpresents several peaks at about 70°, 82°, 90°, 98°, 109.6°
may hinder a partial coordination change and favor a globalclose to the ideal tetrahedral anglé40°, 162°, and 177°.
coordination modification. When defects are introduced arhe structure at 54 GPa is depicted in Fig. 3. The structure is
transition nucleates at defects, which is seen in the previous zigzag stacking of slightly distorted NaCl-like planes. The
study of amorphous materials under pressure, and in simulghase is only compatible witlmcm structure of GaAs,
tion of the solid to liquid phase transition of silicoh. which can be related to NaCl phase by shearing of alternate
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TABLE I. Structural properties of GaAs under pressure, average 0.08 .
bond length(ABL), average bond angléABA), width of bond ———. 39GPa
angle distribution (WBAD), and average coordination number ; 54 GPa
(ACN). 0.06 i —— 57GPa -

'I
PressurdGPa 35 39 53.5 54 57 H
L | |
ABL (A) 2.241  2.265 2.273 241 2.405 % 0.04 - ”
ABA (degree 109.40 106.76 104.415 103.995 104.84 lI|
WBAD (degreg¢  2.58 16.06  20.964 30.74 30.65 :
ACN 4.0 4.0 4.0 6.0 6.0 0.02 ‘
(010 planes and a puckering ¢fL00] rows. Mujica and 0.00 —==
Need$§ have reported that the NaCl phase is unstable to such 40.0 90.0 140.0 190.0
Angle(Degree)

shearing of(010 planes, which is the driving force leading

to aCmcmstructure, while puckering and cell shape distor- |G, 2. The bond angle distribution function is calculated using
tions are consequences of the shearil@gicmis a usual 3 Gaussian representation and the width of broadening2is.
structure seen in 11-VI and IlI-V semiconductotaie find
b/a~0.983 andc/a~1.046, which are in good agreement A gradual phase change to an orthorhombic structure for
with thel the experimental values @/a=0.973 andc/a  Gaas-|il occurs at 57 GPéFig. 4). The structure, of space
= 1.055é and the the_qretlcal results bfa=0.953 Qndc/a groupIlmm2, consists of a body-centered orthorhombic lat-
=1.049” The transition volume of theCmcm in the e with baseg0,0,0 and (0,1/24). This transition is in
constant-pressure relaxation simulation is 26.5 pkr mol-  excellent agreement with the earlier experimeinis struc-
ecule volume. However, it is found to be 30.447 i the  yyre however, has not been seen in the recent expefiment
thermodynamic criterion of the Gibbs free-energy calculationyng hence there are some doubts about the identity of the
(see below, which is in a good agreement with an accurategaas.-1il phase. The present study suggests that there is a
self-consistent calculation result of 31.538® Ber molecule  ransition tolmm2 phase.
volume of Cmcmphase’ The lattice parameters obtained fdmm2 are a
=4.63 A b=4.55 A andc=2.435 A, which are less than
the experimental value 0d=4.92 A, b=4.79 A, andc
=2.635 A. The important parameter dfnm2 is A that
ranges between 0.25 and 0.5. When 0.25 andb/a=1, the
symmetry increased andnm2 phase become8-Sn struc-
ture, and whem\ =0.5 the structure becomésimm In the
case ofA=0.5 andb/c= /3, Imm2 turns to simple hexago-
nal structure. We find thah ~0.325, which is slightly less
than the experimental result df=0.425 but lies on the
range 0.25:A<0.5.

In order to elucidate the transition path, a simple picture is
depicted in Fig. 3. The dark atoms belong to the fig2)

60.0
—— Cmem
——— |mm2
400 +
e , o e , o
8
e , o ®* , & 200 t
FIG. 3. The upper-left panel is ZB at 0 GPa, the upper-right
panel is distorted structure at 39 GPa, the middle-left panel is
Cmcmstructure at 54 GPa, and the middle-right panéhigsn2 at
57 GPa. In the upper and middle panels, the dark atoms are Ga and 0-922.0 120 20 8.0 18.0
white ones are As. The lower-left panel@sncmand the right one E(eV)
is Imm2 and in these panels Ga and As is not identified. The lower
panels correspond to the simple picture of transition path. FIG. 4. EDOS ofCmcmat 54 GPa andmm2 at 57 GPa.
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TABLE Il. Structural parameters at zero temperature for ZB. 10.0
Equilibrium volume per molecul¥,, bulk module, and pressure —— Cmem at 54 GPa :
derivative of bulk moduleX’. . MR aes i
8.0 | g
K (GPa K’ V, (A2 per moleculg
7418 4.6° 44,812
74.0 4.6 44.13% 6.0
75.¢F 4.49 45.168 8
[a]
>
*Present study. it | iy
bReference qtheoretical. ’ ,.: 4 al
‘Reference 21experiment it H
dReference 22Zexperiment 20 '”' \ | h
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]
]
]
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plane and white ones to the secai@®l) plane in the lower

panels of the figure. For clarity we do not identify Ga and As

atoms, and the shift of the atoms is exaggerated. The atoms 0
with arrow on the secon(D10 plane are most active in the
transformation fromCmcmto Imm2 and the arrows indi-

cate the direction of displacement. The atoms on the second FIG. 5. VDOS of ZB structure at zero pressu@mncmat 54
(010 and the first(001) planes move td100] direction  GPa, andmm2 at 57 GPa.

whereas those on the secol®d( and(001) planes move to 1) crosses at about 23.5 GPa, indicating a first-order phase

[100] direction. This opposite displacement leads to a trans: " e T
formation fromCmcmto Imm2. With this transition path, it transition. Although the critical pressure is higher than the

. . rting pr re of 17 GPa, it is cl he val f 22—
can be seen that a large displacement of the active ato starting pressure o GPa, it Is close to the value o

. - . o .4 GPa at which the transformation is completed. The tran-
yields a transition to simple hexagonal structure. This picturejy;

o X on from ZB tolmm2 occurs at 24 GPa, which is in ex-
?Iso supp<|)rts gradual transitions@mcm—Imm2—simple  cejient agreement with the experimental result of 24 GPa.
exagonal.

The free energy o€ mcmphase is lower than that dinm2
up to 30 GPa, indicating tha&€ mcm phase is more stable
B. Phase transitions from Gibbs free energy thanlmma2. In the pressure range 30-55 GPa, the Gibbs free
The ZB, Cmcmand Imm2 structures are optimized at Snfe_rg)é of hb_o;t]h sttrutiture:_s become? gﬂua_lrr?nd_ It Is nott\_/gtlall
several volumes using a constant-volume simulation. The to\;v?tr']ng C(;Arlnilr(]:uoisru;hl;rsee Iihr;r?ggg ts)ee:wéaén tr:?aslz gﬁﬂqcl?jrgse
tal energy per m°'99“"? versus the volume_|s shown In Fig. 1. It is also argued that the GaAs-Il phase is a semiconductor
The energies at minimized structures are fit to the thlrd—orde{)r semimetal. The electron density of statégDOS of the
Birch-Murnaghan equation of staté; high-pressure phases is depicted in Fig. 4. We find that both

high-pressure phases of GaAs are semimetals.
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E(V)=Eo+2 KVl (Vo/V)23—1]2 The vibrational density of state®¥DOS) is depicted in
8 Fig. 5. The optical and acoustic bands are broadened and
4K’ V| 23 their intensity decreases dramatically. The acoustic modes
><+1+ )[1_(_0) } (1)  are softened while the optical modes shift into higher fre-
2 v guencies. The VDOS o mcmphase can be separated into

The equilibrium volumeV, the bulk modules at zero tem- thrée bands,  below 120 cth, in the range of
perature and pressurk, and its pressure derivative¢’ for ~ 120-240 cm?, and above 240 cnt. For Imm2 phase,
the ZB phase are given in Table II. The calculated parameter§€S€ bands are well separated with a shift to high frequen-
for the ZB structure are in excellent agreement with the exl€S.
perimental and theoretical studies.

In the constant-volume simulation, we find thatparam-

eter oflmm2 phases reaches the lower limit 0.@be small- We have studied the pressure-induced phase transition in
est value for whicHmm2 is defined near 3 GPa and hence GaAs with anab initio constant-pressure relaxation. GaAs
below this pressurdmm2 phase becomes unstable andexhibits a first-order phase transition @mcm structure at
transforms to &mcmstructure. 54 GPa. With the increase of pressure a continuous phase

As found in the previous study of silicbhand other change tolmm2 occurs at 57 GPa. The method identifies
simulations,>* the predicted transition pressure from both high-pressure phases of GaAs with large values of
Parrinello—Rahman simulations is much higher than experimetastable transition pressures. Nevertheless, the simulations
mental values. In order to obtain an equilibrium critical pres-provide detailed information about the pressure-induced
sure, we calculate the Gibbs free ener@y<E;,;+PV) at  phase transitions in GaAs. On the other hand, at the present
zero temperature for ZB an@mcmand Imm2 structures. thermodynamic criterion of the Gibbs free energies is re-
The Gibbs free-energy curve of ZB a@incmphase(Fig.  quired to estimate accurate transition pressures.

IV. CONCLUSIONS
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