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Imma phase of germanium at~80 GPa
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Ge has been studied to 81 GPa with angle-dispersive diffraction techniques, using an image-plate area
detector and high-brilliance synchrotron radiation from the European Synchrotron Radiation Facility. A previ-
ously unknown phase of Ge, with orthorhombic symmeéinma, is found to exist above-75 GPa—between
the well establisheg@-tin and simple hexagonal phases. This phase is the same as that found recently between
the B-tin and simple hexagonal phases of Si.

Until recently, silicon and germanium were both believedsitions may account for previously unexplained changes in
to transform from the ambient-pressure diamond phase firgshe superconducting transition temperature reported in the
to a B-tin phase, and then to a simple hexagoi@t) phase  12-16 GPa rang®:®
under increasing pressulré.These two transitions were re- Ab initio calculations on thémma phase have been per-
ported at 10 GPa and 13-16 GPa in(Bef. 1) and 11 and  formed by Lewis and CohehThey find that its energy is
75 GPa in Gé HOWeVer, it has now been discovered that|ower than, or equa' toi that of tl’ﬂnn and SH phases over
there is an intermediate phase, with orthorhombic symmetry, yige range ofv/V, from ~0.80 to 0.63, and they predict
Imma, between thes-tin and SH phases in §|_The Imma  continuouss-tin-to-lmmaandimmato-SH transitions. The
structure is shown in Fig. 1. It becomes tBdin structure  ypserved range of existence is much smaller, from
whena=b and A=0.25, and the SH structure whesic /v —0.69 to 0.68, and the transitions appear to be discon-
=y3 and A=0.50. A continuous structural change from tinuous as said. However, there are several possible reasons
p-tin-to-SH throughimma is thus possible. However, the for these discrepancies, one of which is the effect of finite
B-tin-to-Imma transition at 13.8) GPa and thdmmato  temperaturé.The calculations do agree well with the struc-
SH transition at 15() GPa were both found to be first tyra| results in predicting only a small variation i from
order, with volume changegAV/V,) of 0.21)% and (.34 to~0.37, over the observed range of stability of the
0.5(1)%, respectively. There also appear to be discontinuousphase_

Changes inA at the tl’anSitionS; it was found to vary from In Subsequent similar work on germanium' Lewis and
~0.3to 0.4 over the stability range of themaphase' The  Coherf® predict that it, too, should have an intermediate
existence of an intermediatexmaphase from~13t0~16  |mmaphase between thetin and SH phases. The predicted
GPa explains the quite wide variation of transition pressuregehavior is very similar to that calculated for Sxcept that
previously reported for the supposgin-to-SH transition'.  they find a much larger range over which tilema phase is
And the apparently discontinuous nature of the two new tranexpected to bg-tin-like (a~b, A~0.25). Vohraet al. found

a transition froma-tin direct to SH in Ge at 7%8) GPa’? We
now report a reexamination of this transition, using angle-
dispersive powder-diffraction techniques with an image-plate
area detector. We find ahmma phase existing over the
range from~75 up to at least 81 GPa, the highest pressure
reached in this study.

Diffraction data were collected on beamline 3 at the Eu-
ropean Synchrotron Radiation Facilif§ESRB, Grenoble,
using an image-plate area detector. A1%1) Laue-Bragg
monochromator was used to select a wavelength of

FIG. 1. Thelmma structure of germanium, with atoms in the A=0.4592 A from the white beam produced by a hybrid
4(e) positions at(0,3,A/2), or (0, 3,A) relative to the origin chosen Wiggler, and a Si mirror was used to focus the beam verti-
here. The origin has been moved from its standard position to facally and to remove higher order harmonics. Although the
cilitate comparison with thg-tin and simple hexagonaSH) struc-  mirror is able to focus a 60@m white beam to less than 20
tures: whera=b andA=0.25, thelmmastructure is equivalent to um, the optical combination of the Laue-Bragg monochro-
the -tin structure, while ifo/c=+/3 andA=0.50, thelmmastruc-  mator with the mirror focuses such a beam only to approxi-
ture is equivalent to the SH structure. mately 120 um full width at half maximum. Attenuators
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' . . FIG. 3. Fit to the profile of Ge at 81 GPa with thema struc-
FIG. 2. Integrated profiles of powder-diffraction patterns re- re. and also a component of bee tunasten to model the gasket
corded from germanium at 75, 79, and 81 GPa. The vertical an%l“ ' P 9 9

inclined arrows in the 75 GPa profile mark two single peaks of thelmes. The tick marks show the positions of all the reflections al-

B-tin phase which each split into two separate peaks in the 79 ané)wed by sy_mm(_etry._ The difference between the observed a_nd'cal-
81 GPa profiles, as indicated. The peak mark&d In the 79 and culated profiles is displayed below the tick marks. Some principal
81 GPa profiles’is 2 weak tuﬁgsten gasket line reflections are indexed. The peak markéa™is the strongest tung-

sten gasket line. The inset shows the higher angle part of the best fit
obtained to the 81 GPa profile with a mixed-ph#stn/SH model
were used to remove the unwanted long wavelength part dplus, again, tungsten for the gasket linese calculated peak po-
the wiggler spectrum in order to preserve the optical qualitysitions are shown by the tick marks.

of the first monochromator crystal, and 220 um? slits

were used to define the beam for the very high pressurgertical arrow in the 75 GPa profile, into two separate peaks
measurements. The sample to image-plate distance wd the 79 GPa profile, antfurther apart still in the 81 GPa
~370 mm, and was calibrated using a standard Si samplérofile. _ o _ _

Image plates were read on a Molecular Dynamics scanner Figure 3 shows the fit obtained in a Rietveld refinement of
using a pixel size of 176176 um?, and were then integrated the Immastructure for the 81 GPa profile. The refined unit-

i ; ; Il dimensions at this pressure am@=4.5731) A,
around the powder rings to producedlprofiles. Details of ¢ t :
the experimental set up and pattern integration software a =4.3861) A, andc=2.4611) A, andA refines to 0.3904).

reported in Refs. 11 and 12. s for Si, we also tested a mixegttin/SH model. This can

The sample material was a finelv around powder ore aregt the low-angle group of reflections quite well, but the very
b Y9 b prep poor fit at higher angles—illustrated in the inset to Fig.

from 99.9999% pure Ge purchased fr_om th_e Aldrich Chemi- —clearly allows this interpretation to be rejected. Ge evi-
cal Company. Samples were loaded into Diacell DXR-5 an ently has the samanma phase as Si, as predicted by the

DXR-GMW dlamon(_d-anwl pressure ceft3, with a ,4:1 recent calculationt? The fact that this phase was not de-
methanol:ethanol mixture as a pressure-transmitting Megcteq in the previous studiRef. 2 can be attributed to the
dium. Flat 200xm-culet diamonds were used, with tungsten|oyer resolution of energy-dispersive data. Figure 1 of Ref. 2
gaskets. In these pressure cells, the diamond anvils are sughows a diffraction pattern of thé-tin phase at 72 GPa. The
ported on Be discs, and so completelpowder patterns are first two p-tin reflections(200 and 101 are only just re-
obtained. The pressure was measured using the ruby fluoresolved, and the second doub{@20 and 211is not resolved
cence techniqu¥: The structural results were obtained from at all. Clearly, the reflections shown in our Fig. 2 appearing
full Rietveld refinement of the integrated profiles using thebetween 200 and 101 @ktin (at 26~12°), and as a shoulder
programmpROF.*® on the high-angle side of 211 ¢-tin (at 26~17°), would

As the sample pressure was increased, the transition to th®t have been detectable. However, Voatal? do indicate
B-tin phase was observed and then no further changes othtirat their diffraction pattern at 77.7 GPa could not be com-
than compression occurred untii70 GPa. At this pressure, pletely indexed as SH.
the first strong line in the powder pattern started to become The distortion of thdmma unit cell from the tetragonal
discernibly broadened and asymmetric. Figure 2 shows thregymmetry of g-tin can be characterized bya¢b)/
profiles then collected at 75, 79, and 81 GPa. The broadening@+b)#0 and A#0.25; and the distortion from SH by
and asymmetry of the first line is evident in the 75 GPab/c#+y3 and A#0.5. At 81 GPa, &—b)/(a+b)
profile. At 79 GPa, it has clearly split into two peaks and the=0.0208(2) and/c=1.7826). These values are the same
separation increases at 81 GPa. This is very similar to thas in Si at 14.2) GPa? while the value ofA appears to
sequence of changes shown in Fig. 2 of Ref. 4 forlthena  correspond to that in Si at a slightly higher pressure-ab
phase of Si. As in Si, the first reflection can be seen to mov&Pa. However, thissmall difference may not be significant
tolower 20 as the pressure increases. Other key features aas there was quite a large variation in thevalues obtained
the splitting of the single peaks marked by an inclined and dor Si on pressure increase and pressure decfease.
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As discussed above, the evidence from this study indicell dimensions and also the variable atomic coordinate,

cates that the transition from thgetin phase tdmmaoccurs

Further work is now planned to determine {Bin-to-lmma

at approximately 75 GPa. However, the maximum pressurand Immato-SH transition pressures, and to follow the

we were able to react81 GPa was not sufficient to locate

structural pressure dependence of this phase in Ge—where

the transition fromimmato the SH phase. If the transition the greater range of stability will allow the relationship be-

has a small discontinuity as in $&n estimate of-85 GPa

tween the cell dimensions antl to be explored in more

can be obtained for the transition pressure from the rate Gfietail. It is of particular interest to relate the distortion of the

change between 79 GPa and 81 GPa in Fig. 2. This wouIB

accord with the report of a single-phase SH diffraction pat
tern at 90 GPa by Vohrat al? Hence the best present esti-
mate of the stability range of tHenmaphase is~75 to~85
GPa.

seudohexagondic layers to the range of structural stabil-
ity, with reference both to the calculations of Lewis and
Cohen? and our recent study of dmma phase stable over
at least 40 GPa ifsite-disorderedGaSh'®

We conclude that Ge behaves the same way as Si in trans- This work is supported by a grant from the U.K. Engi-

forming from its B-tin phase to an intermediate orthorhombic

neering and Physical Sciences Research Council. Valued as-

Immaphase on increasing pressure. The two systems exhib#istance with the maintenance and development of pressure

very similar orthorhombic distortions in terms of the unit-

cells has been given by D. M. Adams of Diacell Products.
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