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SrRuO3 is a highly correlated, narrowd-band metal which undergoes a ferromagnetic transition atTc
5165 K. CaRuO3, which is also a highly correlated metal, has the same crystal structure, comparable electrical
resistivity and similar effective Ru moment, but it remains paramagnetic at least down to 1 K. High- and
low-field magnetization and susceptibility, thermoremanent magnetization, low-temperature heat capacity,
electrical resistivity, and Hall effect measurements are presented on as-grown, untwinned, orthorhombic single-
crystal samples of Sr12xCaxRuO3 for the entire concentration range 0<x<1.0.Tc is depressed uniformly with
increasingx, all the way tox51.0, with possible spin-glass-type ordering forx close to 1.0. The critical Sr
doping of paramagnetic CaRuO3 required to cause magnetic correlations among the Ru moments is
>1 at.%. Magnetization to 7 T shows strong hysteresis for mixed (x.0) crystals only, with evidence for a
rotation of the easy magnetic axis out of theab plane. Low-temperature magnetization in dc fields to 30 T for
x50 shows a lack of saturation to the fullS51 moment, 2mB /Ru atom, underscoring the itinerant character
of the ferromagnetism. Similar data forx51.0 show it to be a highly exchange enhanced paramagnet, a
borderline antiferromagnet or ferromagnet. This is consistent with previous Ru-O in-plane and out-of-plane
doping studies. Low-temperature heat capacity (1,T,20 K) shows that the mass enhancement~g
529 mJ/mol K2 andm*'3 for x50! and the Debye temperature~QD5390 K for x50! are nonmonotoni-
cally varying with increasingx. The large electrical resistivity suggests these materials are ‘‘bad’’ metals, with
a mean free path at room temperature'10 A for x50. The Hall effect shows a sign reversal forx50 and
x51.0, but not for mixed crystals. The data are compared where it is appropriate to data derived from
comparable experiments from polycrystalline samples and from epitaxially grown thin films. The results
support the highly electron-correlated nature of ordered magnetism in Ru-based oxides and the results should
help to advance our understanding of the transport, magnetic, and thermodynamic properties of bad metals.
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INTRODUCTION

Although it has been 40 years since the rather remark
and unexpected discovery of ferromagnetism in the ne
cubic perovskite SrRuO3, a thorough understanding of th
electronic properties of that metallic transition-metal oxi
has remained elusive.1 The Curie temperatureTC5165 K is
rather large, and the ordered magnetic moment within
ferromagnetic phase is variously reported betwe
0.8mB /Ru and 1.6mB /Ru. The Ru moment is in the ‘‘low-
spin’’ (S51) state: The octahedral crystalline electric fie
of O atoms splits the fivefold degeneracy of the Ru 4d4

configuration into a triplet (t2g) ground state, two-thirds oc
cupied, and a doublet (eg) excited state, unoccupied. Mod
fication of the free ion moment through electron correlat
effects causes the observed nonintegral saturation mom2

Like other transition-metal oxides, the magnetic, transp
and low-temperature thermodynamic properties of SrRu3
and related ruthenates are influenced heavily by the cova
coupling of the Rud shell to the O 2p electrons. This cou-
pling should be stronger for extended 4d transition-metal
oxides like Ru than for the 3d’s, which have to date been fa
more extensively studied.

A narrow d-band model reflective of strong electro
electron correlations is useful in understanding the phys
560163-1829/97/56~1!/321~9!/$10.00
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properties of many transition-metal oxides.3 The Mott-
Hubbard model for characterizing metals and insulators
volves the ratioW/U, whereW is thed-band width andU
the intra-atomic Coulomb repulsion. ForW/U@1, metallic
behavior is expected, forW/U!1, insulating. That SrRuO3
shows a metallic temperature dependence of the elect
resistivity (dr/dT.0) is consistent with this: The 4d shell
of Ru has a greater extent than for comparable 3d elements,
thus weakeningU in comparison with 3d transition-metal
oxides. In addition, the greater extent of the Ru 4d shell
should also promote Ru-Ru coupling—coupling that is m
diated by the intervening O atom. SrRuO3 has been char-
acterized as a ‘‘bad’’ metal because the resistivity contin
to increase above room temperature, even though the ca
lated Boltzmann mean free pathl>10 Å becomes less than
lattice constant4 or, stated alternatively,kFl<1. As the tem-
perature is lowered in our single crystals,r decreases,
r300/r10'50, before saturating forT,10 K. In SrRuO3 the
covalency of the Ru(4d)-O(2p) hybridization is under-
scored by recent polarized neutron-scattering results show
approximately 10% of the ordered magnetic moment ass
ated with the O sites.5

The electronic structure of transition-metal oxides und
lies the enormous range of their physical properties: fr
insulating to superconducting, from diamagnetic to fer
321 © 1997 The American Physical Society
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322 56CAO, McCALL, SHEPARD, CROW, AND GUERTIN
magnetic. The vast preponderance of research on transi
metal oxides has been on the 3d members, not the least o
which is due to high-temperature superconductivity in
cuprates and colossal magnetoresistance in the doped
ganese oxides. These studies have in turn spurred resea
4d and 5d metallic oxides, and in the ruthenates, in partic
lar, sparked by the discovery of superconductivity (Tc
50.93 K) in single-crystal Sr2RuO4 ~Ref. 6! and the specu-
lation of superconductivity at much higher temperatures.
date, only the ruthenates among the 4d oxides show long-
range magnetic order. Within the last two years, several
ports were published on measurements in SrRuO3 and de-
rivative transition-metal oxides. These include t
following: Precise measurements on thin-film SrRu3
showing non-mean-field behavior of the critical exponen7

of magnetization and electrical resistivity, a strong depr
sion of TC with pressure,8 heat capacity and transport me
surements compared to band structure calculations which
inforce the nonlocal character of the Ru moment,4 a sign
reversal of the Hall constant from electronlike to holelike
the temperature is increased,4,9 temperature-dependent x-ra
measurements showing a near-zero thermal expansion fT
,TC ,

10 and based on high-temperature perturbed ang
correlation measurements, a small structural transition to
than cubic symmetry below 800 K.11

It has been known for many years that CaRuO3 the iso-
morphic transition-metal oxide to SrRuO3, does not order
magnetically, down to at least 1 K,12 though the magnetic
susceptibility is rather large and temperature dependent:x
51231023 emu/mol atT54 K and 231023 at 300 K with
an effective paramagnetic momentmeff52.2mB /Ru from a
modified Curie-Weiss fit.13 CaRuO3 and SrRuO3 are similar
in several ways: Both have a similar orthorhombically d
torted perovskite structure—CaRuO3 is more distorted, as
expected, because the Ca ionic radius~0.99 Å! is even less
ideal for perovskite formation than Sr~1.18 Å!, though they
have similar~to 2%! lattice constants. Their metallic resis
tivities are comparable~CaRuO3 with r5220mV cm and
SrRuO3 with r5195mV cm at room temperature!. It is very
likely they have similar electronic band structures in t
paramagnetic regime.

Goodenough2 suggests that the CaRuO3 d-band width is
narrower than for SrRuO3, too narrow for magnetic ordering
but not so narrow as to cause CaRuO3 to be nonmetallic
(W/U!1). This latter property suggests that CaRuO3 is
close to being an insulator and very near the magnetic
nonmagnetic transition boundary. Previous experiments
doping in single-crystal CaRuO3 demonstrate this: Sn sub
stitution for Ru in excess of 15 at. % induces a metal-
insulator transition,14 as does Rh in excess of 7%.15 Further-
more, 5 at. % Na substitution for Ca induces antifer
magnetic or spin glass ordering atT555 K,13 and the con-
ductivity decreases, though no transition to an insulat
state is found—as it is for SrRuO3 for slightly higher Na
doping.13

The purpose of this paper is to present the results o
comprehensive study of the thermodynamic and trans
properties on mixed single-crystal SrRuO3 and CaRuO3,
namely, Sr12xCaxRuO3, for 0<x<1.0. We have also ex
tended previous magnetization studies to higher dc fields~30
T! on the end member samplesx50 andx51.0. Prior stud-
n-
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ies of Sr12xCaxRuO3 have relied primarily on polycrystalline
materials generated by ceramic techniques or on thin film
SrRuO3. Examination of the literature shows a variability o
critical properties among polycrystalline materials, a
though the quality of the thin films is high, they appe
slightly strained because theTC reported for single-crysta
SrRuO3 is consistently lower thanTC5165 K measured in
our high-quality single crystals. It is well known thatTC of
SrRuO3 decreases rather rapidly with pressure.8

The data presented here on single-crystal samples
Sr12xCaxRuO3 show a smooth evolution with increasingx
from long-range ferromagnetism (x50) to a highly en-
hanced paramagnetic response (x51.0). We find evidence
for short-range magnetic ordering, possible spin glass beh
ior, for samples with only very little Sr content (x'0.95).
Taking advantage of single-crystal materials, we present
magnetic anisotropy and associated magnetic hysteresis
function of x. This is quite small forx50, but grows as
TC is depressed to 0 K. Very-high-field magnetization me
surements~to 30-T dc fields! show a field dependence eve
to the highest fields, underscoring the itinerant nature of
magnetism in this system. The mass enhancement and D
temperature from heat capacity show two maxima as a fu
tion of x with a reproducible minimum forx50.5. Finally,
the temperature dependence of the Hall effect is prese
over the series, showing a sign reversal for the end memb
as seen recently,9 but the sign reversal is not observed in t
mixed systems.

SAMPLE PREPARATION AND EXPERIMENTAL
DETAILS

The single-crystal samples were grown from a self-flux
Pt crucibles heated to 1500 °C using off-stoichiometric qu
tities of RuO2, SrCO3 ~and/or CaCO3 for mixed or pure
samples!, and SrCl2 ~or CaCl2!, a self-flux. The samples wer
soaked at 1500 °C for 25 h, cooled slowly at 2 °C/h
1350 °C, and then rapidly quenched to room temperatur
avoid possible twinning. The Sr:Ru starting ratio is essen
to achieve the desired stoichiometry. Energy-dispersive x-
analysis~EDAX! scanning electron microscopy~SEM! and
x-ray diffraction were used to determine composition a
phase integrity.

All samples showed theABO3 composition and GdFeO3
orthorhombic structure with no secondary phases detec
The morphology of the samples was consistent: They t
to form as 1–2 mg rectangular parallelepipeds, with the sh
dimension along thec direction @001#. All measurements
were carried out on ‘‘as-grown’’ single crystals.

The surfaces of several of the crystals were examined
polarized light with a differential interference contrast micr
scope. There was no evidence of twinning in theab plane of
the crystals down to a scale of'1mm. As with thin-film
specimens,16 the single crystals are fully stable when e
posed for long periods to the atmosphere. This propert
particularly important, as thin-film SrRuO3 and derivative
materials have been cited as potentially useful substrate
terials for device applications involving other oxide materia
such as high-temperature superconducting cuprates.

Figure 1 shows the concentration dependence of
room-temperature lattice parameters for five representa
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56 323THERMAL, MAGNETIC, AND TRANSPORT PROPERTIES . . .
Sr12xCaxRuO3 samples. Thea-b splitting grows with in-
creasingx. This reflects the smaller ionic radius of Ca a
the slightly more distorted, less ideal perovskite, structure
CaRuO3 compared to SrRuO3. These lattice constants ar
identical with those reported for thin films.16 It is somewhat
surprising, therefore, that the reported Curie temperature
the 1000-Å thin-film SrRuO3 sample is only 150 K, com-
pared toTC5165 K in our single-crystal sample. If the thi
films are strained, which could explain the lowerTC , the
strain is not enough to alter the reduce lattice constant
measured with x rays. However, SrRuO3 thin films often
show a somewhat larger room-temperature electrical resi
ity compared to theab-plane resistivity measured on ou
single crystals~r'300mV cm vs 200mV cm; see Refs. 7
16, and 17 and this work!, indicating possible effects o
strain. We also note that slight changes in the Sr:Ru ratio
strongly alterTC .

Magnetization studies were performed on a quantum
sign superconducting quantum interference device~SQUID!
MPMS system~2<T<400 K, 0<H<7 T!, and for higher
fields a vibrating sample magnetometer, installed on a 3
resistive magnet of the National High Field Magnet Labo
tory, was used. Resistivity studies were performed with
standard four-lead technique and in a 12-T superconduc
solenoid, and the Hall effect was measured with a six-le
van der Pauw technique. Heat capacity was carried out
1,T,20 K using a low-mass heat capacity system with
sensitivity of about 1mJ/K for a 1-mg, sample at 10 K.

EXPERIMENTAL RESULTS: MAGNETIC PROPERTIES

In Fig. 2 we show the magnetic susceptibilityx(T) mea-
sured in a fieldH50.1 T for several Sr12xCaxRuO3 samples
in their respective paramagnetic (T.TC) regimes. Note the

FIG. 1. Room-temperature lattice constants vsx for
Sr12xCaxRuO3.
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data of Fig. 2 cover the temperature interval 50,T
,400 K. All data generally showed agreement with t
modified Curie-Weiss law: x(T)5x01C/(T2Q), where
x0 represents a term reflecting the Pauli susceptibilityxp ,
Landau diamagnetism, and core diamagnetism,C is the Cu-
rie constant, andQ is the Curie-Weiss~CW! temperature.
Fits to the CW law were less good nearTC as expected
because of short-range order and fluctuation effects. The
rameters of the fits to these data, taken over the tempera
interval from about 30 K aboveTC to 380 K, are shown in
Table I.

In these highly correlated, narrowd-band materials, we
expectxp to dominate, and so we takex0 to be proportional
to xp and, hence, the density of states at the Fermi surfa
This allows us to compare these values of the density
states with those obtained from the low-temperature e
tronic contribution to the heat capacity. For 0,x,0.5 the
Curie constants were close to 1.00 emu K/mol, correspo
ing to the S51 effective paramagnetic momen
2.8mB /Ru atom, and show a modest decrease with incre
ing x.

The low-field magnetic susceptibilityM (H,T)/H vs tem-
perature for selected Sr12xCaxRuO3 samples is shown in Fig
3. The measuring field (H510 Oe), which was in theab
plane, is sufficiently small enough to represent the zero-fi
susceptibility, i.e., (dM/dH)H→0 , for all H and T shown.
The Curie temperatureTC is unambiguously determined wit
a low-field-limit ‘‘kink-point’’ method. ThoughTC is mono-

FIG. 2. Curie-Weiss plot of the magnetic susceptibility (H
50.1 T) of Sr12xCaxRuO3 plotted to fit the modified Curie-Weiss
law x(T)5x01C/(T2Q).

TABLE I. Parameters of fits to a modified Curie-Weiss law f
Sr12xCaxRuO3.

x Q ~K! x0 (10
23 emu/mol) meff (mB)

0.00 169 0.9 2.8
0.25 82 2.1 2.8
0.53 57 1.3 2.8
0.83 14 2.9 2.4
0.95 216 1.1 2.2
1.00 268 0.7 2.2
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324 56CAO, McCALL, SHEPARD, CROW, AND GUERTIN
tonically and smoothly depressed to 0 K for x51.0
(CaRuO3), the depression in the extrapolatedT→0 K low-
field moment is depressed more rapidly.

Figure 4 showsTC andQ, the Curie-Weiss temperature
vs x for all samples measured. As noted above, the magn
ordering persists tox51.0 and the depression ofTC is
smooth and monotonic. Forx,0.8, Q tracks TC rather
well—as expected for ferromagnetic systems—but a str
deviation between the two occurs forx.0.8. This suggests
that for largex antiferromagnetic correlations and/or sp
fluctuations begin to dominate over long-range ferrom
netic ordering. The magnetic ordering forx→1.0 does not
have the characteristics of long-range ferromagnetism,
appears to take the form of a short-range, possible spin-g
like transition. This region is illustrated in the inset of Fig.
We present data below on ax50.95 and ax50.96 sample.
Returning to an earlier point, even very small,'1 at. % Sr
doping in paramagnetic CaRuO3 is enough to induce mag
netic correlations between cation moments.

In Fig. 5 are shown several magnetic isotherms aT
55.0 K for a fairly large~2 mg!, nearly cubically shaped
single crystal of ferromagnetic SrRuO3 for H along the prin-

FIG. 3. Low-field magnetic susceptibility~H510 Oe in theab
plane!, used to determine the ferromagnetic ordering temperatu

FIG. 4. Magnetic ordering temperatureTC and Curie-Weiss
temperatureQ vs x. The inset shows an expanded view of t
presumed spin-glass-ordering regime.
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ciple crystallographic directions. As the sample was nea
cubic, demagnetizing corrections should be essentially in
pendent of field direction, and so no corrections were ma
It is clear from Fig. 5 that the@100# or @010# direction is the
easy axis, rather than@110# asserted in prior work.17 In a
magnetization study of epitaxially grown single-crystal th
films, Klein et al.7 demonstrate that the easy axis is in t
ab plane, but with the direction of the easy axis depend
on the temperature, varying by 15° between nearTC and 0 K.
The data of Fig. 5 rather dramatically illustrate the anis
ropy of magnetization in plane vs out of plane. There is
magnetic hysteresis measurable in SrRuO3 on the scale of
this figure.

In spite of a smooth and uniform decrease inTC ~see Fig.
4!, the initial rate of depression of the extrapolat
(T→0 K) magnetic susceptibility~see Fig. 3! is much more
rapid than the rate of depression ofTC . This is due to an
increased negative curvature in the low-temperature isot
mal magnetization forx.0 @see Figs. 6~a! and 6~b!#. The
data in Fig. 6 are forT55 K and withH directed along the
principal axes,a @100#, b @010#, andc @001# and along the
@110# direction. The data forHi@110# are not shown in order
to reduce clutter in the figure. In all cases, the sample w
zero-field cooled~ZFC! through TC prior to the measure-
ment. Demagnetization effects are not included. Several
tures of the data of Fig. 6 are notable: First, the initial slo
of M (H), (dM/dH)H→0 , for the mixed samples (x.0) de-
creases rapidly withx, reflecting the rapid decreasin
M /H(T→0 K) seen in Fig. 3. Second, the highest-field ma
netizationM ~H57 T, T55 K! decreases with increasin
x. Third, the approach to saturation for thex50.25 sample
@Fig. 6~a!# is more rapid forHi@001# than for the in-plane
field ~see Fig. 5 for contrast!. This suggests that the easy ax
tips out of theab plane and nearer thec axis for this con-
centration range. For thex50.53 sample, the effect is les
strong; i.e., the magnetization does not rise as rapidly
Hi@001#. Fourth, for the mixed samples,M (H,T) has a
weak steplike structure at low magnetic fields. The stepl
structure appears to represent a field-induced spin reorie
tion, perhaps from out of plane to in plane—a domain ro
tion on the approach to magnetic saturation. The rapid
crease inM (H,T.0 K) for increasingx parallels a strong

.
FIG. 5. Magnetic isotherms atT55 K for x50 (SrRuO3) along

the principal crystallographic directions.
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56 325THERMAL, MAGNETIC, AND TRANSPORT PROPERTIES . . .
increase in hysteresis.~Microscopic studies, such as neutro
scattering, may reveal spin orientation in the ordered s
for x.0 materials and might determine if the moment
sides partially on neighboring oxygen for the mixe
crystals.5! Finally, though there is essentially no discernib
hysteresis ~very small remanent moment! for the x50
sample, there is a very rapid increase in the remanent
ment for x.0. @Earlier results on a single-crystal samp
reported a significant hysteresis for SrRuO3 ~Refs. 16 and
17!.# Thus the easy axis formixedsingle crystals (x.0) is
not readily determined; e.g., it is less clear that the@110# is
not the easy axis.16 Magnetic hysteresis is not an intrins
physical property, but the large difference in remanence
tween mixed (x.0) and unmixed (x50) ferromagnets, pre
pared in exactly the same way, is compelling

In Fig. 7~a! we show several magnetic isotherms f
SrRuO3 in fields to 30 T, more than twice the field applied
any previous study. To improve signal to noise, seve
single crystals were stacked with the field parallel to vario
ab-plane orientations, and so comparison with the low
field, single-sample data is not precise. The magnetiza
does not reach the theoreticalS51 limit (2mB /Ru) even at
30 T, reflecting the itinerant character of the ferromagnet
of SrRuO3. The highest-field slope of the data in Fig.
taken to be the Pauli paramagnetism ('0.002mB /Ru T),
translates to a density of states at the Fermi surface aro
500 states/Ry f.u. This should be compared to 1

FIG. 6. Magnetic isotherms for two mixed (x.0) crystals along
principal crystallographic directions. Data forHi@110# are omitted
for clarity. The data forHi@001# appear to be an easier axis tha
@100# for the x50.25 sample, in contrast to the data of Fig. 5.
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states/eV atom derived from our heat capacity measurem
for SrRuO3 ~see below! and to 366 states/Ry f.u. derive
from the high-temperature (T.TC) magnetic susceptibility
termx0 . The larger values derived from the high-field slo
of M ~30 T, 5 K! and fromx0 may reflect the lack of mag
netic saturation on the one hand and the high-tempera
(T.TC) x0 vs low-temperature (T!TC) heat capacity mea
surements on the other.18

In Fig. 7~b! we show magnetization atT55 K to 30 T for
paramagnetic CaRuO3. The interesting feature is the curva
ture to highH seen for CaRuO3. This is reminiscent of
M (H) for highly enhanced nonordering paramagnetic me
like Pd or Pd0.95Rh0.05,

19 where the curvature is attributed t
topological features of the density of states near the Fe
surface in these strongly Stoner enhanced materials. The
may be fit to a Stoner-Edwards-Wohlfarth cubic term,M
5a11a2H1a3H

3, with the parametersa1539 emu/mol,
a256.531023 emu/mol Oe, and a351.2310214 emu/
mol Oe3. Thea2 coefficient is near to theT55 K value ofx
for CaRuO3, the temperature dependence ofx varying
strongly in that temperature region.

A rather remarkable feature of the Sr12xCaxRuO3 system
is that the magnetic ordering temperature appears to decr
to 0 K only for x51.0 ~see Fig. 4!. This means the presen
data do not permit an identification of a critical concentrati
Sr required to produce magnetic order. This result has
cused our attention on dilute Sr doping in CaRuO3. We per-
formed several very-low-field magnetization studies on t
single-crystal Sr0.05Ca0.95RuO3 samples x50.95 and x

FIG. 7. Magnetic isotherms to very large magnetic fields
ferromagnetic SrRuO3 and paramagnetic CaRuO3. The magnetiza-
tion for SrRuO3 never reaches the theoretical limit of 2mB /Ru at
highest fields.
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326 56CAO, McCALL, SHEPARD, CROW, AND GUERTIN
50.96. ~The uncertainty in the measuredx, which is found
from EDX-SEM measurements, is about60.005.!

Figure 8 shows the low-field~20-Oe! magnetization on
this sample, both zero-field cooled~ZFC! and field cooled
~FC!. The difference in the ZFC and FC data is typical
spin glass or short-range ordering and unlike compara
data on this system forx,0.83 samples. We also performe
low-field time-dependent thermoremanent magnetiza
measurements. The data were obtained in the following m
ner: The sample was warmed to 30 K, well above w
appears to be the low-field magnetic irreversibility tempe
tureTf'10 K, the divergent point in the ZFC and FC 20-O
x(T) data. A field of 20 Oe was applied, the sample coo
to T<Tf , a waiting time established~5000 s!, and then the
field reduced to zero, whereupon the magnetization m
sured as a function of time, for about 1 h. As is characteri
of a possible spin glass,M ~H→0, t.0! decreased quickly
to a nonzero value, followed by a very slow relaxation
M over time. ForT>Tf , the relaxation toM50 is rapid.
Representative data forT53.0 K are shown in the inset o
Fig. 8.

To our knowledge, this is the first indication of spin-glas
type behavior in a 4d transition-metal oxide. This sugges
that Ru moments are correlated when only a small numbe
Sr ions are randomly located in the lattice, further sugges
that the magnetic order may be characteristic more of a
glass or other short-range order than of long-range ferrom
netism. Additional measurements are under way in orde
better characterize this interesting regime of t
Sr12xCaxRuO3 system (x>0.83) and to assess various fits
magnetic relaxation models, including the stretched ex
nentialM (t)5M0 exp@2(at)a#.

EXPERIMENTAL RESULTS: HEAT CAPACITY

In Fig. 9 we show results of specific heat,C(T), measure-
ments for several Sr12xCaxRuO3 samples taken in zero ap
plied field for 2,T,20 K. A representative plot o
C(T)/T vs T2 is shown in the inset of Fig. 9~a! along with
the linear fit to the data. In all cases, the electronic spec
heat coefficientsg are rather large. The value ofg

FIG. 8. Low-field magnetization and thermoremanent magn
zation for thex50.95 sample showing spin-glass-like behavior.
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(29 mJ/mol K2) for our 3-mg x50 single-crystal sample
agrees very well with the 47-mg polycrystalline sample
sult of Allen et al.4 (30 mJ/mol K2). Comparing our mea-
suredg to the density-of-states calculations of Allenet al.4

~190 states/Ry cell for both spin up and spin down! yields a
mass enhancementm*53.4m0 . Comparison with the
density-of-states calculations by Singh19 for the orthorhom-
bic SrRuO3 structure ~225 states/Ry cell! yields m*
53.0m0 . Both band structure calculations4,19 apply to the
orthorhombic SrRuO3 ferromagnetic phase.

From electron-energy-loss spectroscopy measuremen
the plasma frequency,20 wherevp'(m* )(21/2), one obtains
a somewhat larger ('7.0m0) effective mass for SrRuO3. It
is not surprising that quasiparticle masses differ, depend
on the measurement made and which comparison to theo
used, but the effective mass derived from a measuremen
the plasmon frequency20 should be closer to the calculate
single-particle mass and that derived from heat capacity m
surements, not further from the unrenormalized mass.21 Also,
Ref. 20 suggests an increase in the density of states a
Fermi surface, progressing from CaRuO3 to SrRuO3 to
BaRuO3, which is not found in our low-temperature he
capacity data.

Large heat capacity coefficients are characteristic of m
of the members of the Ruddlesdon-Popper22 series
(Sr12xCax)n11RunO3n11 , n51–`. Allen et al.4 point out
that the enhancement ofg is due more to spin fluctuation
than to phonon mass enhancement. This is consistent

i-

FIG. 9. Parameters of fits to the low-temperature specific h
C/T5g1b(QD)T

2 vs T2 as a function ofx. The inset shows
C(T) vs T2 for SrRuO3.
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our observations that in CaRuO3, which though not magneti
cally ordered has a large electronic heat capacity,g
573 mJ/mol K2, and it is a borderline magnetic materi
based on our Ru sublattice chemical substitution studies,13–15

as well as small Sr doping on the Ca sublattice~see above!.
Unfortunately, to our knowledge, no band structure calcu
tions exist for CaRuO3. It is tempting to assume, howeve
that the density of states is at least comparable to SrRuO3, in
which case the mass enhancement from specific heat w
be around (5–6)m0 . This is at least consistent with plasm
frequency results of Ref. 20, showingm*'8.0, slightly
larger for CaRuO3 compared to SrRuO3.

20

The unusual nonmonotonic dependence onx of g @Fig.
9~a!# and of the Debye temperatureQD @Fig. 9~b!# is surpris-
ing, given the smooth monotonic decrease inTC ~Fig. 4! and
the saturation magnetic moment@M ~H57 T, T55 K! from
Figs. 5 and 6#. The decrease ing seen in Fig. 9~a! for x
50.5 is reproducible, the figure showing results for tw
samples of almost identical composition from entirely diffe
ent batches. The calculation ofQD for those two samples is
essentially identical, and so only one data point is shown
Fig. 9~b!.

Finally, we attempted a search for spin-wave contrib
tions to the heat capacity by trying to include in the tempe
ture dependence of the low-temperature heat capaci
T(3/2) term for SrRuO3 and other ferromagnetic sample
However, none of the data showed a satisfactory fit with t
term included.

EXPERIMENTAL RESULTS: TRANSPORT PROPERTIES

In Fig. 10 we show the in-plane electrical resistivity as
function of temperature,r(T), for the x50, 0.53, and 1.0
Sr12xCaxRuO3 samples. The out-of-plane resistivity~current
along thec axis! has a similar temperature dependence,
is slightly larger ('10%) in magnitude, reflecting a sma
anisotropy expected because of the orthorhombic symme
Uncertainty in the area/length measurements preclu
knowing the absolute value of resistivity to better than ab
10%. In single-crystal metallic Sr2RuO4, which is then51
Ruddlesdon-Popper structure and which has a single la
i.e., a much more anisotropic structure th
Sr12xCaxRuO3, the c-axis resistivityrc(T) is semiconduc-
torlike for 50,T,300 K, andrc /rab reaches as high a
'500.23

The temperature dependence ofr(T) for SrRuO3 is simi-
lar to reports for thin films by Allenet al.4 and Kleinet al.7

including the break atTC . However, withr54mV cm at
low T for our samples, the single crystals are more hig
conductive at low temperature. The room-temperature re
tivity is also similar to another single-crystal data report16

Though r(T) for SrRuO3 tends to ‘‘bottom’’ out like any
metal with impurity-limited resistivity, CaRuO3 continues to
decrease and becomes even lower forT,5 K. @We are con-
tinuing to trackr(T) for this material down to much lowe
temperatures.#

The data of Fig. 10~a! are indicative of the high quality o
the single-crystal samples:R300/R5'51 for SrRuO3 and
'43 for CaRuO3. As in the thin-film material, we estimate
room-temperature quasiparticle transport mean free pal
'10 Å, demonstratingkFl'O(1). This would suggest tha
-
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SrRuO3 and orthorhombic CaRuO3, assuming similar band
structure character in this paramagnetic regime, are ‘‘ba
metals.24 That both SrRuO3 and CaRuO3 are close to being
nonmetals~dr/dT,0 as T→0 K! is demonstrated by in-
plane and out-of-plane doping studies from our group.13,14

Focusing on the high-temperature resistivity, we see
mixed crystal (x50.47) hasr at room temperature nearly
times the others. This would be expected from Nordheim
rule, though the meaning of such a classical notion in
case of ‘‘bad’’ metals is not clear.24 The room-temperature
mean free path for this sample may be only 2–3 Å.

While not a principal subject of this paper, we show
Fig. 10~b! similar data for single-crystal BaRuO3, which has
a somewhat different crystal structure—a staggeredc-axis
stacking of RuO chains with face-sharing and corner-sha
Ru-O octahedra. The unit cell is approximately twice
large as that for SrRuO3 and CaRuO3. This probably comes
about because the Ba ionic radius~1.36 Å! is larger than that
for the ideal perovskite. Ther(T) of BaRuO3 is uniformly
larger than that for SrRuO3 or CaRuO3, and theR300/R5 is
considerably less than for the others. Also shown isrc(T),
with current directed along thec axis. Though the tempera
ture dependence is essentially the same, the magnitude i
as large, reflecting the higher anisotropy in this syste
~Comparable data for SrRuO3 and CaRuO3 show less anisot-
ropy, rc /ra'1.1.! It is notable that the high-temperatur
dependence ofr in BaRuO3 is different from that for

FIG. 10. Electrical resistivity vs temperature forx50, x
50.47, andx51.0 samples and anisotropy of electrical resistiv
for a companion material BaRuO3.
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SrRuO3 or CaRuO3, where r increases linearly with tem
perature, characteristic of bad metals. Another anomaly is
nonmonotonic behavior ofr(T) for T,50 K for BaRuO3.
This is highly reproducible from sample to sample, and
present we have no explanation for this behavior. We
currently tracking this resistivity toT!2 K.

None of the data of Fig. 10 show conventional meta
behavior; e.g., fits to the Bloch-Gruneisen formulas are
successful. Furthermore, Kleinet al.7 have pointed out tha
even thoughr(T) displays classic Fisher-Langer behavi
for T,TC , dr(T)/dT, andC(T), dT for SrRuO3 show un-
usually strong divergence atTC and with large critical expo-
nents. This is attributed to the bad metal characteristics of
material.

In Fig. 11 we show Hall effect data taken atH510 T for
four Sr12xCaxRuO3 samples. As in Ref. 9, there is a sig
reversal from electronlike~negativeR! to positive with in-
creasing temperature for thex50 andx51.0 samples, atT
>170 K for SrRuO3 andT>30 K for CaRuO3. Gausepohl
et al.9 have performed their measurements on thin-fi
samples, and our data agree reasonably well with th
data: The sign reversal for the thin-film samples is at ab
150 K for SrRuO3 and 55 K for CaRuO3. In addition, the
extraordinary Hall effect in SrRuO3 is evident in both cases
the Hall voltage vs field is linear for paramagnetic CaRu3
for all temperatures, but is highly nonlinear for ferroma
netic SrRuO3 below the Curie temperature. Though the si
reversal indicates multiband contributions to the Hall co
ductivity, we can estimate from our data the density of c
riers in the extreme temperature limits: For SrRuO3, ne
'331022 cm23 at T55 K and np'631022 cm23 holes at
T5200 K; for CaRuO3, ne'331022 cm23 and ne'1
31022 cm23 at 200 K. While these do not agree particular
well quantitatively with the thin-film results, the agreeme
in temperature dependence is reasonable. The low densi
carriers and sign reversal hint at the complexity of the ba

FIG. 11. Hall constant vs temperature for four samples. Note
sign reversal for thex50 andx51.0 samples, but not the other
Data were taken inH510 T magnetic fields. Error bars are repr
sentative of the full temperature range.
he
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structure for these materials and suggests that they ma
compensated metals.

In view of the general agreement on Hall voltage si
reversal in the end members of the Sr12xCaxRuO3 system, it
is surprising that there is no sign reversal for the sample
the mixed regime. Data are shown in Fig. 11 for thex
50.50 andx50.25 samples. The density of carriers, aga
using a single-band model, would be around 331021 cm23

at T55 K for both mixed crystals. This is at least consiste
with the higher longitudinal resistivity for the mixed crystal
The origin of the sign reversal for the end member samp
remains open to speculation. Because it occurs for param
netic CaRuO3, it is not intrinsically related to the itineran
magnetization of SrRuO3, but is probably related to scatte
ing from different parts of the Fermi surface, hole pocke
and electron regions. That the sign reversal occurs for b
lends support to the notion that the Fermi surfaces are sim
for the two materials. That this sign reversal does not oc
for the mixed crystals may be related to the additional sc
tering introduced by disorder on the Sr, Ca anion sublatt
thus preventing a temperature-driven saturation of lo
temperature~electron-dominated! scattering.9

CONCLUSIONS

The Sr12xCaxRuO3 pseudoternary system is rich in phys
cal effects attributable to the highly correlated R
4d-electron bands. Though all the data presented show
tallic behavior, they are easily switched from the metallic
nonmetallic state through chemical substitution. This is c
sistent with recent data on other Ru 4d transition-metal ox-
ides which are also borderline insulators.25 The advantage of
single-crystal data is evident from this study. For examp
the large magnetocrystalline anisotropy has been dem
strated forx.0 materials. This may be reflected in the Ha
effect data, which show sign reversal as a function of te
perature for the end member systems,x50 andx51.0, but
not for the mixed systems. The very-high-field magnetiz
tion, which does not saturate even for 30 T at low tempe
tures, lends support for the itineracy of the materials. Furt
work will involve microscopic studies~neutron scattering! to
determine the spin orientation in Sr12xCaxRuO3 as a func-
tion of x as well as infrared and angle-resolved photoem
sion spectroscopy measurements to assist in understan
the electronic band properties of these ‘‘bad’’ metals.25 The
possible spin-glass-type magnetism for samples with on
small amount Sr doping in paramagnetic CaRuO3 deserves
more extensive investigations. Finally, all the results bear
the interesting subject of transport, magnetic itineracy, a
thermodynamic properties of ‘‘bad’’ metals.
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