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Enhanced paramagnetism of the 4 itinerant electrons in the rhodium oxide perovskite SFRhO;
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Polycrystalline rhodiuntlV) oxide perovskite SrRhwas obtained by high-pressure synthesis techniques,
followed by measurements of the magnetic susceptibility, electrical resistivity, and specific heat. The title
compound has fivedielectrons per perovskite unit and shows Fermi-liquid behavior in its electrical resistivity.
The magnetic susceptibility is larggx(300 K)~1.1x10 2 emu/molRA and proportional to I7?

(<380 K), while there is no magnetic long-range order above 1.8 K. The specific heat measurements indicate
a probable magnetic contribution belowl5 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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[. INTRODUCTION all of the present data for SrRR@o not meet the quantita-
tive expectations as predicted by the theory.
Since p-wave symmetrical pairing of electrons was pro-
posed, driven mainly by ferromagnetic spin fluctuations, in Il. EXPERIMENT
the 1.5 K superconductor SRu0,,* further superconducting
phases have been expected in the vicinity of the 214 phase. Variable composition precursors were prepared at Sr:Rh
This is probably due to substantial spin fluctuations found in=1:3, 1:2, and 1:1 as follows. Mixtures of pure SrgO
neighboring compounds, including ferromagnetic Srguo (99-9% and Rh(99.9% powders were heated in oxygen at

(Refs. 2 and Band nearly ferromagnetic CaRyQRefs. 3 1000 °C overnight, and then ground well and reheated in
and 4 and SgRu,0; (Ref. 5. Although intensive investiga- oxygen at 1200 °C for 2 daysOne and two moles of SrO

tions have been applied to the ruthenium oxide systems, fw(>99'9%) were added to the 1:2 and 1:3 precursors per the

i 0 . -
ther “p-wave” superconducting phases have not been disformula, respectively, and 8 wt% of KCIQo the 1:1 pre

covered thus far. The current experimental studies ofursor Those were mixed well, and approximately 0.2 g of

. : S each were placed into Pt capsules. Those were heated at 60
ferromagnetically induced superconductivity, then, seem t(l’<bar and 1500°C for 1 h, then quenched to room tempera-
be tied to a very local variety of materials. To ameliorate th '

L ; re before releasing the pressirEhe quality of the finally
stagnant situation, we have been exploring other correlategy . aq pellets was studied by powder x-ray-diffraction

4d-metal compounds, not only to find further superconductyechniques in a regular manner. It was determined from the
ing materials_in the ruthen_ium oxid_e system, but also to €Xx-ray readings that the major phase was of perovskite type.
pand the variety of potential chemical systems for the spinThe position and intensity distribution of the peaks for the
fluctuations-induced superconductors. phase were invariable among the patterns for every sample.
The rhodium oxide perovskite SrRBOwas recently The impurity level was 1% or less in every final production
found, and a pure polycrystalline sample was obtained byxcept KCI. The perovskite-type phase was denoted SsRhO
high-pressure synthesis techniques at 60 kbar and 1500 °Gf which no records were found thus far in the literature.
followed by investigations of the magnetic susceptibility, —Further structural characterization was made for
electrical resistivity, and specific heat. The compound waghe selected sample, which was prepared from the
fairly metallic and showed enhanced and thermally activated.:2 precursor and StQ by the x-ray Rietveld technique
paramagnetism in the studied temperature range below 3§@Cu Ka) using the programrIETAN-20008 A distorted
K. A qualitative fit of the Curie-Weis§CW) law to the mag- perovskite structure model, GdFe®ype, was tested and
netic susceptibility data yielded a negative Weiss temperaturbund reasonable to describe the structure of SrRhO
of —361 K, if the analysis provided a correct sense of theThe x-ray powder pattern and crystal structure are indi-
magnetism. Neither superconductivity nor long-range mageated in Fig. 1. The space group w&nma (No. 62
netic order was found above 1.8 K. The magnetic data foand lattice parameters werea=5.5394(2) A, b
SrRhQ; appeared to be qualitatively similar to what was ob-=7.8539(3) A, anc=5.5666(2) A. The estimated posi-
served for the analogous ruthenium oxide metal CafRtfO tions for the atoms were @.03041),0.25,-0.00548)),
Since then, the self-consistent renormalizatiS€R theory  Rh(0, 0, 0.5, 0(1)(0.499@23), 0.25, 0.058%#5)), and
of spin fluctuations for both antiferro- and ferromagnetic O(2)(0.282%26), 0.036624), 0.708826)). During the re-
nearly ordered magnetic metals was tested on the observéitiement, the occupation factors, and the isotropic displace-
electronic properties as was done for CaRd®As a result, ment parameters of the metals and oxygen were fixed at 1,
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FIG. 1. The powder x-ray diffraction pattern (®uwy) for T®

SrRhQ,. The vertical bars show the Bragg peak positions for
SrRhQ,. The difference plot between the orthorhombic model pat-
tern (solid lineg and the datdcrossesis shown below the bars.
Unknown peaks are marked by “?.” The crystal structure sketch
with the orthorhombic unit celldotted line$ is shown as an inset.
Open circles and polyhedra indicate Sr atoms and Rtndahedra,
respectively.

FIG. 2. The resistivity data for the polycrystalline SrRh@ea-
sured between 1.8 and 390 K with and without a magnetic field of
50 kOe. The squared temperature plot for the data below 50 K is
shown in the inset, indicating a linear dependence as shown by the
solid line.

constant (-9) among them. At the magnetic instability point

0.3, and 0.7, respectively. The final reliability factors andOr in the extreme vicinity of that point, the electrical resis-
goodness of fit to the analysis werg,,=20.9%, R, [vity is not expected to obey the famo®@é law due to the
= 14.41%,Rg=18.57%, and5= 1.53. Oxygen vacancies in influence of spin fluctuations; i.e., tfe'? andT>° laws may
the perovskite were quantitatively investigated in detail byP€ obeyed by antiferro- and ferromagnetically unstable three-
thermogravimetric analysis and found to be insignificant. _dimensional3D) metals, respectively:**A detailed analy-
The same sample was again selected for characterizatigis Was preliminarily applied for the present resistivity data;
by magnetic, specific heat, and electrical resistivity measurg?owever, non-Fermi-liquid behavior was not clearly seen.
ments. The temperature dependence of magnetization wddie magnetoresistivity at 1.8 K between70 and 70 kOe
measured in a Quantum Design MPMS magnetometer. Th@as not observed and may be due to the polycrystalline na-
specific heat and the electrical resistivity data were obtainere of the sample. Additional studies using a single-crystal
in a Quantum Design PPMS apparatus. Those measuremertéRNQ;, if it becomes available, could allow us to exclude

were conducted between 1.8 and 400 K. The highest appliegXtrinsic contributions and then might help to reveal the in-
magnetic field was 70 kOe. trinsic nature of the electrical resistivity of SrRapMecause

the 4d band in SrRhQ@is expected to be broad, as is the case
for SIRuG;, 4d electrons in the rhodium oxide should be
itinerate by analog$.The observed metallic conductivity is,
The temperature dependence of the electrical resistivity ofience, reflecting mainly the nature of unlocalizedl dlec-
polycrystalline SrRh@ is shown in Fig. 2. The data were trons. The perovskite SrRh@ould be in a class of the itin-
obtained by a standard four-terminal dc technique at a curerant 4-electron systems, such é8r,CaRu0Q;.? Further in-
rent of 5 mA on a piece of the sample pellet. The data clearlyestigations into the electronic transport of SrRhO
reveal the metallic nature of SrRRCa metallic temperature including band structure calculations, would be of interest.
dependence ang 1.3 m() cm at room temperature are typi- Magnetic data are summarized in Fig. 3. The magnetic
cal for polycrystalline oxide metals. The low-temperaturesusceptibility of SrRh@ obviously depends on temperature
part (<50 K) is expanded and replotted as/s T? (insetin  and is approximately 1210 2 emu/mol Rh at room tem-
Fig. 2). The observed linear dependence is indicative ofperature, in contrast with the properties of the Pauli para-
Fermi-liquid behavior for STRh@'® Subsequent fitting stud- magnetic rhodium metakapproximately one magnitude
ies with standard resistivity expression for a Fermi liquidsmaller and almost temperature indepeng&hA steep rise
(p=po+AT?) vyielded py=142 uQcm and A in the ¥ vs T plot in low temperature at 10 kOe was ob-
=0.062 w) cm/K?. The unusually largep, probably re- served, while it was significantly suppressed at 50 kOe. The
flects contributions from extrinsic origins such as grainM vs H curve at 2 K(inset in Fig. 3 indicates a subtle
boundaries. The parametpf was not constant among the spontaneous magnetic moment@.001ug per R, suggest-
sets of resistivity data for all of the present pell@pproxi- ing SfRhQ has ordered magnetic moments. After subtrac-
mately two magnitudes larger for the pellet containing KCI tion of the major part, the ¥{pwm VS T plot results in a
while the residual resistivity ratipsqo/po remained almost standard CW line with an insignificant level of Weiss tem-

Ill. RESULTS AND DISCUSSIONS
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FIG. 3. The magnetic data for the polycrystalline SrRhfiea- T(K)

sured between 1.8 and 400 K. Magnetic susceptibility vs tempera-
ture at 10 and 50 kOe are shown as solid and open circles, respec- FIG. 4. Variable plotting of the reciprocal magnetic susceptibil-
tively, and the field dependence of magnetization at 2 and 70 Kty of SrRhQ;. The contribution from the sample holder was care-
(inse). fully subtracted before the plotting. The dotted line represents pre-
liminarily applied CW law to the 3y vs T plot atpeg=2.46ug and
perature~—1.5 K!° It is therefore reasonable to conclude 6,=—361 K. The 14 vs T2 plot shows a notably linear depen-
that the upturn results from a magnetic impurity origin ratherdence as the solid line indicates.
than an ordered state of SrRhQ'he slightly positive curva-
ture of theM vs H curve at 2 K is probably due to superim- 372k2x(0)
posing a small amount of impurity component on the major W:+.
part. MBY
To further analyze the major part of the magnetic data for
SrRhQ, two plots of the reciprocal magnetic susceptibility The preliminaryRy, for SfRhG, is clearly out of the ex-
were prepared in the forms oflis T and 1k vs T? without ~ pected range, 1-2, for standard Fermi-liquid behavior. The
any other manipulations except subtraction of sample holdeunreliableRy, might support the presence of peculiar mag-
contribution (Fig. 4). It is clearly seen in the temperature netism in SrRhQ.
range that 1y is proportional toT? rather than proportional The most advanced profiling thus far achieved for the
to T as expected from the standard CW expression. Alternanearly and weakly antiferro- and ferromagnetic 3D metals
tively, the CW law with a temperature-independent term, i.e.was accomplished by developing the SCR theory of spin
1/x=1[CI/(T— 6) + xo] (C and @ are the Curie constant and fluctuations in metal$’ At the paramagnetic region, yl/is
Weiss temperature, respectivelwas applied to the ¥/vs T~ expected to be in direct proportion to tléh power of T,
plot. The fit, however, failed to produce a convincible whered=1-3/2 and 1-4/3 for antiferro- and ferromagnetic
result'® Tentative CW parameters obtained in the calcula-3D metals, respectivel? This is the most notable point to
tions were considerably sensitive to least-squares fitting cordistinguish the progress of understanding in magnetism of
ditions, including temperature range width, and stable andnetals achieved by the SCR studies, and so far observations,
reasonable solutions were never found. Further attempisideed, seem to be in the rangex#/T%).!8 The rather con-
were made to demonstrate the implied linear relationship beventional Stoner’s model (¥~ T?) is far beyond the range.
tween 1j andT? for STRhQ,. Neither theT®? nor theT#3fit  The rhodium oxide metal, however, shows a neddyde-
(data not shown however, yielded a linear part, which was pendence of %/, which ironically matches the Stoner
expected, if STRh@ was just at the magnetic instability expectatiort” Although theT? trend in 1) was also pre-
point!213 The above experimental observations would sug-dicted by a random phase approximation theory, using it here
gest that the magnetic susceptibility for SrRh@@ rather to analyze the present data may be problematic, because it is
uncommon among properties of magnetic metals, becaudeo limited in temperature rang®nly effective within ex-
many antiferro- and ferromagnetic metals are expected ttremely low temperatuje due to mainly a lack of
follow approximately the CW law above the magnetic order-self-consistency’>? Further considerations with additional
ing temperature or 0 K(in the case for nearly ordered studies may be necessary to conclusively determine the mi-
metalg. 1 1317=20 The roughly estimated y(0)~1  croscopic origin of the J~T? trend in SrRhQ.
%102 cm/mol for STRhQ and the Sommerfeld constant ~ The specific heat data are presented in Fig. 5. A standard
discussed later¥=7.6 mJ/mol K¥) yielded a Wilson ratio relaxation technique was employed in the measurement. The
(Rw) of ~8.6 using the formul! temperature dependence of the specific h€g) of STRhG,

@
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o In the low-temperature portion of the specific heat data,
SrRhO, an extra contribution €,,) appears, a,/T starts to part
gradually from linear dependence on cooling. It is presum-
ably magnetic in origin and is found in a variety of itinerant
magnetic material$?* The probable magnetic term was ex-
tracted by subtracting the lattice contribution and the Som-
merfeld constant from the original data, as shown in the bot-
K tom panel of Fig._ 5. At _first, theC,,/T data were
200 400 quantitatively investigated with a component for spin fluc-
| | tuations in the SCR framework for nearly ferromagnetic
300 400 metals®?® The contribution of the spin fluctuations to the
specific heat was approximated by
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> where Ny is the number of magnetic atom¥,’ (u) is the
% first derivative of the digamma functioify, andK, are the
5y parameters as to spin fluctuations=x[x?+ x(0)/x]/t, t
g =T/T*, and T* =T,/K32° The expression was then re-

0 w duced to the following form in the low-temperature limit:

C,/T (10" mJ/mol K?)
]
> L]

3N,

2
-2 2
T(K) ~>—4T0 |n(1+KO )+§t Int+---1. (3)

FIG. 5. Specific heat data for the polycrystalline SrRH@p) For fitting purposes by a least-squares methiygd, Ko, and
and the data after the orthorhombic lattice co_ntribution and the]-* were set as independent variable parameters in the first
Sommerfeld constant_ are subtrac(b_dttom). The size of error bar_s % o terms in Eq(3), wheret was replaced bJf/T* . The best
are as small as the circles. The estimated Debye temperature is 190. - . .
K and the Sommerfeld constant is 7.6 mJ/mélKy a least- itting result is shown in the bottom panel of Fig. 5 as a
squares fitting as indicated by the dotted line. The dashed curve Hashed curve. Although .the observed daig/T vs T were
the bottom panel is computddee text reprqduced at a convincible level, all of the parameters de-

termined here, T;=0.00305 K, K,=3.69, and T*

measured between 1.8 and 390 K is plotted in the inset of the- 26.7 K, were, however, incredibf@ For example, the ten-
top panel in Fig. 5 after subtraction of a contribution from tatively obtained values do not satisfy the fon'szO/Kg
the addenda. The difference betwegnandC, was assumed  at all. As dictated by Eq(3), there were no other combina-
to be insignificant in the temperature range studied. The tofions of the parameters that fit the data. These facts, there-
main panel shows &,/T vs T plot of the data below 20 K.  fore, suggest that the contribution from spin fluctuations in
As expected within the Debye approximation, a linear depennearly ferromagnetic metals is either unlikely or at least in-
dence is clearly seen. The estimated Debye temperature wagfficient to account for the observé}, in SrRhG,. In 3D
190 K and the Sommerfeld constant was 7.6 mJ/nfdbKa  nearly antiferromagnetic metals, magnetic contributions to
least-squares fitting as indicated by the dotted line in Fig. 5the specific heat in the SCR framework have been studied;
Among Fermi-liquid metals, a universality was found in an enhancement of is expected at low temperature instead
A/y22 A tentative calculation ofA/y? with the obtained of the parameters in Eq3).2° The 3D nearly antiferromag-
parameters for SrRhQ y=7.6 mJ/mol¥ and A netic picture is, therefore, unlikely to explain the observed
=0.062u.Q cm/K?, produced an incredible result, a value ap-C,, for SIRhQ,.
proximately two magnitudes larger than the universal con-

stant: Th_e parametéyfor STRhG, perhaps |n\{olves extrinsic IV. CONCLUSIONS
contributions somewhat gs, does. We decided, therefore,
not to make further quantitative analysis fa@/y? of The structure and electronic properties of a polycrystal-

SrRhG,. On the other hand, we found that the Debye temdine sample of SrRh@obtained by high-pressure synthesis
perature of SrRh@is much lower than those of the ruthe- techniques were investigated. Although the polycrystalline
nium oxide perovskited.This fact would indicate that the nature of the sample limited quantitatively a detailed analysis
lattice of SrRhQ is much “softer” than that of the ruthe- of the electrical resistivity properties, the present data
nium oxide perovskites. As expected from the Debye temstrongly suggest the perovskite is in the category of a Fermi
perature, even within the studied temperature range, it can Higuid. The magnetic susceptibility of SrRR@vas found to
clearly seen that the specific heat is approaching the roughffpllow a rather unusual temperature dependence, i.g., 1/

expected value-125 mJ/mol K[5 (atoms per unit cell X 3 ~T2. A tentative attempt at a quantitative analysis using 3D
(dimensionality per atoin XkgN (Boltzmann’s and spin fluctuation models resulted in unconvincible results for
Avogadro’s constanj$ the magnetic susceptibility and the specific heat data. Al-
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though the major contribution to the enhancement of theaerm in 1/ indicates that the magnetic excitation af élec-
paramagnetism of SrRhQOmight result from a sizable den- trons in SrRhQ@ remains highly elusive. Further investiga-
sity of states at the Fermi level, as in (Sr,Ca)RACfitis  tions into SrRhQ, including theoretical considerations,
not sufficient to explain the entire magnetic behavior ofwould be of significant interest.

SrRhG;, because it is temperature independent. There are
likely additional factors which account for the temperature-
dependent portion of the magnetism with thg /T2 trend.

The character of the paramagnetism of SrRIs8ems to be
intermediate between that of enhanced Pauli- and CW-type We are grateful to Dr. D.P. Youn@_ouisiana State Uni-
paramagnetism. While extensive studies were made on parsersity) for helpful discussions. We wish to thank Dr. M.
magnon contributions for the CW paramagnetism in the vi-Akaishi and Dr. S. Yamaok@AML/NIMS) for their advice
cinity of the critical point, intermediate paramagnetism wason the high-pressure experiments. This research was sup-
essentially uninvestigated. Whether the rhodium oxide 3Dported in part by the Multi-Core Project administrated by the
metal tends toward either an antiferro- or ferromagnetic in-Ministry of Education, Culture, Sports, Science and Technol-
stability point, the imposing appearance of the distinclive ogy of Japan.
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