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CaRuO; is not a paramagnetic material
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Magnetic studies of ceramic and single crystal CaRe@mples demonstrate that irreversibility appears in
the zero-field-cooled field-cooled curves only when measured at low applied magnetic fields. A small hyster-
esis loop opens at low temperatures, and the remanent magnetization decreases with temperature and disap-
pears at~90 and 71 K for the ceramic and crystal samples, respectively. The easy axis for the magnetization
is in the [001]. Mossbauer studies of 1%Fe doped in CaRuQshow a magnetic sextet at 4.1 K which
disappears at 90 K. It is proposed that CaRighot paramagnetic, but rather shows the characteristics of short
range magnetic interactions, possibly as spin-glass-like beha{i@r ions experience an exchange field from
their magnetic Ru neighbors and also become magnetically ordered.

Ternary ruthenates exhibit a wide range of electronic andhan for SrRu@), composed of Rut,, and oxygen B,
magnetic properties, ranging from superconductivity towhich is too narrow for magnetic ordering, but not so narrow
ferromagnetisni=** One class of oxides that has attractedas to cause CaRuOto be nonmetalli€. It means that
renewed interest are the orthorhombic perovshKt®uO;  CaRuQ is on the verge of magnetic ordering and readily
(M=Ca and Srcompounds,due to their unusual magnetic evolves into a magnetically ordered phase. Indeed, 5 at. % of
properties. Both compounds have the same orthorhombigr, or Na substitution for Ca induces anti-ferromagnetic or
crystal structure and show metal-like conductivity. SfRiE  spin glass ordering af=10 and 55 K, respectivef® and
an itinerant ferromagnetic metal with a Curie temperaturéor 4—10% of Sn, the system becomes metallic and exhibits a
T.~160K, whereas the magnetic ground state of CalRaO spin frustration or a spin-glass behavibr.
litle more controversial. Recent papers indicagamag- We show here a comprehensive study of the magnetic
netic behavior(or exchange enhanced paramagnetidown  properties of CaRuQmeasured on single crystal and ce-
to 30 mK, which is also supported by the single line shape ofamic samples. We demonstrate that irreversibility appears in
a *Ru Mossbauer spectrum measured at 42 Kan the  the zero-field-cooledZFC) field-cooled (FC) curves only
other hand, based on the deviation from linearity of the rewhen measured at low applied magnetic fields. At high ap-
ciprocal susceptibility, an antiferromagneti®FM) ground  plied fields theM (H)/T curves exhibit typical paramagnetic
state was suggested, with a @leéemperaturéTy~110K.*  features. To ensure that this effect is intrinsic and not sample
This finding is consistent with the AFM ordering found in dependent, we compare measurements performed on three
CaRu,0; and CaRuQ, single crystals aly=56 and 110 K ceramic samples prepared at different laboratories under
respectively***®> The high and low(temperaturgresistivity ~ various conditions. We have also studied the magnetic an-
results indicate that CaRuy@s a non-Fermi liquid metdft isotropy of CaRu@ single crystal, and show that the easy

The stark contrast between SrRuénd CaRuQ@is sur-  axis for the magnetization is in tH®01] direction, in con-
prising becausda) the two compounds are closely related trast to[100] direction found for SrRu@ It is proposed that
both chemically and structurally ang) the closed shell CaRuQ is not paramagneticbut rather shows the character-
s-like character of Sr and Ca do not contribute to the densitystics of either long-range magnetic interactidisgmilar to
of states at the Fermi surface and therefore, should not be tf#rRuG, and CaRu,O; and CaRuQy), or (at least short
origin for the different magnetic ground states of these twarange interactions, possibly as spin-glass-like behavior.
compounds. It is therefore assumed, that the different mag- Ceramic CaRu@ samples were prepared in Belgrade
netic states of SrRu{and CaRu@are due to different struc- (sample 1 and in Jerusalenisample 2 by mixing CaCQ,
tural distortions in these materials, most significantly it is theand RuQ (or Ru), and preheating the pressed pellets at
large oxygen octahedra rotation in the Ca compaund. 1000 °C for 24 h, and then sintering at 1200 °C for 72 h in air

The nature of the magnetic and transport properties ofsample 1 or under oxygensample 2. Powder x-ray dif-
oxide ruthenates with narrow d bands strongly depend on fraction (XRD) measurements confirmed the purity of the
the degree of band filing and bandwidth. CaRui® be- compounds. Single crystals were grown in Pt crucibles, from
lieved to have a narrow itinerant dband width(narrower a self-flux using a mixture of ground CaRg@nd CaCJ
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sEC S0 adhere closely to the Curie-Wei8W) law: y= xo+ C/(T
— 6), wherey is the temperature independent pario€ is
the Curie constant, and is the CW temperature. The ex-
0 215 T 5:0 T 7:5 ' tracted values depend strongly on the temperature range of

the fitting. A fit of the CW law in the range of ST
Temperature (K) <250K vyields yo=2%10 3emu/mol Oe, §=—36(1) K,
o ) ) . and an effective momeiRg;=1.46ug . However, a fit in the
fiemF;GO.f 1&2;?(; zér:;jREg susceptibility studies at various app"edrange 126 T<250K (above T, yields Xo:5><10_4
emu/mol Oe, 6= —138(1) K, andPq;=2.66ug, which is
close to the expected 2.83 according to Hund’s rule for
(ratio 1:30, which was heated to 1260 °C and maintained forRu** (4d%) in the low spin 8=1) state. Probably, this be-
homogenization for 48 h, and then cooled at a rate 2 °C/h thavior has led in the past to the conclusion that CaRisO
1000°C, and quenched to room temperatures. Energyparamagnetic.
dispersive x-ray analysi&€DAX), scanning electron micros- Figure 2 displays the linear isothermal magnetization at 5
copy (SEM), and XRD were used to determine compositionK, which is consistent with the data presented in Ref. 6.
and phase integrity. The crystals tend to form in almostHowever, on an expanded scale, a small hysteresis loop is
square planar shapes with sizes around<@4+<0.02mm  discernible, with(a) a coercive field of~100 Oe andb) a
with the short dimension along tledirection[001]. There is  remanent moment of 1.6 emu/mol, which disappears around
no evidence of twinning in thab planes of the crystals down 90 K (Fig. 2, inset. The smooth zero-field specific heat
to a scale of~1-2 um, and the EDAX analysis confirms the curve for this sampléup to 200 K, is identical to the plot
Ru/Ca ratio as 1:1. Magnetic dc measurements were peshown in Ref. 5, and no anomaly is visible at any tempera-
formed in a Quantum Design superconducting quantum inture. The linearity of theC(T)/T vs T? behavior in the range
terference device magnetomet@QUID). Mossbauer stud- of 6<T<18K, yields the electronic specific heat coefficient
ies of ceramic samples containing 1%-e (doped for R y=77.5mJ/mol K and a Debye temperature of 555 K.
were performed at 4.1, 90, and 300 K, using a conventionalhese values agree perfectly with the publihealues for
constant acceleration drive and a 50 mGCo:Rh source. CaRuQ single crystal.

The XRD studies confirm the orthorhombic structure For the sake of brevity, Figs. 1 and 2 present only the data
(space-group Pnmawith no secondary phases detected. Theaccumulated on sample 1. The same magnetic features have
lattice parameters for the ceramic sampglesand 2 and for  been observed for two different samples prepared in Jerusa-
the CaRu@ single crystals ara=5.522(2) and 5.528) A, lem, for a fourth sample prepared and measured at Stores
b=5.360(2) and 5.368) A, andc=7.66(1) and 7.662)  University’ and for the 1% 'Fe doped sample prepared for
A, respectively. Within the limits of uncertainty, these lattice our Mossbauer studies. This indicates clearly that the irre-
parameters, are in excellent agreement with Refs. 3 and 6.versibility observed in CaRufis intrinsic and not sample

ZFC and FC magnetig(T) curves ((=M/H), measured dependent, and that CaRy@ not paramagnetit.’ The
up to 5 kOe for sample 1, are shown in Fig. 1. The twopossibility that this irreversibility is caused by a magnetic
branches measured Ht=16 Oe, merge aT;,~90K (is it  impurity phase not detectable in XRD and/or EDAX, is ruled
the magnetic ordering temperaturAs the field is increased, out for the following reasonga) The four ceramic samples
T, is shifted to 65 and 55 K foH=1 and 5 kOe, respec- have been prepared from different batches of starting mate-
tively, and washes out fdrl =10kOe. No other anomalies rials at different laboratoriegb) The big difference observed
were observed at higher temperatures. All the FC curvem the ZFC and FC branches at low applied fields cannot be
(even at low fieldshave the typical paramagnetic shape andaccounted for by a minor phasg) The data on the single
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FIG. 4. Isothermal magnetizationt & K of single crystal
CaRuQ@ measured along the principal directions, and MéH)
curve for a collection of several crystals, and the temperature de-
pendence of the remanent magnetizatimse).

crystal sample shown below. One can tentatively argue that
pure CaRuQ@is paramagnetic, on the verge of magnetic or-of the magnetic hyperfine fields with an average value of
dering. The irreversibility shown here, evolves from tiny Hes=462 kOe, representing magnetically ordered iron ions.
amounts of impuritiegsuch as Fe and Mn, etc., in the ppm The same isomer shift (1$)0.51 mm/sedrelative to iron
level) which alter the magnetic coupling and give rise to ametal at 300 K is obtained for the two subspectra, indicates
new magnetically ordered phase. However, the similarity irthat all iron ions reside in one crystallographic site.
the magnetic behavior of the four undoped ceramic samples This magnetic sextet is our supporting evidence that
to the 1% Fe doped sample casts some doubt on this inteGaRuQ is magnetically ordered at 4.1 K. The two subspec-
pretation. tra are probably due to interexchange of some Ca and Ru
The in-plane irreversibility in the ZFC and FC branchesions (caused by Fe dopingn their crystallographic posi-
measured at 0.5 and 5 kOe for CaRu€ingle crystal, is tions. The sextet results from those*Féons which presum-
exhibited in Fig. 3. Note, the broad peak around 25 K in theably reside in the mixed Ru/Ca sites, and experience an ex-
ZFC curve at 0.5 kOe. AH=50 Oe, the two curves merge change field from theirmagnetic RW** neighbors and
at T;,~ 69 K (not shown, and the irreversibility remains up become also magnetically ordered. The nonmagnetic iron
to 20 kOe({T;,,=8 K). The variation ofT,, with the applied ions are those which sense thenmagneticCa " ions as first
field is shown in Fig. 3(insed. The solid line is a fit to a nearest neighbors, and therefore experience a reduced ex-
linear relation betweefli,, and InH. The extracted paramag- change field. The large fractio@0%) for the nonmagnetic
netic values in the range of 120r<250K yield x,=9.5 doublet is probably caused by the fact that the dilutd*Fe

FIG. 3. In-plane ZFC and FC magnetic susceptibility curves
measured at 0.5 and 5 kOe for CaRu@ingle crystal, and the
T,+(H) curve(inse).

x 102 emu/mol Oe,f= —36(1) K, andP¢;=2.33ug . ions are more attracted to €athan to the R{" in the same
ZFC magnetizatioM (H) isotherms at 5 K, for an almost crystallographic sites.
square planar shaped CaRugingle crystal forH along the We provide here magnetic measurements on ceramic and

ab [100] and the short dimension planes[001] are shown CaRuQ single crystal materials, which show definitely
in Fig. 4 (demagnetization effects are not inclujlehe an-  many of the features reflecting either to long-range or short-
isotropy of the magnetization indicates, that the easy axis isange and/or spin-glass ordering. In particul@y,the irre-
along the[001] direction, which is consistent with the out of Vversibility below 90 K at low applied fieldji) the magnetic
plane easy axis observed for mixed,Sa_,RuO; crystals®  *>’Fe Mdssbauer subspectrum at 4.1 ij) the hysteresis
but in contrast to the in-plane easy axis observed in the FMoops at 5 K, and(iv) the temperature dependence of the
SrRuQ,. Figure 4 also presents ti(H) curve of a number remanent magnetization, reinforce this statement, and ex-
of randomly oriented single crystals, which show intermedi-clude CaRu@ from being characterized aspmramagnetic
ate average behavior. Small hysteresis loops are readily olmaterial. Thus, the Ru moments are magnetically correlated
served(in an extended scalevith the same coercive field without additives such as Sr, Sn, and/or Nd®It that sense,
(Hc~4000e) for both directions. However, the remanentCaRuQ behaves in a way similar to its homologue SrRuO
moments along the easy axis are somewhat higher than fend to CaRu,0O; (Ref. 14 and CaRuQ,,*® in which the
the[100] direction, and both disappear at(ZpK. long-range magnetic state is well accepted. Our results are
Mossbauer studies of dilute iron in CaRyfMeasured at consistent with the temperature dependence ofTthend 6
4.1 and 90 K are shown in Fig. 5. The spectra at 300 and 9phase diagram of Ga,Sr,RuQ;, except that for the para-
K are identical, and display a single quadrupole doublemagneticx=0 sample® We speculate, that thgaramagnetic
(splitting 0.24 mm/sec of nonmagnetically ordered Be  determinatioA-**for CaRuQ in the past was based on mag-
ions in a single site. On the other hand, at 4.1 K two sub-netic y(T) measurements performed under conditions where
spectra are observed. A nonmagnetic douptet0%), simi-  the curves adhere closely to the CW law, namely, either at
lar to that at 90 K, and a sextét+60%), with a distribution  high applied field(above 5 kOgwhere irreversibility is not
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tallographic positiongsupported by our Mssbauer studigs
and/or(iii ) to both irregularities in the structure all of which
0.990 — are caused by the preparation procedure. This picture may
account for our preferable model of a spin-glass state,

1.000

0.980 e . . .
which is more pronounced in the ceramic samples, than in
0.970 the single crystal On the other hand, it is possible that par-
0.960 ticle size effect, namely, the ceramic sintered materials
which consists of many microscopically small single crys-
0.950

tals, shows an averaged behavior of phenomena observed in
macroscopic single crystal. Regardless of these differences,
the fact that CaRug@is not paramagnetic, stands alone as the
most significant feature of this study. Our finding is consis-
tent with the time-dependent percolation model of the con-
ductivity, proposed in Refs. 18,19, which argues that crystal
distortions may determine the sign of the magnetic interac-
tion in CaRuQ. Finally, our T;, values roughly coincide
with Hall-effect measurements which show a sign change
from negative to positive at50 K (Ref. 19 invoking again
the spin-dependent scatterfigmechanism for this sign
change.
S S SR S A S Our resultgsee Fig. $ oppose the single line shape at 4.1
K of %Ru Mossbauer spectrum obtained in the early
VELOCITY (mm/sec) 1970's™® Note that the 4.1 K spectrum is somewhat broader
FIG. 5. Mossbauer spectra at 4.1 and 90 K for §%e dilute in than the 77K oné? It is EOSSibIe t_hat the t_hree _contributio_ns
CaRuQ. Note the magnetic sextet at 4.1 K. to Hx acting on the RS state ions, whlc_h d|_ffer in their
signs, namely(a) core polarization(b) polarization of con-

o o ) duction electrons by the ion itself, ard) polarization of
visible, or at low applied fields in the FC process. electrons by magnetic neighbors accidentally cancel each
Qualitatively speaking, the irreversibility phenomenon aP-other, and the totaH; value is almost zero. The possible

pears in both ceramic and CaRy€ingle crystal materials. gy glass(see also Ref. )6type magnetism of CaRuO
We are aware of some differences in the magnetic features gfeserves more extensive investigations. We recommend ad-
the two forms. The irreversibility for the ceramics samplesg;tional low applied magnetic field experimental studies, and

starts at~18 K higher than for the single crystal, and the {heoretical reconsideration of the magnetic state of CaRuO
linear behavior ofM (H) curve at 5 K for ceramic samples

differ significantly from FM-like behavior observed for the ~ We are grateful to Dr. L. Klein for helpful discussions and
CaRuQ single crystal, in bottab andc orientations(Figs. 2  to Dr. U. Asaf for assistance in the experiments. The Jerusa-
and 4. These differences might be a result of some intrinsidem group gratefully acknowledges support from the BSF
properties such a$) a variation in oxygen content and/gi)  (1999. 1.B. gratefully acknowledges support from the “Ab-
to some interexchange of the Ca and Ru ions in their crysdus Salam” ICTP, Trieste, Italy.
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