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We present bulk magnetic susceptibility, specific heat, transport, NMR, and NQR results of the perovskite
compound CaCu3Ru,01,. The data consistently describe a metallic state with a moderately enhanced Som-
merfeld coefficient of y=92 mJ/mol K? and a spin-fluctuation temperature of about 180 K. The heat capacity
below 2 K shows a logarithmic increase providing evidence for non-Fermi-liquid (NFL) behavior in
CaCuzRu,01,. Further signatures of NFL properties are found in NQR measurements revealing deviations
from a Korringa behavior of the spin-lattice relaxation rate. The results are discussed with respect to heavy-
fermion and NFL properties in other transition-metal compounds and traditional f-electron systems.

DOI: 10.1103/PhysRevB.78.165126

I. INTRODUCTION

Transition-metal compounds crystallizing in the perov-
skite or its derivative structures are the focus of current solid-
state research since they exhibit the most diverse types of
physical properties including such spectacular phenomena
such as high-temperature superconductivity, colossal magne-
toresistance effects, strong magnetoelectric coupling, and
high dielectric constants to mention just a few. In the case
where three fourths of the A-site cations of the parent perov-
skite ABO; are substituted by Jahn-Teller active ions, the
unit cell doubles in all three directions and a new crystallo-
graphic C site appears due to a collective rotation of the BOg¢
octahedra around the crystallographic (111) direction. These
compounds are then described by the stoichiometry
AC3B,40,,. The C-site cations are in a square planar oxygen
coordination analogous to the Cu-O planes of the high-7.
cuprate superconductors and the A-site ions are in an icosa-
hedral oxygen environment. In the structure of AC3B,0, a
large variety of cations of sufficient size can fill the A or B
site largely independent of their oxidation state, whereas the
C site is usually occupied by Cu?** or Mn** ions. Two promi-
nent examples are CaCu;TiyO;, and CaCu3Mn,O;,. The
former compound has been extensively studied with respect
to colossal dielectric properties,:> whereas the latter is a fer-
romagnet with a record ordering temperature of 7-=360 K
and large magnetoresistance.>*

Recently, CaCu3;Ru,O;, has been described as a
d-electron-based heavy-fermion compound® with a Kondo
temperature of about 200 K and a moderately enhanced
Sommerfeld coefficient of y=85 mJ/mol K2. Traditional
f-electron-based heavy-fermion states are formed via hybrid-
ization between two different electronic subsystems, namely,
localized f electrons and band states of conduction electrons.
This results in a highly enhanced density of states at the
Fermi level (Abrikosov-Suhl resonance) and a concomitant
quasiparticle renormalization described by an enhanced ef-
fective electronic mass m*/m,=1 X 10>~ 10°. However, it has
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been demonstrated that heavy-fermion behavior should also
occur in transition-metal oxides upon approaching a metal-
insulator transition.® Recent x-ray spectroscopic measure-
ments revealed here that CaCu;Ru,0., is a direct analog-to-
conventional f-electron heavy fermions based on localized
magnetic moments of the Cu>* ions and itinerant d electrons
originating from strong Ru-O hybridization.” Localized and
itinerant electrons are supposed to be coupled antiferromag-
netically by the Kondo mechanism.’

In this paper, we report on heat capacity, bulk magnetic,
NMR or nuclear quadrupole resonance (NQR), and transport
properties of CaCuzRu,0O;, to gain deeper insight into its
unusual ground state. Most importantly, the specific-heat
data and the NQR spin-lattice relaxation rate at low tempera-
tures provide strong evidence for non-Fermi-liquid (NFL)
behavior.

II. EXPERIMENTAL DETAILS

Polycrystalline samples of CaCu;Ru,0,, were synthe-
sized by a solid-state reaction. Stoichiometric amounts of
high-purity (4N) CaCO;, CuO, and RuO, were dried, mixed,
and calcined in air at 1050 °C for 20 h in alumina crucibles.
To assure complete chemical reaction and to achieve single-
phase material with good homogeneity, the sintering process
at 1050 °C was repeated several times with subsequent re-
grinding, pressing, and firing. The polycrystalline samples
were characterized by x-ray powder diffraction employing
Cu-K,, radiation. The data were analyzed by standard Ri-
etveld refinement using the FULLPROF program suite.® Addi-
tionally, high-resolution single-crystal x-ray diffraction on
CaCu3Ru,0, was performed at low temperatures, 7=7 K.
These single crystals were prepared in CuO flux. Bragg re-
flections were collected on a MAR345 imaging plate detec-
tor system with a rotating anode generator using Mo-K,
radiation of wavelength A=0.710 73 A. Magnetic measure-
ments were performed in a commercial superconducting
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FIG. 1. (Color online) Room-temperature powder x-ray diffrac-
tion pattern of CaCu3;Ru,01,. Measured (open red circles) and cal-
culated (black line) intensities, as well as their difference (blue line
at the bottom) and corresponding Bragg-peak positions (vertical
bars) are shown.

quantum interference device (SQUID) magnetometer for
temperatures of 1.8=7=400 K and fields up to 5 T. Four-
point resistivity measurements were performed on pressed
and sintered ceramics for 1.5=7=280 K. The heat capacity
was investigated in a physical properties measurement Ssys-
tem (PPMS) in the temperature range 2=<T7T=2300 K in zero
field and in an external field of 7 T. Specific-heat measure-
ments were extended down to 60 mK in a *He/*He dilution
cryostat using a relaxation method.” NMR and NQR mea-
surements were performed using a phase-coherent pulse
spectrometer and spin-echo techniques. NMR spectra were
collected by the field-sweep method within the temperature
range 1.6=T7T=275 K at the constant irradiation frequencies
of wy/27=50.25 and 17 MHz in the case of the **®Cu and
“Ru isotopes, respectively. NQR measurements of spectra
and spin-lattice relaxation rates 1/7, were additionally con-
ducted down to 190 mK in a top-loading He/*He dilution
cryostat with the sample inside the mixing chamber. The
spin-lattice relaxation rates 1/7; were obtained from NQR
experiments in zero external magnetic field employing an
inversion-recovery pulse sequence, where 7=4 us was the
length of the inversion pulse.

II1. SAMPLE CHARACTERIZATION
A. X-ray diffraction

X-ray powder diffraction at room temperature revealed
single-phase material without any indications of spurious
phases. Figure 1 shows the corresponding diffraction pattern
of CaCu3Ru,0,,. The crystal structure of CaCuzRu,0,, can
be considered as a 2 X2 X 2 superstructure of the parent per-
ovskite structure of ABOj. It is described by cubic symmetry

with space group Im3 and atomic positions of Ca at (0,0,0),
Cu at (%,0,0), Ru at (i,i,i), and O at (x,y,0). Refined
structural parameters are thus the lattice constant a
=7.4082(1) A and the oxygen positional parameters x
=0.1782(12) and y=0.3053(12). These values comply with
those reported in the literature!®!" and result in a good agree-
ment between observed and calculated intensities, as re-
flected in a standard deviation of x*>=2.09 and a reliability
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FIG. 2. (Color online) Temperature-dependent magnetic suscep-
tibility of polycrystalline CaCuzRu4O;, in an external field of
moH=1 T. The inset shows x(T)T/Cg; versus T to determine the
spin-fluctuation temperature Tp, as described in text.

factor of Rp,e,=6.08%—illustrated in Fig. 1.

Additional high-resolution single-crystal x-ray diffraction
of CaCuz;Ru,0;, at T=7 K was performed using a black
prism with the dimensions 0.05 X 0.05 X 0.08 mm?. The data
set was corrected for beam inhomogeneity and absorption
effects, and symmetry equivalent and multiple measured re-
flections were averaged'? yielding 542 independent reflec-
tions. The symmetry is preserved down to 7 K. Structural
refinements based on F? were performed with SHELXL-97.13
The refinement of 15 parameters against 525 observed reflec-
tions [for F>40(F)] converged to R;=0.0326, wR,=0.108,
GOF=1.29, and a featureless residual electron density of
2.21/-2.54 ¢/ A3 (0.38/-0.49 e/ A3 for 20<50°). Refining
the fractional atomic occupancies resulted in the nominal
stoichiometry of our parent compound. The lattice constant
is a=7.4098(2) A and the oxygen position (x,y,0) was de-
termined to be x=0.174 75(18) and y=0.307 43(18), which
is in good agreement with the powder-diffraction data at am-
bient temperature (see above). The high-resolution data at
low temperature clearly reveal the presence of merohedral
twinning domains with a twin ratio of 90.2(6)/9.8(6) and a
twin law of (010 001 100), which are in contrast to previous
findings in the literature.'*

B. Magnetic susceptibility

Figure 2 shows the magnetic susceptibility of polycrystal-
line CaCusRusO,. In agreement with previous
measurements,’ only a weak temperature dependence of an
enhanced Pauli susceptibility is observed with a broad maxi-
mum around 180 K. With reference to an analogous behavior
in CeSn; this maximum was identified with the Kondo
temperature.’ A high Kondo temperature indicates a strong
hybridization that enables charge fluctuations, and thus, puts
these systems into the class of mixed-valent compounds.
Usually, CeSnj is considered as a prototypical representative
of these materials. Below room temperature, the susceptibil-
ity of mixed-valent compounds can vary considerably de-
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FIG. 3. (Color online) Temperature-dependent resistivity of
polycrystalline CaCusRu,O,. The inset shows the low-temperature
part of the polycrystalline sample on a 72 scale.

pending on the characteristic spin-fluctuation temperature
Tsr. For example, CeSn; reveals a high-temperature Curie-
Weiss law above 200 K, followed by a broad maximum
around 150 K, and turns into an enhanced Pauli susceptibil-
ity below 40 K.!> On the other hand, mixed-valent CeRu,
shows an almost temperature-independent Pauli susceptibil-
ity at least up to 400 K.'® In general, a Curie behavior due to
localized paramagnetic moments is expected well above T,
whereas an enhanced Pauli susceptibility is expected well
below Tgr. A convenient way to visualize this variation in the
magnetic properties is a plot of x(T)T/Cg versus T with
Cr=1.21 emu K/mol being the calculated free-ion Curie
constant. At high temperature, a Curie law leads to a satu-
rated value of x(T)T/Cgr=1 and a linear decrease at low
temperature corresponding to a constant Pauli susceptibility.
The temperature where x(7)T/Cp=0.5 then can be identi-
fied with Tgr. A nice compilation of the susceptibility data of
Ce- and Yb-based mixed-valent compounds was published
by Kishimoto et al.'” In traditional correlated f-electron sys-
tems, the Wilson ratio Ryy=m2k5x(0)/g>J(J+ 1) uzy adopts a
value'® of 1+2/2J. This allows an estimation of the residual
susceptibility x(0) that is subtracted from the experimentally
determined susceptibility. The corresponding plot of
x(T)T/ Cg; versus T of CaCuzRu,0), is shown in the inset of
Fig. 2. Obviously, x(T)T/Cg does not reach 0.5 within the
investigated temperature range. A linear extrapolation of the
data toward higher temperatures would result in a high spin-
fluctuation temperature of about 7z~ 850 K. This behavior
is rather similar!” to that observed in CeRu,. The magnetic
susceptibility in CaCusRu,O, is also consistent with the
temperature-dependent NMR Knight shift which similarly
reveals a broad maximum around 180 K (not shown). In
contrast to the susceptibility data shown in Fig. 2, a Curie-
type upturn of the Knight shift is not observed at low tem-
peratures, confirming its origin to be due to a small amount
of local magnetic defects.

C. Electrical resistivity

Figure 3 shows the electrical resistivity of polycrystalline
CaCu3Ru,0, for 1.5=7=280 K. Metallic conductivity
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FIG. 4. (Color online) Specific heat C/T(T) of polycrystalline
CaCu3Ru,0;, (main frame) and a representation C/T versus T~
(inset). A conventional metallic Fermi-liquid behavior according to
C(T)=~T+ BT (solid line of the inset) is observed for 7>2 K.

(dp/dT>0) is observed in the entire temperature range with
a quadratic temperature dependence p(7)=p,+AT> for T
<25 K (characteristic of a Fermi liquid), as illustrated in the
inset of Fig. 3. The residual resistivity is py(T=1.5 K)
=0.110(3) mQ cm and the coefficient is A=2.95(3)1
%X 107> mQ cm/K2. No significant difference could be ob-
served for measurements in zero field and in an external field
of 14 T. In the following, we focus on heat capacity, NMR,
and NQR experiments of polycrystalline samples to study
the low-temperature properties of CaCu;Ru,O,.

D. Specific heat (T'=2 K)

The heat capacity C/T(T) of CaCu3Ru,0,,, as shown in
Fig. 4, exhibits a conventional behavior of metallic Fermi
liquids for 7>2 K according to C(T)=yT+BT°. The
phononic contribution results in a Debye temperature of
®,=451 K and the electronic part is described by a Som-
merfeld coefficient of y=92*+2 mJ/Mol K2 or, normalized
per Cu spin, 30.7*=2 mJ/Cu K. The moderately enhanced
value of the Sommerfeld coefficient is a characteristic of a
correlated metal, which is in agreement with previous
reports.’ It is also consistent with the values of the phenom-
enological parameters of the Kadowaki-Woods ratio Ryw
=A/y*=3.5X10"° Q cm mol?> K?/J? and the Wilson ratio
Ry= ﬂ'zk,zgx/ 3,u§y=2.78. A Kondo temperature may be esti-
mated by Tx=nmR/37y with R being the gas constant and
n=3 being the number of Cu ions per formula unit resulting
in Tx=870 K. The values of the Kondo temperature T, the
spin-fluctuation temperature Tgp, and the Sommerfeld coef-
ficient y=30.7 mJ/Cu K? are mutually consistent and very
close to those found for CeRu, (Ref. 17 and references
therein).

E. NMR: Electric-field gradient

Figure 5 shows NMR and NQR spectra of the copper
isotopes ®*Cu and %Cu (both carrying a nuclear spin of I
=3/2) in CaCu3Ru,0,. The upper frame displays the NMR
spectrum of the central transitions (—1/2+« +1/2) of SCu
and %Cu, which are split due to the electric-quadrupole in-
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FIG. 5. (Color online) NMR and NQR spectra of polycrystalline
CaCu3Ru,04,. Upper frame: NMR spectrum of the —1/2+1/2
transitions of the copper isotopes at w=50.25 MHz and 7=1.9 K.
The red solid line indicates the spectrum simulation of the quadru-
polar perturbed Zeeman splitting (see text). The arrows denote the
contributions due to the copper wire of the resonance coil. Lower
frame: NQR spectra of the *1/2 < *3/2 transitions of ®Cu and
3Cu at 190 mK. The red solid line is a fit with two Lorentzian lines
(see text).

teraction between the nuclear quadrupole moments (Q
=-22X 107" m? for ®Cu and 0=-20.4x107" m? for
5Cu, respectively) and the local electric-field gradient which
stems from the noncubic ionic coordination of the Cu site.'”
The solid line is a simulation of the NMR spectrum of the
central transitions taking into account the quadrupole inter-
action up to second-order perturbation theory. Our param-
eters of the simulation agree with the results obtained in Ref.
19. The lower frame of Fig. 5 shows the NQR spectra of the
+1/2« *+3/2 transitions for ®*Cu and ®*Cu. The solid line
is a fit with two Lorentzian lines considering the ratios of
natural abundances (**Cu/%Cu=2.24) and quadrupole mo-
ments (%Q/%0=1.08). From this fit we obtain the nuclear

uadrupole frequencies wyor=18.23 and 19.72 MHz for
Cu and ®Cu, respectively. These values allow one to de-
termine precisely the electric-field gradient at the copper site
as V,,(Cu)=0.73 X 10> V/m?.

Figure 6 shows NMR and NQR spectra of the ruthenium
isotopes *’Ru and '©'Ru (both isotopes with I=5/2) in
CaCu3Ru,0,. The NMR experiment in the upper frame ex-
hibits the nuclear resonance of the isotope *’Ru only. Due to
the vastly different quadrupole moments of the ruthenium
isotopes  (0=7.9%X107° m> for *Ru and Q=457
%1073 m? for '°'Ru, respectively), the NMR spectrum of
10TRu is expected to be much broader and could not be de-
tected. The lower frame of Fig. 6 shows the £1/2+«+ =3/2
and +3/2 *+5/2 transitions of '°'Ru yielding the value of
the electric-field gradient at the ruthenium site [V,,(Ru)
=0.43X 10> V/m?].
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FIG. 6. (Color online) NMR and NQR spectra of polycrystalline
CaCu3RuOy,. Upper frame: NMR spectrum of “Ru at o
=17 MHz and T=1.6 K. The red solid line indicates the spectrum
simulation of the quadrupolar perturbed Zeeman splitting (see text).
Lower frame: NQR spectra of '°'Ru at 1.7 K. The red solid lines
are fits with Lorentzian lines.

IV. NON-FERMI-LIQUID PROPERTIES

The main purpose of this work is to determine the low-
temperature properties of CaCu3Ru,0,,, to search for pos-
sible NFL phenomena, or to find lower boundaries for the
signatures of Fermi-liquid behavior, e.g., such as a square
temperature dependence of the electrical resistivity (Fig. 3)
or a pure Korringa relaxation.”’ On cooling below 2 K, a
steep increase in the heat capacity of CaCu;Ru,O;, is ob-
served. Having established accurate values of the electric-
field gradients at the Cu and Ru sites by NQR and account-
ing for the different isotopical abundances, a corresponding
nuclear Schottky anomaly has been calculated and subtracted
from the raw data of the low-temperature heat capacity of
CaCu3Ru,04,. The result is a logarithmic increase in C/T
over an order of magnitude of 2 K down to 200 mK which is
a hallmark for non-Fermi-liquid behavior. The specific heat
of CaCuzRu,0, below 10 K is shown in Fig. 7. The black
squares correspond to the measured raw data and the red
circles are corrected for the nuclear Schottky contribution,
whereas the red line indicates the logarithmic increase in
C/T versus T for decreasing 7. However, below 0.1 K, the
values of the heat capacity lie above this expected logarith-
mic increase. On the basis of NQR experiments that show
neither a significant line broadening nor a temperature-
dependent line shift, we can exclude residual internal fields
as the origin of this anomalous increase. Similar unexplained
upturns in C/T have been observed in a large number of
heavy-fermion compounds including the stoichiometric non-
Fermi-liquid YbRh,Si, (Ref. 21 and references therein).

For a closer inspection of the NFL behavior in
CaCu3Ru,0(, at temperatures below 2 K, we have per-
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FIG. 7. (Color online) Semilogarithmic representation of the
specific heat C/T(T) of polycrystalline CaCuzRu,0;, at low tem-
peratures. Black squares correspond to the measured raw data and
red circles are corrected for a nuclear Schottky anomaly with values
of the electric-field gradients determined by NMR. The full line
is a fit according to C/T=alnT+7y with fitting parameters
a=-16.6 mI mol~' K=2 and y=100 mJ mol~! K~2.

formed ®*Cu NQR measurements of the spin-lattice relax-
ation time 7. NQR is necessary here because the NMR
spectra are strongly broadened by electric-quadrupole effects
(see upper frames of Figs. 5 and 6) which prevent a complete
excitation of all spectral contributions within one pulse.
Hence, the complete information about the spin-lattice relax-
ation in this system can only be obtained by irradiation of the
narrow NQR lines which exhibit a temperature-independent
line width [full width at half maximum (FWHM)] Awvyor
=100 kHz. The values for T, are obtained by irradiating the
+1/2+ +3/2 NQR transitions of *Cu (see lower frame of
Fig. 5) and fitting the magnetization recovery according to
the equation??

B
M(t)=2M, exp[—(%) ] (1)

1

where the factor 2 arises from the inversion-recovery tech-
nique and the exponent 8 accounts for a stretched exponen-
tial behavior of the spin-lattice relaxation.

The upper part of Fig. 8 shows the temperature
dependence of the spin-lattice relaxation rate 1/7; of
CaCu3Ru,0(, in a double-logarithmic representation. Red
squares refer to the results of the present measurements
whereas the blue circles provide a comparison with a previ-
ous NQR study?” for temperatures above 5 K. According to
Kato et al.,”® CaCuzRu,0,, forms a Fermi-liquid state below
Tr=20 K, and therefore, should exhibit a Korringa behavior
T,T=constant (dashed line in Fig. 8). Such a Korringa be-
havior was derived from 1/7| in a very restricted tempera-
ture range of 5=7=20 K.?° The temperature dependence of
T, according to the Korringa relation 7)7T=constant is re-
garded as fingerprint of Fermi liquids in metals and also
holds for Fermi liquids in dilute?® as well as dense Kondo
systems.”* However, the measurements of 1/T reveal devia-
tions from a Korringa law upon extending the temperature
range toward lower temperatures. The data are best described
by a power law 1/7,«7%% within 190 mK=T=14 K
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FIG. 8. (Color online) Upper part: temperature dependence of
the spin-lattice relaxation rate 1/7 of polycrystalline CaCu;Ru,0,
in a double-logarithmic representation. The results of the present
study (red squares) are in good agreement with the values reported
in the literature (blue circles) by Kato ez al. (Ref. 20) for T=5 K.
Deviations from a Korringa law 1/7T;«T (dashed line) are ob-
served. The solid line shows a fit to a power-law dependence
1/T, o T%88 within 190 mK=<T=14 K. Lower part: 1/T,T versus
T in a semilogarithmic plot. The Korringa law (Ref. 20) corre-
sponds to a constant value (blue dashed line). A clear increase in
cooling is observed—described by 1/T,T=T-%12 (black curve).
The inset shows the stretching exponent B(7) of the magnetization
recovery [according to Eq. (1)].

(solid line in Fig. 8). The deviations from a Korringa behav-
ior become much more pronounced when plotting 1/7,T ver-
sus 7 on a linear scale, as shown in the lower part of Fig. 8.
A deviation from the Korringa relation 1/7,%T in favor of
a power-law dependence, 1/7; > T with «<1, is found to
be a characteristic of NFL behavior in a number of
compounds.?>~?

A stretched exponential according to Eq. (1) is necessary
to satisfactorily describe the magnetization recovery. The in-
troduction of a stretching exponent S is often used to param-
etrize a distribution of spin-lattice relaxation rates.”’*® The
temperature dependence of 8 is shown in the inset of Fig. 8.
At elevated temperatures, 7>20 K, the relaxation is best
described by a single exponential magnetization recovery
(B=1, not shown), whereas it exhibits stretched exponential
behavior with B decreasing to ~0.5 toward the lowest tem-
peratures. A stretching exponent 8=0.5 is expected in the
case of a nuclear spin-lattice relaxation which is governed by
independently fluctuating electronic paramagnetic centers.?

V. DISCUSSION AND CONCLUSION

The formation of a heavy-fermion state is based on the
interaction between localized and itinerant electronic states.
The requirement for these two different electronic sub-

165126-5



KRIMMEL et al.

systems is obviously fulfilled in traditional f-electron (local-
ized) intermetallic (itinerant) heavy-fermion compounds.
The situation is much less clear in the few cases of
d-electron-based heavy fermions. LiV,0y, is the first example
of a transition-metal oxide showing canonical heavy-fermion
behavior.® LiV,0, crystallizes in the cubic spinel structure,
in which the magnetic vanadium ions form a pyrochlore lat-
tice and are subject to strong geometric frustration. More-
over, the vanadium ions are in a mixed-valent state of V*37.
In order to apply the concept of a Kondo mechanism, a
model has been proposed?! in which, on average, one of the
1.5 d electrons per vanadium is rather localized and estab-
lishes an S=1/2 magnetic moment, whereas the remaining
0.5 d electrons form a broad band of conduction electrons.
On the other hand, frustration of the vanadium ions can also
strongly enhance spin fluctuations and results in similar
physical properties.’> Furthermore, neutron scattering re-
vealed the presence of competing ferromagnetic and antifer-
romagnetic (AFM) interactions.’>** Detailed NMR studies
on LiV,0, demonstrated an extreme sensitivity of the physi-
cal properties on the magnetic defect concentration.?-¢ The
low-temperature specific heat of polycrystalline LiV,0,4
could be best described by a NFL model in the vicinity of a
quantum critical point (QCP), where minor doping of Zn or
Ti induces a magnetically ordered state.’” Despite continuous
theoretical efforts, the physical origin of the heavy-fermion
behavior of LiV,0y is still under debate.3®3

Apart from the exceptional case of LiV,0,, heavy-
fermion-like and NFL behaviors have been found (in particu-
lar) among the ruthenates, notably, La,Ruz0;o,*
Sr;Ru,05,4142 CaRu0;,* and Ca,_,Sr,Ru0,.* In the case of
LayRug0,9, the specific heat shows a minimum around 5 K,
followed by a strong increase upon further cooling with a
characteristic In 7" dependence below 1 K.*° Furthermore, a
linear T dependence of the resistivity p(T) is observed below
30 K. The temperature dependences of both C/T(T) and p(T)
of LajRuqO;9 are likewise found in the prototypical
f-electron-based NFL system CeCuq_,Au,.*> The two distinct
electronic subsystems in La RucO;¢ are both derived from
Ru d electrons: strong Ru-O orbital hybridization gives rise
to broad bands of delocalized states, whereas Ru-Ru bonds
form dimerized localized states (narrow bands) near the
Fermi energy.*® In general, the large size of orbitals in itin-
erant (Ru) 4d transition-metal oxides results in wide bands
with corresponding large kinetic energy. The subtle balance
between the kinetic energy and many-body interactions of
other electrons from transition metal-oxygen bonds may give
rise to additional localized electronic states that are referred
to as a self-organized critical state.*

The anomalous strong increase in the specific heat toward
lowest temperatures beyond the characteristic In 7 depen-
dence in CaCuszRu,40, is a property likewise observed fur-
ther in other ruthenates. Metallic Sr;Ru,0O exhibits NFL be-
havior in the vicinity of a magnetic-field-induced QCP.*!#?
In this case, Mossbauer data provided an upper limit of the
electric-field gradient at the Ru site (assumed to hold true
also for the Sr site) that allowed one to calculate a corre-
sponding Schottky contribution.*® However, the experimen-
tally observed increase in the specific heat is much
stronger.*® This situation is also found for Sr,RuQ, where a
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low-temperature upturn of the specific heat can be described
by the high-temperature tail of a Schottky anomaly.*7*3
Again, the experimentally determined Schottky contribution
is orders of magnitude larger than the calculated quadrupolar
contribution.*748

Another aspect concerns the physical classification of
CaCu;Ru,04,. Recent x-ray spectroscopic investigations’ re-
vealed a direct analogy to conventional f-electron-based
heavy-fermion systems in the localized magnetic moments
originated from Cu?* ions and itinerant conduction electrons
from strong orbital Ru-O hybridization. The formation of a
heavy-fermion state, as reported recently,’ is confirmed by
the present investigation due to the Fermi-liquid behavior of
the electrical resistivity combined with the enhanced Som-
merfeld coefficient. On the other hand, the magnetic suscep-
tibility exhibits a typical mixed-valent behavior. In this re-
spect it is interesting to note that the f-electron-based
compounds Ce,T3Xy (T=Rh, Ir and X=Al, Ga) show heavy-
fermion behavior in their transport properties but mixed-
valence characteristics in their magnetic susceptibility,**-°
indicative of two different energy scales. Moreover, the
Kondo temperature Ty of f-electron heavy-fermion com-
pounds exhibiting NFL behavior in the vicinity of an antifer-
romagnetic quantum critical point can be inferred by ex-
trapolating the logarithmic increase in the low-temperature
specific heat toward high temperatures. The temperature,
when C/T becomes zero, is identified with T. In the present
case of CaCuzRu,0,,, this results in a Kondo temperature of
about 440 K compared to 870 K that is estimated above on
the basis of the Sommerfeld coefficient. These values are
subject to large error bars due to the extended extrapolations
involved, but characteristic temperatures 7k and Tgg of sev-
eral hundred degrees (in combination with a moderate Som-
merfeld coefficient) are compatible with a mixed-valence
scenario and, in particular, reminiscent of CeRu,.

In any case, x-ray spectroscopy suggests a well-defined
electronic system in CaCu3Ru O, analogous to traditional
f-electron-based heavy-fermion systems. In this situation, the
experimentally observed NFL behavior may be compared to
different theoretical models. These include the multichannel
Kondo effect’! or order-parameter fluctuations of a second-
order quantum phase transition at 7=0 K.32>3 Since most
NFL compounds occur in substitutional series with inherent
disorder, alternative specific models relating NFL properties
primarily to disorder have been developed—in particular
based on a statistical distribution of Kondo temperatures®* or
in terms of Griffiths singularities.> For a three-dimensional
(3D) antiferromagnetic quantum phase transition,’” a In T de-
pendence of the specific heat is expected, whereas a disorder-
driven cluster formation within a paramagnetic matrix (Grif-
fiths phase)® predicts a temperature dependence of the
specific heat according to C(T)/T«T '*» with A=1 for a
Fermi liquid and A <1 in the NFL regime.

In Fig. 9 the low-temperature specific-heat data of
CaCu3Ru,0, are shown in a double-logarithmic presenta-
tion and fitted either by C(T)=aT In(T)+ yT (AFM quantum
phase transition?) or by C(T)=cT" according to the disorder
NFL model.> Evidently, there are only slight differences be-
tween these two models, and the experimental data can be
satisfactorily described by either of them. The disorder
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FIG. 9. (Color online) Specific heat C/T(T) of polycrystalline
CaCuzRu,04, in a double-logarithmic representation. The black
squares correspond to the measured raw data and the green circles
are corrected for a nuclear Schottky anomaly as described in the
text. Two different fits according to an AFM quantum phase transi-
tion and a disorder-driven NFL state are indicated by the black and
red lines, respectively.

model yields a fitting constant of A=0.87 which is exactly in
the range of values found in a number of uranium-based
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NFL heavy fermions.*® It is interesting to note that the con-
cept of Griffiths singularities has been resumed in order to
classify quantum phase transitions in itinerant magnets.>’
There, the inherent quantum dynamics were supposed to
manifest in a broad distribution of magnetic relaxation rates,
which we observed in a stretched exponential magnetization
recovery according to Eq. (1) in NQR experiments.

In summary, we have investigated CaRusRu,O;, by bulk
magnetic, thermodynamic, transport, and NMR measure-
ments. The results consistently describe CaCusRu,O, as a
correlated metal with a high spin-fluctuation temperature and
NFL behavior below 2 K. Until now, CaCu3Ru,0,, seems to
be the best analog of a transition-metal oxide to traditional
f-electron-based heavy-fermion compounds exhibiting NFL
behavior in the vicinity of a quantum critical point.
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