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New paths were designed for the investigations of the �-tin ! Imma ! sh phase transitions in

nanocrystalline Ge under conditions of hydrostatic stress. A second-order transition between the �-tin

and Imma phases was identified at 66 GPa, and a first-order transition between the Imma and sh phases

was determined at 90 GPa. Superconductivity was obtained up to 190 GPa using the acquired structural

data in first-principles calculations. This provides evidence that the standard electron-phonon coupling

mechanism is responsible for superconductivity in Ge, as evidenced by the good agreement between the

calculations and existing experiments.
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Because of their fundamental nature and technological
importance, the high-pressure behavior of group-IVa
elements has been one of the most active areas of high-
pressure research. The recent discovery of superconductiv-
ity at ambient pressure in heavily doped elements [1–3]
has renewed significant interest in these materials due
to their possible application in superconducting data pro-
cessing for next-generation computer architectures [4].
Germanium (Ge) has many advantages over silicon (Si)
[5]: higher intrinsic electron mobilities, allowing for faster
circuits; more prominent quantum-confinement effects for
photoluminescence studies and band gap control of the
nanostructures; and compatibility with high-dielectric-
constant materials, enabling integration with current semi-
conductor processing technology. The structural properties
of Ge at ambient conditions and at high pressure show
some similarity with those of Si [6], but the transition
pressures of Ge are higher, which is attributed to its core
d electrons [7,8]. Upon compression, the Ge semiconduct-
ing diamond structure transforms to a metallic �-tin phase
with space group I41=amd near 10 GPa [9] and then, via
the Imma phase [10], into the simple hexagonal (sh)
structure with space group P6=mmm [11]. Further com-
pression yields the orthorhombic Cmca phase near
100 GPa and a hcp structure above 170 GPa [12]. This
picture of a series of phase transitions to high-symmetry
structures of increasing coordination signifies Ge as an
ideal material for experimental and theoretical studies.

The �-tin ! Imma and Imma ! sh phase transitions
are two of the most studied solid-solid phase transitions in
condensed matter physics, both from an experimental and
a theoretical point of view [6,7,10,13–16]. Both of these
phase transitions in Ge have been suggested as being either
second order [7] or first order [13]. An elastic instability
analysis indicates that the �-tin ! Imma transition is
second order [14], while recent work [15] reveals that the

order for the �-tin ! Imma transition cannot be definitely
determined from theory, although a first-order Imma ! sh
phase transition can be identified computationally. Only
one data point is available for the Imma phase [10], mak-
ing determination of the transitions to and from this
phase as well as determination of their orders unrealistic.
Meanwhile, the transition pressures have been found to be
very sensitive to the degree of nonhydrostaticity [9] as well
as to particle sizes [17]. Accurate structural information
on the �-tin ! Imma ! sh phase-transition sequence
with nanocrystalline samples under conditions of hydro-
static pressure is highly desirable, not only for understand-
ing the phase transitions themselves but also for studying
the associated superconductivity, which has not yet been
studied beyond the �-tin phase [18–20]. This structural
behavior is also of considerable interest for clarifying
the unanswered questions surrounding the superconduct-
ing coupling mechanism, as well as the relationship
between the structures and properties of the heavily
doped group-IVa elements [21].
In this Letter, we address the aforementioned issues with

structural investigations on compressed Ge nanocrystalline
samples in a hydrostatic environment. A second-order
transition between the �-tin and Imma phases was identi-
fied at 66 GPa and first-order transition between the Imma
and sh phases was observed at 90 GPa. Superconductivity
of metallic Ge is obtained within first-principles calcula-
tions using the obtained structures. A good agreement
between the calculations and experiments for the
�-tin phase indicates that the elemental semiconductor
Ge is indeed a standard electron-phonon coupling
superconductor.
Structural information was obtained through the angle-

dispersive powder x-ray diffraction experiments performed
with an x-ray beam with wavelength of 0.36121 Å at beam
line 16ID-B, the Advanced Photon Source of the Argonne
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National Laboratory. Pressure was generated in a sample
chamber of a tungsten gasket with initial dimensions of
50 �m in diameter and 30 �m thick by using a pair of
beveled diamond anvils having a 100 �m diameter flat and
a 10� bevel out from the 300 �m total culet diameter.
99.99% purity germane (GeH4) was loaded into the dia-
mond anvil cell at low temperatures. After gradually
applying pressure up to 17 GPa, we found that GeH4

decomposes into a Ge and H2 mixture, which was con-
firmed from both Raman scattering and x-ray diffraction
measurements. The linear dimensions of particles at
17 GPa were estimated from the Scherrer equation to be
less than 10 nm. The appearance of H2 provides a hydro-
static environment for nanocrystalline Ge. The diffraction
patterns of the sample were collected from the center of the
gasket hole and those from the nearby platinum were used
to gauge pressure by using the equation of state [22]. The
data were integrated azimuthally using FIT2D [23] and
analyzed by the Rietveld method using the FULLPROF pro-
gram [24]. Figure 1 shows the x-ray patterns and refined
results of Ge at selected pressures. The patterns measured
for 41, 84, and 105 GPa can bewell refined to the I41=amd,
Imma, and P6=mmm space groups, respectively. These
results are consistent with prior reports on the structures
in this pressure range [9–11].

Figure 2 shows the atomic arrangements of the three
interesting metallic phases of note, as well as the lattice
parameters of Ge as a function of pressure. The structural
transformations are clearly seen from the evolution of both
the lattice parameters and their ratios c=a. In the �-tin
phase above 10 GPa, Ge has I41=amd symmetry with
Ge occupying Wyckoff 4a positions, shown in Fig. 2(a).
The Ge 3D network can be taken as constituted by two

crossed Ge zigzag chains, located in (100) and (010)
planes, respectively. As the pressure is increased, the rela-
tive positions of Ge atoms in the zigzag chains do not
change, while the lattice parameters decrease significantly.
Interestingly, the c=a ratio keeps a constant value (0.547)
[Fig. 2(e)], consistent with other experimental and theo-
retical work [11,13].
Upon entering Imma, the neighboring Ge atoms in both

zigzag chains move in opposite directions projected in the
c axis [Fig. 2(b)]. As a result, the two Ge zigzag chains
show different behaviors. The Ge-Ge bond angle of the
zigzag chain in the (010) plane increases to nearly 180�,
while the Ge-Ge bond angle of the other chain in the (100)
plane tends to 90�. As seen from Fig. 2(d), the movement
of Ge atoms also leads to expansion of the a axis but
contraction of the b axis up to 90 GPa. The c=a ratio of
this phase reduces to 0.540 [Fig. 2(e)], accordingly.
When the Ge zigzag chain in the (010) plane becomes

straight and the other chain becomes a right angle,
Ge transforms to an sh phase. The lines in Fig. 2(c) draw
the primitive cell of the sh phase, which contains only one
Ge atom. The lattice parameters for this phase can be

expressed in an orthorhombic setting as aO ¼ 2cH, bO ¼
ffiffiffi

3
p

aH, and cO ¼ aH. Compared with the �-tin and Imma
phases, the lattice parameters of the sh phase in the
orthorhombic setting slowly decrease with pressure while
the c=a ratio appears stable [Figs. 2(d) and 2(e)]. The area

conserving quantity
ffiffiffiffiffiffi

ab
p

follows smoothly from the a axis
of the �-tin phase across the transition but has a kink
between the Imma and sh phases. There is no apparent
change in compressibility of the c axis among these phases.
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FIG. 1 (color online). X-ray powder diffraction patterns of
solid Ge at pressures of 41, 84, and 105 GPa. The refined lattice
parameters for the corresponding space groups are given. The
points represent the measured intensities and the lines the results
of profile refinements. The positions of the Bragg reflections are
marked by vertical lines and the difference profiles are shown at
the bottoms.

FIG. 2 (color online). Atomic arrangement of the (a) �-tin,
(b) Imma, and (c) sh structures of Ge. (d) Pressure dependence
of the lattice parameters and (e) the c=a ratios of Ge. In all plots,
error bars are smaller than the symbols. The vertical dashed lines
denote the phase boundaries.
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Figure 3 shows the pressure dependence of the molar
volume of Ge. The theoretical results were calculated from
a first-principles pseudopotential plane-wave method
based on the density functional perturbation theory [25]
implemented in the Quantum-Espresso package [26]. We
used a Perdew-Burke-Ernzerhof [27] functional within
generalized gradient approximation in the Troullier-
Martins norm-conserving scheme [28]. The electronic
wave function and the charge density were expanded
with kinetic energy cutoffs of 50 and 300 Ry, respectively.
The apparent volume changes across the diamond !
�-tin, sh ! Cmca, and Cmca ! hcp transitions indicate
their first-order nature. Our data points in the Imma phase
follow a nice evolution path which is coincident with the
point from Ref. [10]. The agreement between the experi-
mental P-V data and the calculated results are excellent for
the �-tin, Imma, and sh phase. There is also a fair agree-
ment between the theory and measurement for the Cmca
and hcp phases.

The order of the phase transition can be determined
through the group-subgroup relations [16,29]. If the order
of the point group of one phase is one-half (one-third) of
the order of the point group of the other phase, the phase
transition is second order (first order). The order of the
point group mmm of the Imma phase is 8. Because the
order of the point group 4=mmm of the �-tin phase is 16
and the order of the point group 6=mmm of the sh structure
is 24, the �-tin ! Imma transition has to be second order
while the Imma ! sh transition is first order. An indepen-
dent assessment of the �-tin and Imma transformation is
provided by the order parameter—the spontaneous strain
ess ¼ ða� bÞ=ðaþ bÞ. According to Landau’s theory of
second-order phase transitions, the order parameter

should be proportional to
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P� Pc

p
with Pc being the

transition pressure. Plotting e2ss vs pressure, as in Fig. 4,
our data appear very linear up to 78 GPa. A linear fit
provides a value of Pc of 66 GPa, supporting the second-
order transition characteristic. Both this transition pressure
and the one between the Imma and sh phases agree well
with theoretical calculations [13].
Now we examine superconductivity in metallic Ge using

the superconducting transition temperature Tc equation
modified by Allen ad Dynes [30], taking a typical value
of 0.1 for the Coulomb pseudopotential ��. The electron-
phonon coupling matrix elements for different phases have
been computed in the first Brillouin zone on a reasonable
q-point mesh obtained from a sufficiently dense k-point
Monkhorst-Pack mesh [31].
Figure 5 shows the pressure dependence of the logarith-

mic average phonon frequency !log, electron-phonon cou-

pling �, and Tc for the metallic Ge phases. In each phase,
the calculated Tc and � decrease with pressure, while !log

increases monotonically with pressure. This suggests that
the electronic stiffness of � dominates the Tc behavior and
the soft phonon modes do not noticeably affect Tc. This
is somewhat different from the case of Si in which the
softening of phonon modes also plays an important role in
superconductivity [32]. In the �-tin phase, the calculated
Tc considerably decreases with pressure, from 4.7 K at
10.7 GPa (no shown) to�3 K at�25 GPa, in good agree-
ment with existing experiments [18–20]. For the Imma
phase, the predicted Tc further decreases under pressure,
but exhibits a much smaller slope. Tc increases slightly
from the Imma to the sh phase and then decreases slowly
with increasing pressure. A similar behavior for Tc in the
sh phase was also predicted by Martins and Cohen [33]
but with a relatively high range of 2–7 K. Unlike the case
of Si where Tc exhibits a sharp rise [32], Tc in the Cmca
Ge exhibits almost the same behavior as in the sh phase
until finally reaching 0.1 K at 190 GPa in the hcp phase.
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FIG. 3 (color online). Molar volume vs pressure for Ge. The
open diamonds for the diamond phase and the left-pointing
triangles for the �-tin phase are from Ref. [9]. The open cycle
for the Imma phase is from Ref. [10]. The downward-pointing
triangles for the Cmca phase and the squares for the hcp phase
are from Ref. [12]. The solid lines are the theoretical predictions
for the metallic phases. The vertical dashed lines indicate the
phase boundaries determined from the experiments (the former
three) and theory (the latter two).
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FIG. 4 (color online). Pressure dependence of the square of the
spontaneous strain, defined as ða� bÞ=ðaþ bÞ, for Ge. The line
shows a linear fit of the form A2ðP� PcÞ yielding a transition
pressure Pc. The open cycle is from Ref. [10].

PRL 106, 135502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
1 APRIL 2011

135502-3



Over the whole pressure range studied, Tc correlates well
with �, indicating the phonon-mediated superconductivity
in dense Ge.

In summary, we have obtained structural information
on the �-tin ! Imma ! sh phase transitions in Ge using
nanocrystalline samples and at hydrostatic conditions. The
transition between the �-tin and Imma phases and the one
between the Imma and sh phases are identified to be sec-
ond order and first order with the transition pressure
of 66 GPa for the former and 90 GPa for the latter. The
structural data are used to predict superconductivity up to
190 GPa using first-principles calculations.
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