PHYSICAL REVIEW B VOLUME 62, NUMBER 17 1 NOVEMBER 2000-I

ARTICLES

Theoretical prediction of the high-pressure phase G&mca
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Ab initio pseudopotential total energy density-functional theory—local-density approximation calculations
were performed to study the crystalline structures of Ge under pressure. Following the well established se-
qguence of structural phases (diamen@-Sn—Imma— sh) under increasing pressure, we predict a transition
into a new phase, witl mcaspace-group symmetry, at 82 GPa. We estimate the superconducting tran-
sition temperaturd . for this phase to be in the range 2 to 7 K, the same range obtained previously by detailed
calculations for the Ge-sh phase. TBencaphase should remain stable up to ¥3I0 GPa where a transition
to the hcp structure is predicted to occur. The same path is followed by Si although at lower pressures.

[. INTRODUCTION phase, we have performed calculations for the high-pressure
phases of Ge and focus on the-s&mca— hcp transition.
Recently, the high-pressure crystalline phases of Si and
Ge became the subject of a great deal of experimental and

theoretical research. For Si the currently accepted pressure Il. METHOD
induced phase path starts witltabic diamondo $8-Sn tran- o .
sition around 11 GP&;*followed by a transition to &amma We performedab initio pseudopotential total-energy cal-

space-group phase at 13 GP:Raising the pressure to about culations within density-functional theoryDFT) and the

16 GPa induces a transition tesample hexagonakh (Refs.  local-density approximatio(LDA)?® using the Ceperley-

5 and 6 phase. All of these experimental results have beem|der functionaf® for the exchange-correlation energy. The

examined theoretically, and in some cases the transitiongteraction of the ionic cores with the valence electrons is

were pTEdiCtEd prior to the eXperimeﬁfé.s Above 38 GPa, modeled by a SeparaBPe norm_conserving’ non|0ca|,

the sh phase of Si changes to the Si-VI phase. This phasgoullier-Martins* pseudopotential with reference configu-

was known to exist since the work of Olijnyét al”> Only  ration 4s2%p*54d°°. The cutoff radii(in a.u) for the s, p,

recently was Si-VI identified by Hanflandtal’® as an  andd potentials are 1.89, 1.98, and 2.19, respectively. For

orthorhombic structure having 16 atoms per cell and spacesampling the Brillouin zone we use 1500points for the

group symmetr)Cmca The same structure also correspondslg-Sn, Imma, and sh, 21& points for theCmcastructure(B

to the Cs-V phase, found by the same grolpiith similar  atms/unit cell, 2744 for hcp, and fcc, and 1372 for dhcp.

structural parameters. A further increase of pressure leads tthe wave functions are expanded in plane w&tep to a

a transition into the hcp phase at 43 GPa®*®Theoretical  cutoff of 40 Ry. With these parameters, the total-energy pre-

calculations on the transition shCmca—hcp have been cision is better than 0.2 mRy/atom.

performed®?°in good agreement with the experimental re-  Some of the structures studied have lattice parameters

sults. Finally, around 80 GPa, Si changes into the fccand/or internal degrees of freedom that were relaxed using a

structuré®?! which is observed to remain stable up to 248 quasi-Newton methotf

GPa;® in agreement with theoretical calculatiots:* To find the stable structures as a function of pressure re-
The first structural transitions of Ge are similar to those ofquires finding the structure having the minimum Gibbs free

Si, but they occur at higher pressures. The experimental pregnergy. For zero temperature, the Gibbs free energy is iden-

sure for the diamoné 8-Sn transition is about 10 GP&”  tical to the enthalpy, and one can calculate the transition

in agreement with theoretical calculations:?>=2*For the pressure between two phases by constructing the common

transitionB-Sn—Imma—sh it is necessary to raise the pres-tangent to the two total energy curves.

sure to 75 GP& and thelmma phase remains stable up to

at least 81 GPa. An argument involving tbecore states in

Ge (nonexistent in Sigiven by Chang and Coh&hand ll. STRUCTURES

Lewis and Cohetf accounts for an extra repulsion resulting

in a shift of the energy curves to higher volume giving rise to  The Imma structure has a body-centered orthorhombic

a higher transition pressure in Ge than in Si. TheoreticaBravais lattice with four atoms per celivo atoms per irre-

calculations by Lewis and Coh&npredict a smooth transi- ducible unit cell. It can be characterized by two lattice-

tion for this sequence. vector parametersb(a andc/b) and one internal degree of
Motivated by the similarities between the structural tran-freedom @). Whenb/a=1 andA =1/4 the 3-Sn structure

sitions of Ge and Si, and by the recently discove@adca is obtained; withb/c= V3 andA=1/2 we get the sh struc-
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TABLE |. Calculated transition reduced volume¥(is the
volume/atom in thaliamondphase at zero pressuifer the studied

Cmca/sh Ge

structures and the corresponding calculated transition pressures. -10.82 | -
The last column shows some experimentally obtained pressures for
comparison. =
g -1086
CalculatedV, /V, P, (GPa n\>:’
B-Sn Imma  sh Cmca hcp (calc) (expt) >
o
0.561  0.559 70(3) ~75 2 0%
0.533  0.532 89(5) ~85*P
0.531 0.524 90(2) 1062 y
0475 0473 137(10) 1084 . . .
70 75 80 85
ZRef.erence 25. Volume [a.u./atom]
Estimated valudsee text
‘Reference 22. Reported as a transition to dhcp. hep/Cmea Ge
. . . -10.70 .
ture. A picture and more detailed discription of thema —v— Cmea
structure can be found in Refs. 5, 6 and 13. 10.75
. . . £ 05 F —e— hcp
The Cmcastructure has an orthorhombic Bravais lattice S
with 16 atoms per cel(8 in the irreducible unit cell It is g
, . & -10.80 b
characterized by two lattice parameteedd and b/c) and =
three internal degrees of freedom,( z;, andx,). Details 2 1085 |
about theCmcastructure can be found in Refs. 16 and 17. ] ‘
-10.90 F
IV. RESULTS oo
A. B-Sn—Imma—ssh transition 60 6 70 75 &0

. " . Volume [a.u./atom]
First, we analyze the transitioA-Sn—Imma—sh. This

transition has been studied theoretically in the past for both FIG. 1. Total-energy curves and common tangent construction
Si and Ge by Lewigt al**?" In the experimental study of (qlgshed ling for phase transitions _of Géa) the sh-Cmcatran-
Nelmes et al?® it was shown thatB-Sn transforms into Sition and(b) the Cmca—hcp transition.

Immaat 75 GPa, and remains stable up to at least 81 GPa. » ]

Based on the rate of change of diffraction peaks between 79°Sh transitionsee Table)l Table Il shows a comparison of
and 81 GPa, Nelmest al. estimate that the transition to the the calculated and measured internal parameters of the three
sh phase should occur at85 GPa. At this time, there are Structures.

no detailed experimental results for tema— sh transition

in Ge. We studied thg-Sn,Imma, and sh structures using B. sh—Cmca—hcp transition

the same unit cell to eliminate systematic errors in the total- |n 1986 Vohraet al?? studied Ge up to 125 GPa. At that
energy difference. In our present calculation we compute gme, neither thdmma nor theCmcaphases were known,
pressure of 7(@) GPa and a volume change of aboutgng it was thought that the Si-VI phase was a dhcp structure,
—0.4% for the3-Sn—Imma transition and a pressure of gespite the theoretical prediction that dhcp should be meta-
89(5) GPa with a volume change of0.2% for theimma  staple relative to hcf? Our calculations now suggest that the

TABLE Il. Comparison between the calculated and experimen-
tally reported structural parameters f8¢Sn, Imma, and sh. The the Cmcaphase of Ge for the present calculation and the experi-
parameterc/a shown for the sh structuréunit cell with Imma mental values for the Si-VI and Ce-V phases. For our calculation
symmetry corresponds t@/2c in the standard sh unit cell. Values the values in parenthesis give the spread of the parameters along the
within brackets are exact. accessible volume region of the structure (0524/V,<0.475),
while for the experimental results we include the error bar for the

TABLE Ill. Comparison between the structural parameters for

cla b/a A specific pressure/volume.

B-Sn calc. 0.546 [1.0] [0.5] GeCmca Si-vI Cs-V

expt? 0.5508) [1.0] [0.5] Present calc. Exp(Ref. 16 Expt. (Ref. 17)
Imma calc. 0.535 0.937 0.430

expt? 0.5381) 0.9591) 0.3904) alc 1.6856) 1.676 1.699
sh calc. 0.535 [V3c/a] [0.25] b/c 1.0022) 1.004 1.0081)

expt? 0.5384) [V3c/a] [0.25] Y1 0.1693) 0.1735) 0.1729

Z; 0.3211) 0.3285) 0.327

®Reference 22. X2 0.21789) 0.2195) 0.2161

bReference 25.
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102 GPa transition observed by Volehal. from sh to dhcp  conclude that the superconducting transition temperature for
was actually a sh»Cmcatransition, which we predict to be the Cmcaphase should be in the same rari@e7 K) as the

at 902) GPa[see Table | for detailed values and Figa)iffor ~ sh phase.

total energy curvésin Table Ill we present a comparison of ~ According to our calculations, the Gemca phase

the relaxed five structural parameters of @encastructure ~ should remain stable up to 1@0) GPa, the pressure at
and, for comparison, the experimentally obtained parameteﬁé{hiCh it should change into the hcp structure. In Si this tran-
for Si-VI (Ref. 16 and Cs-V” The similarity is encouraging Sition occurs around 43 GPa. In Fighl we show a plot of
and suggests that this structure exists for Ge. In Fig. 2 wéhe total-energy curves and the common tangent construction
present the band structure of Ge in Bencaphase and the for the Cmca—hcp transition. In Si, the hcp phase ulti-
corresponding density of states at a volume of 75 a.u./atorf’2t€ly becomes unstablat 80 GPa and transforms into

(110 GPa. These plots show the almost free electron metal-°¢ In Fig. 4 we show a plot of the to.tal-energy curves of th_e
lic character of the G&mcaphase, and are similar to the fec, dhcp, and hep structures for high pressures. Close in-

band structure and density of state©S) for Si-VI obtained spection of the curves reveals that both fcc and dhcp remain

: ., thermodynamically unstable relatively to hcp up to at least
34
by Schwarzet al.™* Comparing the band structures of Si-VI 500 GPa. At this density the core electrons may start to play

(Ref. 34 and Ge€mcawe see that they are very similar 5 jmnortant role in the transitions, making our pseudopoten-
except for a wider energy separati@f the order of 0.5 ey g approximation questionable.
between some of the bands. Also, we show the electron den- rrom Figs. 1 and 4 it is apparent that the energy differ-
sity plot in Fig. 3, which is similar to the equivalent plot for ences between the various phases are very small. For the
Si,19'34 as one would eXpeCt. Therefore the conclusions letransitions sh-Cmca and Cmca_>hcp (F|g 1) the total-
garding the differences between the bonding properties aénergy difference between phases on the left and right edges
Si-VI and Cs-V reached by Christensehal™ can be ex-  of the plots always exceeds 2 mRy/atom. The energy differ-
tended to G&Emca _ ence between the hcp, dhep, and fcc phdBes 4) is again
Detailed first-principles calculations of the electron- - ) . , )
phonon coupling for the Ge-sh phase done by Martins and ¥ P o . |
Coheri® predict a superconducting transition temperafTye R k. y 4
l.- ‘f__r"'-n_ I.|

in the range 2—7 K. In their work the calculated Fermi level & N ‘

density of states per spin for Ge-sh wal,(Eg) iy b . i .
=0.12 eV'! compared to a free-electron value of : " _ ~. =
0.17 eVl The corresponding values for the Genca n‘« - - ‘ - ..

structure areN;(Eg)=0.11 and 0.16 eV! for the free- " . = . ' -
electron system. This shows that the reduction in density of B~ AR T a2

states at the Fermi level relatively to the free-electron system ’ : " . ‘
is roughly the same in the two systems. Since no calculations V |. () b ‘ v -
were done in the electron-phonon coupling for @enca 4 i .
phase we shall assume that the values of the electron-phonon Y ‘ L ,,:-""'*;_ "'
coupling\ and electron-electron Coulomb repulsipfi are § b ey

_ \ | =

approximately the same as in the sh phase. In a continuum . % : “ N
mechanics model, the Debye temperature is proportional to I} I S .

the square root of the bulk modulus. From the second deriva- o ' Fo F i -

tive relatively to the volume of the total-energy curve of e A T
Cmcaand sh we get a b'~_'|k_m0dU|U$ of about 400 Gaa_ _ FIG. 3. Contour plot of the electron density in tke-0 plane
90 GPa for both phases within 1%. Since the mass densitiesntersecting the atoms in thef &yckoff position. Black areas: less

of both phases are very close together, the Debye temperawan 0.025 bohr®; gray areas: increasing steps of 0.010 bdhr
ture for sh andCmcashould be roughly the same. We then white areas: more than 0.075 bofr
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hep/dhep/fec Ge Si-VI and Cs-V phasegspace-group symmetrzmca)

T T r r should also be present in Ge above 90 GPa and remain stable
. up to about 137 GPa. The band structure and corresponding
el fCC density of states for GEmcashow an almost free-electron
w-t dhcp metallic behavior. The structural parameters@mcain Ge
are similar to those of Si-VI and Cs-V. This suggests that
this structure might exist in other systems as well. The su-
perconducting transition temperature should be in the range
2-7 K, the same range as for the previously calculatefbr
the Ge-sh phase.

We predict that Ge undergoes a transition to the hcp phase

at about 137 GPé&he Si transition is at 43 GP.aAbove 80
GPa, Si changes from the hcp to the fcc structure. According
to our calculations Ge should not change into the fcc phase
. . . . N for pressures below 500 GPa.
60 65 70 75 80
Volume [a.u./atom]

-10.70

-10.75

—e— hcp

-10.80

Energy [Ry/atom]

-10.85

-10.90
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