PHYSICAL REVIEW B 75, 024414 (2007)

Anomalous volume expansion in CaRu,gsFe, ;503: Neutron powder diffraction and magnetic
Compton scattering
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Neutron powder diffraction and magnetic Compton scattering measurements were conducted for ferromag-
netic CaRu gsFe( 1505 at temperatures between 10 and 300 K. Anomalous volume expansion was observed in
the neutron diffraction measurement below the Curie temperature (85 K), and Invar-like behavior was ob-
served below 40 K. However, no structural phase transition was observed down to 10 K. The strong correlation
between the volume expansion, AV, and the square magnetization, M?, suggests that the anomalous volume
expansion is due to the magnetovolume effect that is caused by the occurrence of ferromagnetism. The
magnetic Compton scattering experiments revealed the existence of a magnetic moment on Ru and the anti-
ferromagnetic configuration of Fe and Ru moments. The formation of a ferrimagnetic order through the
induction of the magnetic moment on the Ru ion is a possible reason for the anomalous volume expansion

observed for CaRug gsFe( 1505.

DOLI: 10.1103/PhysRevB.75.024414

I. INTRODUCTION

Orthorhombic ruthenates, ARuO; (A=Sr or Ca), have at-
tracted renewed interest since the discovery of superconduc-
tivity in Sr,Ru0,.! Although both of these oxides have the
same crystal structure and metallic conductivity, they exhibit
considerably different magnetism; SrRuQs is an itinerant fer-
romagnet with the Curie temperature, T, at 160 K,
whereas CaRuOj; is an itinerant paramagnet.>° In spite of
their close crystallographic characteristics, the contrastive
magnetic properties between SrRuO; and CaRuO; are quite
surprising. It is well known that the lattice distortion of
CaRuOj is considerably larger than that of SrRuO5,” and the
large rotation of the RuOg4 octahedron in CaRuOj5; has been
considered as a possible reason for the difference in the mag-
netic properties between SrRuO; and CaRuO;. The band
structure calculation for ARuO; (A=Sr, Ca) supports the im-
portance of the structural distortion.®° Kiyama et al. ob-
served through an x-ray diffraction measurement that the In-
var effect occurred in SrRuO; below T.'° The occurrence of
the Invar effect suggests that the 4d electrons are itinerant in
SrRuO; and play an important role in causing ferromag-
netism, such as that of ZrZn,. On the other hand, CaRuO;
retains the same crystalline structure down to 12 K, and no
anomaly was observed in the temperature dependence of the
unit-cell volume, suggesting that only the phonon plays a
principal role in the thermal expansion of CaRuO;.!!"!2

Recently, it was reported that ferromagnetism occurs in
CaRuO; for a very small substitution of magnetic or non-
magnetic ions to the Ru site.”>!> In particular, ferromag-
netism occurs for a very small substitution (~5 %) of iron or
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manganese ion. Similar ferromagnetic behavior was also ob-
served for the substitution of nonmagnetic ions, such as Rh,
Pb, or Sn. These observations suggest that CaRuOj; is an
oxide on the verge of the ferromagnetic order. If the ferro-
magnetism of CaRu,_ M O3 (M r =magnetic or nonmagnetic
ions) occurs for the same reason as it does in SrRuOj, it is
quite possible that the Invar effect occurs in the ferromag-
netic CaRu,_,MOs. In this study, neutron powder diffraction
measurements were carried out for CaRug gsFej 1505 at tem-
peratures between 10 and 300 K using the time-of-flight
(TOF) method in order to investigate the relationship be-
tween the lattice distortion and the magnetic order. In addi-
tion, a Compton scattering experiment was utilized to cor-
roborate our hypothesis.

II. EXPERIMENTAL DETAILS

A polycrystalline specimen of CaRuggsFe( 505 was pre-
pared by the conventional solid-state reaction method using
high-purity powder of CaCO3 (99.9%), Fe,03 (99.9%), and
Ru (99.9%). An appropriate amount of the reagents was
mixed in an agate mortar, and the mixture was fired at
900 °C in air for 24 h. After the mixture was reground and
pelletized, final sintering was performed at 1200 °C for
3 days in air.

The chemical composition and homogeneity of the speci-
men were characterized by electron-probe microanalysis
(EPMA) using wavelength-dispersive spectrometers. Prior to
the neutron diffraction measurements, the crystal structure
and quality of the sample were examined using x-ray powder
diffraction with Cu K« radiation. Neutron powder diffraction
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FIG. 1. Temperature dependence of the magnetization measured
for CaRu;_,Fe, 03 (x=0, 0.04, 0.10, 0.15) at 1 kOe and the recip-
rocal susceptibility, x~' (solid circles), for CaRuy gsFe 150s.

measurements were carried out using a TOF neutron powder
diffractometer (Vega) at the Neutron Science Laboratory
(KENS) of the High Energy Accelerator Research Organiza-
tion (KEK).'6 The diffraction data were collected at tempera-
tures between 10 and 300 K. The structural parameters of
CaRu, gsFeg ;505 at each temperature were refined using the
Rietveld method with the RIETAN-2001T program!” devel-
oped for Vega. The magnetic properties were characterized
using a superconducting quantum interface device (SQUID)
magnetometer at a temperature range between 5 and 300 K.

The magnetic Compton scattering experiment'® was car-
ried out at 10 K under an applied field of 2.5 T using the
beam line BLOSW of SPring-8. The overall momentum reso-
lution was 0.57 atomic units (au.: 1 au.=1.993
X 1072* kg m/s). The total spin moment was assigned for the
magnetic Compton profile (MCP) by comparing that of an Fe
metal standard sample observed at room temperature. The
theoretical profiles of the Ru 4d and Fe 3d electrons were
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FIG. 2. Neutron powder diffraction profiles and the results of
refinement for CaRuggsFeq 505 at 10 and 300 K. The vertical
marks below the profile indicate the positions of Bragg reflections.

obtained by an ab initio-restricted Hartree-Fock (RHF) mo-
lecular orbital calculation performed for RuOg and FeOgq
clusters using the GAMESS program.'® The structural pa-
rameters determined by the present neutron diffraction were
used for the calculation.

III. RESULTS AND DISCUSSION

All samples were confirmed to be phase-pure by x-ray
powder diffraction. Figure 1 shows the temperature depen-

TABLE I. Results of the Rietveld refinement of the neutron diffraction data obtained for CaRuy gsFe( 1505
at 10 and 300 K. B is the isotropic atomic displacement parameter.

T=10 K

Atom Site g x y z B (A?)

Ca 4c 1 0.9456(1) 1/4 0.0115(2) 0.214(2)
Ru, Fe 4b 1 0 0 1/2 0.036(1)
o(1) 8d 1.007(2) 0.2028(1) 0.4534(1) 0.1992(1) 0.230(1)
0oQ2) 4c 0.99(2) 0.0254(1) 1/4 0.5901(2) 0.222(2)
Ryp=4.57, R,=3.55, R.=3.05, §=1.49, R;=0.98, Rx=0.56

T=300 K

Atom Site g X y z B (A%

Ca 4c 1 0.9486(1) 1/4 0.0106(3) 0.651(2)
Ru, Fe 4b 1 0 0 1/2 0.259(1)
o(1) 8d 1.007(2) 0.2032(1) 0.4546(1) 0.2003(1) 0.516(1)
0(2) 4c 0.99(2) 0.0245(1) 1/4 0.5888(1) 0.490(2)

Ryp=4.25, R,=3.18, R,=2.02, S=2.1, R;=0.79, Rp=0.54
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FIG. 3. Temperature dependence of the refined lattice param-
eters (a) a, (b) b, and (c) ¢, and (d) unit cell volume obtained for
CaRu gsFe( 1503. The dotted line in (d) indicates the unit cell vol-
ume calculated by the Debye model. AV is the difference between
the experimental and the calculated unit cell volumes.

dence of the magnetization measured for specimens of
CaRu,_,Fe, O3 (x=0, 0.04, 0.10, 0.15) under an applied mag-
netic field of 1 kOe and the reciprocal magnetic susceptibil-
ity, x~!, for the CaRu, ¢sFe, ;sO5 specimen. When Ru is re-
placed by Fe, ferromagnetic behavior appears for specimens
with an Fe content of x=0.04. In particular, the magnetiza-
tion for CaRu, gsFe( 1505 shows ferromagnetic behavior with
a Tc of 85 K, and the y~'(7) shows a ferrimagnetic (para-
bolic) decrease near T as the temperature decreases. Fur-
thermore, the high-temperature portion of the y~'(7) can be
fitted to the Curie-Weiss law assuming a negative Weiss tem-
perature of —40 K. These results are consistent with those of
former studies'>?® and indicate the ferrimagnetism of
CaRuggsFeg 150;.

Figure 2 shows the neutron powder diffraction profiles
obtained for CaRugsFe; 505 at 10 and 300 K along with
the results of refinement for the diffraction data. Both pro-
files could be refined assuming the orthorhombic
GdFeOs;-type structure of the space group Pnma (No._62).
The crystal structure parameters were refined assuming Ca
and (Ru, Fe) at the 4¢ (x,1/4,z) and 4b (0, 0, 1/2) sites,
respectively, and oxygen O(1) and O(2) at the 8d (x,y,z) and
4c (x,1/4,z7) sites, respectively. In the whole temperature
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FIG. 4. (a) Interatomic distance between selected atoms and
bond angle of M-O-M, where M is Ru or Fe ions. (b) Temperature
dependence of the MOg¢ octahedron volume.

range, CaRug gsFe( 1505 retained the GdFeOs-type structure,
and no structural phase transition was observed. The crystal
structure parameters at 10 and 300 K are listed in Table 1.
The refined occupancy parameters of the oxygen sites indi-
cated that there was no oxygen deficiency at the O(1) and
O(2) sites within the standard error. Furthermore, it was
revealed that Fe exists as an Fe** ion in CaRuQ;.!'%?!
Therefore, the ionic valence is considered to be
Ca®*Ru™ ;pRu™  sFe™ 15077,

Neutron diffraction measurements were also performed at
several temperatures between 10 and 300 K. Figures
3(a)-3(c) show the temperature dependence of the refined
orthorhombic lattice parameters a, b, and ¢ obtained for
CaRug gsFe 1505. The lattice parameters b and ¢ decrease
with decreasing temperature down to 80 K, whereas param-
eter a increases as the temperature decreases. These behav-
iors are similar to those observed in the x-ray powder dif-
fraction measurement for CaRuO;.!"> However, when the
temperature is decreased below T, parameters b and ¢ in-
crease and become almost constant below 40 K. On the other
hand, parameter a continues to increase below 7 and tends
to saturate below 40 K. The unit-cell volume calculated from
the lattice parameters is shown in Fig. 3(d) as a function of
the temperature. In the figure, the dotted line represents the
result of fitting using the Debye model that expresses the
thermal expansion due to the lattice vibration,

9vyNk T 3 Op/T 3
T
K ®D 0 e -1

V= VO

where V), v, N, kg, K, and Op, are the volume at 0 K, the
Griineisen parameter, the Avogadro’s number, the Boltzman
constant, the bulk modulus, and the Debye temperature, re-
spectively. When V(=225.8 K and ©,=428.6 K were used,
the experimental V(T) above 100 K was explained well by
this model. However, the experimental V(T) deviates consid-
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erably from the calculated unit-cell volume at temperatures
below 80 K, which is very close to T (85 K) observed in
the magnetization measurement. AV shows the difference be-
tween the experimental unit-cell volume and the unit-cell
volume calculated by the Debye model. The unit-cell volume
clearly shows anomalous expansion below T, and Invar-like
behavior is observed below 40 K.

Figure 4(a) gives the interatomic distance between se-
lected atoms and the bond angle of M-O-M, where M is Ru
or Fe ions. Figure 4(b) shows the volume of the MO octa-
hedron as a function of the temperature. In the paramagnetic
state above T, the distance between the transition metal ion
and apical oxygen O(2) and the oxygen distance O(1)-O(1)
along the c-axis are shortened as the temperature decreases,
whereas the distance O(1)-O(1) along the a-axis becomes
longer. However, the distances M—O(2) and O(1)-O(1)
along the c-axis tend to increase below T, while the distance
O(1)-O(1) along the a-axis continues to increase regardless
of Tc. On the other hand, the bond angle of M-O-M persists
to increase beyond T as the temperature decreases. The vol-
ume of the MOg octahedron shows a remarkable increase
below T¢. This behavior agrees well with that observed for
the unit-cell volume. Since volume expansion occurs below
Tc and no structural phase transition has been observed, the
occurrence of ferrimagnetism must be the cause of the
anomalous expansion. When the anomalous volume effect is
due to the occurrence of ferrimagnetism, a strong correlation
between AV and M’ (square of magnetization) must be
observed.!” The volume expansion, AV, and the M? are plot-
ted as a function of the temperature in Fig. 5. The behavior
of AV(T) is similar to that of M*(T) below 80 K, suggesting
that the magnetovolume effect due to ferrimagnetism is the
cause of the anomalous volume expansion observed for
CaRu gsFeg 1503.

When the large magnetovolume effect compensates the
thermal expansion due to the lattice vibration, the material
shows nearly zero thermal expansion, known as the Invar
effect. Some transition metal alloys and weak ferromagnets,
such as ZrZn,, are known as substances that show the Invar
effect, which is explained in the framework of the SCR
theory by considering the band picture and the influence of
the spin fluctuation.’>?3 The experimental results of the
present study should be treated in the same manner. How-
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FIG. 5. Temperature dependence of the volume magnetostriction
AV and the square of the magnetization M>.
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FIG. 6. Experimental magnetic Compton profile (open circle) of
CaRuy g5Fe( 1505 at 10 K under an applied magnetic field of £2.5 T
and best-fit theoretical profile (solid line) based on the ferrimagnetic
model. The one-dot chain line and broken line are the atomic profile
of Fe and Ru free atoms, respectively. The thick broken line indi-
cates the theoretical magnetic Compton profile based on the ferro-
magnetic model.

ever, since CaRuy gsFe( 1505 is considered as an inhomoge-
neous system in which Fe ions distribute statistically with the
local moment, the model above does not simply apply to our
system.

Figure 6 shows the experimental MCP obtained for
CaRuy gsFe( ;505 at 10 K under an applied magnetic field of
+2.5 T. Jye(p,) is the one-dimensional projection of the
spin-polarized electron momentum density given by

]mag(pz)zfJ[nT(p)_nl(p)]dpxdpy»

where n1(p) and n | (p) are the momentum densities of the
majority and minority spin bands, respectively, and the area
under the J;,,(p,) is equal to the total spin moment per for-
mula unit.!” The total spin moment is determined to be
0.20 up by comparing the area under the Jy,.(p,) of
CaRug gsFeg ;505 with that of the Fe metal standard speci-
men. The total spin moment is consistent with the moment of
0.20 pp obtained by the magnetization measurement. The
experimental MCP was decomposed into the profiles of Fe
3d and Ru 4d electrons by the ab initio RHF cluster calcu-
lation that was used for the analysis of the MCP of
SrRu0;.'82425 The calculation was performed for RuO4 and
FeOg clusters assuming the valencies of Ca, Ru, Fe, and O as
+2, +4, +3, and -2, respectively. The calculated partial RHF
Compton profiles for Fe 3d and Ru 4d electrons are shown in
Fig. 6. It is clearly seen that J,,,,(p,) of 3d electrons has a
wider profile than that of 4d electrons, reflecting narrower
spatial distribution of 3d wave function. Furthermore, it is
recognized that there is no minimum in either profile. In the
MCP measurement under an applied magnetic field, the J,,,,
of the electrons with a spin that points in the direction of the
applied field has a positive sign, while the J,,,, of the elec-
trons with an antiparallel spin configuration to the field has a
negative sign. As shown in Fig. 6, the experimental MCP has
a minimum with a negative value (in the region between
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2 a.u. and 5 a.u.). This can be explained when the J,,,,’s of
the 3d and 4d electrons have an opposite sign and a different
spatial extent. As shown in Fig. 6 as the “Ferri model,” when
the partial spin moments of 0.38 ug/f.u. and —0.18 ug/f.u.
are respectively assigned to the Ru 4d and Fe 3d profiles and
an antiferromagnetic configuration of Ru and Fe moments is
assumed, the experimental MCP can be satisfactorily ex-
plained. On the other hand, the “Ferro model,” which as-
sumes ferromagnetic coupling between Ru and Fe moments,
fails to explain the MCP. These results indicate that the Fe
spin moment couples with the Ru moment antiferromagneti-
cally and the Ru spin moment makes a dominant contribu-
tion to the magnetization, producing a total spin moment of
0.20 pwp/fu.  for CaRuggsFe;;505. In  that regard,
CaRuy ¢sFe, 1505 is considered to be a ferrimagnet.?%?’

The induction of the magnetic moment on the Ru ion
seems to be a possible reason for the ferrimagnetism and the
anomalous volume expansion observed for CaRu, gsFe 1503
below Tc. If Ru has a magnetic moment, an Fe ion couples
with the six nearest-neighbor Ru ions via a superexchange
interaction, forming ferrimagnetic FeRug clusters. In a speci-
men with a small Fe content (x<<0.05), ferrimagnetic clus-
ters must be localized. However, in CaRuggsFe 15053, the
FeRug clusters spread over the crystal, and it is likely that a
long-range ferrimagnetic order is established by sharing Ru
ions. In ruthenates, the Ru 4d orbital forms an antibonding
orbital with the O 2p orbital, and the antibonding orbital
spreads into other Ru ions, forming an antibonding band. In
the paramagnetic state, Ru 4d electrons preferentially occupy
the lower-energy antibonding orbital. However, when ferro-
magnetism appears and the antibonding band is polarized,
Ru 4d electrons must occupy the higher-energy antibonding
orbital. In this case, the bonding power between Ru and oxy-
gen decreases, resulting in the expansion of the RuOg4 octa-
hedron. Since the anomaly is observed in the temperature
dependence of the lattice parameters » and c at T, the easy
axis of magnetization seems to be on the bc plane. Invar-like
behavior was observed at temperatures below 40 K. Al-
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though the conclusive reason is presently unclear, this must
be due to the fact that the magnetovolume effect approaches
saturation at temperatures below 40 K, since the normal ther-
mal expansion is very small at these temperatures.

IV. CONCLUSION

A neutron powder diffraction measurement was per-
formed for ferromagnetic CaRu,gsFe( 1505 between 10 and
300 K. The magnetization for CaRu, gsFe ;505 shows ferro-
magnetic behavior with a Curie temperature 7 of 85 K, and
the xy !(T) shows a ferrimagnetic (parabolic) characteristic
near 7. Anomalous volume expansion was observed below
Tc, and the volume of the (Ru,Fe)Og octahedron shows a
remarkable increase below 7. This behavior agreed well
with that observed for the unit-cell volume. The strong cor-
relation between the volume expansion AV and the square
magnetization M? suggests that the magnetovolume effect is
the cause of the anomalous volume expansion. The Invar-like
effect was observed below 40 K, and it seems to appear
when the magnetovolume effect approaches saturation at
very low temperature. The magnetic Compton scattering ex-
periments revealed the existence of a magnetic moment on
Ru and the antiferromagnetic configuration of Fe and Ru
spin moments. The formation of the magnetic order through
the induction of the magnetic moment on the Ru ion is a
possible reason for the ferrimagnetism and anomalous vol-
ume expansion observed for CaRu gsFeq 505.
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