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X-ray diffraction experiments have been carried out on germanium in a diamond anvil cell to 26
GPa. The pressure at the transition to the metallic phase (II) has been studied in different pressuriz-

ing media, giving 10.6+0.05 GPa in a quasihydrostatic medium (4:1 methanol:ethanol mixture),
9.8+0.1 GPa in NaCl, and 8.1+0.3 GPA ~hen the sample was compressed directly between the an-

vils. The compression curve for phase II has been fitted to a modified Murnaghan equation. Upon
release of pressure the transformation from phase II to III {tetragonal) was found at 7.6+0.05 GPa.
It was found that the details of the transition depended on the stress condition and rate of
decompression.

I. INTRODUCTION

High-pressure phase transitions from semiconducting
to metallic forms of Ge were first inferred from resistance
measurements of Minomura and Drickamer. ' Since that
time a number of experimental studies have been carried
out using several different techniques. Studies on ger-
manium pertaining to the semiconductor transition in-
clude those on electrical resistance, ' x-ray diffraction
(in situ ") and quenched specimens' ' and optical
properties. ' ' The transition has also been detected from
studies of dynamically loaded specimens. ' ' These
references are restricted to work on crystalline material
and do not include extensive work on amorphous samples.

The present paper reports on x-ray diffraction measure-
ments on Ge taken over a number of years. The initial
reason for this study was to ascertain whether there were
further phase changes at high pressure. Yin and
Cohen' ' predicted only the sequence cubic (diamond)
9.6 GPa

body-centered tetragonal (P-Sn) in the pressure
range up to 50 GPa. However, similar calculations for Si
(Refs. 19—21) failed to include the primitive hexagonal
phase which was found experimentally. " Subsequent
calculations ' confirmed this phase theoretically.

Another reason for the study was to carry out x-ray dif-
fraction studies using a modern pressure scale (ruby
fluorescence scale ' ). Examination of published work
indicates a fairly large variation for the transition pres-
sures P, to the metallic phase (I~II). Early work before
about 197S, using fixed points for pressure calibration,
tended to overestimate pressures (see Ref. 27). Even after
these results for P, are omitted, the range of values is
-7—11 GPa for Ge. Jamieson and Okai and Yoshimo-
to suggested that the transition pressure could be affected
by the compressing medium, and this has been confirmed
by recent studies. ' Qadri et al. ' showed that P, was as
high as 10.5 GPa with hydrostatic stress, and could be ini-
tiated at 6.7 Gpa with direct compression of the sample
without fluid. The present work will report values of P,
using different pressurizing media.

If the metallic phase is formed and the pressure then
lowered, a metastable phase results. The structure for the

metastable phase (III) was found to be tetragonal (P4s2&2)
for Ge (2, 12) (sometimes called ST-12). The bonding was
sp type, and the volume somewhat reduced compared to
that of cubic (diamond) phase I at the same (room) pres-
sure. However, Bates et al. ' reported that phase III was
found in Ge samples compressed to only 2.5 GPa for long
periods of time, while another phase (IV) was produced
when phase II was held at pressures between —11—13
GPa for 10—40 h, then quenched to room pressure in dry
ice. Therefore, studies were undertaken to ascertain
whether phase III could be produced at such low pressures
in a diamond cell with well-characterized pressure, rather
than the tungsten carbide anvil system used by Bates
et al. , with pressure inferred from the load applied to the
anvils, calibrated using fixed points.

Qadri et a/. ' have reported results on the formation of
phase III from phase II, and also reported that they could
not form phase III directly from phase I, as reported by
Bates et al. ' While the present results overlap with those
of Qadri et al. , differences are reported between their re-
sults and the present. In particular, the effects of both the
compressing medium (nonhydrostatic stresses) and the
rate of pressure decrease are reported here.

Finally, results are reported on the bulk moduli of
phase II and phase III. These data are of interest for
comparison with theory. This is of particular importance
at the present time because of current theoretical studies
of superconductivity in the metallic phases of Ge and Si.2s

Also, the data are of interest for comparison with shock
measurements.

Preliminary work on Ge has been published by us.
The present paper does not use data from Ref. 30, since
extra lines which were tentatively identified as phase IV
have since been attributed to contamination of x-ray spec-
tra from miscellaneous sources. Data in Ref. 31 have
been reanalyzed, and several further experiments have
been carried out.

II. EXPERIMENTAL DETAILS

Samples were compressed in a diamond cell whose
design has been discussed elsewhere. The hole diameter
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enclosing the sample in the gasket was normally 150 pm
and the gasket thickness —150 pm at the beginning of the
experiment. The powdered sample was typically loaded
with a ruby chip, or powdered NaCl, and 4:1 mixture of
methanol:ethanol, to maintain quasihydrostatic conditions
to —10 GPa. Pressure was measured using either the
ruby fluorescence scale ' or the NaC1 equation-of-state
scale. The equivalence of the ruby fluorescence and
NaC1 equation-of-state scales has been demonstrated to 29
GPa 36

In early experiments x-ray diffraction information was
obtained using photographic detection (wet film) and a
conventional fixed-anode x-ray source. Later experiments
were carried out with a position sensitive proportional
detector ' using this source Ex.periments were also car-
ried out at Cornell High Energy Synchrotron Source, Cor-
nell University (Ithaca, NY) (CHESS) using synchrotron
radiation and an intrinsic Ge deto:tor (energy dispersive)
using techniques3 similar to those of Baublitz et al. It
has been pointed out by us ' that sample heating could be
severe in the synchrotron beam under extreme (projected)
conditions. Sample heating in our experiments was es-
timated to be less than 0.2 K, since (i) beam conditions
were less severe (5 GeV, 20 mA compared to 8 GeV, 100
mA projected condition used in Ref. 41), (ii) the beam was
collimated, so that the photon rate was further reduced by
about a factor of 10, and (iii) the sample-fluid geometry
discussed above was more conducive to heat dissipation
than the case discussed in Ref. 41. All measurements re-
ported here are at room temperature (295+3 K).

Values of lattice spacing .d were obtained with an accu-
racy of +0.003—0.007 A, depending on conditions
of pressure. When the NaC1 equation of state was used,
the pressure could be determined with a sensitivity of l%%uo.

The instrumental resolution was —+0.05 GPa when the
shifts of ruby fluorescence peaks were used, but line
broadening at pressures above 15 GPa increased this to
—+0.5 GPa. In order to study the influence of nonhy-
drostatic stress on the transition from the diamond to the
metallic phase, selected experiments were ciirried out with
the sample compressed directly between the anvils, in the
gasket without a fiuid, and also with different compress-
ing media.

It is important to emphasize that the use of a quasihy-
drostatic compressing medium such as an alcohol mixture
does not guarantee that the sample is under hydrostatic
stress. "Bridging" of the sample can occur between the
anvils, leading to an axial component of stress. It was im-

portant to ensure that the volume occupied by the sample
was a small fraction (e.g., & 20%) of the cavity volume at
the beginning of the run. Accordingly, high-purity (semi-
conductor grade} Ge was first powdered, then lightly
compressed into thin disklike specimens of thickness -20
pm, which were then placed within the sample cavity, as
suggested by %erner et al.

III. RESULTS AND DISCUSSION

Many experiments were carried out on Ge in the pres-
sure range up to 26 GPa. Only phase II (body-centered
tetragonal, P-Sn} was found on increase of pressure.
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FIG. 1. Relative volume versus pressure for Ge under hydro-
static conditions. (Shaded area is the two-phase region, pressure
increasing, )

Olijnyk er gL" confirmed this result to -50 GPa. Phase
QI (tetragonal) was found on decrease of preasu« '

A summary of the volume-pressure relationship under hy-
drostatic conditions is given in Fig. 1. The results will be
prMmtK by considering mch phme md transition in
tun.

A. GeI

Table I and Fig. 2 summarize the results obtained on
the compression of the Ge I, cubic, diamond structure
The solid line in Fig. 2 corresponds to the Murnaghan
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TASI.E II. Estimates for the pressure of Ge at V/Vo ——0.9 using different equations and elastic con-

stant data.

P(Birch first order)
(Gpa)

74.37
76.0

4.76
4.373

10.17
10.17

10.08
10.09

equation, using pro:ision elastic constant data
(Bo—74.3—7 GPa and Bo——4.76). The standard deviation
of the experimental points with respect to the Murnaghan
equation is 1%. When the experimental points were fitted
to the Murnaghan equation, then the best values Bo——74.9
GPa and Bo——3.0 were obtained, with a confidenc inter-
val of 5X10

Good agreement is obtained with the present experi-
mental results and those of Werner et al. , Senoo er al. ,
Baublitz et al. , and Olijnik et al. " However, the data
points of Qadri et al. '0 lie significantly above the resent
data, as does the compression curve of Bridgman above
—5 GPa.

There is a body of experimental data for the volume-

pressure relationships of solids which shows that the Mur-
naghan equation fits the data up to reduced pressures
P/B0-0. 2, corresponding to -15 GPa for Ge. In the
absence of elastic constant data giving the second deriva-
tive with pressure of the bulk modulus Bo', equations such
as the Rose, Birch second order, or Keane equations can-
not be used. Table II compares P(V) values calculated
for both the Murnaghan and Birch first order equations
using values of Bo and BD from McSkimmin and An-
dreatch, and Landolt-Bornstein. As can be scen, the
values of pressure for V/V0-0. 9 lie within -0.01 GPa
of each other, well inside the discrepancy with the data of
Qadri er al. '0 and, Bridgman. 45

8. The I-+II transition

The transition from Ge I (cubic-diamond), to Ge II
(body-centered tetragonal P-Sn) was observed at different
pressures depending on the pressure medium used. This
influence of the pressure medium was suggested by
Jamieson and Okai and Yoshimoto and later confirmed
by the work of Werner et al. and Qadri et a/. ' The on-
set pressure for the transition at 10.6+0.06 GPa under
quasihydrostatic conditions is in good agreement with
Werner et al. and Qadri et al. ' In these and subsequent
estimates of the transition pressures, the error bars
represent an estimate of the accuracy of the pressure mea-
surement at the first indication of the new phase. There
may be an overestimate of the pressure, because the ad-
vance of the anvils increased pressure beyond the initial
onset, but this is minimized for pressure increase by the
"auto arrest" of pressure increase due to the volume de-
crease of the sample.

Figure 3 illustrates the differences in the extent of the
two-phase region (I and II) on increase of pressure. The
lowering of the onset to 8.1+0.3 GPa when the sample
was directly compressed between the anvih is again in
good agreement with the result of Werner et al. ' (8 GPa)

I.O

0.9-

0.8- Ge+ Alcohol

07

0
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0.7

p (Gpa)

I0

FIG. 3. Two-phase coexistence regions for Ge (increasing
pressure) using alcohol (4:1 methanol:ethanol) pressure transmit-
ting medium, and direct compression of Ge between diamond
anvils.

who compressed Ge in a gasket without a pressurizing
medium, and of Qadri et al. ' (7.9 GPa) who compressed
a sample with alcohol medium, but applied shear stresses

by bridging. The onset pressure of 8 GPa recorded by
Baublitz and Ruoffs is consistent with a highly nonhy-
drostatic state. It is difficult to ascertain whether this was
from particle bridging between the anvils, or from the
medium (lce) used.

An even lower onset pressure of 6—7 GPa was observed

by Qadri et al. when the sample was compressed in NaC1
without a pressurizing medium. This is a surprising re-
sult, since the onset should be even lower in this case,
since shear stresses on the Ge would be lower. An experi-
ment was carried out by us with a small quantity of al-
cohol mixture added to a NaC1/Ge mixture, for which the
onset pressure was lowered to 9.8+0.1 GPa, presumably
due to the presence of shear stress occasioned by the use
of too high a fraction of solids (Ge and NaC1) in the cavi-
ty.

Experiments in which shear stresses are present need to
be interpreted with care, since mean stress levels may be
calculated from the data incorrectly. In the case that
NaC1 is the pressure transmitting medium there is a finite
stress needed to induce plastic flow in the pressurizing
medium, resulting in a lower average stress in the sam-
ple. '~ However, an offsetting effect is the underestima-
tion of the pressure from the x-ray technique used. This
arises because the diffracting planes are nearly parallel to
the cell axis. As a result, the stress component perpendic-
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ular to these planes is lower than the average stress, and
the pressure is underestimated. The two effects are
roughly of the same order of magnitude, so roughly can-
cel each other out.

Figure 3 also includes estimates for the completion of
the I-II transition, as monitored by the disappearance of
diffraction lines for phase I. It is interesting to note that
the presence of shear stresses apparently lowers the onset
and increases the completion pressures. This effect was
also observed in the experiment with NaC1 + Ge
+ alcohol, since the transition was not complete at 11.7

GPa.

C. Ge II

Data for phase II are given in Table I and compared
with other results and theory. For Ge II, an equation of
state of the Murnaghan type was fitted using nonlinear re-
gression to determine the values of the bulk modulus 8,ii
and its pressure derivative 8,'ii both, evaluated at the
II~I transition pressure, taken to be 7.6+0.05 GPa, since
values on decompression were also considered.

The equation obtained, assuming a linear variation with
pressure of the bulk modulus, is

gl
&tuP=P, + —1

~Ii

where V« is the volume at a given pressure, V; = V«(P, )

is the volume at the transition pressure. In our case
V~/Vo ——0.76. The values of 8,» and 8,'ii obtained using
5X10 confidence interval are 90+10 GPa and 4.0+1,
respectively.

D. Ge III and the II—+III transition

Figure 1 illustrates the behavior of Ge II on release of
pressure in a hydrostatic environment. Pressure release
steps were &1 GPa, with periods of days between. At
7.6+0.05 GPa, diffraction lines from both phases I and
III appeared. The intensity ratio of the strongest diffrac-
tions line of Ge III to Ge I was found to be 0.98 on com-
plete removal of pressure, so that roughly equal amounts
of both phases were present.

This result differs from that of Qadri et al. ' who
released Ge II from 11 GPa in a hydrostatic environment,
finding that Ge II converted completely into phase III.
Since Qadri et al. ' did not specify whether pressure was
released in small steps, or in one release, an experiment
was carried out in which pressure was released rapidly.
This and other experiments led us to the following rules
for the II-III transition:

(1) Rapid release of pressure under quasihydrostatic
conditions (e.g., sudden release of pressure from above the
I-II coexistence region to less than 5 GPa, e.g., &5
GPa/sec) results in complete transformation to phase III.

(2) The presence of shear stress enhances the conversion
of II~III.

(3) Rapid depressurization of a mixture of I+ II to at-
mospheric pressure results in a mixture of I+ III, con-
sistent with complete conversion of II~III and no con-
version of I.

(4) When Ge III is repressurized, phase II is formed.
This observation is in agreement with Qadri et al. '

(5) An experiment was conducted (similar to one report-
ed by Bates, Dachille, and Roy'3) in which the sample
was compressed to 3.6 GPa, and held for one day. Pres-
sure was then released. No trace of phase III could be
found, in contrast to the earlier result. '3

The results are consistent with a model in which phases
I and II are stable below and above —10 Gpa, respective-
ly, while phase III is a metastable phase at all pressures,
which is produced from II as a result of kinetic factors.
The conversion of II~III is favored by the presence of
shear stresses and by a larger free-energy difference be-
tween the two phases.

The result obtained by Qadri et al. ' on the decompres-
sion of phase II in the presence of shear stress differs
somewhat from the above result [rule (2)]. Qadri et al. '

reported that "decreasing the pressure from 12 to 10.4
GPa resulted in almost complete loss of phase II and. . .
an admixture of Ge I and Ge II." This may be due to
slight differences in the quenching procedure.

Data for phase III are listed in Table III. The bulk
modulus (102+5 GPa) is reported here for the first time.
Data for the lattice parameters at P=O are in good agree-
ment with the data of Kasper and Richards. '

Parameter

I', (GPa)

~(P~ ) /V()

~(~=0)/ ~0

c/a ratio

~or —~r~
at I',

II

Bulk modulus (GPa)

Reference 12.
bReference 50.

TABLE III. Data for phase III (Ge).

Present work

7.6+0.05

0.833+0.009

0.895+0.01

1.147+0.003 at I',
1.167+0.0004 at 0

0.092+0.01

102+5

Other work

0.903+0.004'

1.177+0.004'

43.6b (theory)
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IV. CONCLUSIONS

An x-ray study of high-pressure phases of Ge has been
carried out at room temperature at pressures up to 26
GPa. Data for the variation of volume of the three
phases, I (cubic, diamond), II (body-centered tetragonal),
and III (tetragonal) as well as the transition pressures for
I~II and II~~III have been obtained. The studies have
been carried out in different stress conditions.

Although several studies have been carried out on Ge in
this pressure range, there have been conflicting reports on
such fundamental matters as the equation of state of Ge I,
the transition pressure of I-II, and the coexistence of I and
III on quenching phase II. This paper resolves many of
these conflicts:

(1) The compression curve of phase I is found to be in
agreement with Murnagham's equation, fitted to precision
elastic constant data for the bulk modulus and its pressure
derivative.

(2) The transition pressure I~II is found to be sensitive
to the pressure of shear stresses. Under quasihydrostatic
conditions the onset pressure was found to be 10.6+0.05
GPa, with NaCl as the pressure transmitting medium, at
9.8+0.1 GPa, and with direct compression between the
anvils, at 8.1+0.3 GPa. The two-phase region (I-II) was
found to exist to higher pressures when shear stresses were
present.

(3) The compression curve of phase II was fitted to a
modified Murnaghan equation with 80 ——90+10 GPa and
Bo——4.0+ 1.

(4) Phase II was found to transform to phase III at
7.6+0.05 GPa on slow release of pressure. Conditions of
rapid depressurization and shear stresses favor the conver-
sion to phase III, whereas slow release of pressure in a hy-
drostatic medium results in partial conversion to phase I
as well as III.

(5) The bulk modulus of phase III was found to be
102+5 Gpa.

The experimental results have been compared to
theoretical predictions. When the complexity of the cal-
culation is taken into account, and the relatively small
variation of internal energy over the pressure range
( —I'%), the agreement between theory and experiment is
remarkable.
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