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Enhanced paramagnetism of the 4d itinerant electrons in the rhodium oxide perovskite SrRhO3
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Polycrystalline rhodium~IV ! oxide perovskite SrRhO3 was obtained by high-pressure synthesis techniques,
followed by measurements of the magnetic susceptibility, electrical resistivity, and specific heat. The title
compound has five 4d electrons per perovskite unit and shows Fermi-liquid behavior in its electrical resistivity.
The magnetic susceptibility is large@x(300 K);1.131023 emu/mol Rh# and proportional to 1/T2

(,380 K), while there is no magnetic long-range order above 1.8 K. The specific heat measurements indicate
a probable magnetic contribution below;15 K, which is not predicted by the self-consistent renormalization
theory of spin fluctuations for both antiferro- and ferromagnetic three-dimensional nearly ordered metals.
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I. INTRODUCTION

Sincep-wave symmetrical pairing of electrons was pr
posed, driven mainly by ferromagnetic spin fluctuations,
the 1.5 K superconductor Sr2RuO4,1 further superconducting
phases have been expected in the vicinity of the 214 ph
This is probably due to substantial spin fluctuations found
neighboring compounds, including ferromagnetic SrRu3

~Refs. 2 and 3! and nearly ferromagnetic CaRuO3 ~Refs. 3
and 4! and Sr3Ru2O7 ~Ref. 5!. Although intensive investiga
tions have been applied to the ruthenium oxide systems,
ther ‘‘p-wave’’ superconducting phases have not been
covered thus far. The current experimental studies
ferromagnetically induced superconductivity, then, seem
be tied to a very local variety of materials. To ameliorate
stagnant situation, we have been exploring other correla
4d-metal compounds, not only to find further supercondu
ing materials in the ruthenium oxide system, but also to
pand the variety of potential chemical systems for the sp
fluctuations-induced superconductors.

The rhodium oxide perovskite SrRhO3 was recently
found, and a pure polycrystalline sample was obtained
high-pressure synthesis techniques at 60 kbar and 1500
followed by investigations of the magnetic susceptibili
electrical resistivity, and specific heat. The compound w
fairly metallic and showed enhanced and thermally activa
paramagnetism in the studied temperature range below
K. A qualitative fit of the Curie-Weiss~CW! law to the mag-
netic susceptibility data yielded a negative Weiss tempera
of 2361 K, if the analysis provided a correct sense of
magnetism. Neither superconductivity nor long-range m
netic order was found above 1.8 K. The magnetic data
SrRhO3 appeared to be qualitatively similar to what was o
served for the analogous ruthenium oxide metal CaRuO3.3,4

Since then, the self-consistent renormalization~SCR! theory
of spin fluctuations for both antiferro- and ferromagne
nearly ordered magnetic metals was tested on the obse
electronic properties as was done for CaRuO3.3,4 As a result,
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all of the present data for SrRhO3 do not meet the quantita
tive expectations as predicted by the theory.

II. EXPERIMENT

Variable composition precursors were prepared at Sr
51:3, 1:2, and 1:1 as follows. Mixtures of pure SrCO3
~99.9%! and Rh~99.9%! powders were heated in oxygen
1000 °C overnight, and then ground well and reheated
oxygen at 1200 °C for 2 days.6 One and two moles of SrO2
(.99.9%) were added to the 1:2 and 1:3 precursors per
formula, respectively, and 8 wt % of KClO4 to the 1:1 pre-
cursor. Those were mixed well, and approximately 0.2 g
each were placed into Pt capsules. Those were heated
kbar and 1500 °C for 1 h, then quenched to room tempe
ture before releasing the pressure.7 The quality of the finally
obtained pellets was studied by powder x-ray-diffracti
techniques in a regular manner. It was determined from
x-ray readings that the major phase was of perovskite ty
The position and intensity distribution of the peaks for t
phase were invariable among the patterns for every sam
The impurity level was 1% or less in every final productio
except KCl. The perovskite-type phase was denoted SrRh3,
of which no records were found thus far in the literature.

Further structural characterization was made
the selected sample, which was prepared from
1:2 precursor and SrO2, by the x-ray Rietveld technique
(Cu Ka) using the programRIETAN-2000.8 A distorted
perovskite structure model, GdFeO3 type, was tested and
found reasonable to describe the structure of SrRh3.
The x-ray powder pattern and crystal structure are in
cated in Fig. 1. The space group wasPnma ~No. 62!
and lattice parameters werea55.5394(2) Å, b
57.8539(3) Å, andc55.5666(2) Å. The estimated pos
tions for the atoms were Sr„0.0304~1!,0.25,20.0054~8!…,
Rh~0, 0, 0.5!, O~1!„0.4990~23!, 0.25, 0.0587~45!…, and
O~2!„0.2825~26!, 0.0366~24!, 0.7088~26!…. During the re-
finement, the occupation factors, and the isotropic displa
ment parameters of the metals and oxygen were fixed a
©2001 The American Physical Society24-1



nd

n
b

ti
ur
w
T
ne
e
li

y
e
cu
r

i-
re

o
-
id

in
e

l

t
s-

ee-

ta;
en.

na-
tal
e
in-

se
e
,

-

t.
tic

re

ra-
e

-
he

c-

-

fo
at
.
tc
.

of
is

the

K. YAMAURA AND E. TAKAYAMA-MUROMACHI PHYSICAL REVIEW B 64 224424
0.3, and 0.7, respectively. The final reliability factors a
goodness of fit to the analysis wereRwp520.9%, Rp
514.41%,RR518.57%, andS51.53. Oxygen vacancies i
the perovskite were quantitatively investigated in detail
thermogravimetric analysis and found to be insignificant.9

The same sample was again selected for characteriza
by magnetic, specific heat, and electrical resistivity meas
ments. The temperature dependence of magnetization
measured in a Quantum Design MPMS magnetometer.
specific heat and the electrical resistivity data were obtai
in a Quantum Design PPMS apparatus. Those measurem
were conducted between 1.8 and 400 K. The highest app
magnetic field was 70 kOe.

III. RESULTS AND DISCUSSIONS

The temperature dependence of the electrical resistivit
polycrystalline SrRhO3 is shown in Fig. 2. The data wer
obtained by a standard four-terminal dc technique at a
rent of 5 mA on a piece of the sample pellet. The data clea
reveal the metallic nature of SrRhO3; a metallic temperature
dependence and;1.3 mV cm at room temperature are typ
cal for polycrystalline oxide metals. The low-temperatu
part (,50 K) is expanded and replotted asr vs T2 ~inset in
Fig. 2!. The observed linear dependence is indicative
Fermi-liquid behavior for SrRhO3.10 Subsequent fitting stud
ies with standard resistivity expression for a Fermi liqu
(r5r01AT2) yielded r05142 mV cm and A
50.062 mV cm/K2. The unusually larger0 probably re-
flects contributions from extrinsic origins such as gra
boundaries. The parameterr0 was not constant among th
sets of resistivity data for all of the present pellets~approxi-
mately two magnitudes larger for the pellet containing KC!,
while the residual resistivity ratior300/r0 remained almost

FIG. 1. The powder x-ray diffraction pattern (CuKa) for
SrRhO3. The vertical bars show the Bragg peak positions
SrRhO3. The difference plot between the orthorhombic model p
tern ~solid lines! and the data~crosses! is shown below the bars
Unknown peaks are marked by ‘‘?.’’ The crystal structure ske
with the orthorhombic unit cell~dotted lines! is shown as an inset
Open circles and polyhedra indicate Sr atoms and RhO6 octahedra,
respectively.
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constant (;9) among them. At the magnetic instability poin
or in the extreme vicinity of that point, the electrical resi
tivity is not expected to obey the famousT2 law due to the
influence of spin fluctuations; i.e., theT3/2 andT5/3 laws may
be obeyed by antiferro- and ferromagnetically unstable thr
dimensional~3D! metals, respectively.11–13A detailed analy-
sis was preliminarily applied for the present resistivity da
however, non-Fermi-liquid behavior was not clearly se
The magnetoresistivity at 1.8 K between270 and 70 kOe
was not observed and may be due to the polycrystalline
ture of the sample. Additional studies using a single-crys
SrRhO3, if it becomes available, could allow us to exclud
extrinsic contributions and then might help to reveal the
trinsic nature of the electrical resistivity of SrRhO3. Because
the 4d band in SrRhO3 is expected to be broad, as is the ca
for SrRuO3, 4d electrons in the rhodium oxide should b
itinerate by analogy.2 The observed metallic conductivity is
hence, reflecting mainly the nature of unlocalized 4d elec-
trons. The perovskite SrRhO3 could be in a class of the itin
erant 4d-electron systems, such as~Sr,Ca!RuO3.2 Further in-
vestigations into the electronic transport of SrRhO3,
including band structure calculations, would be of interes

Magnetic data are summarized in Fig. 3. The magne
susceptibility of SrRhO3 obviously depends on temperatu
and is approximately 1.131023 emu/mol Rh at room tem-
perature, in contrast with the properties of the Pauli pa
magnetic rhodium metal~approximately one magnitud
smaller and almost temperature independent!.14 A steep rise
in the x vs T plot in low temperature at 10 kOe was ob
served, while it was significantly suppressed at 50 kOe. T
M vs H curve at 2 K ~inset in Fig. 3! indicates a subtle
spontaneous magnetic moment (;0.001mB per Rh!, suggest-
ing SrRhO3 has ordered magnetic moments. After subtra
tion of the major part, the 1/xupturn vs T plot results in a
standard CW line with an insignificant level of Weiss tem

r
-

h

FIG. 2. The resistivity data for the polycrystalline SrRhO3 mea-
sured between 1.8 and 390 K with and without a magnetic field
50 kOe. The squared temperature plot for the data below 50 K
shown in the inset, indicating a linear dependence as shown by
solid line.
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ENHANCED PARAMAGNETISM OF THE 4d ITINERANT . . . PHYSICAL REVIEW B 64 224424
perature,;21.5 K.15 It is therefore reasonable to conclud
that the upturn results from a magnetic impurity origin rath
than an ordered state of SrRhO3. The slightly positive curva-
ture of theM vs H curve at 2 K is probably due to superim
posing a small amount of impurity component on the ma
part.

To further analyze the major part of the magnetic data
SrRhO3, two plots of the reciprocal magnetic susceptibili
were prepared in the forms of 1/x vs T and 1/x vs T2 without
any other manipulations except subtraction of sample ho
contribution ~Fig. 4!. It is clearly seen in the temperatur
range that 1/x is proportional toT2 rather than proportiona
to T as expected from the standard CW expression. Alter
tively, the CW law with a temperature-independent term, i
1/x51/@C/(T2u)1x0# (C andu are the Curie constant an
Weiss temperature, respectively!, was applied to the 1/x vs T
plot. The fit, however, failed to produce a convincib
result.16 Tentative CW parameters obtained in the calcu
tions were considerably sensitive to least-squares fitting c
ditions, including temperature range width, and stable
reasonable solutions were never found. Further attem
were made to demonstrate the implied linear relationship
tween 1/x andT2 for SrRhO3. Neither theT3/2 nor theT4/3 fit
~data not shown!, however, yielded a linear part, which wa
expected, if SrRhO3 was just at the magnetic instabilit
point.12,13 The above experimental observations would s
gest that the magnetic susceptibility for SrRhO3 is rather
uncommon among properties of magnetic metals, beca
many antiferro- and ferromagnetic metals are expected
follow approximately the CW law above the magnetic ord
ing temperature or 0 K~in the case for nearly ordere
metals!.11–13,17–20 The roughly estimated x(0);1
31023 cm3/mol for SrRhO3 and the Sommerfeld constan
discussed later (g57.6 mJ/mol K2) yielded a Wilson ratio
(RW) of ;8.6 using the formula,21

FIG. 3. The magnetic data for the polycrystalline SrRhO3 mea-
sured between 1.8 and 400 K. Magnetic susceptibility vs temp
ture at 10 and 50 kOe are shown as solid and open circles, res
tively, and the field dependence of magnetization at 2 and 7
~inset!.
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The preliminaryRW for SrRhO3 is clearly out of the ex-
pected range, 1–2, for standard Fermi-liquid behavior. T
unreliableRW might support the presence of peculiar ma
netism in SrRhO3.

The most advanced profiling thus far achieved for t
nearly and weakly antiferro- and ferromagnetic 3D met
was accomplished by developing the SCR theory of s
fluctuations in metals.17 At the paramagnetic region, 1/x is
expected to be in direct proportion to thedth power ofT,
whered51 –3/2 and 1–4/3 for antiferro- and ferromagne
3D metals, respectively.13 This is the most notable point to
distinguish the progress of understanding in magnetism
metals achieved by the SCR studies, and so far observat
indeed, seem to be in the range (1/x;Td).18 The rather con-
ventional Stoner’s model (1/x;T2) is far beyond the range
The rhodium oxide metal, however, shows a nearlyT2 de-
pendence of 1/x, which ironically matches the Stone
expectation.17 Although theT2 trend in 1/x was also pre-
dicted by a random phase approximation theory, using it h
to analyze the present data may be problematic, because
too limited in temperature range~only effective within ex-
tremely low temperature!, due to mainly a lack of
self-consistency.17,22 Further considerations with additiona
studies may be necessary to conclusively determine the
croscopic origin of the 1/x;T2 trend in SrRhO3.

The specific heat data are presented in Fig. 5. A stand
relaxation technique was employed in the measurement.
temperature dependence of the specific heat (Cp) of SrRhO3

a-
ec-
K

FIG. 4. Variable plotting of the reciprocal magnetic susceptib
ity of SrRhO3. The contribution from the sample holder was car
fully subtracted before the plotting. The dotted line represents p
liminarily applied CW law to the 1/x vs T plot at peff52.46mB and
uW52361 K. The 1/x vs T2 plot shows a notably linear depen
dence as the solid line indicates.
4-3
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measured between 1.8 and 390 K is plotted in the inset of
top panel in Fig. 5 after subtraction of a contribution fro
the addenda. The difference betweenCp andCv was assumed
to be insignificant in the temperature range studied. The
main panel shows aCp /T vs T2 plot of the data below 20 K.
As expected within the Debye approximation, a linear dep
dence is clearly seen. The estimated Debye temperature
190 K and the Sommerfeld constant was 7.6 mJ/mol K2 by a
least-squares fitting as indicated by the dotted line in Fig
Among Fermi-liquid metals, a universality was found
A/g2.23 A tentative calculation ofA/g2 with the obtained
parameters for SrRhO3, g57.6 mJ/mol K2 and A
50.062mV cm/K2, produced an incredible result, a value a
proximately two magnitudes larger than the universal c
stant. The parameterA for SrRhO3 perhaps involves extrinsic
contributions somewhat asr0 does. We decided, therefore
not to make further quantitative analysis forA/g2 of
SrRhO3. On the other hand, we found that the Debye te
perature of SrRhO3 is much lower than those of the ruthe
nium oxide perovskites.3 This fact would indicate that the
lattice of SrRhO3 is much ‘‘softer’’ than that of the ruthe
nium oxide perovskites. As expected from the Debye te
perature, even within the studied temperature range, it ca
clearly seen that the specific heat is approaching the rou
expected value;125 mJ/mol K@5 ~atoms per unit cell! 33
~dimensionality per atom! 3kBN ~Boltzmann’s and
Avogadro’s constants!#.

FIG. 5. Specific heat data for the polycrystalline SrRhO3 ~top!
and the data after the orthorhombic lattice contribution and
Sommerfeld constant are subtracted~bottom!. The size of error bars
are as small as the circles. The estimated Debye temperature i
K and the Sommerfeld constant is 7.6 mJ/mol K2 by a least-
squares fitting as indicated by the dotted line. The dashed curv
the bottom panel is computed~see text!.
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In the low-temperature portion of the specific heat da
an extra contribution (Cm) appears, asCp /T starts to part
gradually from linear dependence on cooling. It is presu
ably magnetic in origin and is found in a variety of itinera
magnetic materials.3,24 The probable magnetic term was e
tracted by subtracting the lattice contribution and the So
merfeld constant from the original data, as shown in the b
tom panel of Fig. 5. At first, theCm/T data were
quantitatively investigated with a component for spin flu
tuations in the SCR framework for nearly ferromagne
metals.3,20 The contribution of the spin fluctuations to th
specific heat was approximated by

Cm

T
;

9N0

T0
E

0

1/K0
dx x2

1

t F2u2
1

2
1u2C8~u!G , ~2!

where N0 is the number of magnetic atoms,C8(u) is the
first derivative of the digamma function,T0 andK0 are the
parameters as to spin fluctuations,u5x@x21x(0)/x#/t, t
5T/T* , and T* 5T0 /K0

3.20 The expression was then re
duced to the following form in the low-temperature limit:

→ 3N0

4T0
F ln~11K0

22!1
2

5
t2ln t1•••G . ~3!

For fitting purposes by a least-squares method,T0 , K0, and
T* were set as independent variable parameters in the
two terms in Eq.~3!, wheret was replaced byT/T* . The best
fitting result is shown in the bottom panel of Fig. 5 as
dashed curve. Although the observed dataCm/T vs T were
reproduced at a convincible level, all of the parameters
termined here, T050.003 05 K, K053.69, and T*
526.7 K, were, however, incredible.20 For example, the ten-
tatively obtained values do not satisfy the formT* 5T0 /K0

3

at all. As dictated by Eq.~3!, there were no other combina
tions of the parameters that fit the data. These facts, th
fore, suggest that the contribution from spin fluctuations
nearly ferromagnetic metals is either unlikely or at least
sufficient to account for the observedCm in SrRhO3. In 3D
nearly antiferromagnetic metals, magnetic contributions
the specific heat in the SCR framework have been stud
an enhancement ofg is expected at low temperature inste
of the parameters in Eq.~3!.25 The 3D nearly antiferromag
netic picture is, therefore, unlikely to explain the observ
Cm for SrRhO3.

IV. CONCLUSIONS

The structure and electronic properties of a polycrys
line sample of SrRhO3 obtained by high-pressure synthes
techniques were investigated. Although the polycrystall
nature of the sample limited quantitatively a detailed analy
of the electrical resistivity properties, the present d
strongly suggest the perovskite is in the category of a Fe
liquid. The magnetic susceptibility of SrRhO3 was found to
follow a rather unusual temperature dependence, i.e.,x
;T2. A tentative attempt at a quantitative analysis using
spin fluctuation models resulted in unconvincible results
the magnetic susceptibility and the specific heat data.

e

90

in
4-4



th
-

o
a

re

yp
a
v
a
3
in

-
s,

.

sup-
he
ol-

ENHANCED PARAMAGNETISM OF THE 4d ITINERANT . . . PHYSICAL REVIEW B 64 224424
though the major contribution to the enhancement of
paramagnetism of SrRhO3 might result from a sizable den
sity of states at the Fermi level, as in (Sr,Ca)RuO3,2–4 it is
not sufficient to explain the entire magnetic behavior
SrRhO3, because it is temperature independent. There
likely additional factors which account for the temperatu
dependent portion of the magnetism with the 1/x;T2 trend.
The character of the paramagnetism of SrRhO3 seems to be
intermediate between that of enhanced Pauli- and CW-t
paramagnetism. While extensive studies were made on p
magnon contributions for the CW paramagnetism in the
cinity of the critical point, intermediate paramagnetism w
essentially uninvestigated. Whether the rhodium oxide
metal tends toward either an antiferro- or ferromagnetic
stability point, the imposing appearance of the distinctiveT2
.
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term in 1/x indicates that the magnetic excitation of 4d elec-
trons in SrRhO3 remains highly elusive. Further investiga
tions into SrRhO3, including theoretical consideration
would be of significant interest.
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