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High-pressure Cmca and hcp phases of germanium
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Structural phase transitions of germanium at pressures up to 190 GPa have been investigated by means of
angle-dispersive x-ray powder diffraction using synchrotron radiation. Near 100 GPa the primitive hexagonal
modification of Ge transforms to an orthorhombic phase with 16 atoms per unit cell. The results of full-profile
Rietveld refinements in space groupCmca indicate that the orthorhombic modification of Ge is isotypic to the
phase Si-VI. Near 160–180 GPa Ge undergoes a transition to a structure assigned as hexagonal close packed
~hcp!. Ab initio calculations of pressure-dependent enthalpies and optimized structural parameters are presented
for different structures of Ge. The calculated results clearly support the observed occurrence of theCmca
structure in Ge.
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The structural properties of germanium at high pressu
show some similarity to those of silicon~see Refs. 1–3 for
related reviews!. With increasing pressure Ge transform
from the diamond-type phase to theb-Sn-type structure nea
10 GPa~Ref. 1! and to a hexagonal primitive~hp! phase with
space group~SG! P6/mmmnear 81 GPa.4 An intermediate
orthorhombic phase~SG Imma) is observed at 75 to 80
GPa.5 Total energy calculations based on first-princip
methods6 predict phase transitions in accordance with
structural sequence observed up to 90 GPa. At press
higher than 100 GPa, Ge is reported4 to crystallize in a
double-hexagonal close packed~dhcp! arrangement of at-
oms, corresponding to a mixed hexagonal~hcp! and cubic
~fcc! stacking sequence of close packed layers. Recently
crystal structure of the phase Si-VI which exists near
GPa, intermediate between hp and hcp~SG P63/mmm)
modifications and originally assigned as dhcp~Ref. 3! was
solved and refined on the basis of high-resolution x-ray po
der diffraction data.7 Si-VI is found to adopt an unusua
orthorhombic structure~space groupCmca, Z516 atoms
per cell!, which is isotypic to the high-pressure modificatio
Cs-V ~Ref. 8! and Rb-VI.9 Thus, experimental results sug
gest that Si and Ge, after passing through the hp structure
not follow any more the same structural sequence at hig
pressures.

Here we report results of angle-dispersive x-ray pow
diffraction studies of Ge at pressures between 80 and
GPa. We find that a phase with a structure isotypic to tha
Si-VI exists in a rather wide pressure range from about 1
to 160 GPa. Furthermore, near 180 GPa Ge transforms
hcp modification. No indication was found for the existen
of a dhcp phase of Ge around 100 GPa. The structural
havior of Ge at these very high pressures is of consider
interest for the theoretical modeling of the phase stability
group-IV elements at extreme conditions. Thus, we have
explored theoretically the stability of the new phases of
relative to other test structures using density functio
theory.
PRB 620163-1829/2000/62~16!/10603~4!/$15.00
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Diffraction experiments were carried out at the undula
beamline ID9 of the European Synchrotron Radiation Fa
ity Grenoble. Pressures were generated using a diamond
vil cell. The results presented below were obtained in t
experimental runs up to 135 and 190 GPa, performed w
bevelled anvils of flat-culet diameters of 150 and 50mm,
respectively. Re gaskets with initial hole diameters of 40–
mm were used. High-purity Ge was ground into a fine po
der and placed in the gasket using a 4:1 methanol/eth
mixture as a pressure transmitting medium. Diffraction p
terns were recorded on an image plate. X-ray wavelen
(l50.45 222 Å! and detector-to-sample distance (;0.3 m!
were calibrated using a standard Si reference sample. I
gration of the two-dimensional diffraction patterns was p
formed using the Fit2D software.10 Pressures were partly de
termined by the ruby luminescence method.11 The ruby
signal was lost in measurements above 100 GPa. In th
cases the x-ray beam~15 mm diam! was focused on the
inner rim of the gasket hole and Bragg reflections of Re w
used to determine the pressure based on the pressure-vo
~PV! relation given in Ref. 12. The estimated uncertainty
pressure is of the order65%.

Selected diffraction diagrams of Ge are shown in Fig.
At pressures up to 93 GPa, our results are in accordance
a pure hp phase@a52.4631(4) Å, c52.2917(6) Å, c/a
50.930 at 83 GPa#. At 99 GPa, the appearance of addition
diffraction lines indicates the onset of a structural transit
to a new phase. At 114 GPa, all diffraction lines of hp-G
have disappeared and we observe only lines of the new p
and possibly a small admixture of a hcp phase~see below!.
Further increase of pressure up to 160 GPa induces
minor changes of the diffraction diagrams but diffractio
peaks broaden. Pronounced changes in the diffraction
terns near 180 GPa indicate another structural phase tra
tion. All intense reflections of diffraction diagrams taken
180 and 190 GPa can be indexed on the basis of a hcp p
@180 GPa:a52.398(3) Å, c53.909(5) Å, c/a51.630 at
R10 603 ©2000 The American Physical Society
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180 GPa#. A simulated hcp profile is shown below the 18
GPa pattern in Fig. 1. Assuming a dhcp instead of a
arrangement does not account for additional weak reflect
seen in the experimental diagram at 180 GPa. Howe
some admixture of the lower pressureCmca phase is still
present, as, for instance, indicated by the large intensity
the 002 reflection and several additional peaks at posit
expected for the intermediate phase. The observations on
emergence of new phases in Ge are qualitatively simila
those for Si: the intermediate phase Si-VI was found to
exist with either the lower pressure hp phase or the hig
pressure hcp phase.

The diagrams of Ge measured between 114 and 160
cannot be indexed on the basis of a dhcp lattice. On the o
hand, a strong similarity to the diffraction patterns of Si-VI
obvious. Thus, we have performed full profile Rietveld r
finements using theCmcastructure model of Si-VI. For the
135 GPa diagram in Fig. 1 we show the difference betw
the experimental data and the refined profile. One pe
marked by open triangles in Fig. 1, was excluded from
refinements. It appears to be due to a small admixture of
higher pressure hcp phase. The refinement was perfor
using GSAS.13 Texture effects were taken into account by
spherical harmonics model.14 The obtainedR(F2) value~re-
sidual for intensities! amounts to 9.6%. Despite the rath
extreme pressure conditions, the fit is only slightly poo
than in the case of the analogous Si-VI data~7.6%!. The
results of the refinement clearly suggest theCmcastructure
with Z516 to be the correct model for the high-pressu
modification of Ge.

FIG. 1. High-pressure x-ray diffraction patterns of Ge. The
quence of stable modifications for increasing pressures is hexag
primitive ~hp! at 83 GPa,Cmca~Cs-V type! coexisting with hp-Ge
at 99 GPa,Cmca at 135 GPa, and hcp at 180 GPa. The open
closed triangles point to reflections which are attributed to sm
admixtures of the hcp andCmca phases, respectively. The curv
marked ‘‘refined’’ is the difference between experimental diffra
tion diagram at 135 GPa and refinedCmca model. The curve
marked ‘‘sim’’ represents a simulated diffraction diagram for t
hcp structure.
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The orthorhombic unit cell parameters at 135 GPa
given in Table I. The deviation from a tetragonal metric
extremely small. TheCmcacrystal structure is characterize
by two crystallographically different types of atoms on W
ckoff sites 8d and 8f , respectively. The corresponding pos
tional parameters~see Table I! are very close to those re
ported for the phase Si-VI, i.e., the two phases are isoty
TheCmcastructure was previously interpreted in terms o
distorted fcc structure.8 An alternative interpretation as
pseudohexagonal structure becomes obvious when cons
ing an eight-atom primitive monoclinic cell in a suitable se
ting ~SG 14, P121 /n1), as shown in Fig. 2. The relation
between orthorhombic and monoclinic lattice parameters
am5cm5Aao

21co
2/2 ~4.5783 Å at 135 GPa! and bm5bo .

The monoclinic angle (b561.1°) is close to 60°. Therefore
the Cmca structure can be viewed as a slightly distort

-
nal

d
ll

TABLE I. Observed and calculated structural parameters of
at 135 GPa~space groupCmca, Z516). Data for the isotypic
high-pressure phase Si-VI~Ref. 7! are listed for comparison. The
coordinates for 8d and 8f sites are (x,0,0) and (0,y,z), respec-
tively. The distance labeledd1 is the shortest (8f 28 f ) atom
contact;V0 refers to the ambient pressure volume~22.64 Å3) at 298
K.

Ge expt. Ge calc. Si-VI expt.

P~GPa! 135 135 42.5
a(Å) 7.885~2! 7.886 7.9686
b(Å) 4.655~1! 4.656 4.7759
c(Å) 4.651~1! 4.667 4.7546
x(8d) 0.218~1! 0.2210 0.219
y(8 f ) 0.164~2! 0.1721 0.172
z(8 f ) 0.313~1! 0.3138 0.328
R(F2) 0.096 - 0.075
Vatom ~Å 3) 10.67~6! 10.71 11.308
V/V0 0.4713 0.473 0.565
a/c 1.695 1.6899 1.676
b/c 1.001 0.9978 1.004
d1 ~Å! 2.315 2.369 2.321

FIG. 2. Schematic representation of the orthorhombic (Cmca,
Z516) structure of Ge using a monoclinic primitive unit cell (Z
58). The monoclinic cell is pseudohexagonal (am5cm , b
561.1°). The axes shown in the figure refer to the monoclinic c
The c8 direction is perpendicular to theab plane. Dark lines be-
tween atoms indicate an octahedral interstitial site.
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hexagonal Bravais lattice with eight atoms per cell. The
tual orientation relation betweenCmca and hcp phases
however, could be different. Similar observedd spacings
suggest that buckled~202! planes ofCmca ~horizontal in
Fig. 2! could become~001! planes in hcp. Such a relatio
would be compatible with the orientation of octahed
around interstitial sites inCmca ~see Fig. 2! and hcp. We
also note that a slight change in the monoclinic angle
wards 58.52° would result in a four-layer repeat unit alo
c8 ~Fig. 2!.

Our experimental results do not confirm the earlier rep
of a dhcp high-pressure modification of Ge appearing n
100 GPa.4 The authors showed no experimental data
could compare with here. The volume they give at 125 G
is ;5% smaller than that for GeCmca at this pressure
Very likely, the energy-dispersive diffraction method used
the earlier study did not offer the resolution and sensitiv
necessary to detect small deviations from a hexagonal m
and weak reflections characteristic of theCmcastructure.

We have examined theoretically the stability of Ge us
the local density approximation~LDA ! to the density-
functional theory. The semicore 3d states were treated a
relaxed band states on the same footing as the 4s and 4p
valence states. The 3s and 3p were relaxed also, but the
were calculated in a separate, lower energy panel. In
presence of occupiedd states at energies not too far belo
the Fermi level, straight LDA calculations lead to a signi
cant overbinding.15,16 In Ge this effect is in particular affect
ing the PV relation for compressed lattices. As in earl
calculations for Sn (4d states! ~Ref. 15! and Zn (3d) ~Ref.
16! we compensate for this LDA error by applying a dow
shift in each iteration towards self-consistency of thed states.
A shift of 2 eV was used, as in the case of Zn. One m
consider this an ‘‘LDA1U treatment17 of the filled 3d
bands. Atomic coordinates as well as cell dimensions
optimized simultaneously at constant volume by minimizi
the total energy via a steepest descent method. The solu
of the effective one-electron equations was performed
means of the linear muffin tin orbital method18 in the full-
potential version.19,20 Having calculated the optimized tota
energyE vs volumeV for a given modification, we derive
the PV relation which is then used to calculate the entha
H(P)5E1PV.

Portions of the calculated PV relations for the hp,Cmca,
and hcp phases are shown in Fig. 3, together with the exp
mental PV data. Taking into account experimental errors
the pressure determination, the agreement between c
lated and experimental data is very good. Near 100 GPa
calculated volume difference between hp andCmca is about
21.7%, while that betweenCmcaand hcp is only20.7% at
180 GPa. The optimizedc/a axial ratios for hp and hcp
respectively, are 0.93 and 1.62 with essentially no cha
with volume. These ratios are in close agreement with
experimental results. For dhcp we findc/a53.625, about
two times the hcp value and also volume independent.
optimized parameters for theCmcastructure at 135 GPa ar
listed in Table I. Axial ratios as well as positional paramet
converge towards the experimental values, as is also the
for optimized parameters of theCmca phases Si-VI~Ref.
21! and Cs-V.22
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Figure 4 shows the calculated enthalpies vs pressure
six modifications of Ge considered here. Allowing for60.5
mRy numerical error in the total energies, the calculatio
suggest that theCmcastructure has the lowest enthalpy b
tween 8065 GPa and 170620 GPa. The calculated trans
tion pressure for the hp→Cmca transition is close to the
experimental result. The hcp structure clearly is lowest
enthalpy above;280 GPa all the way up to at least 1 TP
The fcc and dhcp structures are found to have significa
higher enthalpies compared toCmca and hcp. The calcula-
tions indicate that a bcc phase may occur intermediate
tween theCmcaand hcp phases, which is not observed e
perimentally. We note that the calculated results for
stability of bcc and hcp phases relative toCmca depend
critically on details of the band structure calculations. F
instance, if the 3d states are not downshifted, then up to 6
GPa bcc would always be higher in enthalpy with respec
Cmca by 5–10 mRy/atom, and the transitionCmca→hcp
would be shifted up to 500 GPa, even if the generaliz
gradient approach~GGA! ~Ref. 23! is used. Presumably, th

FIG. 3. Pressure as a function of atomic volume for the
Cmca, and hcp phases of Ge. Symbols and lines represent ex
mental data and calculated PV relations, respectively. The si
data point for theImma phase is from Ref. 5.

FIG. 4. Calculated enthalpy differences for different structu
of Ge relative to the optimizedCmcastructure.
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GGA could be adjusted24,25by ‘‘tuning’’ the coefficientk in
the enhancement factorFX ~see Ref. 23! which is directly
associated with the degree of localization of the exchan
correlation hole.

In summary, angle-dispersive x-ray diffraction studies
Ge up to 190 GPa show that an orthorhombic phase ex
intermediate between the hp phase and the newly dete
hcp phase, i.e., at pressures between about 100 and 170
Full profile refinements of diffraction diagrams of the orth
rhombic phase in space groupCmca (Z516) yield axial
ratios and atom position parameters very similar to those
Si-VI stable near 42 GPa. TheCmcastructure can be inter
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