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Possible non-Fermi-liquid behavior of CaRuG,
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We measured the resistivityp] and magnetoresistanceé f/p) of the metallic pseudocubic perovskite
CaRuQ. At high temperaturesp=a+bT% and Ap/p is negative. At low temperaturep=a-+bT"® and
Aplp changes sign as a function of the applied magnetic field. Both at high temperatures and at low tempera-
tures,p deviates strongly from the resistivity of Fermi-liquid metals; we therefore discuss the possibility that
CaRuQ is a non-Fermi-liquid metal.S0163-182609)04808-(

I INTRODUCTION different films deposited on LaAlQ p=(p—po)/(pars

. —po). Here is the resistivity alf =273 K andp, is the
One of the central challenges in recent years has been tié po) pars y Po

understanding of transport properties of metals with elec_?(trapolated zero-temperature resistivity. It is important to

tronic correlations strong enough to invalidate the applicabil—rlote the reproducibility of the temperature dependence of the

ity of the Fermi-liquid theory. Among these metals, metallic resistiv?ty; t.his is a clear indication of the intripsic nature of
perovskites such as cuprates and more recently ruthenatfi€ resistivity, which we analyze in the following.
have attracted particular interest. Here we present transport The resistivity p) is clearly sublinear at high tempera-
measurements of CaRy@hat suggest that this metal might tures, turning to stronger than linear at low temperatures—
also be a non-Fermi-liquid metal. qualitative features generally observed either in thin filors
CaRuQ is a pseudocubic metallic perovskiteffective in bulk sample$. For a quantitative analysis we want to fit
lattice parameter-3.84 A) with orthorhombic structufe the data with a particular function. Lacking aaypriori rea-
(a=5.541 A b=5.362 A, and c=7.686 A). While son to choose a specific fit, we assume the simplest possible
CaRuQ was first studied in the late 19568,an intensive  torm p=a+bT?, and look for the bes.
Investigation of th'.s compound has s.tar_ted only f°"°.W!r?9 the For fitting the high-temperature resistivity we used data
discovery of the highF, cuprates. This interest was initially points from the temperature range 50<K<200 K. We

hme(ig\r/c?;?r%c%r;ze Vsi(t);emg%_u?i?mzfs,tp Iﬂguvrgie?f ﬁiﬁu(rhe_ randomly chose 50 data points and calculated the error of the
Y : ' least-squares fit for a range of values94<0.6 with in-

cently the main focus shifted to studying thghysical ,
propertied—? of CaRuQ as part of a very active investiga- tervals of 0.001. Ther with the smallest error was taken as

tion of other ruthenatesuch as SrRuQ®!! Sp,RuUO,, the best fit for the specific set of points chosen. We repeated

P ; the process 500 times and the distribution of the values of

and CaRw0O; (Ref. 13] whose intriguing properties are
probab?y gzriv7er§ by str(?r]lg electron cgrrelgtignsP is shown in the inset of Fig.(h). We see that the distribution

Here we report resistivity ) and magnetoresistance Of @ IS extremely narrow: 0.493a<0.506. Sincex=0.5 is
measurements of thin films of CaRyOWe find that at high Within this narrow range we show in Fig(t the resistivity
temperaturesp=a+bT05 and that at low temperaturgs &5 2 function ofT®® to demonstrate the quality of the fit at
—a+bTL® (see Fig. 1 This resistivity (in both limits) is h'g\t‘vtemperat“rgs- ] ] e
very different from the resistivity expected for Fermi-liquid © repeated the same procecure with the low-

metals. Therefore, we address the possibility that Cafis0 ~ [emPerature data-l In ”]]e inset of Fiqc)l"ge Shfg”(;he dis-
a non_Fermi_liquid metal. tribution of a resu tlng rom a process wnere ata pOIntS

For this study we have used thin films of CaRufre- were selected 500 times from a temperature range of 2 K

pared by pulsed laser deposition on substrates of LaAlt@l <T<10 K. Weofind that 1.4% o= 1.61. Removing _the up-
SITiO;. The room-temperature resistivity of our films is P’ and lower 5% of the values afalready cuts the interval

ypcally 500 ) cm and e eSSV AU0Lrlpe) oy o 55 e s o o Y 22 8
is typically ~6. '

some films the zero-field resistivity becomes qualitatively
Il. MEASUREMENTS different belowT<3.5 K in a way indicative of a first-order
phase transition. We will discuss this behavior elsewhere.
We start by examining the zero-field resistivity of  The crossover between the high-temperature and the low-
CaRuQ@. Figure 1 shows the rescaled resistivify) (of two  temperature resistivity is very gradual: the high-temperature
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FIG. 1. (a) The rescaled zero-field resistivity of two different CaRuims (~ 1000 A thick on LaAlO; substrates(b) The rescaled
resistivity vsT%®. Inset: The distribution of the power which yields the best fit in the form=a+bT¢, to a randomly selected subgg0
points of the resistivity data in the temperature interval 56<K<200 K. The total number of iterations is 50@) The rescaled resistivity
vs T15. Inset: The distribution of the power, which yields the best fit in the form=a-+bT¢, to a randomly selected subgé6 point$
of the resistivity data in the temperature interval 2<K<10 K. The total number of iterations is 500.

fit breaks down belowl ~40 K, while the low-temperature tude becoming positive above a threshold field that decreases
fit breaks down abovd@~15 K. More insight into the na- as temperature decreases. Thus, for instance, we can see that
ture of this crossover is obtained with magnetoresistancatT=5 K the differential MR becomes positive above 4 T.
(MR) measurements that are discussed next and which showhe crossover from negative to positive MR affects the func-
that changes in the temperature dependence of the resistivitpnal form of the negative MR well before it actually turns
are accompanied by qualitative changes in the MR. positive. At high temperatures the negative MR is propor-
Figure Za) shows the MR([p(H)—p(0)]/p(0)) with  tional to H? as is evident from the coincidence of the MR
field parallel to the current at three different temperaturespoints atT=40 K [see Fig. #b)]. On the other hand, the
T=5 K, T=20 K, andT=50 K. Figure 2Zb) shows the splitting of the points at lower temperature® that the MR
MR at fields (parallel to the curremtH=2,4,6 T and tem- points of the high fields are lowgiindicates the MR is
peratures 5 KT<100 K where the data have been di- weaker tharH?. We see that the deviation from? depen-
vided by H2. While the MR is overall very small we can dence occurs well abovE=5 K where we observe the rela-
clearly observe quantitative changes in its properties. At higltive positive MR. We note that the region in whigh=a
temperatures the MR is negative and it increases in magni+ b T%° overlaps the region in which p/p=H?2. In addition,
tude as the temperature decreases, reaching its pe@k atthe region in whichp=a+bT® overlaps the region where
~15 K. At lower temperatures the MR decreases in magniA p/p crosses over from negative to positive.
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1.0005 ‘ . value that roughly corresponds to the mean-free path given
] by the loffe-Regel limit. Heré is the mean-free path arig
8 5 ] is the Fermi wave vector. This possibility is not excluded;
0.9995 | ¥ ¥ ] however, since there are no expectations for a particular form
. N of saturation, it is doubtful that the narrow distributionf
0.999 - o o 50K T which includesa=0.5, is purely accidental. An alternative
0.9985 © ] approach is to assume that the power 0.5 is not acciden-
° ° ] tal and examine the applicability of models that specifically
0.998 1 predict p=a+bT%% Such a model is the two-channel
° ° ] Kondo model, which is believed to describe correctly the
0.9975 + 20K ] non-Fermi-liquid resistivity in the form op=a+bT%® ob-
0.997 ‘ ‘ s ‘ ‘ ‘ served in uranium-based and cerium based compotinds.
8 6 4 -2 0 2 4 6 8 Currently, we cannot confirm or exclude the relevance of this
(a) H(D model to the unusual resistivity of CaRygONevertheless,
we believe that it is more likely that the high-temperature
resistivity of CaRuQ reflects a non-Fermi-liquid behavior
rather than “saturation.”
. The other interesting behavior in regidnis the sign and
temperature dependence of the MR. Negative MR is com-
monly found in magnetic metals—the applied field sup-
presses the spin fluctuations that contribute to the electrical
resistivity, thus yielding negative MR. CaRyQGs a para-
8 magnetic metalat least in regiorA); therefore, one may
expect spin contribution to resistivity and hence negative
MR. The qualitative temperature dependence of the MR is
not surprising; the susceptibility increases as temperature de-
creases; therefore, both the induced magnetic ordering and
: : : : : the MR (in its absolute valueincrease. The unexpected be-
0 20 4 60 8 100 120 havior of the MR occurs in the intermediate range between
(b) T (K) region A and regionB; the MR is no longer proportional to
H2, and the MR reaches maximumat T~15 K. We be-
the change in the differential MR =5 K andH~4 T. (b) The lieve that the deviation from t_hlel2 dependence and, even
temperature dependence of the MR of CaR@dH=2,4,6 T di- more strongly, t_he maximurm in MRwhereas the suscepti-
vided byH?2 (in teslas. p|I|§y kgeps on increasing at lower temperatt)rgse cllear
indications that the crossover from regiérto regionB in-
volves (or is due t9 changes in magnetic properties.

p(H)/p(0)

0x10° :

4x107
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8x10°% |

FIG. 2. (8 MR of CaRuQ atT=5 K, 20 K, and 50 K. Note

Ill. DISCUSSION

The resistivity and MR measurements identify two differ-
ent regions:(a) Region A: a high-temperature regionT (
=40 K) characterized by resistivity whose temperature de- While the low-temperature resistivity of Fermi liquid met-
pendence ip=a+bT%® and MR that is negative and pro- als follows p=a+bT?, the low-temperature resistivity in
portional toH2. (b) RegionB: a low-temperature regionT(  this region followsp=a+bT"* This form of non-Fermi-
<15 K) characterized by low-field resistivity whose tem- liquid resistivity is theoretically expected when there is a
perature dependencegs=a+bT>% The MR in regionBis  zero-temperature paramagnetic-to-antiferromagnetic quan-
complicated: turning from negative at high temperatures tdum phase transition; consequently, it has been suggested as
positive at low temperatures. Therefore, it is possible to markhe source of such resistivity observed in, e.g., G&j.*

a crossover line within regioB that will separate the region If this is the reason for the unusual resistivity in CaRyu@
wheredp/dH>0 from the region wherep/dH<O. would be theoretically surprising, since band calculatiois
indicate the proximity of CaRupto a ferromagneticinsta-

_ bility expected to yield a different temperature dependence
RegionA of p. On the other hand, we note that CaRui® the end

The temperature dependence of the resistivity in this remember of the series consisting of Ba0, and CaRuw0O,
gion is quite puzzling. Clearly, the resistiviy=a+bT%>  both of which are antiferromagneti¢:!®
deviates from the Bloch-Gneisen resistivity expected to be  The MR in this region is quite complicated. AT
linear at high temperatures. On the other hand, the resistivity-5 K, for instance, it starts negative and then turns positive
of CaRu@ may not be so peculiar if it results from at higher fields ¢4 T), while atT=10 K it is negative at
“saturation.”* “Saturation” is an effect observed in differ- least up toH=6 T. This may indicate that regiol should
ent compounds, such as Al15: when the mean-free path ape split into two subregions according to the differential MR
proaches the loffe-Regel limizl = O(1), there is deviation with a crossover region in between. It is interesting to note
from the (high-temperaturelinear resistivity and the resis- again the similarity with CeNGe,, which also exhibits such
tivity becomes sublinear as if it is limited by a saturationa transition betweerdp/dH<0 at high temperatures to

Region B
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dp/dH<O0 at low temperatures. In the case of C#b&, the
negative MR was correlated with non-Fermi resistivigy (
=a+bT"9 while positive MR was correlated with Fermi-
liquid behavior p=a+bT?). In our case, however, the ef-
fective zero-field powe(1.5) increases only slightly with the
field reaching~1.55 atH=6 T.

The apparent non-Fermi-liquid behavior of CaRu®not
very surprising. An important indication for such a possibil-
ity is the specific-heat measurements reported by €an?
who measured the specific heat 0fGg _ ,RuO; and found
that for CaRu@ y=73 mJ/mol K. Such largey reflects a

BRIEF REPORTS

1451

have demonstrated non-Fermi-liquid behavior. Since non-
Fermi-liquid behavior is driven by strong electron correlation
we could have expected that CaRu®ould also be a non-
Fermi-liquid metal. Our results strongly suggest that this is
the case and should encourage further study of CaRaO
gether with other ruthenates as part of the ongoing effort to
understand the intriguing class of non-Fermi-liquid metals.
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