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New compounds RuMn;Z (Z=Si, Sn) have been synthesized. X-ray diffraction measurements have con-
firmed that RuMn,Z (Z=Si, Sn) crystallizes in a Heusler-like cubic structure. The lattice parameters of
RuMn,Si and RuMn,Sn at room temperature are estimated to be 5.8260 A and 6.2195 A, respectively.
Magnetization measurements have been carried out in fields up to 50 kOe for RuMn,Z (Z=Si, Sn). Fur-
thermore, the temperature dependence of initial permeability of RuMn,Sn has been studied. RuMn,Sn
shows ferrimagnetic behavior. The spontaneous magnetic moment at 5K and the Curie temperature
of RuMn,Sn are found to be of 1.68 wg/f.u. and 272.1K, respectively. RuMn;Si exhibits spin-glass-like
behavior with a freezing temperature estimated to be about 50 K.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Ferromagnetic shape memory alloys (FSMAs) with the L2
structure have attracted much attention due to their potential
application as smart materials [1,2]. They show a large magnetic-
field-induced strain by the rearrangement of twin variants in the
martensite phase [3]. Until now, several candidates for FSMAs
have been reported. Among them, the stoichiometric Heusler alloy
Ni,MnGa is the most studied system. Ni;MnGa has the cubic L24
Heusler structure at room temperature and orders ferromagneti-
cally ata Curie temperature of 365 K. On cooling below a martensitic
transition temperature of about 200 K, a superstructure forms [4]. A
number of investigations on Ni-Mn-Ga FSMAs have been described
in the literature because the Curie temperature and the martensitic
transition temperature can be tuned by changing the composition
of the constituent elements. Topics relating to Ni-Mn-Ga FSMAs
have been reviewed by Entel et al. [5] and Brown et al. [6] in recent
articles.

Recently, Liu et al. synthesized a new compound NiMn,Ga
which carries a magnetic moment of about 1.4 pg/f.u. at 5K[7]. The
Curie temperature was found to be 588K [7]. Furthermore, they
reported that NiMn;Ga exhibits a martensitic transition around
room temperature with a large hysteresis up to 50K and a lat-
tice distortion as large as 21.3%. They also observed an excellent
two-way shape memory behavior with a strain of 1.7% in a single
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crystal. Both experimental and theoretical studies made clear that
NiMn;Ga crystallizes in the Hg,CuTi-type structure (space group
F43m), which is different from the L2; structure with Fm3m space
group [8]. Simultaneously, Barman et al. discussed the martensitic
transition, ferrimagnetism and Fermi surface nesting using a first-
principles calculation [9,10]. Liu et al. investigated theoretically
and experimentally the electronic structures and magnetic prop-
erties of CoMn,Z (Z=Al, Ga, In, Si, Ge, Sn and Sb) compounds [11].
It was predicted that the compounds with Z=Al, Si, Ge, Sn and Sb
are half-metallic ferrimagnets. Experimentally, they successfully
synthesized the CoMn,Z (Z=Al, Ga, In, Ge, Sn and Sb) compounds
and confirmed that these compounds crystallize in the Hg,CuTi-
type structure instead of the conventional L2 structure. However,
there has been only a little amount of information on the magnetic
moments and the exchange interactions for XMn,Z (X = transition
element: Z=s, p element) compounds. In this paper, the structural
and magnetic properties of RuMn,Z (Z = Si, Sn) are examined exper-
imentally to gain deeper insight into the magnetic moments and the
exchange interactions of XMn,Z alloys.

2. Experimental

For the preparation of the specimens, powdered ruthenium (99.9%), manganese
(99.99%), silicon (99.9999%) and tin (99.99%) were mixed in the desired proportions
and sealed in evacuated silica tubes. For the preparation of RuMn,Sn, the mixture
was first heated at 1000 °C for 3 days and then quenched into water. To achieve a
high crystalline perfection, the reaction product was pulverized, carefully ground
and heated again at 1050 °C for 3 days. The reaction product was then reheated to
1100°C for 3 days and then quenched into water. For the preparation of RuMn,Si, the
mixture of constituents was first heated to 1100°C for 3 days. Thereafter the reac-
tion product was heated to 1100 °C for 3 days and then quenched into water. The
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observed X-ray diffraction patterns were analyzed using the Rietveld profile refine-
ment program. The temperature dependence of the initial permeability was mea-
sured using an ac transformer method in which the primary and secondly coils were
wound around a cylindrical sample of diameter ~ 1 mm and length ~ 10 mm. When
an ac current of a constant amplitude flows in the primary coil, the voltage induced
in the secondary coil is directly proportional to the initial permeability. Magneti-
zation measurements on each sample were made in magnetic fields up to 50 kOe
using a superconducting quantum interference device (SQUID) magnetometer.

3. Results and discussion

The Heusler L21-type structure is comprised of four interpen-
etrating fcc sublattices with A, B, C and D sites. The A, B, C and
D sites are located at (0, 0, 0), (1/4, 1/4, 1/4), (1/2, 1/2, 1/2) and
(3/4, 3/4, 3/4), respectively, as shown in Fig. 1. Fig. 2(a) shows the
experimental X-ray diffraction pattern at room temperature for a
powder sample of RuMn,Sn. All the experimental diffraction lines
can be indexed with the cubic structure. The sharp (2 2 0) peak con-
firms the presence of a single cubic phase. The lattice parameter a
of RuMn,Sn at room temperature was found to be 6.2195A. The
pattern in Fig. 2(b) was calculated using the L2 structure and the
experimental lattice parameter, with the A and C sites occupied
by the Mn atoms, and B and D sites occupied by Ru and Sn atoms,
respectively. We call this structure the L2;A-type. By exchanging
the Mn atoms at the C sites with the Ru atoms at the B sites, the
L21A-type structure changes into another ordered arrangement
with a different superstructure. The prototype of this structure is
the Hg,CuTi compound which has the F43m space group. Fig. 2(c)
shows the X-ray powder diffraction pattern calculated by assum-
ing the Hg, CuTi-type structure. We call this structure the XA-type.
The X-ray powder diffraction pattern of Fig. 2(d) was calculated
by assuming that Mn atoms and Sn atoms occupy B sites and D
sites, respectively, and that the other Mn atoms and Ru randomly
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Fig. 1. Crystal structure of the Heusler-type alloy.

occupy the A and C sites. This leads to the L2 structure though the
atomic arrangement is different from the L2 A-type structure. We
call this structure the L2;B-type. The intensity I of different lattice
diffraction line is proportional to the square of the structure factor,
F(hk1)? in which h, k and | are the Miller indices. For Heusler alloys,
F(111),F(200)and F(31 1), etc. correspond to the order-dependent
superlattice diffraction lines, whilst F(2 2 0) is an order independent
fundamental diffraction line. Therefore, the different superlattice
structures can be distinguished by comparing the intensity ratio
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Fig. 2. Observed X-ray powder diffraction pattern at room temperature of RuMn;Sn (a). Calculated X-ray powder diffraction pattern of RuMn,Sn for the L2, A-type crystal
structure (b), the XA-type crystal structure (c) and the L2, B-type crystal structure (d). The L2;A, XA and L2, B-type crystal structures are explained in the text.
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Fig. 3. Observed X-ray powder diffraction pattern at room temperature of RuMn,Si.

of the different diffraction lines as I(11 1)/I(2 2 0). The experimen-
tal results of I(111)/I(220),1(200)/1(220) and I(311)/I(220) are
in good agreement with those calculated for the L2 B- or XA-type
structure as shown in Fig. 2(c) and (d). It should be noted that the
values of I(111)/I(220) etc. are nearly comparable for the L21B-
and XA-type structure. Fig. 3 shows the experimental X-ray diffrac-
tion pattern at room temperature for a powder sample of RuMn,Si.
Most experimental diffraction lines were indexed using the fcc
cubic structure consistent with RuMn;Si also having the L21B- or
XA-type structure. The lattice parameter a at room temperature
of RuMn,Si was estimated to be 5.8260A. Liu et al. reported that
NiMn, Ga crystallizes in the XA-type structure [8] but they did not
consider the possibility of L21B order in their analysis of the X-ray
powder diffraction pattern. Recently, Brown et al. carried out high
resolution neutron diffraction measurements on NiMn,Ga [12].
They showed that the austenite phase of NiMn,Ga does not crys-
tallize in the XA-type atomic order proposed on the basis of the
X-ray measurements, but in the L21B-type crystal structure. Neu-
tron diffraction measurements will also be necessary to establish
the crystal structure of RuMn,Z (Z=Si, Sn).

The magnetization curve at 5K for RuMn,Sn is shown in
Fig. 4. The magnetization M at 5K is saturated in a field of about
5kOe, indicating that the magnetocrystalline anisotropy energy
of RuMn,Sn is small. The spontaneous magnetization at 5K for
RuMn,Sn was determined by the linear extrapolation to H/M =0 of
the M2 versus H/M curve. The magnetic moment was deduced from
the value of the spontaneous magnetization at 5K and was found
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Fig.4. Magnetization curve at 5 K of RuMn,Sn. The inset shows temperature depen-
dence of the magnetization M at 100 Oe for RuMn,Sn. The arrows with ZFC and FC
along the curves show the zero-field-cooling and field-cooling processes, respec-
tively.

25 T T T T

ZFC

—
W
T
1

M(emu/g)
=

H=1kO0e
0 SIO 160 15‘0 2(|)0 250 300 350
T'(X)

Fig. 5. Temperature dependence of the magnetization M at 1 kOe of RuMn,Sn. The
arrows with ZFC and FC along the curves show the zero-field-cooling and field-
cooling processes, respectively.

to be 1.68 wp/f.u. It should be noted that the magnetic moment
per formula unit at 5K of NiMn,Ga has a similar value of about
1.4 wg [7]. The inset in Fig. 4 shows the temperature dependence
of the magnetization M at 100 Oe for RuMn,Sn. As shown in the
figure, M decreases rapidly just below T¢ and takes a nearly con-
stant value with further rise in temperature. A linear extrapolation
of these two ranges was used to obtain a point of intersection which
was taken to define the Curie temperature. Using this method the
Curie temperature T¢ of RuMn;,Sn was found to be 272.1K. Fig. 5
shows the temperature dependence of the magnetization M in a
field of H=1 kOe for RuMn;Sn. In a zero-field-cooled process (ZFC),
a sample was first cooled to 5 K from room temperature under zero
magnetic field; at this temperature the magnetic field H (=1 kOe)
was applied and the magnetization was measured at this con-
stant field with increasing temperature up to 400 K. Then, without
removing the external field, the magnetization measurement was
made on decreasing temperature, i.e., field-cooled (FC). The behav-
ior of M(T) for RuMn,Sn is that of a typical ferrimagnet predicted
by molecular field theory on the basis of a localized model [13].
Ru,;MnZ (Z=Si, Ge, Sn and Sb) crystallize in the L2 A-type struc-
ture [14,15]. For Ru;MnZ (Z = Si, Ge, Sn and Sb), the Ru atoms occupy
the A and C sites whilst the Mn and Z atoms occupy the B and
D sites, respectively. These compounds exhibit antiferromagnetic
behavior with a Néel temperature that reaches room temperature.
The results of the neutron diffraction measurements for Ru,MnZ
(Z=Ge, Sn, Sb) indicate that these compounds have an antifer-
romagnetic type II (AF II) spin structure [16,17]. The AF II spin
structure is characterized by (11 1) planes in which the spins are
aligned ferromagnetically with adjacent planes coupled antifer-
romagnetically. Moreover, neutron diffraction measurements on
Ru,;MnZ (Z=Ge, Sn, Sb) have shown that only the Mn atoms carry
a magnetic moment with a value of about 4 . In order to exam-
ine the magnetic properties of Ru,MnZ (Z=Si, Ge, Sn, Sb), Ishida
et al. have calculated the electronic structures [18]. They estab-
lished the localized nature of the Mn moment in Ru,MnZ (Z = Si, Ge,
Sn, Sb). In the case of RuMn;Sn, the excess Mn atoms (Mnl) occupy
the A and/or C sites as shown in Fig. 1 even if RuMn,Sn crystal-
lizes in L21B- or XA-type structure as mentioned above. We call Mn
atoms on the B sublattice Mnll. It is expected that the hybridiza-
tion between the Ru and Mnll states is stronger than that between
the Ru and Mnl 3d states in RuMn;Sn because the nearest neighbor
distance (~2.7 A) between the Ru and Mnll atoms is shorter than
that (~3.1 A) between the Ru and Mnl atoms. The strong hybridiza-
tion pulls the Mnll 3d states below the Fermi energy Ep, resulting
in strong polarization and a larger moment of the MnlI atoms com-
pared to that of the Mnl atoms. Recently, Barman et al. studied
theoretically the electronic structure of NiMn,Ga using the full
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Fig. 6. Temperature dependence of the magnetization M at 1 kOe of RuMn;Si. The
arrows with ZFC and FC along the curves show the zero-field-cooling and field-
cooling processes, respectively.

potential linearized augmented plane wave method (FPLAPW) [9].
They reported that the local magnetic moment in the austenite
phase of NiMn;,Ga are —2.43,3.2,0.32 and 0.01 pg/f.u. for Mnl, MnlI,
Ni and Ga, respectively. The difference between the Mnl and Mnll
magnetic moments in NiMn,Ga may be attributed to the differ-
ence in hybridization between the Ni and Mnll 3d states, and the
Ni and Mnl 3d states. It is well known that exchange interactions in
Mn-based alloys and compounds depend strongly on the Mn-Mn
distance. Yamada et al. carried out a neutron diffraction measure-
ment of a-Mn [19]. On the basis of the localized moment model,
they discussed the dependence of Mn-Mn exchange interactions
on the interatomic distance. Yamada'’s proposition shows that the
nearest neighbor Mn-Mn exchange interaction has a minimum
(negative) value around the nearest neighbor Mn-Mn distance R of
2.5A and increases with increasing R for R>2.5 A. Kanomata et al.
suggested the interaction curve for the Heusler alloys containing
Mn atoms [20-22]. Recently, Sasioglu et al. studied theoretically
the pressure dependence of exchange interactions in the ferro-
magnetic Heusler alloy Ni;MnSn [23]. Empirical and theoretical
interaction curves indicate that the Mn-Mn exchange interaction at
short interatomic distance becomes negative. In the present study
we observed a magnetic moment of 1.68 g /f.u. at 5 K for RuMn, Sn.
This small magnetic moment per formula unit of RuMn,Sn may
be attributed to an antiferromagnetic coupling between the mag-
netic moments of Mnl and Mnll atoms, indicating that RuMn,Sn is
a ferrimagnet. This is consistent with the result of the temperature
dependence of the magnetization for RuMn,;Sn shown in Fig. 5.
Thus, the difference between Mnl and Mnll magnetic moments
is a key to the magnetic moment per formula unit of 1.68 pp for
RuMn,Sn.

Fig. 6 shows the temperature dependence of the magnetiza-
tion in 1kOe of RuMn,Si for ZFC and FC processes. As shown in
the figure, the magnetization for the ZFC process makes a broad
maximum at about 50 K. With decreasing temperature, the mag-
netization decreases steeply. On the other hand, in the case of the
FC process, the magnetization is almost constant below about 50 K.
This behavior is typical for a spin-glass-like magnet with a freezing
temperature T¢ of about 50 K. Above T; the magnetization decreases
withincreasing temperature but exhibits an anomaly around 300 K.
Fig. 7 shows the magnetization curves of RuMn,Si for 5 < T<330K
and in magnetic fields up to 50 kOe. As seen in the figure, the mag-
netization increases linearly with increasing applied field. From
5K to 270K a small ferromagnetic component can be observed in
the magnetization curves. Thus, the anomaly at about 300K in the
M versus T curves of Fig. 6 is due to the contribution of a small
amount of ferromagnetic impurity in RuMn;Si. We determined the
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Fig. 7. Magnetization curves at various temperatures for RuMn,Si. The inset shows
the temperature dependence of the reciprocal susceptibility 1/, for RuMn,Si.

temperature dependence of the magnetic susceptibility xg for
RuMn,Si from the slope of the magnetization curves in Fig. 7. The
observed 1/xg versus T curve is shown in the inset in Fig. 7. Above
about 100K the curve follows a Curie-Weiss law. From this result,
the paramagnetic Curie temperature 6, and the effective param-
agnetic moment peg were determined to be —36 K and 3.0 pg/f.u.,
respectively. In the case of RuMn,Si, the value of the paramagnetic
Curie temperature is negative, indicating that the antiferromag-
netic interaction is a predominant exchange interaction. It is not
clear why RuMn,Si exhibits spin-glass-like behavior.

4. Summary

New compounds RuMn,Si and RuMn,Sn were synthesized in
this study. X-ray measurements on RuMn;Si and RuMn,Sn have
confirmed that these compounds have the Heusler-like cubic struc-
ture. The lattice constants of RuMn,Si and RuMn,Sn at room
temperature are 5.8260A and 6.2195A, respectively. RuMn,Sn
shows the ferrimagnetic behavior. The Curie temperature and the
magnetic moment per formula unit at 5K of RuMn,Sn are found
to be 272.1 K and 1.68 g, respectively. RuMn,Si exhibits the spin-
glass-like behavior. The freezing temperature is found to be about
50K.
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