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Single crystals of the modification Ge(tP12) are prepared by compressing semiconductor-grade
germanium to pressures above 11(1) GPa and heating to temperatures between 1200(100) and
1500(150) K before a stepwise cooling precedes a complete pressure release. The tetragonal crystal
structure of Ge(tP12) is refined by means of single crystal X-ray diffraction data collected at ambient
conditions (a = 592.81(2), c = 698.03(3) pm, space group P43212). The atomic arrangement compris-
ing interconnected spiral chains of fourfold symmetry bears a structural similarity to the high-pressure
modification S(tI16). High-pressure ambient-temperature powder X-ray diffraction measurements
reveal a significant anisotropy of the compressibility compatible with the selected crystal structure
description. The determined bulk modulus of Ge(tP12) amounts to 70(1) GPa which is in good agree-
ment with theoretical calculations and similar to experimental values of other four-coordinated ger-
manium allotropes. Ge(tP12) is a diamagnetic semiconductor with χ0 = −3.1(3) ·10−7 emu g−1 and
ρ300 K ≈ 6 Ω m at 300 K. At 10.1(3) GPa, the beginning of the formation of Ge(tI4) indicates the on-
set of a structural transition. The two-phase region extends up to a maximum pressure of 13.0(5) GPa
in the direction of increasing pressures. Upon stepwise decompression, the phase Ge(tP12) is re-
formed from Ge(tI4) at 9(1) GPa.
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Electrical Resistivity

Introduction

Binary high-pressure phases of silicon and germa-
nium with alkaline-earth and rare-earth metals are
intensely investigated in the context of four-bonded
networks and potential thermoelectric materials [1 –
6]. Some products featuring an excess of elemental
germanium contain metastable Ge(tP12) after high-
temperature high-pressure treatment. The modifica-
tion, also labelled as Ge-III or Ge-st12, was synthe-
sized for the first time by decompression of germa-
nium from 12 GPa to ambient conditions [7]. In situ
Raman experiments have provided evidence of a for-
mation directly from the β -Sn-type phase [8, 9]. A later
report states that the transformation may be achieved
by application of much lower pressures, e. g., 2.5 GPa
when the duration time is increased to about three
weeks [10], but a subsequent in situ re-examination
could not reproduce these results [11]. The initial crys-
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tal structure solution by trial and error is based on pow-
der X-ray diffraction intensities [12].

We report here crystal growth and structure refine-
ment of Ge(tP12). The atomic arrangement is dis-
cussed with regard to the recently described chain
structure of the sulfur modification S(tI16) [13].
The presence of one-dimensional building units
in Ge(tP12) is experimentally evidenced by the
anisotropic lattice parameter changes at high pressures.

Experimental Section

Ge(tP12) crystals were prepared by treatment of the start-
ing material Ge(cF8) (Chempur 99.9999 %) at pressures
above 11 GPa and at temperatures between 1200(100) and
1500(150) K. This compression was followed by a tem-
perature decrease to 600(50) K within 30 min, holding at
this temperature for typically 1 h before cooling to ambient
temperature. Afterwards, pressure was completely released
within typically 10 h. For force redistribution and pressure
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generation a Walker-type multi-anvil module was used [14]
to compress octahedra manufactured from MgO with 5 %
Cr2O3 and with edge lengths of 14 or 18 mm. Heating was
performed by means of graphite elements with cylindrical
shape. As crucible material, hexagonal boron nitride was
found to be suitable. Samples were removed easily from the
container, evidencing indirectly that no reactions between the
crucible and germanium took place. The observed single-
crystal formation is assigned to the higher synthesis temper-
ature in comparison to earlier experiments and to the applied
temperature ramp of the present study. Powdered samples of
the transformation product are dull grey while larger crys-
talline particles exhibit a shiny silvery lustre. The material is
brittle and appears to be stable in air as indicated by pow-
der X-ray diffraction measurements on a sample which was
exposed to air at ambient conditions for a time period of
about six months. Attempts to induce the transformation into
Ge(tP12) at lower pressures were not successful. Whether
this is due to the reduced shear stress in the employed set-up
or the shorter annealing time remains to be investigated.

For single crystal measurements, crystalline pieces of
Ge(tP12) were isolated from ingots and fixed with two-
component glue to glass fibres. Details of the diffractome-
ter measurements are summarized in Table 1. Refinement of
the single-crystal X-ray diffraction intensities was done with
SHELXL-97 [15] and visualizations of the crystal structures
by means of DIAMOND [16].

Sample characterization was performed by powder X-ray
diffraction with a Guinier setup (Huber camera G670 with
imaging plate detector, CuKα1 radiation, λ = 154.056 pm,
5◦ ≤ 2θ ≤ 100◦). Lattice parameters were obtained by a
least-squares refinement of 54 reflections using LaB6 (NIST,
a = 415.692 pm) as an internal standard. The calculated met-
ric was used in the final runs of the structure refinement, for
calculations of interatomic distances and as a zero-point ba-
sis for analyzing the pressure-induced metrical changes.

For powder X-ray diffraction at high pressures, samples
were milled into fine grains by manual grinding in an agate
mortar. Appropriate amounts of the powders were placed
in steel gaskets using a 4 : 1 methanol/ethanol mixture as
pressure-transmitting medium. The diamond anvil cells for
generating high pressures had cullet sizes of typically 0.4 mm
with initial diameters of the gasket holes corresponding
to 0.125 mm. Pressures between ambient and 15.3 GPa were
determined by the ruby luminescence method [17]. Powder
X-ray diffraction measurements were performed at the un-
dulator beamline ID09A of the European Synchrotron Radi-
ation Facility (ESRF, Grenoble). A bent Si(111) monochro-
mator was used to select a radiation of λ = 41.3 pm from
the white beam. During the exposures samples were oscil-
lated by ±3◦ in order to enhance powder statistics. Inten-
sity recording was performed with an imaging plate which
was positioned at a distance of approximately 450 mm from

Table 1. Details of the single-crystal X-ray diffraction
experimenta.

Composition Ge
Symmetry and space group tetragonal, P43212 (no. 96)
Pearson symbol tP12
Unit cell parametersb :
a, pm 592.81(2)
c, pm 698.03(3)
V , 106 pm3 245.30(2)
Formula units / unit cell, Z 12
Calculated density, g cm−3 5.90
Size of the crystal, µm3 40×50×25
Diffractometer Rigaku AFC 7
Detector Mercury CCD
Wavelength; λ , pm MoKα ; 71.073
Scans (step, deg) ϕ (0.6); ω (0.6)
2θmax, deg 63.0
Range in h,k, l −8 ≤ h ≤ 8; −7 ≤ k ≤ 8;

−10 ≤ l ≤ 10
Transmission factors Tmax/Tmin 0.57/0.47
Number of measured reflections 2103
Number of unique reflections 412
Rint for averaging 0.036
Number of observed reflections 402
Observation criterion I ≥ 2σ(I)
Number of refined parameters 15
R1/wR2 [I ≥ 2σ(I)] 0.042/0.098
R1/wR2 (all data) 0.043/0.099
Residual density (max/min), +2.36/−2.07

e · 10−6 pm−3

a Further details of the crystal structure investigation can be obtained
from Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-
Leopoldshafen, Germany, fax:(+49)7247-808-666; e-mail: crysdata
@fiz.karlsruhe.de, on quoting the deposition number CSD-419380;
b from powder-diffraction data with LaB6 as internal standard.

the sample in order to use the full resolution of the instru-
ment. For calibration of wavelength and the distance be-
tween detector and sample we used a standard silicon sample,
Si(cF8). Integration of the two-dimensional X-ray diffrac-
tion intensities was performed with the FIT2D software [18].
Before refining the intensity data, background caused by
Compton scattering of the diamonds was subtracted. X-Ray
diffraction profiles were simulated using a modified Lorenz
function as implemented in the program package FULL-
PROF [19]. In order to reduce the number of parameters
to be refined, the atomic displacement was described in an
isotropic approximation with Uiso fixed to 64 pm2 (Biso =
0.5 Å2) for all atoms. In the region in which Ge(tP12)
and Ge(tI4) were coexisting, structural parameters remained
fixed and only lattice parameters were refined. The pow-
ders of β -tin-type Ge(tI4) showed strong preferred orienta-
tion along the [001] direction. In the intensity calculations,
the effect of texture was accounted for by using a March-
Dollase function. Atom positions and lattice parameters as
resulting from refinements using powder X-ray diffraction
data are summarized in Table 2.
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Table 2. Refined lattice parameters and atomic positions of the germanium allotropes Ge(tP12) and Ge(tI4) at elevated
pressures. The e. s. d.’s of the determined positional parameters of Ge(tP12) are typically 0.001 – 0.002 and for the pressure
approximately 0.1 GPa. In Ge(tP12), Ge1 is located on 4a (x, x, 0) and Ge2 on 8b (x, y, z). In Ge(tI4), atoms occupy the
position 4a (0, 0, 0) (origin choice 1).

Ge1 — Ge2 —
p (GPa) Modification a (pm) c (pm) V (106 pm3) x x y z
0.7 Ge(tP12) 591.64(1) 695.55(1) 245.30(1) 0.090 0.175 0.369 0.258
1.5 Ge(tP12) 589.66(1) 691.16(1) 243.47(1) 0.090 0.175 0.369 0.259
2.4 Ge(tP12) 587.54(1) 686.83(1) 240.32(1) 0.092 0.175 0.369 0.262
3.8 Ge(tP12) 584.83(1) 681.36(1) 237.10(1) 0.092 0.175 0.370 0.263
4.9 Ge(tP12) 583.01(1) 677.68(1) 233.04(1) 0.091 0.172 0.371 0.264
5.7 Ge(tP12) 581.34(1) 674.35(1) 230.34(1) 0.092 0.172 0.372 0.266
7.2 Ge(tP12) 578.85(1) 669.65(1) 227.90(1) 0.094 0.173 0.372 0.269
8.1 Ge(tP12) 577.41(1) 666.94(1) 224.38(1) 0.093 0.174 0.370 0.269
9.3 Ge(tP12) 575.42(1) 663.36(1) 222.36(1) 0.092 0.175 0.366 0.271
9.8 Ge(tP12) 574.84(1) 662.27(1) 219.64(1) 0.093 0.173 0.368 0.273

10.1 Ge(tP12) 573.97(1) 660.79(2) 218.84(1) 0.096 0.174 0.373 0.273
Ge(tI4) 496(1) 273.2(6) 66.9(1)

10.3 Ge(tP12) 573.2(1) 659.56(3) 217.69(1) 0.094 0.175 0.370 0.272
Ge(tI4) 494.45(2) 272.82(3) 66.70(2)

10.9 Ge(tP12) 572.12(2) 657.76(3) 216.70(1) 0.094 0.178 0.371 0.271
Ge(tI4) 493.62(1) 272.41(1) 66.38(1)

11.7 Ge(tP12) 571.26(2) 656.38(4) 215.30(1)
Ge(tI4) 492.85(1) 271.87(1) 66.04(1)

12.1 Ge(tP12) 570.56(3) 655.44(7) 214.20(2)
Ge(tI4) 492.29(1) 271.49(1) 65.80(1)

12.6 Ge(tP12) 570.01(5) 654.4(1) 213.37(3)
Ge(tI4) 491.82(1) 271.16(1) 65.59(1)

13.4 Ge(tP12) 569.00(5) 654.0(2) 212.62(5)
Ge(tI4) 490.92(1) 270.55(1) 65.20(1)

14.1 Ge(tI4) 489.68(1) 269.67(1) 64.66(1)
15.3 Ge(tI4) 488.94(1) 269.22(1) 64.36(1)

Table 3. Atomic coordinates and displacement parameters of
Ge(tP12) at ambient conditions refined using single-crystal
X-ray diffraction dataa.
Atom Site x y z Ueq
Ge1 4a 0.0880(1) x 0 118(2)
Ge2 8b 0.1715(1) 0.3714(1) 0.25285(9) 120(2)

Atom Site U11 U22 U33 U12 U13 U23
Ge1 4a 108(3) U11 139(4) −4(3) 14(3) –15(3)
Ge2 8b 108(3) 118(3) 135(3) −9(2) 11(3) 5(4)
a The Ueq values (in 102 pm2) are defined as one third of
the trace of the Uij tensor, the total displacement is defined as
exp{−2π2[U11h2a∗2 + . . .+2U23klb∗c∗]}.

Magnetization at external fields between 20 Oe
and 70 kOe in the temperature range from 1.8 to 400 K
was measured in a SQUID magnetometer (MPMS XL-7,
Quantum Design) on a polycrystalline sample (mass m =
87 mg). The electrical resistivity was determined by a dc
four-point method in the range between 4 and 320 K. Due to
the uncertainty of the geometry of the electrical connection
to the sample and the non-ohmic character of the contacts
the inaccuracy of the absolute resistivity is estimated to
be up to 50 %, especially at the highest resistances at low
temperatures.

Table 4. Interatomic distances (pm) and angles (deg) in
Ge(tP12) at ambient conditions (single-crystal structure re-
finement). Bond lengths of the first crystal-structure deter-
mination [12] correspond to 248(4), 249(4), and 249(5) pm,
respectively.

Ge1–Ge2 (2×) 248.07(8) Ge1–Ge2 (2×) 248.63(7)
Ge2–Ge1 (1×) 248.07(8) Ge2–Ge1 (1×) 248.63(7)
Ge2–Ge2 (2×) 250.53(6)

Ge1–Ge2–Ge2 101.15(5) Ge1–Ge2–Ge2 (2×) 97.95(2)
Ge1–Ge2–Ge2 (2×) 130.34(3) Ge1–Ge2–Ge2 103.58(4)
Ge2–Ge1–Ge1 104.96(3) Ge2–Ge1–Ge2 91.51(3)
Ge2–Ge1–Ge2 136.25(2) Ge2–Ge1–Ge2 88.00(2)
Ge2–Ge1–Ge2 106.53(3) Ge2–Ge2–Ge2 119.02(2)

Results and Discussion

In the crystal structure of Ge(tP12), germanium
atoms are located on two crystallographically differ-
ent sites of the chiral space group P43212: the general
position 8b (Ge2) and the special site 4a (Ge1). At
ambient conditions, the refined atomic positions (Ta-
ble 3) are in good agreement with the earlier values es-
timated from X-ray powder diffraction data [12]. How-
ever, the bond lengths calculated in the present study
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Fig. 1. Lattice parameters a, c and unit cell volume V of
Ge(tP12) at high pressures. The lines correspond to least-
squares fits of Murnaghan-type equations of state to the ex-
perimental data.

(Table 4) bear a significantly improved precision due
to applying positional parameters refined by means of
single-crystal X-ray diffraction intensities with lattice
parameters determined from X-ray powder diffraction
using an internal standard. As a consequence of the se-
lected procedure, and in contrast to the first determi-
nation, the elongation of interatomic distances ranging
from 248.07(8) to 250.53(6) pm is significant with re-
spect to diamond-type Ge(cF8) adopting a d(Ge−Ge)
of 245 pm at ambient conditions [20]. The refined val-
ues for the bond angles fully confirm the marked de-
viation of the four-coordinated germanium atoms from
tetrahedral symmetry. However, the absolute structure
resulting from the refinement is considered too poor to
warrant publication since the Flack parameter is unsta-
ble [21].

In accordance with the first structure solution, the
spatial organization of the crystal structure can be de-
picted as comprising spiral chains of Ge2 atoms ar-

Fig. 2. Crystal structure of Ge(tP12). The spiral chains of
Ge2 are shown in dark. The coordination polyhedra of the
interconnecting Ge1 atoms are indicated by shaded faces.
Thick lines connecting spheres represent Ge–Ge bonds.

Fig. 3. Crystal structure of SiO2 in the modification
Keatite [22]. The similarity to the crystal structure of
Ge(tP12) is emphasized by marking the fourfold chains in
black, and indicating the interconnecting tetrahedra by white
lines and grey faces.

ranged around the 43 screw axis. Four neighboring
chains are interconnected to a 3D network by Ge1
atoms (Fig. 2). The pronounced anisotropy of the
pressure-induced lattice parameter changes (Table 5
and Fig. 1) is consistent with the presence of low-
dimensional building units in the crystal structure. The
structure motif has a binary counterpart in the SiO2
modification Keatite (Fig. 3, [22]) with silicon atoms
occupying the germanium positions [12]. However, we
note here the structural similarity of Ge(tP12) to a re-
cently determined high-pressure chain structure of sul-
fur, S(tI16), adopting space group I41/acd. This mod-
ification of sulfur comprises alternating sequences of
chains arranged around 41 and 43 screw axes, respec-
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Fig. 4. Crystal structures of the high-
pressure modifications of a) S(tI16)
adopting space group I41/acd [13] and
b) Ge(tP12) with space group P43212.
Unit cells are indicated by solid lines (for
sulfur in the setting origin choice 1). The
chains around the 43 screw axis are in-
dicated in black, spirals around the 41
screw axis in sulfur and interconnecting
Ge1 atoms are shown in grey.

Fig. 5. a) Molar magnetic susceptibility
χ = M/H vs. temperature T of a poly-
crystalline sample of Ge(tP12) in mag-
netic fields of 70 and 35 kOe (open sym-
bols) and the extrapolated susceptibility
of the pure phase (solid line). b) Electri-
cal resistivity ρ of a polycrystalline sam-
ple of Ge(tP12) versus temperature T .

tively [13]. Despite differences in the spatial arrange-
ment of the spiral chains around the 43 screw axis,
Ge(tP12) can be described as a related defect variety
in which the one-dimensional building units formed by
Ge2 are linked by Ge1 atoms (Fig. 4). The multiplicity
of the Ge1 position amounts to only half of that of the
Ge2 site so that the number of atoms in the unit cell is
reduced from sixteen in S(tI16) to twelve in Ge(tP12).

The high-field magnetic susceptibility χ(T ) = M/H
of Ge(tP12) is negative (diamagnetic) in the measured
temperature range. After taking into account minor
para- and ferromagnetic impurities (by a Curie term
and by the extrapolation of χ vs. 1/H to 1/H = 0,
respectively) a value of χ0 = −3.1(3) · 10−7 emu g−1

is calculated (Fig. 5a). In comparison with Ge(cF8)
(χ0 = −1.06 ·10−7 emu g−1 [20]) and Ge(cF136) (χ0 =
−3.1(2) · 10−7 emu g−1 [23]), Ge(tP12) is surpris-
ingly strongly diamagnetic. In lower fields no anoma-
lous signals were detected. The resistivity ρ(T ) of
Ge(tP12) is measured in the temperature range 140
to 300 K (Fig. 5b) and shows a thermally activated be-
havior with a value ρ300 K ≈ 6 Ω m at 300 K and an es-
timated lower limit of the energy gap of 0.35 eV (from
a fit in the temperature range 285 to 320 K). This es-
timated value of the energy gap may be reduced with

Table 5. Bulk moduli of lattice parameters a, c and volume V
as determined by least-squares fits of Murnaghan-type equa-
tions of state [24] to the experimental data.

Parameter B0 (GPa) B0
′

a 273(4) 7.8(9)
c 143(3) 9.0(6)
V 70(1) 3.0(3)

respect to the fundamental band gap due to defects and
impurities.

Application of pressures below 10.1(3) GPa in-
duces a continuous compression of Ge(tP12) described
by B0 = 70(1) and B′

0 = 3.0(3) GPa when fitting a
Murnaghan-type equation of state [24] to the experi-
mental data (Table 5). The fitted bulk modulus B0 dif-
fers significantly from B0 = 102(5) GPa determined
in an earlier investigation [25]. Regarding this pro-
nounced difference, we point out that the homogeneity
of the present sample and the accurate measurement
of the high-pressure data are evidenced by the result
that the extrapolated V0 of the high-pressure data corre-
sponds within experimental error of the experimentally
determined value at ambient conditions. Moreover, the
values of B0 = 66 GPa [26] and 73 GPa [27] calculated
from quantum mechanical computations are in excel-
lent agreement with the recent experimental result. The
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Fig. 6. Interatomic distances in Ge(tP12) and Ge(tI4) at dif-
ferent pressures. The scattering of data at pressures around
10 GPa is attributed to the solidification of the liquid pres-
sure medium and the onset of the structural phase transition.
The error bars of the ambient pressure data refer to literature
data [8].

determined quantity is similar to that of other four-
bonded germanium modifications like Ge(cF8) with
B0 = 75 [28], Ge(cF136) with B0 = 76(6) or Ge(hR8)
with B0 = 73(3) GPa [29].

The compression leads to a clearly anisotropic
change of lattice parameters (see Fig. 1) which re-
flects the spatial organization of the atoms in the
crystal structure. The metrical anisotropy is not im-
mediately visible in the changes of the interatomic
distances (Fig. 6) since the orientation of the inter-
atomic bonds has components in both the less and the
more compressible directions of the atomic arrange-
ment. The abrupt increase of bond lengths associated
with the structural change into the denser modifica-
tion Ge(tI4) is in full agreement with the empirical
pressure-distance paradoxon.

At pressures above 10.1(3) GPa, the appearance of
new diffraction lines indicates the onset of a struc-
tural transformation of Ge(tP12) into the β -Sn-type
modification Ge(tI4). The two-phase region extends
up to 13.3(5) GPa. Diffraction patterns of the modifi-

Fig. 7. X-Ray powder diffraction patterns of germanium
recorded at elevated pressures in a diamond anvil cell using
synchrotron radiation of ID09A of the ESRF (λ = 41.3 pm).

cations are shown in Fig. 7. Upon stepwise decrease
of pressure, the first diffraction lines of Ge(tP12) re-
appear at 9(1) GPa. Further release to pressures be-
tween 7 and 5 GPa results in patterns which contain
no less than four different germanium modifications:
Ge(tI4), Ge(tP12), Ge(cF8) and Ge(hR8). The coex-
istence of the allotropes is compatible with the small
energy differences of the germanium modifications as
calculated in quantum theoretical computations [30].
In an earlier study, formation of yet another allotrope,
Ge(cI16), has been reported upon rapid decompression
within less than a second [31]. The observation of a
large number of competing phases is an impressive di-
rect experimental evidence for the kinetic control of
the pressure-induced phase transition of germanium at
ambient temperature.
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