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The electrical transport properties of Mg2Ge under high pressure were studied with the in situ
temperature-dependent resistivity and Hall-effect measurements. The theoretically predicted metallization of Mg2Ge was definitely found around 7.4 GPa by the temperature-dependent resistivity
measurement. Other two pressure-induced structural phase transitions were also reflected by the
measurements. Hall-effect measurement showed that the dominant charge carrier in the metallic
Mg2Ge was hole, indicating the “bad metal” nature of Mg2Ge. The Hall mobility and charge carrier
concentration results pointed out that the electrical transport behavior in the antifluorite phase was
controlled by the increase quantity of drifting electrons under high pressure, but in both anticotunnC 2015 AIP Publishing LLC.
ite and Ni2In-type phases it was governed by the Hall mobility. V
[http://dx.doi.org/10.1063/1.4932525]

Pressure has always been a good way to endow materials with new and unexpected electrical properties by
extremely compressing the distance between atoms. Under
high pressures, insulators and semiconductors could become
metals, and meanwhile metals could also have possibility to
translate into insulators. Both pressure-induced metallization
and insulation are important issues in high pressure studies
and have been followed with many interests.1–5
Magnesium germanide (Mg2Ge), due to its superior
physical properties of large Seebeck coefficient, low electrical resistivity, and low thermal conductivity,6,7 has been considered as a kind of excellent thermoelectric material and
motivated intensive studies in the fields of physics, materials
science, and chemistry. High pressure physics has also been
developing a consuming passion for the properties of
Mg2Ge. Based on the full-potential linearized augmented
plane wave method, Mg2Ge was predicted to go through a
pressure-induced metallization at 6.7 GPa.8 First-principles
calculation showed that Mg2Ge would experience two firstorder structural phase transitions from the initial antifluorite
structure to the anticotunnite and the Ni2In-type structures at
8.7 and 33.3 GPa, respectively.9 However, most of related
studies under high pressure so far still stays at a theoretical
level about Mg2Ge and therefore needs more experiments
to give evidence. Besides the pressure-induced metallization
and structural phase transitions, furthermore, other important
physical parameters, which are useful to understand the
electrical transport behavior of Mg2Ge under high pressures
such as Hall coefficient (RH), carrier concentration (n or p),
mobility (l), and electrical resistivity (q), should be also
explored.
a)

Author to whom correspondence should be addressed. Email: hanyh
@jlu.edu.cn

0003-6951/2015/107(14)/142103/4/$30.00

In this paper, the pressure-induced metallization and
the electrical transport properties of Mg2Ge have been studied by in situ temperature-dependent electrical resistivity
and Hall-effect measurements under high pressure up to
40 GPa. The possibility of the structural phase transitions in
Mg2Ge was also discussed with the data from the electrical
measurements.
The studied object was the Mg2Ge powder bought from
Alfa Aesar Co. with the purity of 99.99%. The initial structure of the sample was checked to be cubic face-centered
structure (Space group: Fm-3m, No. 225) by an X-ray diffractometer (XRD) with Cu–Ka radiation. Fig. 1(a) shows
the XRD spectrum of the initial structure. A nonmagnetic diamond anvil cell (DAC) was utilized to generate high pressure and the anvil culet was 300 lm in diameter with a bevel
angle of 10 for the in situ Hall-effect and resistivity measurements. The applied pressure was calibrated by observing
the pressure-induced shift of the sharp fluorescent R1 ruby
line.10,11 A rhenium gasket was preindented to 60 lm in
thickness and then drilled with a hole in diameter of 100 lm
as the sample chamber for the Hall-effect measurement. A
T301 stainless steel gasket was used in the temperaturedependent resistivity measurement. The temperature was
measured with a standard K-type thermocouple, which was
attached to the side face of diamond anvil. No pressuretransmitting medium was used in order to avoid additional
error for the electrical parameters measurement, and the
sample chamber was fully filled with compacted Mg2Ge
powder. The thickness of the sample under high pressure can
be known with an electronic micrometer by measuring the
distance between the bottom facets of the two anvils in DAC
and then subtracting the total height of the anvils. Relative
error has been considered according to previous literature.12
The deposited molybdenum thin film was patterned into four
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FIG. 2. Pressure dependence of the electrical resistivity of Mg2Ge at room
temperature. Dashed and solid line positions indicate discontinuous pressure.
Error bars show the standard deviations resulted from the experiments.

FIG. 1. (a) X-ray diffraction pattern of the Mg2Ge sample at ambient pressure. (b) The cross sectional view of the designed diamond anvil cell with
integrated microcircuit: (A) the Mo electrodes; (B) the Al2O3 layer deposited on the Mo film and gasket; (C) the ruby as pressure calibration; (D) the
gasket with insulating layer; and (E) the thermocouple; (1), (2), (3), and (4)
are the four contact ends of the microcircuit. N and S represent the two poles
of magnetic field.

detecting electrodes on one diamond anvil by photolithography technique and chemical etching. The integration process
of the microcircuit on the diamond anvil has been reported
in previous work.13,14 Fig. 1(b) shows the sectional view of
the sample configuration with integrated microcircuit in
DAC. The electrical resistivity and Hall parameters were
determined by van der Pauw equation.15,16 The current was
detected by a Keithley 2400 source meter, and the voltage
was obtained by a Keithley 2700 multimeter. For the Halleffect measurement, a uniform magnetic field was generated
with a maximum value of 20 kG by EM7 electromagnet of
East Changing Company and exported through two magnetic
heads of 76 mm in diameter. A Lakeshore Gauss meter with
model 420 was applied to measure the magnetic field.
The pressure dependence of Mg2Ge resistivity is shown
in Fig. 2. The resistivity decreases with the increasing pressure and three discontinuous changes in resistivity can be
found respectively at 7.8, 9.5, and 35.6 GPa, denoting three
different pressure-induced transitions (possibly including
metallization and structural phase transitions). Theoretical
calculations have predicted one metallization at 6.7 GPa
(Ref. 8) and two structural phase transitions at 8.7 and 33.3
GPa (Ref. 9) in Mg2Ge and hereinto it can be seen that the
three pressure points of transitions are consistent with the
experiment. Comprehensively investigating the theoretical

and experimental results and fully considering the possible
discrepancy in the two theoretical works, we can definitely
know that the third abrupt change in resistivity at 35.6 GPa
results from the pressure-induced structural phase transition
from the anticotunnite to the Ni2In-type structure (at
33.3 GPa in theories), but it is still hard to tell apart from
the former two transitions which is the metallization and
which is the structural phase transition if we just and simply
use the resistivity measurement, because the pressure points
of metallization and structural phase transition were calculated by two different works and are too close. In order to
get a clear transition sequence of Mg2Ge, successively the
temperature-dependent resistivity measurement and Halleffect measurement have been conducted. Besides, during
the decompression, the resistivity can be back to its initial
state in a same trend as it did in the process of compression,
indicating that the metallization and the structural phase
transitions are completely reversible.
Fig. 3 shows the logarithm of resistivity as a function
of the reciprocal temperature under various pressures.
Rising temperature can activate more charge carriers from

FIG. 3. Reciprocal temperature dependence of the logarithm of resistivity
under different pressures. Dashed line position indicates the divider pressure
between semiconductor and metallization, and solid line positions represent
the pressure of phase transition.
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the valence bands (VB) into the conduction bands (CB) in
semiconductors, and then the conductivity increases. On
the contrary, for metals, rising temperature will enhance
the lattice vibrations and increase the possibility of electron scattering by phonons, and then increase the resistivity.17,18 Therefore, semiconductor or metallic behavior can
be judged by the temperature dependence of resistivity. At
pressure less than 7.4 GPa, the resistivity of Mg2Ge displays a decreasing trend as rising the temperature, which
coincides with the electrical conductivity behavior of a
semiconductor. While at pressure higher than 7.4 GPa, the
resistivity increases with the increasing temperature, indicating that Mg2Ge has transformed from the semiconductor
to a metallic phase. From the temperature-dependent resistivity measurement, we can know that the first transition
at around 7.4 to 7.8 GPa should be the metallization of
Mg2Ge, and therefore, the second transition at 9.5 GPa
should be the structural phase transition from the antifluorite to the anticotunnite structure.
Hall-effect measurement was conducted for further
understanding the electrical properties of Mg2Ge in a
charge-carriers level. In Fig. 4, the abrupt changes of Hall
coefficient, Hall mobility, and carrier concentration are
shown to be basically consistent with the occurrence of the
pressure-induced metallization and structural phase transitions. As the pressure lower than 7.7 GPa, the antifluorite
Mg2Ge remains the n-type semiconducting phase due to the
negative Hall coefficients, and the concentration of drifting
electrons increases monotonically with the increasing pressure prior to the metallization, proving that the compression
can make the conduction band and the valence band widen
and the band gap narrow as depicted in the theoretical calculation, and therefore, more electrons can be activated from
VB to CB. Although the mobility decreases with the increasing pressure, the increase of electron concentration can still
reduce the resistivity.

FIG. 4. Pressure dependence of Hall coefficient (RH), carrier concentration
(n or p) and mobility (l) for Mg2Ge at room temperature. Dashed line position indicates the pressure of metallization, and solid line positions represent
the pressure of phase transition are assigned to three regions. Error bars
show the standard deviations resulted from the experiments.
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At 7.7 GPa, the metallization occurs. The Hall coefficient switched from negative to positive, indicating that the
type of dominant charge carriers in Mg2Ge changed from
electrons to holes. During the transition, the top of VB and
the bottom of CB have some overlaps in company with the
recombination of some electrons and holes, leading to the
decrease of electron carrier concentration, while some electrons will be also tightly bound and cannot move, giving rise
to the decrease of the mobility. Electron is the major carrier
before the transition, while hole is the major carrier after the
transition, the dominance of carrier changes from electron to
hole. A detailed description of the crystal structures around
phase transitions of Mg2Ge is useful to understand the n-p
transitions. As the antifluorite Mg2Ge, the Mg2þ ions occupy
Wyckoff 4(a) sites whereas the Ge4 ions are in Wyckoff
8(c) positions. The cell parameter is the only degree of freedom of this structure. The Mg2þ ions are coordinated by
eight Ge4 ions, which are themselves placed at the centers
of tetrahedra formed by four Mg2þ ions. The coordination
ratio is 1:1 between Mg2þ and Ge4. For the anticotunnite
Mg2Ge (Space group: Pnma, No. 62) after phase transition,
all atom occupy Wyckoff 4(c) sites. Hence, this structure has
a total of nine degrees of freedom, and each Mg2þ ion is surrounded by nine Ge4 ions located at the corners of a distorted tricapped trigonal prism. One half of the Ge4 ions in
the unit cell are coordinated by four Mg2þ ions arranged in a
slightly distorted tetrahedron. The other half is coordinated
by five Mg2þ ions arranged in a distorted quadratic pyramid,
with three closer-lying cations. The coordination ratio is
subtle higher than 1:1 between Mg2þ and Ge4, therefore the
Mg2Ge shows p type conductive property after phase transition even though the stoichiometric ratios are both 2:1 in two
structures.
In general, the metal behavior can be defined as the resistivity increases with the increasing temperature.
According to the definition, although Mg2Ge has presented
the metallic transporting behavior under high pressure, the
drifting electrons inside would not completely free. The
holes can still be the dominant charge carriers to take part in
the transporting process, and accordingly the Hall coefficient
for the metalized Mg2Ge is positive. Same phenomena could
also be found in Be, Zn, Cd, and some manganese base perovskites.19–25 Hall-effect measurement shows that although
the CB and the VB has overlapped at 7.4 GPa, confirmed by
theories at 6.7 GPa,8 Mg2Ge is still a “bad metal” after the
metallization. Around 7.4 GPa, the Fermi energy levels have
intruded into the top of VB (bottom of CB) as the distinguishing feature of degenerate semiconductor, and the quantum states of VB are occupied by holes rather than a small
probability condition, in the meantime, the restrictions of
Pauli exclusion principle should be considered, which cause
the degeneration of carriers leading to the lower carrier concentrations comparing with a true metal.
The Hall coefficient, Hall mobility, and charge carrier
concentration of Ma2Ge also abruptly change at 9.6 and
35.8 GPa, resulting from the two pressure-induced structural
phase transitions from the initial antifluorite to the anticotunnite and then to the Ni2In-type structure, respectively.
After 7.7 GPa as shown in Fig. 4, the concentration of holes
decreases with the increasing pressure, but the mobility
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increases. It indicates that a continuously increased pressure
can modify the chemical bonds among atoms and make the
quantity of holes to decrease. Meanwhile, the pressure also
enhance the rigidity of Mg2Ge crystal lattice and weaken the
hole scattering by the lattice vibration, which make a monotonically increase of the Hall mobility. The combined effect
of increased Hall mobility and decreased charge carrier concentration results in the decrease of resistivity in the anticotunnite and Ni2In-type structures of Mg2Ge under high
pressure.
In summary, we carried out the electrical transport
properties of Mg2Ge under high pressure by the in situ
temperature-dependent resistivity and Hall-effect methods.
The temperature-dependent resistivity measurement demonstrated the metallization of Mg2Ge around 7.4 GPa, which
was theoretically predicted, as the pressure can widen the
CB and VB bands and narrow the energy band gap in the
antifluorite phase resulting in the pressure-induced metallization. Hall-effect measurement showed that hole played a
dominant role in the metallic Mg2Ge as major charge carrier.
Resistivity and Hall parameters also reflected the two
pressure-induced structural phase transitions by the measurements. The Hall parameters indicated the electrical transport
behavior of antifluorite phase was controlled by the increase
of drifting electrons quantity under high pressure, while it
was governed by the increase of the Hall mobility in both
anticotunnite and Ni2In-type phases as pressure modified the
chemical bonds among atoms and made the decrease of holes
quantity.
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