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We have studied the magnetic properties of nonsuperconducting RuSe, sCu,O,¢[L=Y, Dy, and Ho
(Ru-1222] compounds synthesized under high presgéréGpa at elevated temperature. These materials
become magnetically ordered Bf; = 152(2) K regardless df. The wide ferromagneticlike hysteresis loops,
which open at 5 K, close themselves aroufg=90-100 K and the remanent magnetizatioh,{,) and
coercive fields H) become zero. Surprisingly, &, <T<T),, a reappearance of thd ., andH¢ (with a
peak at 120-130 Kis observed for all three samples studied. For the nonmagheti¥ compound, the
extracted ferromagnetic moment is5|K and the effective paramagnetic moments are 0.75 ancgu3.(0%u,
values which are close to the expectaggland 1.73:g5, respectively, for the low-spin state of Ru We argue
that the Ru-1222 system becomés:antiferromagnetically ordered a@t, and in this range a metamagnetic
transition is induced by the external fieldl) At T;,<T,,, weak ferromagnetism is induced by the canting of
the Ru moments.
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. INTRODUCTION (M=Nb and Ta with Tc~28-30K, in which theM ions
_ _ _ _ are pentavalerit.
The interplay of magnetism and superconductivBg) is The SC state in Ru-1222 is well established and under-

a fundamental problem in condensed-matter physics and hagandable. Specific-heat studies show a sizable typical jump
been studied experimentally and theoretically for almost fouky T _ and the magnitude of th&C/T (0.08 mJ/gR) clearly
decades. Coexistence of weak ferromagnetism and SC WaSdicates the presence of bulk 8C.The specific-heat

(Tscovered a few years ago in RQE’f—XC@C“ZﬁéO [L anomaly is independent of the applied magnetic field. The
=Eu and Glg_(Rg'lszzggjéaygre% CulpzrfteTinth ,hand temperature dependence of the magnetoresistance® data
more recentlyin RuSp bOg (Ru-1212. The charge yields an upper critical field oH_,(0)=39 T and a coher-

carriers originate from the CuQOplanes and the weak- _
ferromagnetid W-FM) state is confined to the Ru layers. In ence length 0¢(0)=140 A along_the Cu@pl_anes. Due to
T@e granular nature of the materials the critical current den-

both systems, the magnetic order does not vanish when S

sets in atT¢, but remains unchanged and coexists with the’'y & 5 K is extremely smal[Jc(0)=22 Alcnt] as com-

SC state. The Ru-1222 materidfer L= Eu and Gd display pared to other higfi-c superconducting materiajlél.BeIovy

a magnetic transition &, = 125—180 K and bulk SC below 'c- the magnetoresistancgR(H) =R(H)—R(0) is posi-
Te=32-50K (Tyy>T.) depending on oxygen concentra- tive and un_expected hy_stere_5|s qups are obserd&{H)

tion and sample preparatidriThe hole doping of the Cu-O ©On decreasing the applied fieldH] is much smaller than
planes, which results in metallic behavior and SC, can b&R(H) for increasingH. The width of the loops depends
optimized with appropriate variation of the Ru/Ce rdti8C  strongly on the weak-link properties. Similar hysteresis loops
occurs for Ce contents of 0.4—0.8, and the higligstwas are observed in superconductive, nonmagnetic Nb-1222
obtained for Ce-0.6. SC survives because the Ru magnetig Tc= 28 K), thus eliminating the possibility that the hyster-
moments probably align in the basal planes, which are praesis phenomenon is caused by the coexistence of SC and
tically decoupled from the CuOplanes, so that there is no magnetic state5- Scanning tunneling spectroscdpynd

pair breaking. X-ray-absorption spectroscof¥AS), taken magneto-optic experimerifshave demonstrated that all ma-
at theK edge of Ru, at room temperature reveals that the Rterials are microscopically uniform with no evidence for spa-
ions are basically R or RU*"®" (see Ref.  Ru remains tial phase separation of SC and magnetic regions. That is,
pentavalent irrespective of the Ce concentration, whichboth states coexist intrinsically on the microscopic scale.
means that there is no charge transfer to the Ru-O layers witGtudies of Zn substitution for Cu in oxygen-annealed
increasing Ce concentratiSnThe remaining unresolved RuSkKEUW, ,Ce(Cu;_,Zn,),0;0 (x=0, 0.01, and 0.025re-
question is whether the Rt in Ru-1222 is in its low- §  veal that Zn reduce$. from T¢=38 K for x=0 to 26 K for
=1/2) or high- 6=3/2) spin state. It is also apparent that 0.01 and that fox=0.025, the material is not superconduc-
bulk SC only appears in iso-structural M&s_,CeCu,0,,  tive down to 4.2 K. On the other hand, the magnetic state of
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the Ru sublattice is not effected by the presence or absence
of the superconductive state, indicating that the two states
are practically decoupletd.

One of the most disputed questions is that of the magnetic
structure of Ru-1222. In contrast to the Ru-1212 system in
which the antiferomagneti(AFM) nature of the Ru sublat-
tice has been determined by neutron-diffraction stutfiés,
the detailed magnetic features of the Ru-1222 system are
lacking. The accumulated results are compatible with two
alternative models, both of which are used for understanding
the qualitative features at low applied field8) Going from
high to low temperatures, the magnetic behavior is basically
divided into two region$.(i) Depending on Ce content, at 0.0 ———
Twm ., all the material becomes antiferromagnetically ordered. 0 40 80 128 . 180
(i) At Ty (<Tp), @ W-FM state is induced, which origi- Temperature (K)
nates from canting of the Ru moments. This canting is prob- .
ably a result of the tilting of the RuQoctahedra from the _ FIG- 1. The real part of the ac susceptibility —of
crystallographiac axis® which causes the adjacent spins to RUSEL15C&.5CtL010.-
cant out of their original AFM direction and to align a com-
ponent of the moments with the direction of the applied field.2ls, whereas the Ru-1222Y pattern shows three s(esb
At Te<T,,, SC is induced and both the superconductive andhan 3% unidentified extra peaks.Zero-field-cooledZFC)
the W-FM states coexist intrinsically on a microscopic scale@nd field-cooledFC) dc magnetic measurements at various
(B) Detailed analysis of the magnetization under various?Pplied field in the range of 5-300 K were performed in a
thermal-magnetic conditions suggests naagnetic phase ~ commercial (Quantum Design super-conducting quantum
separation of Ru-1222 into FM and AFNRef. 17 nan- interference devic€SQUID) magnetometer. ac suscgptlblllt_y
odomain species inside the crystal grains. A minor part of th&vas measurecat Hq.=0) by a homemade probe, with exci-
material becomes ferromagnetEM) at T,,, whereas the tation frequ_ency an(_j amplitude of 733 Hz and 30 mOQOe, re-
major part orders antiferromagnetically at a lower temperaSPectively, inserted into the SQUID magnetometer.
ture and becomes superconductiveTat. In this scenario,
the unusual SC state is well understood.

In attempting to understand the W-FM state in Ru-1222,
we report here a detailed magnetization study of In contrast to  the magnetosuperconducting
RuSkY :Ce sCU, 04 (RU-1222Y) which has been synthe- RuSkL,:Ce sCu,0; (L=Eu and G¢, obtained at ambient
sized at 6 GPa at 1200 °8 Nonmagnetic Y has replaced the pressure, the heavy nonsuperconductin@nd Y) materials
magnetic Eu and/or Gd ions and permits an easier direatan be synthesized only under high pressures. The samples
interpretation of the intrinsic Ru magnetism. The results arebtained are insulating materials down to 5 K. The rapid
compared to the data obtained for Ry®y, L& sCu,0;y increase in the resistivity with decreasing temperatumet
(Ru-1222Dy and RuSsHo, Ce, Cu,0;, (Ru-1222H9 both  shown can be characterized by fitting the dataRe10™°T
synthesized under the same conditibhsVe show below whereb is of the order 0.02. Attempts to induce SC by
that the magnetic structure of all samples studied can bannealing the Ru-1222Y material under 75-atm oxygen at
interpreted only by assuming modéA) discussed above. 800°C for 6 h leads to decomposition into a RySDg
None of the samples described here is superconducting. At1216 phase™® The ionic radius of DY" is 0.91 A as com-
tempts to induce SC by annealing the materials under higpared to 0.90 A for both ¥ and HG" ions. Therefore the
oxygen pressure at elevated temperatures have failed. unit-cell volume ) of RuSkDy; Ce, L0y (415.9 A%),
is a bit larger than those df=Y and Ho, 414.7 R and
413.2 A3, respectively.

The temperature dependence of the normalized real ac

Ceramic samples with the nominal compositionsusceptibility for the RuSt; sCe Cu,04q System is pre-
RuSkL, Ce sCw,O010 (L=Y, Dy, and HQ under 6 GPa at sented in Fig. 1. It is readily observed that none of the ma-
1200 °C fa 2 h were prepared by a solid-state reaction tech+terials are superconductive down to 4.2 K. The two peaks
nique as described in Ref. 18. Determination of the absolutebserved, namely, the major one at(B1 105 (1), and
oxygen content in these materials is difficult because 4sO 1071) K, and the minor ondFig. 1, inset at T=120(1),
not completely reducible to a stoichiometric oxide when1281), and 1301) K, for L=Dy, Y, and Ho, respectively,
heated to high temperatures. Powder x-ray-diffrac(®RD) are both inversely proportional tg listed above. The in-
measurements confirmed the tetragonal struct(sgace crease of the signals below 40 K fore= Dy and Ho is related
group l4/mmn) and vyield the lattice parameters  to their large paramagnetid®®M) contribution at low tem-
=3.8241), 3.8191), and 3.8181) A and c=28.445, peratures. Neither of the two peaks is the magnetic transition
28.4391), and 28.41@1) A for L=Dy, Y, and Ho, respec- Ty (Ru) of the system, as discussed below. Beside these dif-
tively. Ru-1222Dy and Ru-1222Ho are single-phase materiferences, the magnetic behavior of all three samples is simi-

2.0x10°

1.0x10°

ac susceptibility (arb.units)

IIl. EXPERIMENTAL RESULTS

Il. EXPERIMENTAL DETAILS
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FIG. 2. ZFC and FQVI/H for Ru-1222Y measured at 15 Oe and
500 Oe(insey. FIG. 3. The isothermal magnetization®K and the ferromag-
neticlike hysteresis loofinse).

lar and for the sake of brevity we describe in detail the mag-

netic properties of Ru-1222Y in which Y is not magnetic. In tN€ expected saturation moment for *Ruin the low-spin
state =2 andS=0.5).

that sense, the present RulSysCe,sCu,0O;q System re- . R .
T . The linear part ofM(H) in Fig. 3 can be described as
sgmbles thg nonsuperconductive RUIRICeCyO;, material M(H)=M+ yH, where M =0.63(1)us is the value ob-
discussed in Ref. 4. : . B - ;
ZFC and FC dc magnetic measurements were performet ined by the extrapolation td =0, andy =dM/dH 'S the
ope (8.5 10 2 emu/mol Oe=1.53x10 2 ug/T). This x

;)/Iv/e-'_r' a broac:c raggelgfzgﬁ)plled ma%nettlc f'glggb@d typlcals much larger than the Cu-ion contribution to the suscepti-
Showrf“ir:]’eii;r Ru12zz¥ measured at gf;'e 200 ¢ ’Ejg;e bility discussed below. Similavi(H) curves have been mea-
—105(2) K aﬁd étT (Ru)=152(1) K. Note(i) the ’smarll sured at various temperatures and Fig. 5 shows the tempera-
: M i . ture dependence d¥l;. The extrapolated/ ¢ at zero yields
peak in the ZFC branch around 125[tis peak andr;, fit T\ (Ru)=152(2) K exactly as obtained in Fig. 2. A similar
we_:ll with the minor and major peak_s _of the ac susceptibiIityp;\:')cedure for the magnetic=Dy and Ho ions yi'elc;ls 150)
E)I?Enc%)gs S:rrldgg)%etrgf Iﬁgozrgég}ggt'g”:\?e:h d%)peno?flet:g tlft(a: K for both materials, indicating that, within the uncertainty
) LT rT]imit, Tw(Ru) remains constant regardlessLof[The small
selves to an easy determinationTqf(Ru), andTy (Ru) was sail aboveT,, which appears only fok = Y, is probably due
obtained directly from the temperature dependence of th > the presglnce of a small amount of Srl’gL(ﬁot detectable
spontaneous momenkG)." Here, since Y is a npnmagnetic by XRD)]. The slopey=M/H obtained at various tempera-
:joentétr?r?ir'\]/l a/tli_ég)o?'lrj r\/(%l;?ea:turggoatolcéwt,hgerzngg Zggegé tures is exhibited in Fig. 6. I.t appears thatloes not chan.ge
branches merge alhgo aj, '(Fig 2, inse}, in contrast to pre- much up 10Ty, and then rises up 1)y (Ru). Above this
. r RN . ) temperature the slope follows the Curie-Weiss law discussed
vious measurements on magneticions; in which Ty, is below.
field dependent and shifts to lower temperatures WithThe '
irreversibility is washed out foH=2.5 kOe and both ZFC 200 ] .
and FC curves collapse into a single FM-like behavior. RUS.Y. Ce. CLO b
IsothermalM (H) measurement@ip to 50 kOg at various ok e
temperatures have been carried out, and the results obtainec__ 1 4 -~ -
are shown in Figs. 3 and 4. BeloWw,, all M(H) curves
depend strongly omd (up to ~1-4 kOe), until a common
slope is reached. The remarkable feature shown in Fig. 3 is
the apparent tendency toward saturation at 5 K, but not ] P
reaching full saturation even at 50 kOe. Similar behavior was & _,"_." V 100K
observed in RuSl Cu,0g.2° This phenomenon is typical of ) e el
itinerant ferromagnetic materials and reminiscence of the un- -t
saturatedV (H) curves observed for itinerant ferromagnetic -200 -r!’y.
SrRuQ, single crystals at various orientatiofisSThe moment 1000 0 ; 00 1000
at 5 K and 50 kOe i =0.71ug/Ru (Fig. 3. Estimation of Fisld (Oe)
the Ru moment at infinitéd, by plottingM?a1/H (for high
H values, and extrapolating to H=0, yields M FIG. 4. The hysteresis loop opens at 130 K and the magnetiza-
=0.75ug/Ru, a value which is smaller thagugS=1 ug, tion at 100 K(inse.

Moment (emu/mol)
-
|
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FIG. 7. The temperature dependence of the remanent and coer-

FIG. 5. The temperature dependence of the saturation momegive field of R-1222Y.
of R-1222Y. The Arrott plots are shown in the inset.

and 6 is the CW temperature. In order to isolate the Ru

At low applied fields, thev(H) curve exhibits a typical intrinsic magnetic contribution, we also measufep to 350
ferromagneticlike hysteresis loofFig. 3, inset similar to K at 20 k08 x(T) of YBa,Cu,O7 which is roughly tempera-
that reported in Refs. 1—4. Two other characteristic paramture independent (1.8-210 * emu/mol Oe) with values
eters of the hysteresis loops & K are shown in Fig. 3 Which are two orders of magnitude lower thg(T) of Ru-
(insed, namely, the remnant momenM(e,,=0.31ug/Ru)  1222Y. After subtracting 2/(T) of YBa,Cu;O; from the
and the coercive field{-=410 Oe).[ForL=Dy and Ho at measured x(T) of Ru-1222Y, we obtained xo
5 K we obtainedM,,=0.30 and 0.4%g/Ru and H¢ =0.0014 emu/mol OeC=0.523(1) emu K/mol Oe, and
=470 and 320 Oe, respectivélyThe M o(T) andH(T) ~ =136(1) K, which corresponds t@e4=2.05ug/Ru. (In
values are shown in Fig. 7. BotM ..(T) and H(T) be-  fact, similar values were obtained for the fit of the raw data.
come zero around 100 K which means that essentially ndhis xo is comparable to(, of Ru-12123° and /=136 K is
discernible hysteresis is observedTat (Fig. 4, inset. Sur-  in fair agreement withly (Ru)= 152 K extracted from Figs.
prisingly, at higher temperatures, reappearance of the hyste#-and 5.P¢;=2.05up is somewhat greater than 1.8, the
esis loops is obtainedFig. 4) with a peak at 120 K for expected value of the low-spin state of Ruand it is in fair
M,en(T) and He(T) (Fig. 7, insel close to the peaks ob- agreement withPes=2.13ug obtained in Ref. 4 for
served in Figs. 1 and 2. In contrast to the FM-like hysteresifRUSEEU; sC& sCl,O19, Where Peg(Ru) was obtained by
loop obtained af <T;, (Fig. 3, inse}, the loops abovd;, carefully subtracting all extra contributions §)dT). In any
exhibit an AFM-like feature. Similar behavior is observed for case, thisPe; is much smaller than 2:8;/Ru reported for
Ru-1222Dy(Fig. 8 and for Ru-1222Hd? R-1222EU?[ x(T) for L=Dy and Ho adheres closely to the

Above Tu(Ru), the x(M curve for CW law and the values of obtained are 15.6 and 12.1
RuSkY, sCe «Cu,0;y, measured at 20 kOe up to 400 K, emu K/mol Oe, respectively. These values are much smaller
has the typical PM shape and can be fitted by the Curiethan the theoretical values expected forDyand HG'* free
Weiss (CW) law: x=xo+C/(T—6), where y, is the ions, probably due to strong crystal-field effects. However,
temperature-independent part gfC is the Curie constant, this is of a little interest in the present discussjon.

4
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FIG. 6. The slope of the high-field values, at various tempera-
tures.

FIG. 8. The isothermal magnetization curves for R-1222Dy at
90, 110, and 130 K. Note the absence of hysteresis at 90 K.
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IV. DISCUSSION the positive =136 K are also consistent with this W-FM

In a recent papémwe have shown that a small amoy@ts interpretation. (II) Alternatively, a fr.eg.uency—dependenc.e
at.9%9 of Zn suppresses completely the SC state inCUSPwas observed in the ac susceptibility of Rg—1222, v_vh|ch
RUSKEU,_,Cex(Cy _.Zn,),0;, and that the magnetic prop- May be |_nterpreted as a spin-glass beha%ﬁ@rspw_\ glass is
erties of the Ru sublattice are not effected by the presence @ collection of magnetic moments whose state is frozen and
the absence of this SC state. Our general picture is(that  disordered. To produce such a state, two ingredients are nec-
the Ru-1222 system, all compounds have a similar magnetigssary: frustration and partial randomness of interaction be-
structure and(ii) the two states are practically decoupled.tween the magnetic moments. Although Ru ions in Ru-1222
Therefore, the study of nonsuperconductive and nonmagnetire arranged in a strictly periodic order, it is possible that the
Y ions permits an easier interpretation of the intrinsic Ru-Oincomplete oxygen stoichiometry and/or the small distortion
sublattice magnetism, in particular, that of the PM state.  of the oxygen octahedtdare involved in inducing frustra-

tion, which, in turn leads to glassy behavidil ) The unsat-
A. The qualitative magnetic structure uratedM (H) curve at low temperatures may suggesstilar
of RuSI,Y; CeysCu,04p. to SrRuQ) itinerant electron magnetism in this system. Con-

While our data described here do not include any deterSeduently, we used the conventional so-called Arrott plots to
mination of the magnetic structure of the Ru sublattice, the¢letermine the magnetic transition. In Fig(ifsej we have
results are compatible with a simple model, which is, how-Plotted the field values of Ru-1222Y at various temperatures
ever, of use in understanding the qualitative features at lov@nd the magnetic transition extracted is @5K, midway
applied fields. Starting from high to low temperatures, thebetweenT;, andT,,. Supporting evidence to this third sce-
magnetic behavior is basically divided into four regions.  nario are the highPy4/Mg,~3 ratio and theP4=2.05ug
(i) At elevated temperatures, the paramagnetic net Ru mosalue, which exceeds the expected value for a localized
ment is well described by the CW law, and the extractedRuw’* low-spin state.
values for Ru-1222Y ar®4=2.05ug and /=136 K. This  (iv) For L=Eu and Gd, SC is induced &t.. To<Ty de-

P is somewhat greater than 143, the calculated value pends strongly on Cdas a hole carrigrand on oxygen

of RL®™ in the low-spin state, and suggests that the assumpeoncentrationd™®> Below T., both SC and weak-
tion of completely localized moments is not adequate for thiferromagnetic states coexist and the two states are practically
system. decoupled?

(i) At Ty(=152K), the Ru sublattice becomes basically We think that the magnetic behavior of Ru-1222Y can be
antiferromagnetically ordered at low applied fields. This in-interpreted only by assuming modé) regardless of the
terpretation is supported by the small peaks observed in thmagnetic features of regiofiii). The data described here
ac susceptibility(Fig. 1) and in the ZFC branch when mea- exclude the magnetic AFM and FM phase-separation
sured at low fieldgFig. 2). At higher applied fields a meta- model’ (B) discussed above. According to this model, a mi-
magnetic transition is induced. In general, metamagnetism inor part(10%) of the material becomes FM &, and this
insulating AFM systems refers to the magnetic transitionFM fraction persists down to low temperatures. By}, the
produced by an externdl, when the strength of the field major part of the material orders antiferromagnetically and
equals or exceeds the exchange coupling between the matlys part only becomes superconductiveTat. In this sce-
netic moments. In Ru-1222Y, the AFM Ru moments are renario, the unusual SC state is well understood. Thus, below
aligned through a spin-flip process bl to form the AFM- T, the Ru-1222 materials are in fact a mixture of both FM
like-shape hysteresis loops observed in Figs. 4 and 8. Notand AFM phases. However, mod@) cannot be reconciled
the difference between the AFM-like and the FM-likeig.  with the accumulated data presented hefi¢: the high

3) hysteresis loops. 0.75ug/Ru moment &5 K and(ii) the continuousvi¢ curve

(iii ) Around T, = 100 K a ferromagneticlike shape of the FC (Fig. 5), which does not show any inflection &, or at
branches is observedig. 2). T;, is defined as the merging lower temperaturegjii) the high positived value, (iv) the
point of the low-field ZFC and FC branches, or alternatively,peaks in both ac and dc magnetization curves which indicate
at the temperature in whidM ., andH first disappear. The an AFM ordering abovd;,, and(v) the reopening of hys-
exact structure of the Ru spin ordering beldw, is still  teresis loops above 100 K, which as a result, increases both
debated and no conclusions have been reached as y#l,.,andHc (Fig. 7). According to mode(B), the hysteresis
Neutron-diffraction measurements are required to preciseljoops opened af, would remain all the way down to low
determine the nature of the magnetic order. Without theseéemperatures and bot ., andH¢ would increase continu-
measurements, we may assume three scenarios for the magssly, or at least remain constant. Additional data include
netic behavior in this region as followsl) Our preferred (vi) the different shape of the hysteresis loops observed be-
scenario is that aT, a weak ferromagnetism is induced, low and aboveT, .

which originates from canting of the Ru moments. The satu- As a final point of interest we compare all of the magnetic
ration moment of RU" in the low-spin state is Lg/Ru behavior of Ru-1222Y to that of ferromagnetic
(3ug/Ru for RUP* in the high-spin staje We note that La(FgSi;_,);3 intermetallic compound& In both systems
Mmax=0.75ug/Ru obtained at 5 K is a large fraction of above the FM transitiorior W-FM transition in Ru-122Q
1lug, implying a very large canting angle (49°) of the AFM small hysteresis loops are opened and both systems exhibit
Ru moments. The ratio dfl o,/ M 1ax (0.31/0.75-0.41) and  meta-magnetic transitions. In La(/=3;_,).3, the itinerant
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electron metamagnetic transition observed above the FNhaterials become antiferromagnetically ordered, a metamag-
transition (Try) is a result of thermal activations that make netic transition is induced by the applied field, and typical
the FM energy minimum shallower than the PM one, result-AFM hysteresis loops are observed. B}, ranging from 90

ing in the PM state abovE&gy,. By applying a field, the FM to 100 K, a W-FM state is induced, originating from canting
energy minimum again becomes lower than the PM one andf Ru moments. The maximum momentsaK is 75% of the

a metamagnetic transition from the PM to the itinerant FMexpected value for R, indicating a W-FM state below
state is induced. As a result small hysteresis loops are obF;,. The PM parameters extracted indicate that Ru is pen-
served abovd . The single difference is that in the Ru- tavalent in the low-spin state. The present results exclude the
1222 system, the ground state in regi@n is AFM and the  proposed magnetic phase-separation model in the Ru-1222
externalH induces a spin-flip transition. system.
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