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Mn,_, 7. Ge, (7: Co, Fe) solid solution was synthesized at 6 GPa and 650-750°C using a belt-type high-
pressure apparatus. The crystal structure of the Mn,_ 7, Ge, solid solution is related to the 8-NiHg,
type. The following structural changes were observed in the Mn,_,Co,Ge, system: tetragonal (x = @)
to orthorhombic {0 < x < (.2) and orthorhombic to pseudotetragonal (0.2 < x = 0.4). Similar structural
changes were also observed at ) << x < 0.4 {tetra. — ortho.) and x = 0.4 (ortho.— pseudotetra.}) in
the Mn,_,Fe, Ge, system. These results indicate that the structural changes in Mn,_, 7, Ge, strongly
depend on the average valence electron number of the transition metal atoms, Mn,_,7,Ge, solid
solutions are itinerant electron ferromagnets and the Curie temperature decreases linearly with decreas-

ing unii-cell volume. © 1993 Academic Press, Ine.

Introduction

In the binary transition metal(T)-metat-
loid atom(X) system, a large number of in-
termetallic compounds have been synthe-
sized. Thesc intermctallic compounds have
various chemical compositions such as T; X,
X, I.X, TX, TX,, T,X;, and TX,({, 2).
The compounds containing less than 67 at.%
X atom are commonly formed in borides,
silicides, germanides, and pnictides, while
TX, compounds are mainly formed in bo-
rides and pnictides, and rarely in silicides
and germanides.

Recently, two new germanides, MnGe,
and CoGe,, were synthesized under high-
pressure/temperature conditions (3). The
crystal structures of MnGe, and CoGe, are
closely related to the B3-NiHg,-type struc-
ture; the unit celt of MnGe, is composed of
four B-NiHg,-type cells and that of CoGe,
is composed of eight 8-NiHg,-type cells.
MnGe, behaves like an itinerant-electron
fcrromagnet with a Curic temperature of
340 K. CoGe, is a Pauli paramagnetic metal.

In the presenat study, Mn,_, Co, Ge, solid
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solutions were synthesized under high-
pressurc/temperature conditions, and their
magnetic properties were investigated.
Mn,_, Fe Ge, solid solutions were also syn-
thesized and characterized in order to clar-
ify the influence of 3d electrons on crystal
structure and magnetic properties.

Experimental

Manganese, cobalt, iron powders
(=99.9% purity), and germanium powder
(>99.99% purity) were used as starting ma-
terials. These powders were mixed in the
atomic ratio Ge/(Mn,_,T,) = 4.5(T: Co, Fe)
and uniaxially pressed at 100 MPa 1o form
a pellet; the excess of germanium was added
to prevent the formation of germanide
phases with lower germanium contents. The
pellet was put into a cylindrical BN capsule,
which was placed in a carbon heater. The
assemblage was put into a cell constructed
with NaCl and subjccted to high-pressurc/
tecmperature conditions using a belt-type
high-pressure apparatus. The high-pres-
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sure/temperature treatment was carried out
at 6 GPa and 650-750°C for 2 hr, and then the
sample was quenched to room temperature
prior to the release of the applied pressure.
The high-pressure reaction was repeated
several times to obtain a well homogenized
single-phase sample.

The pellet thus obtained was pulverized
and the residual germanium was removed
by leaching with SN NaOH + 3% H,0, solu-
tions at room temperature,

The resulting phase was identified by X-
ray powder diffraction analysis using Ni-
filtered CuK« radiation. Lattice parameters
were determined by a least-squares method
using silicon (@ = 0.543088 nm) as an inter-
nal standard.

Magnetization and magnetic susceptibil-
ity were measured by a magnetic torsion
balance in a magnetic field of up to 10 kOe
in the temperature range 77-520 K.

Results and Discussion

1. High-Pressure Synthesis and
Crystal Structure

Mn,_,Co,Ge, solid solutions were syn-
thesized under 6 GPa and 700°C for 2 hr.
Single-phase solid solutions were obtained
in the composition range 0 = x = 0.4 and
0.7 = x = 1. The X-ray powder diffraction
patterns of the solid solutions were com-
pletely indexed based on B8-NiHg,-related
superstructures as indicated in Ref. (3). The
unit cell is composed of four 8-NiHg,type
cells {a = b = 2¢ =~ 2a,) in the composition
range 0 = x = 0.4 and eight 8-NiHg,-type
cells (@ = b = ¢ = 2qay) in the range 0.7 =
x = 1, where g, is the unit cell parameter
of cubic B-NiHg,-type cell.

Figure [ shows the variations of the lattice
parameters in the Mn,_, Co, Ge, system.
The crystal structure of MnGe, is body-cen-
tered tetragonal with lattice parameters a =
1.103(1) nm and ¢ = 0.5598(3) nm (3). The
unit cell is orthorhombically distorted (2¢ >
a > b) in the composition range 0 = x <
0.2, and pseudotetragonal (2c = a > b) in
the composition range 0.2 = x = (0.4. In the
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Fi1G. 1. Compositional dependence of lattice parame-
ters in the system Mn,_,Co,Ge,.

Co-rich region (0.7 = x = 1), the alloy is
isostructural with cubic CoGe,. All at-
tempts to prepare single-phase solid solu-
tions in the composition range 0.4 < x <
0.7 resulted in mixtures of pseudotetragonal
and cubic phases.

Mn,_ Fe Ge, solid solutions were syn-
thesized under 6 GPa and 700-750°C for 2
hr. Their X-ray powder diffraction patterns
were  completely indexed based on a
B-NiHg,-related type structure in the com-
position range 0 = x = 0.4. In the composi-
tion range x > 0.4, the products were mix-
tures of Mn,¢Fe, ,Ge,, FeGe,, and Ge.

The crystal structure of Mn,_,Fe Ge,
changed with iron concentration in a manner
similar to the structure of the Mn,_,Co,Ge,
system; the unit cell was orthorhombic in
the composition range 0 < x < 0.4, and
pseudotetragonal at x = 0.4,

Figure 2 shows the lattice constants of
Mn, T, Ge, (T: Co, Fe) solid solutions plot-
ted against the average valence electron
(3d + 45) number per transition-metal atom,
It is notable that the variation of the lattice
parameters in both solid solution systems
are quite similar and the structural change
occurs at an isoelectronic composition.
Such structural changes also occur in Mg-
based pseudobinary alloys with the Laves
structure (4-6). It was reported that the sta-
bilization of various stacking variants in
Laves phases strongly depends on the elec-
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age valence electron number of transition metal atoms
of Mn,_,7,Ge, (T: Co, Fe).

tron concentration of the constituent ele-
ments (6). Similarly, the present results
shown in Fig. 2 suggest that the crystal
structure of Mn, . T, Ge, is controlled by the
3d electron concentration, which indicates
that the itinerant character of the 3d elec-
trons plays at important role in determining
the magnetic properties in Mn, ,7,Ge,, as
discussed in the next section.
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F1G. 3. Magnetic field dependence of the magnetiza-
tion of Mn,_,Co,Ge, (at 78 K).
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F1G. 4. Temperature dependence of the magnetiza-
tion of Mn,_,Co, Ge,.

2. Magnetic Properties

The results of the magnetic measurements
for the Mn,_,7,Ge, (T: Co, Fe) systems are
shown in Figs. 3-8. Mn,_, T, Ge, solid solu-
tions exhibit a ferromagnetic behavior. The
saturation magnetization and the Curie tem-
perature monotonically decrease with in-
creasing content of the substituent metal.

Above the Curie temperature, the mag-
netic susceptibility follows the Curie-
Weiss-type relation My, My, + C/
(T — 8,), where M is the formula weight and
X 18 the temperature-independent magnetic
susceptibility.
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FiG. 5. Temperature dependence of the reciprocal
magnetic susceptibility of Mn,_,Co,Ge,.
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F1G. 6. Magnetic field dependence of the magnetiza-
tion of Mn,_ Fe, Ge, {at 78 K).
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F15. 7. Temperature dependence of the magnetiza-
tion of Mn,_ Fe Ge,.
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FiG. 8. Temperature dependence of the reciprocal
magnetic susceptibility of Mn;_, Fe, Gey.

The magnetic parameters of Mn,_, 7, Ge,
are listed in Table I. Here, gt is the paramag-
netic moment deduced from the following
relation: P2y = u(p. + 2) (7). The ratio p./
u, (Rhodes—Wohlfarth ratio) (7, 8), which
is the criterion for itinerancy of the
d-electrons, is also given in Table 1. The g/
i, ratio of Mn,_, T, Ge, is larger than unity
and the value increases with decreasing Cu-
rie temperature. Such tendency is a com-
mon feature of itinerant-electron ferromag-
net systems (8). It is generally known that
the p /u, ratio is equal to unity in ferromag-
nets with the localized magnetic moment
systems. From these results, it is concluded
that the 3d electrons in Mn,_, T, Ge, exhibit
itinerant character.

TABLE 1
MAGNETIC PARAMETERS OF Mn,_, T, Ge, (T: Co, Fe)

x pe (up) Pealieg) He (up) T TA(K) 9, (K)
7= Co

0 1.2 2.83 2.00 1.7 340 348

0.1 0.87 2.35 1.55 1.7 270 273

0.2 0.62 1.90 1.15 1.85 230 247

0.3 £0.43) 2.02 1.25 2.9 140 124
T = Fe

0.2 0.77 2.23 1.45 1.88 210 218

0.4 (0.43) £.83 1.09 2.51) 120 152

Note.u,: saluration magnetic moment; P number of effective Bohr magneton; p.; paramagnetic moment.
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Fic. 9. Magnetic moment per transition metal atom
as a function of the number of electrons in the outer
shell for Mn,_.7T,Ge, (T: Co, Fe). The dotted line corre-
sponds to the Slater—Pauling curve for 34 metals and
alloys.

The saturation magnetic moments (g,) of
Mn,_,T.Ge, are plotted in Fig. 9 as a func-
tion of the number of 3d + 4s electrons per
transition metal atom. The dotted line corre-
sponds to the Slater—Pauling curve for 34
transition metals and alloys. The magnetic
moment of Mn,_ T, Ge, changes with elec-
tron concentration by the ratio of 1ug/elec-
tron, in a manner similar to the right-hand
part of the Slater—Pauling curve. The data
points of the magnetic moment vs electron
number curve for the Mn,_ T, Ge, system
strongly shift to the left-hand side from
those of 34 metals and alloys. The magni-
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Fic. 10. Curie temperature of Mn,.,T,Ge, (T: Co,
Fe) as a function of the unit-cell volume.
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tude of the shift is equivalent to 2.5 elec-
trons. This shift can be explained if we as-
sume that germanium atoms donate 2.5
electrons (about 0.6 electrons per each ger-
manium atom) to the 34 band of the transi-
tion metal atoms in Mn,_,7T, Ge,.

A similar electron transfer was observed
in transition-metal borides, 7,B, 7B, TB, (9,
10}, and germanides, TGe ({1). In the boride
systems, each boron atom contributes about
1.7-1.8 electrons to the 3d band of the tran-
sition metal atom (/0). This electron contri-
bution is independent of crystal structure
and chemical composition. In contrast, ¢lec-
tron contributions strongly vary in the tran-
sition-metal/germanide systems: 0.7-1 elec-
trons/germanium in 7Ge with the B20
structure (/1), 4 electrons/germanium in
TGe, ,s~TGe, g with the defect-disilicide-
type structure (/2-14), and 0.6 electrons/
germanium in Mn,_ 7T Ge,. Such differ-
ences may be due to the difference in bond
nature originated in the metalloid character
of germanium atom.

Figure 10 shows the relation between Cu-
ric temperature and unit-cell volume of
Mn,_7,Ge,. The Curie temperature de-
creases linearly with decreasing unit-cell
volume; that is, the ferromagnetic interac-
tion strongly depends on the overlapping of
3d orbitals. This behavior is compatible with
the fact that the ferromagnetism in metals,
alloys, or intermetallic compounds is mainly
explained by direct exchange interaction, as
demonstrated by the Slater-Bethe curve
(43}
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