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Possible non-Fermi-liquid behavior of CaRuO3
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Département de Physique de la Materie` Condense´e, Universite´ de Gene`ve, Switzerland

T. H. Geballe, M. R. Beasley, and A. Kapitulnik
Edward L. Ginzton Laboratories, Stanford University, Stanford, California 94305

~Received 28 September 1998!

We measured the resistivity (r) and magnetoresistance (Dr/r) of the metallic pseudocubic perovskite
CaRuO3 . At high temperatures,r5a1bT0.5 and Dr/r is negative. At low temperatures,r5a1bT1.5 and
Dr/r changes sign as a function of the applied magnetic field. Both at high temperatures and at low tempera-
tures,r deviates strongly from the resistivity of Fermi-liquid metals; we therefore discuss the possibility that
CaRuO3 is a non-Fermi-liquid metal.@S0163-1829~99!04808-0#
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I. INTRODUCTION

One of the central challenges in recent years has been
understanding of transport properties of metals with el
tronic correlations strong enough to invalidate the applica
ity of the Fermi-liquid theory.1 Among these metals, metalli
perovskites such as cuprates and more recently ruthen
have attracted particular interest. Here we present trans
measurements of CaRuO3 that suggest that this metal migh
also be a non-Fermi-liquid metal.

CaRuO3 is a pseudocubic metallic perovskite~effective
lattice parameter;3.84 Å) with orthorhombic structure2

(a55.541 Å, b55.362 Å, and c57.686 Å). While
CaRuO3 was first studied in the late 1950s,3,4 an intensive
investigation of this compound has started only following t
discovery of the high-Tc cuprates. This interest was initiall
motivated by the potential use of thin films of CaRuO3 in
heterostructures with high-Tc films.5,6 However, more re-
cently the main focus shifted to studying thephysical
properties7–9 of CaRuO3 as part of a very active investiga
tion of other ruthenates@such as SrRuO3,10,11 Sr2RuO4,12

and Ca3Ru2O7 ~Ref. 13!# whose intriguing properties ar
probably driven by strong electron correlations.

Here we report resistivity (r) and magnetoresistanc
measurements of thin films of CaRuO3. We find that at high
temperaturesr5a1bT0.5 and that at low temperaturesr
5a1bT1.5 ~see Fig. 1!. This resistivity ~in both limits! is
very different from the resistivity expected for Fermi-liqu
metals. Therefore, we address the possibility that CaRuO3 is
a non-Fermi-liquid metal.

For this study we have used thin films of CaRuO3 pre-
pared by pulsed laser deposition on substrates of LaAlO3 and
SrTiO3 . The room-temperature resistivity of our films
typically ;500 mV cm and their resistivity ratio (r273/r0)
is typically ;6.

II. MEASUREMENTS

We start by examining the zero-field resistivity
CaRuO3. Figure 1 shows the rescaled resistivity (r̃) of two
PRB 600163-1829/99/60~3!/1448~4!/$15.00
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different films deposited on LaAlO3 , r̃5(r2r0)/(r273

2r0). Herer273 is the resistivity atT5273 K andr0 is the
extrapolated zero-temperature resistivity. It is important
note the reproducibility of the temperature dependence of
resistivity; this is a clear indication of the intrinsic nature
the resistivity, which we analyze in the following.

The resistivity (r) is clearly sublinear at high tempera
tures, turning to stronger than linear at low temperature
qualitative features generally observed either in thin films5 or
in bulk samples.8 For a quantitative analysis we want to fi
the data with a particular function. Lacking anya priori rea-
son to choose a specific fit, we assume the simplest pos
form, r5a1bTa, and look for the besta.

For fitting the high-temperature resistivity we used da
points from the temperature range 50 K,T,200 K. We
randomly chose 50 data points and calculated the error of
least-squares fit for a range of values 0.4<a<0.6 with in-
tervals of 0.001. Thea with the smallest error was taken a
the best fit for the specific set of points chosen. We repea
the process 500 times and the distribution of the values oa
is shown in the inset of Fig. 1~b!. We see that the distribution
of a is extremely narrow: 0.493<a<0.506. Sincea50.5 is
within this narrow range we show in Fig. 1~b! the resistivity
as a function ofT0.5 to demonstrate the quality of the fit a
high temperatures.

We repeated the same procedure with the lo
temperature data. In the inset of Fig. 1~c! we show the dis-
tribution of a resulting from a process where 15 data poin
were selected 500 times from a temperature range of 2
,T,10 K. We find that 1.41<a<1.61. Removing the up-
per and lower 5% of the values ofa already cuts the interva
to 1.45<a<1.53. In Fig. 1~c! we show the resistivity as a
function of T1.5. ~We would like to comment here that i
some films the zero-field resistivity becomes qualitative
different belowT,3.5 K in a way indicative of a first-orde
phase transition. We will discuss this behavior elsewhere!

The crossover between the high-temperature and the
temperature resistivity is very gradual: the high-temperat
1448 ©1999 The American Physical Society
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FIG. 1. ~a! The rescaled zero-field resistivity of two different CaRuO3 films (; 1000 Å thick! on LaAlO3 substrates.~b! The rescaled
resistivity vsT0.5. Inset: The distribution of the powera which yields the best fit in the formr5a1bTa, to a randomly selected subset~50
points! of the resistivity data in the temperature interval 50 K,T,200 K. The total number of iterations is 500.~c! The rescaled resistivity
vs T1.5. Inset: The distribution of the powera, which yields the best fit in the formr5a1bTa, to a randomly selected subset~15 points!
of the resistivity data in the temperature interval 2 K,T,10 K. The total number of iterations is 500.
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fit breaks down belowT;40 K, while the low-temperature
fit breaks down aboveT;15 K. More insight into the na-
ture of this crossover is obtained with magnetoresista
~MR! measurements that are discussed next and which s
that changes in the temperature dependence of the resis
are accompanied by qualitative changes in the MR.

Figure 2~a! shows the MR„@r(H)2r(0)#/r(0)… with
field parallel to the current at three different temperatur
T55 K, T520 K, andT550 K. Figure 2~b! shows the
MR at fields~parallel to the current! H52,4,6 T and tem-
peratures 5 K<T<100 K where the data have been d
vided by H2. While the MR is overall very small we ca
clearly observe quantitative changes in its properties. At h
temperatures the MR is negative and it increases in ma
tude as the temperature decreases, reaching its peakT
;15 K. At lower temperatures the MR decreases in mag
e
ow
ity

:

h
i-

t
i-

tude becoming positive above a threshold field that decre
as temperature decreases. Thus, for instance, we can se
at T55 K the differential MR becomes positive above 4
The crossover from negative to positive MR affects the fu
tional form of the negative MR well before it actually turn
positive. At high temperatures the negative MR is prop
tional to H2 as is evident from the coincidence of the M
points atT>40 K @see Fig. 2~b!#. On the other hand, the
splitting of the points at lower temperatures~so that the MR
points of the high fields are lower! indicates the MR is
weaker thanH2. We see that the deviation fromH2 depen-
dence occurs well aboveT55 K where we observe the rela
tive positive MR. We note that the region in whichr5a
1bT0.5 overlaps the region in whichDr/r}H2. In addition,
the region in whichr5a1bT1.5 overlaps the region where
Dr/r crosses over from negative to positive.
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III. DISCUSSION

The resistivity and MR measurements identify two diffe
ent regions:~a! Region A: a high-temperature region (T
>40 K) characterized by resistivity whose temperature
pendence isr5a1bT0.5 and MR that is negative and pro
portional toH2. ~b! RegionB: a low-temperature region (T
<15 K) characterized by low-field resistivity whose tem
perature dependence isr5a1bT1.5. The MR in regionB is
complicated: turning from negative at high temperatures
positive at low temperatures. Therefore, it is possible to m
a crossover line within regionB that will separate the region
wheredr/dH.0 from the region wheredr/dH,0.

Region A

The temperature dependence of the resistivity in this
gion is quite puzzling. Clearly, the resistivityr5a1bT0.5

deviates from the Bloch-Gru¨neisen resistivity expected to b
linear at high temperatures. On the other hand, the resist
of CaRuO3 may not be so peculiar if it results from
‘‘saturation.’’14 ‘‘Saturation’’ is an effect observed in differ
ent compounds, such as A15: when the mean-free path
proaches the Ioffe-Regel limitkFl 5O(1), there is deviation
from the ~high-temperature! linear resistivity and the resis
tivity becomes sublinear as if it is limited by a saturati

FIG. 2. ~a! MR of CaRuO3 at T55 K, 20 K, and 50 K. Note
the change in the differential MR atT55 K andH;4 T. ~b! The
temperature dependence of the MR of CaRuO3 at H52,4,6 T di-
vided byH2 ~in teslas!.
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value that roughly corresponds to the mean-free path gi
by the Ioffe-Regel limit. Herel is the mean-free path andkF
is the Fermi wave vector. This possibility is not exclude
however, since there are no expectations for a particular f
of saturation, it is doubtful that the narrow distribution ofa,
which includesa50.5, is purely accidental. An alternativ
approach is to assume that the powera50.5 is not acciden-
tal and examine the applicability of models that specifica
predict r5a1bT0.5. Such a model is the two-channe
Kondo model, which is believed to describe correctly t
non-Fermi-liquid resistivity in the form ofr5a1bT0.5 ob-
served in uranium-based and cerium based compoun15

Currently, we cannot confirm or exclude the relevance of t
model to the unusual resistivity of CaRuO3. Nevertheless,
we believe that it is more likely that the high-temperatu
resistivity of CaRuO3 reflects a non-Fermi-liquid behavio
rather than ‘‘saturation.’’

The other interesting behavior in regionA is the sign and
temperature dependence of the MR. Negative MR is co
monly found in magnetic metals—the applied field su
presses the spin fluctuations that contribute to the electr
resistivity, thus yielding negative MR. CaRuO3 is a para-
magnetic metal~at least in regionA); therefore, one may
expect spin contribution to resistivity and hence negat
MR. The qualitative temperature dependence of the MR
not surprising; the susceptibility increases as temperature
creases; therefore, both the induced magnetic ordering
the MR ~in its absolute value! increase. The unexpected b
havior of the MR occurs in the intermediate range betwe
regionA and regionB; the MR is no longer proportional to
H2, and the MR reaches amaximumat T;15 K. We be-
lieve that the deviation from theH2 dependence and, eve
more strongly, the maximum in MR~whereas the suscept
bility keeps on increasing at lower temperatures! are clear
indications that the crossover from regionA to regionB in-
volves ~or is due to! changes in magnetic properties.

Region B

While the low-temperature resistivity of Fermi liquid me
als follows r5a1bT2, the low-temperature resistivity in
this region followsr5a1bT1.5. This form of non-Fermi-
liquid resistivity is theoretically expected when there is
zero-temperature paramagnetic-to-antiferromagnetic qu
tum phase transition; consequently, it has been suggeste
the source of such resistivity observed in, e.g., CeNi2Ge2 .16

If this is the reason for the unusual resistivity in CaRuO3, it
would be theoretically surprising, since band calculations17,18

indicate the proximity of CaRuO3 to a ferromagneticinsta-
bility expected to yield a different temperature depende
of r. On the other hand, we note that CaRuO3 is the end
member of the series consisting of Ca2RuO4 and Ca3Ru2O7
both of which are antiferromagnetic.13,19

The MR in this region is quite complicated. AtT
55 K, for instance, it starts negative and then turns posit
at higher fields (;4 T), while atT510 K it is negative at
least up toH56 T. This may indicate that regionB should
be split into two subregions according to the differential M
with a crossover region in between. It is interesting to n
again the similarity with CeNi2Ge2 , which also exhibits such
a transition betweendr/dH,0 at high temperatures to
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dr/dH,0 at low temperatures. In the case of CeNi2Ge2 the
negative MR was correlated with non-Fermi resistivityr
5a1bT1.5) while positive MR was correlated with Ferm
liquid behavior (r5a1bT2). In our case, however, the e
fective zero-field power~1.5! increases only slightly with the
field reaching;1.55 atH56 T.

The apparent non-Fermi-liquid behavior of CaRuO3 is not
very surprising. An important indication for such a possib
ity is the specific-heat measurements reported by Caoet al.8

who measured the specific heat of SrxCa12xRuO3 and found
that for CaRuO3 g573 mJ/mol K2. Such largeg reflects a
large mass enhancement indicating electron correlations
are likely to be even stronger than in the related compo
SrRuO3 for which transport10 and infrared measurements11
e
J,
tt
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l.
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pl
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have demonstrated non-Fermi-liquid behavior. Since n
Fermi-liquid behavior is driven by strong electron correlati
we could have expected that CaRuO3 would also be a non-
Fermi-liquid metal. Our results strongly suggest that this
the case and should encourage further study of CaRuO3 to-
gether with other ruthenates as part of the ongoing effor
understand the intriguing class of non-Fermi-liquid metal
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