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CaRuQ is a perovskite with an orthorhombic distortion, and is believed to be close to magnetic ordering.
Magnetic studies of single-crystal and polycrystalline CaRCu,0O; (0=<x=<15 at. % Cu) reveal that a spin-
glass-like transition develops for<7 at. % Cu. The obtained value for the effective magnetic morpgpt
=3.55up for an x=5 at. % Cu single crystal, indicates the presence of'Rét higher Cu concentrations
more complex magnetic behaviors are observed. Electrical resistivity measured on polycrystalline samples
shows a metal-to-insulator transition at 51 K for only 2-at. % Cu. Charge compensation, which is assumed to
be present upon Gi®" substitution, induces the appearance of Rand/or the creation of oxygen vacancies
in a crystal structure. Since the observed changes in physical properties are completely attributable to the
charge compensation, thegnnot be relatedo behaviors of a pure compound where no such mechanism is
present. This study provides the criterion for “good” chemical probes for studying Ru-based perovskites.
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I. INTRODUCTION more influenced by Rh than Sn substitution. Substitution of
nonmagnetic SH for Ru*" represents only lattice frustra-
Following the discovery of superconductivity in,®uQ, tion and a magnetic dilution of a Ru sublattice. On the other
at ~1 K! a wide interest in Ru-based perovskites has beehand, RH+(4d5:tgge8) with S= 32, in the low-spin state, be-
generated, due to the diversity of the unusual physical prophaves as a magnetic impurity, since it substitutes
erties discovered. Structurally related,Ra0,, which has RU4+(4d42tggeg) with a low spinS=1. Nevertheless, it is
the same crystal structure as the high-superconductor likely that Rh assumes a valence statéRMdG:tggeg) S
La,_,Sr,CuQ,, is nonmetallic and shows an antiferromag- =0 when incorporated into a Ru sublattice, and thus pro-
netic (AFM) ground state belowly=110 K24 On the duces a charge frustration of the system. In order to clarify
other hand, SrRuQand CaRu@ [n=% members of the this issue, we have chosen €\(3d%, S=1%, as a substitu-
alkaline-earth-ruthenium Ruddlesden-Popper series tion for RU, since this inevitably represents both charge
(Sr, Ca),,;Ru,05,, 1 are exceptionally interestinger sd. and spin frustration_. CaCuQs consider_ed to be the parent
Both compounds adopt the same perovskite structure, witRf the cuprate family of superconducting Compgunds, con-
an orthorhombic distortioiGdFeQ structure typgand are  Sisting of CuQ sheets with an AFM ordering of ¢t neigh-
metallic conductors. SrRuQs the only known ferromag- P0ring cations. Although CaRuGnd CaCu@are not isos-
netic (FM) conductor among thedtoxides(the Curie tem- tructural, we have assumed that an appreciable amount of Cu

perature isT,=165 K), whereas CaRupwas recently can be incorporated into a Ru sublattice, while preserving the

shown to have a spin-alass-like maanetic around §tatecrystal structure. Furthermore, the recent discovery of the
Pin-g 9 g ‘coexistence of magnetism and superconductivity in

Since a common structural feature of the two compounds IS ;
uthenium-based layered cuprates; ,Ce, RUSECUL,O; o
that they are composed of an array of comer-shared octahgr | nRISECLLO, ({n= Eu gd)u_llfwzg an gd(l;édltr)ngti-

dra RuQ, it is assumed that the degree of tilting and the, iion for this study.

rotation of these octahedra from an ideal cubic-perovskite |, this paper we report results of magnetic and elec-
structure governs the observed differences in the magnetig;., resistivity properties of CaRu,CuOs; (0=x
ground states. A narrow itineranti4and is formed through  _ ¢ at.%Cu). We show here that Cu gubsti?ution on Ru
hybridization of Rutyq and O 2 orbitals. The 4l bandwidth  gjres  profoundly alters the ground-state properties of

thus. .fo”.“e%' sensitively depends on the degreg OEaRuQ, introducing mixed oxidation states of Ru cations.
hybridization: One of the powerful tools to study physical

properties of such systems is realized through chemical sub-
stitution. Recent results on the effects of chemical substitu-
tions in CaRu@ showed the following: CggsNag osRUO;
(Ref. 8 spin-glass or AFM ordering at 55 K, CaRuySn O4 Polycrystalline samples of CaRuyCuyO; (0<x

(Ref. 9 spin-glass ordering for4x<10 at.% Sn, a metal <15at.%Cu) were prepared by solid-state reaction from the
insulator transition (MIT) for x=16 at.% Sn and appropriate stoichiometric mixtures of Ru metal powder,
CaRuy_,RhO; (Ref. 10 magnetic orderingspin glassPfor ~ CaCQ, and CuO(purchased from Strem Chemicals Inc.

all x, and a MIT forx=7 at. % Rh. From these studies it is The samples were mixed, ground, and preheated at 850 °C
evident that the physical properties of CaRu&e much for 24 h in air. The powders were then reground, pressed into

Il. EXPERIMENTAL DETAILS
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FIG. 1. Room-temperature lattice parameters and the volume Otfh | f th it cell f | tall |
the unit cell vs the Cu concentration for polycrystalline € volume of the unit cell Tor polycrystalliné sampies are

CaRy_,Cu0s. shown in Fig. 1. The data fa andb axes show the expected
g Vegard’s law linear expansion, assuming that largef'Cu

pellets, and heated at 1000—1200 °C for 72 h in air, with twd(ionic radius 0.73 A substitutes for R‘ﬁ (the ionic radius is
intermediate grindings. Single crystals of CaRyCu,O; 0.62 A). On the other hand, the axis is aImost_constant.
(x=0, 5, 10, and 15 at. % Guwvere grown from a ground _below 2-at. % Cu, and thgn show; a linear sh'rmkage with
mixture of sintered samples and Ca@ux in the ratio 1:30  Increasing Cu concentration. A similar behavior was ob-
(sample:flux. The mixture was heated to 1260°C, andServed in La_,SrCu_RuO,_; (Refs. 17 and 1Bfor x
soaked at this temperature for 24 h, followed by slow cooling=2 and 0.&/y=1.0. Nevertheless, the volume of the unit
at a rate of 2°C/h to 1000 °C, and finally quenched to roonfell increases witlx, as expected.

temperature to avoid possible twinning. The crystals tend to Shown in Fig. 2 is the magnetization vs temperature for a
form in almost square planar shapes with sizes around 0.48R.0sClo 0s05 single crystal measured at various values
X 0.4x0.02 mn?, with short dimensions along theaxis. ~ ©f magnetic field applied along th@01] direction, under
The single crystals and sintered polycrystalline samples werfield-cooled(FC) and zero-field-cooleZFC) conditions. An
characterized by energy dispersive x-ray analysis and sca#eversibility phenomenon associated with the spin-glass-
ning electron microscopy and powder x-ray-diffraction like beh{;\wor‘ in CaRu@(see the mset'of Fig.)2s clearly
(XRD) measurements. Powder x-ray-diffraction measurepresent.m.thls case. Note the syrong-fleld de.pendence (_)f the
ments were performed on a Philips 1010 powder diﬁractoj_rreversmlhty temperaturd,, (defined as the divergent point
meter using CtK « radiation at room temperature. dc mag- in the ZFC and FC curvesFurthermore, the broad peak

netic measurements were performed by a Quantum Desigifound 35 K in the ZFC curve at 100 Oe is shifted to 29 K at
superconducting quantum interference device magnetometetd0 Oe, and completely smeared at 1 kOe.
Resistivity measurements were performed on polycrystalline The observed spin-glass behavior can be accounted for by
samples employing a standard four-point method. Unfortu@ssuming the following simple model: €u and/or Cd*
nately, due to the extreme fragility of single crystals, severapubstitution for RA" produces a charge frustration of the
attempts to measure resistivity were not successful. system, and therefore requires a partial oxidation of neigh-
boring R#* cations to a higher valence state *R(4d®).
This frustration is not local, since the next-to-nearest-
neighbors will also be affected, undergoing a partial reduc-
The samples are of single phase, and crystallize in a petion to R#*(4d®). In this manner, a charge compensation
ovskite structural type with an orthorhombic structure, spacenechanism may affect the valence state and therefore the
group Pnma(62). Our results for the lattice parameters of magnetic moment of Ru cations at appreciable distances
single-crystal and polycrystalline samples are in excellenfrom the Cu cation, simultaneously reducing the number of
agreement with values previously publishéd® At concen-  available conduction paths. According to Ref. 19, the signs
trations greater than 15-at. % Cu, small impurity diffractionof transfer integrals for 180° cation-anion-cation superex-
lines of CuO appear, so that it is assumed that at this corshange interactions between octahedral-site cations are pre-
centration the solubility limit is reached. The concentrationdicted to be ferromagnetic for all €U -Ru**4*/5* com-
dependence of the room-temperature lattice parameters ahéhations and antiferromagnetic for CuCw?", RWP-RU**

IIl. RESULTS AND DISCUSSION
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(weak, RUT-RUET (weak), and RGT-Ru®" combinations.

) ] s ] > CaRu_Cu_ O -
Therefore, mixed interactions, together with a random distri- 0.85 005 3 /./
bution of Cu atoms within a Ru sublattice, create the neces- 600+ T=5K -
sary ingredients for spin-glass ordering. Within the frame- o ./ﬂ [100] or [010]
work of the proposed scenario, ferromagnetic clusters are |
£ - /.

formed around Cu impurities with AFM interactions within 5 °

S 400+ /. polycrystalline
and between clusters, introducing a frustration that results irg /' ././
a spin-glass behavior. = ] - %ﬁin—n—n
We fitted the 'data ofy(T)=M(T)/H (single crysta! ?n = 2001 D/n—ﬂ/n/f7g H [001] .
the paramagnetic range (120 <250K) to the modified ’ P
Curie-Weiss(CW) law x(T)= xo+ C/(T—6), where x, is ./.,o*./

the temperature-independent ter@,is the Curie constant,

and 0 is the CW temperature. The value of the effective 0 i 2 3 a4 s
magnetic momentdeduced from the Curie consta@j pes
=3.55ug is remarkably close to the expected Hund'’s rule
value 3.8%g for R, with S=32 andg=2, indicating the
presence of R in this mixed-valent system. This is in
marked contrast tq.s=2.33ug Obtained for a CaRup
single crystaf, appropriate to the 2.88; expected for low-

FIG. 3. Magnetic isotherms d=5 K for x=>5 at. % Cu single-
crystal and polycrystalline materials.

H=5T. This behavior is markedly different from the anisot-
spin state 8=1) RU*". The Curie-Weiss temperatugealso  ropy of the magnetization found in single-crystal CaRfO
drastically changes from36(1) K for CaRuG; to —134(3) where an easy axis of magnetization along ¢hexis is de-
K for CaRy o:Cly o053, showing enhanced AFM interac- termined. The isothermal magnetization obtained for a poly-
tions. Furthermore, a measure of the density of states nearystalline CaRgl4<Cly o053 Sample shows a linear behavior,
the Fermi surface drops from,=9.5x 10" 3 emu/mole Oe at  with no qualitative difference from that obtained for poly-
x=0 t0 yo=7x10 *emu/mole Oe ak=0.05. This is con- crystalline CaRu@ Small hysteresis loops dt=5 K (not
sistent with the resistivity behavior measured on polycrystalshown herg with essentially the same coercive field lof
line samples shown in Fig. 7, where the onset of a MIT is~100 Oe for both polycrystalline and single crystal samples,
observed at 51 and 69 K for=0.02 and 0.05 Cu concentra- are observed.
tions, respectively. The temperature dependence of the magnetic susceptibil-
Although these results support the charge compensatioity for polycrystalline CaRpCuy 03 (@) and M(T) for
mechanism outlined above, still another possibility forsingle-crystal(bh) CaRy (Cu, O3 are shown in Fig. 4. Apart
charge compensation realized by oxygen loss, i.e., the crérom the different irreversibility temperaturds,, observed
ation of oxygen vacancies, can be significant. It was showtfior polycrystalline and single-crystal materidkiso present
for Lay_Sr,Cu_yRu,0,_5,"® with a K,NiF,type struc- for x=0 and 5 at.% Cl a truly remarkable difference is
ture, that the oxygen vacancies are located exclusively in thmanifested here both in the shapes of the FC and ZFC curves
vicinity of Cu cations, which consequently means a localand the onset of magnetic orderingTat for polycrystalline
character of the charge compensation. However, thermaamples, but without any magnetic anomaly present in single
gravimetric analysis results showed a decrease of the oxygestystals in this temperature range(T) data for the poly-
content with increasing Cu concentration for 7 at. % Cu, crystalline CaRylsCly;0; sample showT;,~80K and a
which is consistent with electrical resistivity measurementswell-defined maximum in the ZFC curve @,~9.2K (H
That is, the lower concentration of Ry due to the presence =14 Oe) [Fig. 4@]. At H=1kOe,T;, is completely sup-
of oxygen vacancies, should increase conductivity and shifpressed, being essentially equal Tg, which is slightly
the MIT to higher Cu concentrations, simultaneously reducshifted to lower temperatures at this field. On the other hand,
ing the MIT temperature for fixes. Indeed, resistivity mea- M(T) data for single-crystal CaRBy4Cu, ;05 resemble re-
surementsgnot shown hergperformed on slightly reduced entrant spin-glass behavior. Note the pronounced FM-like
polycrystalline samplesannealed at 350 °C in a,;Natmo-  shape of FC curves, and also the difference betviggand
sphere for 1 hshowed a metallic behavior in the measuredthe onset of FM-like behavioiT;, is strongly field depen-
temperature range ¥T<300K for x<3 at.% Cu, and a dent, decreasing rapidly with increasing field.
decrease of the MIT temperature from 87 to 30 K for The increase of Cu concentration promotes the growth of
=7 at.% Cu. FM clusters, tending to establish long-range FM order. How-
Magnetic isothermsM(H) at T=5K, obtained after ever, this process is opposed by two effe¢ts: The influ-
cooling in zero applied field for an almost square planarence of short range AFM interactions within and between
shaped CaRybCuy 003 single crystal and polycrystalline FM clusters may become more prominent in sintered poly-
samples, are shown in Fig. 3. With an increasing appliectrystalline samples with randomly oriented microcrystallites
field along thec axis, M(H) reaches saturation foH than in macroscopic single crystals, thereby leading to a
=2 T, yielding very low saturation momeiiy=0.044ug . freezing of magnetic moments at low temperatures. Spin dis-
On the other handyi(H) for a field applied perpendicular to order at grain boundaries and surfaces was extensively stud-
the ¢ axis (i.e., in-plang, shows no sign of saturation up to ied recenth?’~?% including the size-dependent magnetic
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FIG. 5. Magnetic hysteresis loops &t=5 K (ZFC) for single
crystals:(a) CaRy ¢Cuy 105 and (b) CaRy gsCuy 1:03. The field is

0 10 20 30 40 50 €0 70 80 90 100 applied perpendicular to theaxis in both cases.
T(K)

FIG. 4. FC and ZFC curves for CaR€Cu, 105 at different mag-
netic fields:(a) x(T) vs T for polycrystalline sample, and) M (T)
vs T for single crystal(H perpendicular to the axis).

0.035
properties* We believe that these effects are present in this 0.014+ v, CaRu, ;,CY,; 150,
case, especially because the material shows intrinsic spin- 1w, o 10-030
glass properties(2) The decrease of the average distance go.mz- "vvv {a) Polycrystalline | -
between Cu cations with increasing concentrations leads to ¢ : v, H=13 Oe
increased concentrations of Rucations and thus a higher £ 0.010 T Y, v FC v ZFC {0.020
probability for R?*-Ru’* AFM superexchange interactions. 2 1 WV‘L;V T, H=Tkoe
The formation of Cu-O-Cu pairs, triplets, etc., and the cre- 2 0.0084 ~ v, v, *Fe o T q0.015
ation of oxygen vacancies at higher Cu concentrations add to g ] ‘:;gl e Yo~ lo.010
the complexity of the magnetic properties. The former effect 0.006- © 883%& VVVVV;, T
provides a possible explanation for differences in the mag- 1 QM wovovevssl 0.005
netic properties between polycrystalline and single-crystal 0.004 e
CaRy LCu, 10O3. The growth of FM clusters is almost unre- 800 T
stricted in single crystals, which is reflected in the extremely 700 “AA‘ (b) Single orystal
large coercive fieldd.=2.2 T[see Fig. 5a)]. The saturation { oo, fa, H = 100 Oe
momentpy=0.14ug deduced from théV (H) curve is sig- 600 "-.. “a, = FC o ZFC
nificantly higher than p,=0.044ug oObtained for 5001 “teagd Motk e
CaRy o:Cly o:05. The extracted paramagnetic values in the g 400, "---._.f '°._:AAA H=5k0e
range 126<T<250K are x,=3.6x10 % emu/mole Oe, ¢ s & "he, egn, 4 FC & ZFC
=—219K, andp.s=3.48ug. The increase of the Cu con- = 3007 ¢ . "aoe s
centration from 5- to 10-at. % Cu also leads to profound 200 adnear o "-.:%
changes in the(T) behavior(see Fig. 7, showing a sharp 100 o0, To e ":°;)%/T‘"
increase of the MIT temperature from 87 K to above 300 K ] :Dn E{;ﬁ‘:‘:: mmmmnuun“””umﬂ -

for x=7 and 10 at. % Cu, respectively.

Shown in Fig. 6 are the magnetic susceptibilig¢T) vs
the temperature dependence for a polycrystallite
CaRy gCuy 1403 sample, andVi(T) for a single-crystalb) FIG. 6. FC and ZFC curves for CaRgCuy ;£0; measured at
CaRygCly 105 samples. Both effects mentioned abovedifferent magnetic fields:a x(T) vs T for a polycrystalline
should be considered in this case, since the low-temperatugample, andb) M(T) vs T for a single crysta(H perpendicular to
magnetic anomaly af,, associated with a freezing of FM thec axis).

0 T T T T T T
0 10 20 30 40 50 60 70 80 90 100
T(K)
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clusters, is present in polycrystalline and single-crystal ma-
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terials. However, note the change of shape of the FC curve 0.071 CaRu, Cu O,
for a polycrystalline sample aH=1kOe, and also the 0.06 -
change of slope af,, which are not seen in single crystals. I
The onset of a FM-like behavior at 70—80(KC curves is —~ 0'05'_
very close for both forms of material, and is virtually field E 0.04-
independent for single crystals. Moreovéay, is also ap- a 1
proximately equal, and decreases rapidly with increasing & 9037
field in a similar manner. The behavior of the low- 0.02-
temperature magnetic anomaly observed in ZFC curves vs . \ x=0.15
magnetic field is very similar for both single-crystal and 0.01+ =010
polycrystalline samples, and shows a slight temperature de- 0_00' T ““"W
crease with increasing field, being completely washed out at
H>7.5kOe in single crystals. 0.004

The magnetic hysteresis loop measured on single crystals x=00%
after zero-field coolingsee Fig. )] is drastically smaller, ~ 0.003- M
H.=400e, than that seen for=10at. % Cu, while the £ }
saturation momenp,=0.2ug is somewhat larger, in accor- é
dance with differences in magnetic properties. Fitty(d@) ~ 0.0024 X =0.02
to the CW law within the 12& T<250K range yield®9= e = g
—33.9K, pe=2.24ug, and yo=4.8x 10 *emu/mole Oe. o 0.01
The higher Cu concentration, the inevitable presence of oxy- p—
gen vacancies at these concentrations, and the temperature 0.001 1 e x=0.00
range of fitting (the vicinity of the magnetic transition at
~80 K) may account for the striking change of the extracted 0.000

paramagnetic values compared with those obtainedxfor 0 50 100 150 200 250 300
=5 and 10 at. % Cu single crystals. T(K)

Shown in Fig. 7 are the electrical resistivity data vs tem-
perature for polycrystalline CaRu,CuO; samples. Al- FIG. 7. Electrical resistivity(T) vs temperaturd for polycrys-
though there is a close temperature correspondence betwegfline cary_,Cu,0; samples.
changes of slope af(In p)/d(T-Y4) vs T~ Y4 andT,,(T,) for
low applied magnetic-fieldM(T) data (polycrystalline
sampley the plots for Irp vs temperature to the vth power

(3=<v=<1) do not show linear parts in any temperature re
gions for anyv values. Therefore, formulas for the variable-
range-hopping resistivity do not match exactly with the re-
sistivity data. This is not surprising, considering the large
differences in magnetic properties between single-crystal and
polycrystalline samples due to grain boundaries. o .
More detailed research, employing a precise control of the N summary, we have shown that substitution ofCl
oxygen stoichiometry and complementary experimentafof RU'" in CaRy_4Cu,O; aliers the oxidation state of the
methods, could provide the basis for a full characterizatio'€ighboring Ru cations to R, leading to a spin-glass-like
of the CaRy_,Cu,05 system. However, the main result of behavior for lower _Cu conc_entraﬂonx%? at. % Cl)_, and
this study shows that substitution of a TG+ cation for 0 complex magnetic behaviors faE10at. % Cu. Simulta-
RU** changes the valence state of the latter t§'Rthereby ~ Neously, the MIT is observed for only 2-at. % Cu at 51 K.
introducing drastic changes in both the resistivity and mag~The physical processes involved, while being interespieg
netic properties of the parent compound. Keeping in minc€ and possibly useful for undelrftandlng_ complexities of
the obvious differences, the similarity ji(T) andy(T) be- other materials like GARugCw,Og,~" have d|fferent origins
haviors with CaRy_,Rh,O; (Ref. 10 is quite appealing. and therefore cannot be related to the physical properties of
While the spin-glass-like behavior in CaRyCu,O; (for x  the parent compound CaRyO
>0) can be understood, at least qualitatively, the origin of
the spin-glass-like transition observed in pure CaR(&rk-
ing an evident source of perturbatjamust be more subtle in ACKNOWLEDGMENTS
nature, and isot relatedto the former. Therefore, we con-
clude that chemical probes, which potentially alter the va- We are indebted to Dr. D. Rodifor help in the XRD
lence state of Rii in (Ca, SIRuQ;,, are not adequate tools analysis. I. M. B. gratefully acknowledges support from the
for obtaining deeper insight into physical properties of the*Abdus Salam” ICTP, Trieste, Italy. The work in Jerusalem
parent compound. In this sense a nonmagnetic probe likeas supported by the BSE999.

Srf* can provide much more information. A discussion of
this issue is beyond the scope of this paper, and will be
“published elsewhere.

IV. CONCLUSIONS
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