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The new germanium-rich manganese germanide, Mn;Ges, was synthesized at 600-1000°C and 4 GPa
using a Belt-type apparatus. The crystal structure of Mn;Ges was identified as possessing the Mn;;Si;y
type with a tetragonal cell (Schoenflies symbol D,;). The electrical resistivity of Mn;Ges increased with
increasing temperature and saturated above 200 K. The thermoelectric power was 50-70 wV/K and its
sign was positive. These data indicated that Mn;Ges was a p-type semiconductor or a semimetal.
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Introduction

A number of investigations have focused
on the physical properties of transition
metal silicides (/-8) and germanides (9-13)
because they show various kinds of electri-
cal and magnetic properties, such as metal,
semimetal, semiconductor, ferromagne-
tism, ferrimagnetism, and antiferromagne-
tism.

Most metal-rich silicides are metallic,
while some silicon-rich transition metal sili-
cides such as MnSi,.., (0.250 = x = 0.273),
B-FeSi,, and CrSi; are semiconductors.
Many of the germanides have crystal struc-
tures and physical properties similar to
those of silicides.

The crystal structure of the MGe (M =
Cr, Fe, Ru) compounds is a cubic B20
structure type, similar to FeSi, while that of
the MGe, phases (M = V, Cr, Mo, Ru, Rh)
possesses the tetragonal defect disilicide
structure type as Mn;;Siyg.
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In the Mn-Ge system, there exists five
intermetallic compounds, Mn; »5Ge,
Mn;sGe,;, Mn,Ge, MnsGe;, and Mn;,Ges,
under equilibrium conditions (9, 13). The
crystal structures of these compounds are
different from those of the silicides, except
for MnsGe; which has the MnsSi; structure
type (I3). However, germanium-rich ger-
manides containing more than 50 at.% ger-
manium have not been synthesized.

In the present study, the synthesis of
manganese germanide containing more
than 50 at.% germanium, which is expected
to be a semiconductor, was carried out un-
der high temperature and pressure condi-
tions, and its electrical properties were ex-
amined.

Experimental

Manganese powder and germanium pow-
der with purities above 99 and 99.99%, re-
spectively, were used as starting materials.
These powders were mixed with Ge/Mn
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atomic ratios varying from 1.5 to 2.0 and
uniaxially pressed to form pellets, 5 mm in
diameter and 3 mm in thickness; these were
placed into a cylindrical BN capsuie, which
was placed in a carbon heater. This assem-
bly was placed into a cell filled with NaCl
and was subjected to high temperature and
pressure conditions using a Belt-type appa-
ratus. The high-pressure cell assembly of
the apparatus is shown in Fig. 1. The mag-
nitude of pressure inside the cell was cali-
brated to the electrical transition of Bi (2.55
GPa) and Ba (5.5 GPa), and the tempera-
ture of the sample was measured by use of a
Pt-Pt/13% Rh thermocouple placed in the
center of the cell. The reactions were car-
ried out at 600-1000°C and 4 GPa for 1-8
hr. The sample was quenched to room tem-
perature prior to the release of the applied
pressure. Vacuum synthesis was also per-
formed by heating the sample at 900°C for
20 hr in an evacuated silica tube. The pel-
lets obtained were pulverized and the resid-
ual germanium was removed by leaching
with a concentrated HNO; solution at room
temperature. The amounts of manganese
and germanium ions in the products after
leaching were determined by means of
atomic absorption spectroscopy and color-
imetry (/4) after dissolving the samples in a
concentrated HNO;-H,SO, solution at
80°C. The products were identified by X-
ray diffraction with Ni-filtered CuK« radia-
tion.
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F1c. 1. Cell arrangement for Belt-type apparatus.
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F1c. 2. X-ray diffraction patterns of products syn-
thesized under various conditions (Ge/Mn = 1.70).

Results and Discussion

The starting powder with the Ge/Mn
atomic ratio of 1.7 was reacted under vari-
ous temperature and pressure conditions.
X-ray diffraction patterns of the products
are shown in Fig. 2.

Mn;;Ges was formed at 900°C under vac-
uum conditions, while two new phases
were synthesized at 600-1000°C and 4 GPa.
These two phases were identified as pos-
sessing the tetragonal Mn;Sijy structure
type and the cubic FeSi structure type, re-
spectively. The samples synthesized at 4
GPa and 600°C for 8 hr and 1000°C for 1 hr
were composed of mixed phases of Mn;;Sig
and FeSi structure types as seen in Fig. 2.
Similar results were obtained at 4 GPa and
800°C for 1-4 hr. The X-ray diffraction
peaks corresponding to the FeSi structure
type decreased with increasing reaction
time. The product synthesized at 800°C and
4 GPa for 8 hr consisted of the Mn;;Si;q
structure type. These results indicated that
the FeSi structure type was formed by the
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reaction between manganese and germa-
nium at first, and then was converted to the
Mn;;Siys structure type by reaction with the
residual germanium. The reason the FeSi
structure type was formed at 4 GPa and
1000°C might be due to the incongruent de-
composition of the Mn;Siys structure type.
The product with the Mn;;Sijy structure
type was synthesized with a small amount
of residual germanium in the range of Ge/
Mn > 1.68. In the range of Ge/Mn = 1.68,
the products were composed of phases pos-
sessing both the Mn;Si;¢s and the FeSi
structure types.

A single phase possessing the Mny;Siyy

TABLE [
X-RAY POWDER DIFFRACTION DATA OF Mn;Ges

h kI Iobs dobs (nm) dcalc (nm)
2 0 0 A 0.2872 0.2872
21 2 S 0.2407 0.2409
11 5 vs 0.2290 0.2293
21 3 Vs 0.2247 0.2246
2 2 0 m 0.2301 0.2031
11 6 m 0.2013 0.2011
10 7 w 0.1870 0.1875
2 0 6 w 0.1803 0.1802
30 3 s 0.1770 0.1770
31 4 W 0.1609 0.1610
21 7 VW 0.1568 0.1570
32 2 VW 0.1553 0.1553
31 5 VW 0.1520 0.1520
32 3 0.1506
10 9 v 0.1493 0.1490
21 8 w 0.1438 0.1438
4 1 1 VW 0.1387 0.1386
30 7 VW 0.1376 0.1377
4 1 2 w 0.1367 0.1366
4 1 3 vw 0.1336 0.1334
21 9 vwW 0.1326 0.1323
4 2 0 w 0.1285 0.1285
3 3 4 w 0.1261 0.1261
2°0 10 w 0.1249 0.1250
3 2 7 w 0.1242 0.1242
30 9 VW 0.1203, 0.1202
3 2 8 vw 0.1174 0.1174
33 6 W 0.1170 0.1169
4 3 1 VW 0.1145 0.1145

Note. v, very; w, weak; s, strong; m, medium.
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TABLE II
CHEMICAL COMPOSITIONS OF Mn;Ge;

Found Calculated

(at.%) (at.%)
Mn 31.2 £ 0.1 31.2
Ge 68.8 = 0.1 68.8

structure type was obtained by leaching out
the residual germanium by use of a HNO;
solution from the high-pressure products.
X-ray powder diffraction data and the
chemical composition of a sample with the
Mny,Si;g structure type obtained in this way
are listed in Tables I and II.

The crystal structure of defect-type disili-
cide compounds such as Mnj;Sijg possesses
tetragonal symmetry (Schoenflies symbol
D,,;) in which the unit cell consists of many
tetragonal pseudocells stacked along the c-
axis direction. From the results of X-ray
powder diffraction analysis, the number of
subcells stacked along the c-axis was esti-
mated to be three for the high-pressure
product of Mn;Ges. The analytical results
of chemical composition of the sample were
in good agreement with the calculated val-
ues for the chemical formula of Mns;Ges
(see Table II).

The crystallographic parameters of
Mn;Ges are listed in Table III along with
those of other defect disilicide type com-
pounds (10). Although the values of ¢ vary
in relation to the number of subcells, those
of ¢'/a are in the range of 0.79-0.83 for all
of these compounds. From the results of
thermal analysis, Mn;Ges was stable up to
300°C-and decomposed to MnGe, Mn;;Ges,
and Ge at 300-350°C under atmospheric
pressure,

The temperature dependence of the elec-
trical resistivity and thermoelectric power
of Mn;Ge; is shown in Figs. 3 and 4. Elec-
trical resistivity increased with increasing
temperature in the range of 80-200 K, and
was almost constant above 200 K. Thermo-
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TABLE III

CRYSTALLOGRAPHIC PARAMETERS OF DEFECT
DisiLICIDE-TYPE COMPOUNDS

Lattice parameters (nm)

Compound a c c’ c'la
Mn;Siyg 0.5518 4.814 0.4376 0.793
MnyeSiss 0.5515 11.336 0.4360 0.791
Mns5Siz 0.5525 6.555 0.4370 0.791
Mny;Siy; 0.5530 11.794 0.4368 0.790
Mn,Si; 0.5525 1.746 0.4365 0.790
Te,Si; 0.5737 1.810 0.4525 0.789
RhGays 0.5813 4.746 0.4746 0.816
Ir;Gag 0.5823 1.420 0.4732 0.813
Vi/Gey 0.591 8.365 0.4921 0.833
Cr;Geyg 0.580 5.234 0.4758 0.820
M013Gez3 0.5987 6.354 0.4888 0.816
Ru,Ge, 0.5718 0.924 0.4620 0.808
Ir,Ge; 0.564 1.824 0.4560 0.809
Mn;Ges® 0.5745 1.389 0.4630 0.806

2 Present work.

electric power was relatively large, 50-70
wV/K, and its sign was positive. These
results indicated that Mn;Ges was a p-type
degenerate semiconductor or a semimetal.

It was reported that MnSi,_, (0.250 = x =
0.273) was a p-type degenerate semicon-
ductor and its energy gap was 0.4-0.8 eV
(7). Mn3Ges was also expected to be a semi-
conductor, having a narrow energy gap, or
a semimetal.
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Fi1G. 3. Temperature dependence of electrical resis-
tivity of Mn;Ges;.
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F1G. 4. Temperature dependence of thermoelectric
power of Mn;Ges.

Summary

High-pressure synthesis of germanium-
rich manganese germanide with more than
50 at.% Ge was carried out using a Belt-
type apparatus. A new phase possessing
the Mn;Sijo-type structure was synthesized
at 800°C and 4 GPa.

The chemical formula of the present
phase was determined to be Mn;Ges from
the results of chemical analysis. The crys-
tallographic parameters of Mn;Ges are a =
0.5745 and ¢ = 1.389 (nm), which indicates
that its unit cell consists of three subcells
along the c-axis.

Thermal analysis data indicated that
Mn;Ge;s was stable up to 300°C and decom-
posed to MnGe, Mn;;Geg, and Ge at 300-
350°C under atmospheric pressure. From
the results of electrical property measure-
ments on Mn;Ges, it was found to be a p-
type conductor and it may possibly be a
degenerate semiconductor or a semimetal.
Its thermoelectric power was 50-70 uV/K
over the temperature range 80-300 K.
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