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Abstract. The electronic structures of the ternary alloys Ru-MnZZ= Si, Ge and Sh

were calculated to examine the relationship between the magnetic properties and the atomic
configurations. It will be shown that two types of antiferromagnetic phase are stable for
three types of configuration of those alloys, where the Mn magnetic moments are aligned
ferromagnetically in the (100) (or (111)) plane and antiparallel along the [100] (or [111])
direction. It will also be shown that Ru-Mn-Z = Si and Ge& can be half-metallic in a
ferromagnetic phase.

1. Introduction

Most of the Heusler alloys with the L2crystal structure are ferromagnets if they are
magnetic at all. Recently, new Heusler alloys,RnZ (Z = Si, Ge, Sn and Sb) were
prepared by Kanomatat al (1993), and Gototet al (1995) showed from the neutron
diffraction patterns that RMnGe and RgMnSb exhibit antiferromagnetic ordering. The

Mn atoms are the only carriers of the magnetic moment in the antiferromagnetic ordering
and the moments align along the [111] axis. The electronic structures of these alloys were
calculated and it was theoretically predicted that the observed antiferromagnetic order is
stable (Ishideet al 1995).

Kanomata (1995) also prepared the ternary alloys Ru—Mn-Z &, Ge and Sn) and the
crystal structure was determined to be the-Gbe crystal structure. This structure is closely
related to the L2 structure; one site of two Ru sites of fMdnZ is vacant in the structure
of RuMnZ. Gotoh (1995) also showed from a neutron diffraction experiment on Ru—Mn-Si
that the observed magnetic order is the same as that gflRBe and RyMnSb—that is,
antiferromagnetic order. However, atomic disorder was observed in the sample used, where
fifty per cent of the Mn atoms were replaced by Ru atoms. The temperature dependence
of the magnetic susceptibility was also measured and it was found that the values below
the Neel temperature were sensitive to the heat treatment conditions. We guess from the
features that some atomic configurations mix in the sample.

In this situation, it is interesting to examine how the atomic configurations affect the
magnetic properties of Ru-Mn-Z (Z Si, Ge and Sn). Three atomic configurations are
possible for the Gistructures. We calculated the electronic structures of Ru—-Mn—Z &,

Ge and Sn) for these configurations and will discuss the relationship between the magnetic
properties and the atomic configurations on the basis of the electronic structures obtained.
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Table 1. The atomic sites for the four magnetic phases in the XYZ-type configuration.

Phase Name Atom Atomic site
f 4a Y (0,0,0)
g216 4b Z (1/2,1/2,1/2)
F43n  4c X (1/4,1/4,1/%)
Cl, ad Empty (3/4,3/4,3/4)
afl 2a Y(1) (0,0,0), (1/2,1/2,0
9113 2c Y(2) 0,1/2,z2),(1/2,0, —z2) z7=1/2
P42;m  2b Z(1) (0,0,1/2), (1/2,1/2,1/2)
2c Z(2) 0,1/2,z2),(1/2,0, —z) z=0
4e X (x,x+1/2, =2), (=x, —x +1/2,2) x=1/4,z =3/4

(x+1/2, —x, —2), (=x +1/2,x, —2)
de Empty  (xr,x+1/2, —2), (—x,—x+1/2,z7) x=23/4,z=1/4
(x+1/2, —x,—2), (—x +1/2,x, —2)

af2 (0,0,0)+, (2/3,1/3,1/3)+, (1/3,2/3, 2/3)+
gl60  3a Y(1) (0,0,z) z=0
R3m 3a Y(2) 0,0,z) 7=1/2
9b Z(1) (x, =x, 2), (x, 2x, 2), (=2x, —x, 2) x=2/3,z=1/12
9b Z(2) (x, —x,2), (x, 2x, 2), (=2x, —x, 7) x=1/3,z7 =11/12
9b X(1) (x, —x,2), (x,2x,2), (—2x, —x, 2) x=2/3,z=23/24
3a X(2) 0,0,2) :=1/8
9b Empty(1) (x, —x,2), (x,2x,2), (=2x, —x, 2) x=1/3,z =1/24
3a Empty(2) (0,0, 2) 1 =7/8
af3 4a Y(1) (0,0,0), (1/2,0,3/4)
gl22  4b Y(2) (0,0,1/2), (1/2,0,1/4)
1424 8c z 0,0,2),(0,0,-z),(1/2,0,—z +3/4) z=1/4
(1/2,0,z 4 3/4)
8d X (x,1/4,1/8), (—x, 3/4,1/8) x=1/4
(1/4, —x,7/8), (3/4,x,7/8)
8d Empty  (x,1/4,1/8), (—x, 3/4,1/8) x=3/4

(1/4, —x,7/8), (3/4,x,7/8)

2. Crystal structure and the method of calculation

The crystal structure of Ru—Mn-Z alloys is of thegd§pe, where one atomic site is vacant

in two Ru atomic sites of the Li2type RyMnZ. In this calculation, an empty lattice is
placed on the vacant site. As described already, fifty per cent of the Mn atoms are replaced
by Ru atoms in the sample used for the experiment. Thus, there is the possibility that the
magnetic Mn atoms are in some different circumstances and affect the magnetic properties
of Ru—-Mn—Z. Here, three types of atomic configuration (XYZ, YXZ and ZYX types) are
considered; these are shown in figure 1. The Mn atoms are surrounded by four nearest Ru
atoms in RuMnZ (XYZ type), by four Ru and four Z atoms in MnRuZ (YXZ type) and

by four Z atoms in ZMnRu (ZYX type). In the following description, we distinguish the
chemical formulas of RuMnzZ, MnRuZ and ZMnRu that represent the ternary alloys in the
different atomic configurations. When we do not distinguish the configuration, the alloy
is described as ‘Ru—Mn-Z’. We also consider four magnetic phases to examine a stable
magnetic phase—that is, a ferromagnetic (f) and three antiferromagnetic phases (af1, af2
and af 3). The configurations of Mnh magnetic moments in these magnetic phases are shown
in figure 2. The af1 and af2 phases are characterized by alternating ferromagnetic planes
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Y X 7 ¥ Figure 1. The crystal structure of the ternary alloy X-Y-Z of
C1, type for three types of atomic configuration.
ferro afl
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Figure 2. The configuration of the Mn magnetic moment in Ru-Mn-Z. The ferromagnetic
configuration is indicated by ferro and the three types of antiferromagnetic configuration by af 1,

af2 and af3.

of up and down moments perpendicular to the [100] and [111] directions, respectively. In
the af3 phases, adjacent moments along two of the cube edges are aligned parallel and
along the other are aligned antiparallel. The numbers of space groups for the f, af1, af2
and af3 phases are assumed to be 216, 113, 160 and 122 int¢heational Tables for
Crystallography(Hahn 1983). The atomic sites and the positional parameters are listed in
table 1 for the XYZ configuration, where X and Y atoms correspond to Ru and Mn atoms
and the empty lattice is indicated as ‘empty’. In the antiferromagnetic phases, the Mn atoms
with up and down moments are distinguished by Y(1) and Y(2). The X and Z atoms and the
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empty lattice are also distinguished as X(1), X(2) etc when their circumstances are different
because of the directions of the Mn moments.

The energy eigenvalues were determined by the LMTO-ASA method in the non-
relativistic approximation (Andersen 1975, Andersen and Jepsen 1984, Andéeedei985,
Skriver 1984) and the exchange—correlation potentials were treated within the framework
of the LSD approximation (Janait al 1975). The combined correction term was neglected
and the energies and eigenvectors are correct to third orderdf, which is the difference
between the exact and fixed energies. Considering that the volumes of the primitive cells
for the af1, af2 and af3 phases are 4, 2 and 4 times larger than that for the f phase, we
chose 2048, 512, 1385 and 5k2mesh points in the Brillouin zones for the f, af1, af2
and af 3 phases, respectively. We prepared several sets of the radii of the atomic spheres to
find reasonable equilibrium lattice parameters and the following was finally used: the ratio
of the radii iSRgy:Ruyn:Rz:Remp = 1.05:10:1.06:095 for Z = Si, =1.06:10:1.09:095 for
Z = Ge, and=1.29:10:1.06:095 for Z = Sn. The radii used here produce reasonable
results for the lattice constant as seen later. The maximum angular momenta to describe
the valence states were chosen tolhg = 2 for all of the atoms. The density of states
was determined by the tetrahedral integration method (Lehreaah1970, Lehmann and
Taut 1972, Jepsen and Andersen 1971, Rath and Freeman 1975).

Table 2. The lattice constant and the Mn magnetic moment of the ternary alloy Ru-Mn-Z for
the four magnetic phases in the three atomic configurations.

. Lattice constant/o{) Moment on Mn {4 p5)
Magnetic
Ru-Mn-Z phase ZSi Z=Ge Z=Sn Z=Si Z=Ge Z=Sn
XYZ type f 5.77 5.87 6.27 1.38 157 4.00
afl 5.82 5.93 6.25 2.56 3.02 3.86
af2 5.84 5.95 6.26 2.75 3.20 3.93
af3 5.81 5.93 6.25 2.40 2.96 3.85
ZYX type f 5.85 5.95 6.10 3.53 3.69 3.72
afl 5.84 5.95 6.10 3.41 3.72 3.73
af2 5.85 5.94 6.10 351 3.70 3.74
af3 5.84 5.95 6.10 3.42 3.70 3.74
YXZ type f 5.80 5.90 6.29 0.19 0.37 2.78
afl 5.84 5.94 6.27 1.67 2.08 2.73
af2 5.82 5.94 6.29 1.20 1.98 2.79
af3 5.83 5.99 6.28 1.45 2.25 2.77
Experiment  af2 5.851 5.978 6.219

3. Total energy and the ground magnetic phase

The total energies for Ru—-Mn—Z (Z Si, Ge and Sn) were calculated as functions of the
lattice constant and are shown in figure 3. The four marked curves distinguish the f, af 1,
af2 and af 3 phases in the three types of atomic configuration. It is found from the figures
that the stable configuration is of the XYZ type for the cases whete &i and Z= Ge

and of the ZYX type for the case where=ZSn, and the stable magnetic phase is the afl
phase for the XYZ and YXZ types and the af2 phase for the ZYX type. The af2 phase
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Figure 3. The lattice constant dependence of the total energy per formula unit for Ru—-Mn-Si,
Ru-Mn-Ge and Ru—Mn-Sn. Squares, triangles, diamonds and circles correspond to the f, af1,
af2 and af 3 phases.

was observed for Z Si but the sample is not in a single-phase structure (Gotoh 1995).
The theoretical values of the lattice constant were determined so as to minimize the total
energies. The values are listed in table 2 and are compared with the experimental values.
The theoretical value is slightly smaller than the observed values for the f phase but their
agreement is reasonable for the af1, af2 and af 3 phases. In the next section, we will look
at the density of states (DOS) for the theoretical lattice constants.

4. The ferromagnetic phase of Ru—-Mn-Sn

We first investigate the (DOS) of a ferromagnetic phase of Ru—Mn—Sn and examine the
effect of the atomic configuration on the magnetic properties. Since the Mn atom is the
main carrier of the magnetic moment of the alloys, the local DOSs are shown only for Mn
d states in figure 4, where from the top to the bottom the panels are for RuMnSn, MnRuSh
and SnMnRu. The DOS curves of up (majority) spins and down (minority) spins are drawn
as full and dashed lines, respectively, and the Fermi level as a vertical line.

Since the Mn atom in SnMnRu is surrounded by four nearest Sn atoms, the interaction
between Mn and Ru atoms is considered to be the smallest among the three atomic
configurations. As seen at the bottom of figure 4, the local DOS of Mn d states shows
that the d bands of the two spin states are widely separated and this separation produces a
large magnetic moment at Mn sites (34g). Although the separation between the DOSs
of the two spin states is also seen for Ru and Sn (not shown here), their magnetic moments
are negligibly small because the numbers of occupied states are nearly equal for the two
spin states. The valence states of the Mn, Ru and Sn atoms have peaks in the DOS at the
same energy values. This suggests that the valence states hybridize with each other.

Since the Mn atom in RuMnSn is surrounded by four nearest Ru atoms, the hybridization
between the d states of Mn and Ru becomes stronger as compared with that in SnMnRu and
the hybridizing energy ranges are different. Therefore, the DOSs of RuMnSn are different
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Figure 4. The local DOS curves of the Mn d states in RuMnSn, MnRuSn and SnMnRu for
a ferromagnetic phase. The full and dotted curves show the DOSs of up-spin and down-spin
states, respectively. The Fermi level is shown by vertical lines.

from those of SnMnRu. It is characteristic that there is a peak just above the Fermi level
in the DOS of the down-spin state. Since the peaks are unoccupied, the moment on the Mn
atom is larger (4.Qug) in RuMnSn than in SnMnRu.

In MNRuSn, the Mn atom is surrounded by four Ru and four Sn atoms. Therefore,
the interaction between the valence states of the Mn atom and the neighbour atoms is the
strongest among those of SnMnRu, RuMnSn and MnRuSn. The characteristic of the DOS
of MnRuSnh is that there is a peak nea.075 Ryd in the DOS of the down-spin state of
Mn. The valence states of Mn, Ru and Sn hybridize well in this energy range. Since the
peaks of the down-spin state are below the Fermi level, the magnetic moment on the Mn
atom is the smallest (2.7853) among those of the three atomic configurations.

As described above, the Mn d bands are sensitive to the surroundings, and the
magnitudes of the magnetic moment are fairly different in the different atomic configurations
of Ru—Mn-Sn.

5. The antiferromagnetic phase of Ru—Mn-Sn

We next look at the DOSs of three antiferromagnetic phases of Ru—-Mn-Sn. Those of
RuMnSn for the afl, af2 and af 3 phases are compared in figure 5. Comparing the DOS
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Figure 5. The local DOS curves of the Mn d states of RuMnSn for af1, af2 and af 3 phases.

shapes of the f and af 1 phases of RuMnSn, we find that the sharp peak of the down-spin state
just above the Fermi level in the f phase (at the top of figure 4) is not seen in the af 1 phase
(at the top of figure 5). The sharp peak in the f phase comes from the hybridization between
the d states of the Mn and Ru atoms. In the af1 phase, the Ru atoms are nonmagnetic due
to the symmetry, and the DOSs of the Ru atom are not separated but are equivalent for
the two spin states. Therefore, the d states of the Mn and Ru atoms hybridize in different
energy ranges for the f and the afl phase. As a result, the sharp peak of the down-spin
state becomes a low hump and the energy gap near 0.075 Ryd disappears in the af 1 phase.
In the af 3 phase, the Ru and Sn atoms are also nonmagnetic because of the symmetry. In
the af2 phase, the Mn atom is surrounded by two types of Ru atom that have antiparallel
magnetic moments (the magnitudes are smaller than ©505 Thus, the valence states of

the neighbours of the Mn atom are different for different magnetic phases and affect the
DOS of the Mn atoms. The antiferromagnetic DOS curves of Mn are fairly different in
detail from the ferromagnetic ones but the general features are similar for the af1, af2 and
af 3 phases.

Although the DOSs are not shown here for SnAMnRu and MnRuSn, their characteristics
are as follows. As described for the case of the f phase, since the Mn atom in SnMnRu is
surrounded by four nearest Sn atoms, the influence of the neighbours is the smallest among
those of the three atomic configurations. Therefore, the DOS shapes of the afl, af2 and
af 3 phases are not so different from those of the f phase. The values of the Mn magnetic
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moments in those antiferromagnetic phases are nearly equal to thaj(g). 72 the f phase
as seen in table 2.

In MnRuSn, the Mn atoms are mostly affected by the neighbours among the three
atomic configurations. As compared with the ferromagnetic DOS, a sharp peak near the
Fermi level disappears in the DOS of the up-spin state. However, the characteristic peak
near—0.075 Ryd is also seen in the DOS of the down-spin state for the antiferromagnetic
phases. The Mn magnetic moments are nearly the same for the four magnetic phases as

seen in table 2.

6. Comparison between the electronic structures of Ru—-Mn-Z (Z Si, Ge, Sn)

In the previous sections, we looked the characteristics of the DOSs in the different atomic
configurations and the different magnetic phases for the alloy Ru—Mn-Sn. In the following,
we study the changes in the DOSs and magnetic properties due to replacing Sn by Si or
Ge.

ferro Mn(d)

40 RuMnSi
30
20

10

T T T T T

oo

401 MpRusi
30 |

20 1~
10

States/ (Ryd atom spin)

40 - SiMnRu
30 —
20 -

10 i~

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6

ENERGY (Ryd)

Figure 6. The local DOS curves of the Mn d states in Ru—Mn-Si for three atomic configurations
of XYZ, ZYX and YXZ types.

We listed the theoretical and experimental values of the lattice constants in table 2.
Comparing these values, we notice that the lattice constant and the Mn magnetic moment
become larger in the order of Z Si, Ge and Sn for all of the configurations of XYZ, ZYX
and YXZ types. To examine the cause of this, we compare the ferromagnetic DOSs for
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the case of Z= Si with those for Z= Sn in figure 4. The DOSs for the case ofZSi

are shown in figure 6 for the three configurations. For the case of the large lattice constant
(Z = Sn), the DOSs of the two spin states are widely separated. As the lattice constant
becomes small (£ Si), the d electrons of Mn become more itinerant, the d bands widen
and the overlap between the two spin bands increases. This tendency is strong for the YXZ
type where the effect of the neighbours is strong (the middle of figures 4 and 6) and weak
for the ZYX type where the effect of the neighbours is weak (the bottom of figures 4 and
6). In the XYZ and YXZ types, the difference of the lattice constants between the cases
where Z= Sn and Z= Ge is two times larger than that between the cases whereGeé

and Z= Si. Therefore, the changes in the DOSs and the magnetic moments are larger for
the former replacement than for the latter replacement and the DOSs of Ru—-Mn—-Ge are
similar to those of Ru—Mn-Si.

RuMnSi
0.4

:; 0.3+ 4
Z o=
; 0.1F < - .
P Sy

2, < ~

Energy(Ryd)

Figure 7. The energy dispersion curves of the down-spin state for RuMnSi, RuMnGe and
RuMnSn for the theoretical lattice constant. The Fermi level is shown by a horizontal line in
each panel.

The values of the magnetic moments on the Mn atoms are also listed in table 2 for
the antiferromagnetic phases. The moments in each configuration of Ru—Mn—Sn are nearly
equal for the four magnetic phases. This is also true for the cases whereS¥Zand
Z = Ge in the ZYX type where the Mn atom has no nearest Ru atom. On the other hand,
the moments in the different magnetic phases are different for the cases whe& @nd
Z = Ge in the XYZ and YXZ types where the Mn atom has nearest Ru atoms. These
features suggest that the hybridization between the d states of Mn and Ru atoms becomes
so strong that it affects the magnetic moment for lattice constants smallen taah2 A.
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7. Half-metallic alloys

We reported that among the alloys fMnZ (Z = Si, Ge, Sn and Sb), the alloys with
Z = Si and Z= Sb can be half-metallic in the f phase, though they are not so in the stable
af2 phase (Ishidat al 1995). That is, in a ferromagnetic phase,,RnZ (Z = Si and
Sb) shows normal metallic behaviour for the up-spin state while at the same time being a
semiconductor for the down-spin state. We also examine for thetype alloys whether
they can be half-metallic or not.

To clarify this, we examined the energy dispersion curegj-curves) near the Fermi
level at the theoretical lattice constant. It was found that an energy gap is not found in the
YXZ type and two energy gaps are found at around 0.1 Ryd and 0.2 Ryd below the Fermi
level in the ZYX type but the alloys of this type are not half-metallic. On the other hand,
there is a possibility that they are half-metallic for the XYZ type among the three atomic
configurations. TheE (k)-curves in the XYZ configuration are shown in figure 7 for the
down-spin state of RuMnZ (& Si, Ge and Sn). The Fermi level shown by a horizontal
dotted line touches the bottom of the conduction band for RuMnSi and the top of the valence
band for RuMnGe. The energy curves cross the Fermi level for RuMnSn. There is no energy
gap in the energy bands of the up-spin state as seen in figure 4. These facts suggest that
RuMnSi and RuMnGe may be half-metallic owing to the changing circumstances. When we
changed the lattice constant from the theoretical value+05.8 A, the Fermi level moved
in the energy gap and they were confirmed as being half-metallic. Thus, our results suggest
that RuMnZ (Z= Si and Sb) in the f phase can be half-metallic neat 5.8 A, which
is slightly smaller as compared with the experimental value=(5.851 A for RuMnSi,
a = 5.978 A for RuMnGe).

8. Summary

The electronic structures of the ternary alloys Ru—Mn-Z<8i, Ge and Sn) were calculated
to examine the relationship between the magnetic properties and the atomic configurations.
The alloys have the Glcrystal structure where three types of atomic configuration are
possible. According to our results, the most stable atomic configuration is of the XYZ type
for the cases where Z Si and Z= Ge and of the ZYX type for the case where=ZSn,
and the most stable magnetic phase is the af1 phase for the XYZ and YXZ types and the
af2 phase for the ZYX type. The magnitude of the magnetic moment on the Ru atom is
negligibly small but the moments on the Mn atoms are large and depend on the atomic
configuration and the magnetic phase as shown in table 2. These features come from the
difference in hybridization between the Mn d states and the valence states of the neighbours
and are clearly reflected in the Mn DOS. For RuMnSi, the af2 phase was observed by a
neutron diffraction experiment but at the same time the atomic disorder was confirmed in
the sample used. The observed magnetic susceptibility strongly depends on the conditions
of the sample preparation. Considering these facts, we guess that the atomic configurations
considered in this paper may mix in the samples used for the experiments and the different
magnetic states were observed for the different samples. We expect that further experiments
will be carried out for the single-phase samples and our results will be useful for the analysis
of the experimental results.

It was also found that RuMnZ (Z Si and Ge) in the ferromagnetic phase can be
half-metallic for lattice constants slightly smaller than the experimental value.
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