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Magnetic orderings of the Cu, Gd, and Ru moments in nonsuperconductp@fRa _,Cu,0Og and of the
Cu and Ru moments in superconductingY®u, _,Cu,0g (whose superconducting onset temperature 46
K) have been studied using dc susceptibility, microwave magnetic resonance, and neutron diffraction
Sr,YRuUg g£CUy 1:0¢ ONly). In both homologues, Cu exhibits antiferromagnetism with an ordering temperature
of ~86 K (much greater than the resistive superconductivity onset transitierd6fK), and a magnon energy
gap i wmagnon (Q=0) that exceeds the microwave photon frequencywé®m=13 GHz. The Cu moment
extracted from neutron data for SiRu; _,Cu,Og is ~1.7ug at low temperature. Gd, in B&@dRuy, _,Cu,Og,
is paramagnetic and displaygie 2 electron spin resonance at temperatures abal& K, which also persists
well below ~48 K (but with a very much broadened linend orders antiferromagnetically atl2 K. Ru in
Ba,GdRu,_,Cu,Og orders at~48 K, but in SpYRu, _,Cu,Og orders at~23 K and has a moment of 1.6u5 ,
extracted from neutron scattering data. In bothY&u; _,Cu,0s and BaGdRuy, _,Cu,Og the Ru orders fer-
romagnetically in the@— b planes with the sheet magnetization alternating in direction as one moves along the
¢ axis, forming a net antiferromagnetic structure. We find no evidence of a Ru signature in the magnetic
resonance data anywhere in the range from 3 to 300 K, a result which is consistent with the electrons being
itinerant. Attempts to detect Ru magnetic resonances in various other materials have also failed. Since in
Sr,YRu,_,Cu,Og the magnetic moments of the Ru and the Cu are ordered at low temperatures, its supercon-
ductivity is inconsistent with a spin-fluctuation pairing model.
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[. INTRODUCTION In this paper, we report studies of nonsuperconducting
Ba,GdRuQ and superconducting sSfRuQ;, both doped
The rare-earth ruthenates,RRuQ;, with A=Sr or Ba  with Cug, (Cu replacing RIf to identify which features of
and R being a rare-earth iorfFig. 1), can exhibit high- the dc susceptibility, the surface resistance, and the magnetic
temperature superconductivity when doped with Cu on Ruesonance data can be assigned to Cu, Gd, anth&tunc-
sites, although they have no cuprate plahéur measure- tions of temperaturd” and applied magnetic fieltt). We
ments indicate that SYRu,_,Cu,Os does superconduct at also report _neutron diffraction spectra of Cu-doped
an onset temperature of ~45 K2*° although SKLYRUO, W_hlch clarify the magnetic behaviors of the Ru
Ba,GdRy_,Cu,0, does not superconduttFurthermore, and the Cu ions.
Sr,HoRuy, ,Cu,Og has been reported to superconduct as
well,” suggesting that many elements of the class will super-
conduct, including perhaps even tRe=Cm and Am com- Cuprate-plane theoriesf high-temperature superconduc-
pounds. tivity, strictly speaking, have no application to this class of

A. Cuprate-plane-based models
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magnetic rare-earth iorfHo) that does not havd. =0,
Sr,HoRu, _,Cu,Og, has been reported to supercond§ct.

Of course, conventiondk.g., cuprate plangheories of-
fer no explanation of the failure of Gd,CeCuQ,,
Cm,_,Th,CuQy,, or BeGdRuy _,Cu,Og to superconduct, be-
cause an essential element of those theories is the assumption
that no magnetic rare-earth ion breaks Cooper pairs—as the
L=0 magnetic rare-earth ions Gdr Cm) must(and do in
our picturé®), see below. Hence conventional cuprate-plane
theory cannot explain why §¥Ru; _,Cu,Og superconducts
while Ba,GdRy, _ ,Cu,0Og does not, and cannot account for
the failure of Gd_,CeCuQ, (Refs. 11-1# or
Cm,_,Th,CuQ,,*® or of the ruthenate B&dRu _,Cu,Og to
superconduct.

B. Oxygen model

The oxygen modgiredicts that magnetic rare-earth ions
break Cooper pair¥, whenever the pairs are within range,
‘ e O i.e., within a nearest-neighbor distance of the magnetic ion—
Ba Ru Gd O unless the rare-earth ion is crystal-field spi§uch splitting
of the rare-earth’s energy levels renders the ion impotent as a
FIG. 1. Crystal structure of ideal BadRu ,Cu,Os. This is  pair-breaker due to its inability to recoilThus, the oxygen
only one fourth of a unit cell. In $¥Ru; - ,Cy,Og, the Ba has been picture places the superconducting condensate of
replaced by Sr and the Gd by Y. SKLYRuU, _,Cu,Oq in the SrO layers, and predicts that the Gd
homologuegand Cm homologues, if they can be formed

materials, since these materials have no cuprate pléfies. the superconducting $fRu; ,Cu,Os materials will not su-
neutron diffraction studies of $¥Ru,_,Cu,Os reported Perconduct, because=0 andJ#0 Gd (and Cm) are not
here show<1% contaminant phases of any kifitf) Conse- crystal-field split and hence are pair breakers in thesel

quently it appears that cuprate planes may not be essential §1€) two-layer compounds. The compounds with#0 ,
the high-temperature mechanism of superconductivity. rare-earth ions are expected to superconduct, since the ions

Moreover, themagnetic properties of the rare-earth ele- levels are split by the crystal-field, and crystal-field splitting

ments, includingGd, are irrelevantin most cuprate-plane inhibits the pair breaking.

Another material which definitely follows the oxygen
models: both BgGdRuy_,Cu,0¢ and SpYRu;_,Cu,Of . ) o )
compounds should superconduct, if either does. Howev model is PrBgCL0;: Pr on the Ba site kills the supercon

er, ..
. . , alth h f P .
SLYRU, O, [with its two layers (SrG, and ductivity, although perfect PrB&u,0; superconduct®

This implies that the cuprate-plane in between the two layers
YRu, - ,Cu,0,] does superconduct, but B8dRu-.CuOs  of pr and of BaO does not contain the primary hole-

[with its two layers (BaQ and GdRy_,Cu,0,] does nof  condensate, and hence that franary superconductivity of
The fact that BsGdRy —,Cu,Op, With L=0 magnetic Gd, prBa,Cu,0, must be in its charge-reservai€uO or BaQ
does not superconduct, but,$Ru; _,Cu,Og, With nonmag-  |ayers, not in its cuprate planes.

netic Y, does superconduct, suggests tha¥Buo, ,Cu,Og In this paper we show that the data are consistent with our
and BaGdRu, _,Cu,0 may have physics in common with oxygen model of high-temperature superconductiVitin

the homologues of two-layer Nd,Ce,CuQ,, where thelL both superconducting §fRu;_,Cu,0s and nonsupercon-
=0 (s-state magnetic ions GdRefs. 11-1%#and Cm(Ref.  ducting BaGdRuy, _,Cu,Og.

15) form homologues thatlo not supercondugctwhile the
other magnetic rare-earth iofithose withL >0 that do pro-
duce Ng@_,Ce,Cu0, homologuesform materials thatlo su-
perconduct From the perspective of conventional cuprate- The sample preparation techniques are discussed in detail
plane superconductivity, tHe=0 ions Gd or Cm should not in Refs. 1-3. In brief, polycrystalline §fRu,;_,Cu,Og or
cause the destruction of superconductivity in either theBa,GdRu _,Cu,Os samples were fabricated from stoichio-
Nd,_,Ce,CuQ, homologues (Gd,_,Ce,CuQ, or  metric compositions of SrCQ(or BaCQ,), Y,0; (Gd,05),
Cm,_,Th,CuQy), or in the SpYRu;_,Cu,Os homologue RuO,, and CuO using solid-state reaction techniques. The
(Ba,GdRu,_ ,Cu,0g)—as they do. Note that the compounds powders were mixed thoroughly, and then calcined in air at
with L#0 trivalent magnetic ions, unlike those with=0 1000 °C for several days. The reaction products were ground,
Gd or Cm, do produce superconductivity in the same crystapressed into pellets, and sintered in a mixture of 709a@l
structures: Nel_,Ce,CuQ, superconducts, and, although 30% Ar at 1380 °C for 12 h. The resulting samples were then
very few of the @ ruthenatesi.e., SpYRu; _,Cu,0Os homo-  characterized by scanning electron microscopy, energy dis-
logues have been fabricated yet, the one homologue with gersive x-ray analysis, and x-ray diffraction.

Il. SAMPLE PREPARATION AND METHOD
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FIG. 2. Magnetic susceptibilitgin m emu/g/O¢ of Ba,GdRuQ, o
and BaGdRuy, {Cu, 105 Versugemperature in K. The Net tempera- FIG. 3. Susceptibility t_|mes temperaturt_e @ BazGdR_uQ and
tures of Ru and Gd are indicated by arrows. These data were takép) BaﬁGdRL!J-Q(_:Lb-loﬁ against temp(_eraiur'ém K. V¥g Igo(';lced tsat
with small fixed fields in small temperature steps. The Ru orderin he susceptibility of the lsgrlppclje hW'tg_o'lf W,as '(; -hepen ent
is indicated by a small peak in the susceptibility, and the Gd order= elow ~86 K,hand SO mu tiplied the data o F|g. |_2 y the tf;lgera-
ing produces a large peak at lower temperature. The Cu ordering Lyre T. Note the transition temperaturéshained linesat ~

~86 K is not obvious here. The chained line varies asT1/( @ssociated with Rua change of slope and at~86 K (a peak
+10.86K). associated with Cu. The-86 K peak is not present in the material

Ill. MAGNETIC SUSCEPTIBILITY with no Cu =0).

The magnetic susceptibility measurements were carried 1h€ magnetization data for BadRuQ (and also for
out on a Quantum Design MPMS-XL SQUID magnetome-B&GdR {Cly 106) as functions of applied field at fixed
ter. The samples were cooled in zero applied field; and théémperatures areery nearlylinear throughH=0 for uqH
field due to trapped flux was offset to zefa0.5 G. The <2 T (Fig. 4, with no indication of the spontaneous net
field necessary to offset the trapped flux was determined b{'agnetization or the hysteretic behavior qharactensnc of ei-
performing a field scan at a high temperature, well above angher ferromagnetism or weak ferromagnetisfor example,
magnetic transition, in the paramagnetic state. the linearity is good to~4 parts in 16 at 25 K) Since the
linearity persists down to-2 K (the lowest measurement
temperaturg the Cu (for T<86K), Ru (for T<48K in
Ba,GdRuy _,Cu,O¢), and Gd iondfor T<12K) are all anti-

Figure 2 shows the magnetic susceptibility as a functiorferromagnetically ordered at low temperatures, rather than
of temperature fofnonsuperconductin®a,GdRuy _,Cu,Os  being weakly ferromagnetic.

(for u=0 and u=0.1). This susceptibility is well repre- Above ~48 K in Ba,GdRuy, _,Cu,Og, the Gd resonance is
sented, except at temperatures bele®0 K, by a function extremely narrow, a fact that we attribute to exchange
which varies as 1+ #), with #~10.86 K. narrowing? due to paramagnetic fluctuations of the Ru sub-

Since Gd has by far the largest moment of the constitulattice. At~48 K the Ru spins in B#5dRuy, (Cu, 105 (Fig. 5
ents,~7.94ug, the susceptibility datéFig. 2) show clearly are most likely ordered ferromagnetically in eaxthb plane,
that the Gd orders antiferromagnetically-at2 K, because as is the case for §¥RuQ,.* The magnetization data indi-
the susceptibility at all temperatures above, but not belowcate unequivocally that the Ru spins inBalRy _,Cu,Og
~20 K, forH<1.8T, is linear in 1/T+ ). The closeup of are ordered antiferromagnetically overall, which we take as
the susceptibility data multiplied by temperatufieig. 3)  evidence that the ordering is the same as in
shows the general trends for both JBalRuQ and SrYRu,_,Cu,0g ferromagnetica-b planes adjacent along
Ba,GdR, LUy 106, together with the Nel temperatures of the ¢ axis are stacked antiferromagnetically. This structure
Cu and Ru. has been determined for SIRuQg by neutron diffraction

Because the high-temperature susceptibility varies almostat£>~2® and confirmed by the neutron studies on
as 17T in Fig. 2, we multiplied the data by the temperature, inSr,YRU, 5£ClUy 1:06. In addition, in BaGdRy, {Cl, 10, the
order to emphasize the high-temperature behavior, for bottarge Gd moments evidently order antiparallel to the Ru mo-
Ba,GdRuUQ and BaGdRu, Cuy 10 (See Fig. 3.Notice that  ments, because at high fielda{H>2 T) and at tempera-
the Neel temperatures at48 K (due to R) and at~86 K tures as low as 2 Kand spanning the Gd ordering tempera-
(due to Cuy are now clearly evident in B&dR, ¢Cuy 0. ture of ~12 K) a metamagnetic or spin-flop transitidRig.
Note that there is no evidence of order at or ne®6 K for 4) is observed both in B&dRuQ and in
u=0 (because the sample contains ng.Cu Ba,GdRy, Cuy 10 [as observed earlier in SfRuQg (Ref.

A. Ba,GdRu,_,Cu,Og¢
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FIG. 5. Magnetic susceptibilitfin m emu/g/O¢ vs temperature
ook (in K) of BaGdRy Cuy1Og (line with filled squares and
ST / ] SKLYRUg Cly1Og (line with open diamonds The line for
Ba,GdRy Cu, ;06 has been displaced upwards by 0.01 memu/g/
ot . Oe to facilitate presentation and has had the contribution of the
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(T+6) ! curve subtracted from the data of Fig. 4, leaving a dotted
L (T) line at low temperatures. This negative-going line does not indicate
superconductivity; it is a consequence of the magnetization’s devia-
FIG. 4. Magnetization(in emu/g of Ba,GdRuQ vs applied tion froma (T+ 6) ! behavior at low temperatures. Note the simi-
magnetic fielduoH (in T), for various temperatures. The lines are larity of the two Ru features, at23 K for SpYRUg Cly 106 and at
for the different temperatures at which the data were taken, from 348 K for Ba&GdR {Cly 106. The difference at low temperatures
to 100 K (for 3 and 100 K, individual data points are giVeiThe of the data from the fit shows that the Gd sublattice orders¥2
field steps were consistent for all scans. The dashed-dotted linds Had the Gd sublattice ordered at a higher temperature, for ex-
represent the hysteresis loop of the metamagrsim-flop tran- ample, 48 K, the paramagnetic response would have deviated from
sition for 14 K. These loops are not shown for other temperaturest;his function for temperatures below 48 K. It did not. This means
only thedH/dT>0 curves are depicted. Metamagnetic transitionsthat the peaks seen &48 K are due to ordering of the Ru sublat-
occur at low temperatures faroH>1.8 T, and are observable up to fiCe-
25 K at higher fields. These data are very similar to those for
Ba,GdRuy, {Cu, 105, Which are not shown. The size of the increase OWN neutron diffraction results, the planes of the Ru sublat-
in magnetization is consistent with this transition occurring in thetice are each ordered ferromagnetically in #hé planes, but
Ru sublattice. Th& =0 ferromagnetic saturation moment of the Ru with adjacent layers in the direction being antiferromag-
sublattice is estimated to bel7 emu/g(Ref. 27. The Gd sublat- netically aligned with respect to one another.
tice orders antiferromagnetically with its “Ble temperatureTy
~12K, a result which eliminates the Gd sublattice as a potential
source of the dramatic magnetization increase. For all temperatures
and for all fields below the transition threshold, the magnetizationis  The neutron data analyses o 8Ru; - ,Cu,Og (to be dis-
closely proportional to the applied field, as expected for an antifercussed in Sec. IWVassumed that the Ru moments are aligned
romagnetiqor paramagneticsystem. Fofl >20 K, for both doped ~ antiparallel to the Cu moment& namely, in a ferrimagnetic
and undoped materials, the magnetization varies accurately d@8u-Cu structure for temperatures below the Ru ordering on-
H/(T+#6), with §=10.86 K. The proportionality constant esti- set temperature of-23 K (see Fig. 5. At this temperature,
mated forS= % Gd*3 is within 3% of the experimental value. This the Ru spins exhibit ferromagnetic order in each Ru pfane.
result also indicates that the large Gd momgnith its T=0 satu-  Adjacent ferromagnetic planes along thexis are antiferro-
ration moment of~73.83 emu/ydoes not order at 48 K. magnetically ordered in g{Rul—uCUuOG-‘l Figure 6 shows
magnetization data as a function of temperature for
23)]. In this metamagnetic transition, the magnetization di-Sf2YRUog:Clo 1506, and clearly showsi) a Ru peak around
rection of the antiferromagnetic sublattice changes khd 23 K, (i) full superconductivity at~30 K, and(iii) a peak
becomes abruptly nonlinear id. The metamagnetic spin- attributable to the Cu N temperature near65 K.
flop transition is necessarily in the Ru sublattice, which is
antiferromagnetically ordered overall, because it occurs in
Cu-free BaGdRuQ for temperatures greater than the Gd
ordering temperature of~12 K. [The size of the field-
induced change of magnetization at 3 K14 emu/g, is Neutron diffraction data for $¥Ru; _,Cu,Og were col-
nearly equal to the assumed saturation moment of the Rlected using the high resolution powder diffractometer at the
sublattice in BagGdRy, oCuy 105,~17 emu/g(Ref. 27]. As  University of Missouri Research React@Measurements on
given by Battle and Macklf~2® and as confirmed by our the BaGdRuy _,Cu,0s material were not possible because

0 1 2 3 4 5 6 7

B. Sr,YRu4_,Cu,Og

IV. NEUTRON SPECTROSCOPY

A. Experimental method
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o ) ) FIG. 7. Neutron diffraction spectrum of SMRuj g:Cly 1:0g VS
FIG. 6. Magnetizatior(in memu/g against temperaturén K) 24 for a temperature of 9 K. The bottom line is the residual. The tic
of SKLYRUp g:CUy 1506, showing(i) a Ru peak near 23 Kiji) full  marks indicate the composite nuclear and magnetic scattering

superconductivity at~30 K, and (iii) a visible peak(see insielt angles. There are no unidentified peaks in the spectrum. The small
associated with the Cu Netemperature at-65 K. Note theT residual counts indicate that the sample is phase pure.

behavior abova ~90 K.

. . then both muon sites would see zero magnetic field, contrary
of the large neutron absorption cross sections of the COMMOR, ihe observations of~3 kG for the one site. in the

Gd isotopes. This instrument uses focusing neutron Opt'CSSrzYRuOAl layer, and zero field for the other muon site, in the

(from a bent Si crystal monochromafoand a position- gro layer. Moreover, unconstrained refinements, allowing a

sensitive detector. In order to not worsen the resolution, th t vield t val that ithi
sample diameter must be kept small. Approximatelg of ¢ component, yield moment values that are zero within €x-

material was mounted in a thin-walled vanadium Samp|€perimental er_rob.The magnetic scattering peaks disappear as
holder. This was, in turn, mounted in a helium-filled alumi- €Mperature increases. _ _ ,
num can which attaches to the cold finger of a Leybold- The neut.ro.n data were refined using Fhe Fullprof code, in
Hereaus closed-cycle refrigerator capable of descending € monoclinicp21/i space group previously reported by
rough|y 9 K. The diameter of the aluminum can and Sur-Battle and MaCk”rF.?)_ZGThe magnetic data were treated as a
rounding heat shields is large enough that all of the Braggeparate phase in the space grqupl, but with the cell
scattered neutrons from these parts are rejected by the oscil-

lating radial collimator. The position-sensitive detector spans

20°(26), and a full scan consists of measurements from 5° to Sr,YRUG 55CUo 1506
105° in five steps. This full scan was used only at two low 100K i
temperatures, 9 and 40 K. The data from these measurements
were used to fix the lattice parameters at intermediate tem-
peratures, assuming a linear interpolation. The remaining
data were collected for only the first 20° segment, 5°-25°,
since the magnetic scattering is only observable in the low
angle region.

Using the high-resolution powder diffractometer, neutron
diffraction  measurements were carried out on
SKLYRU, ¢CU, 105, Which we expected to be more likely to
exhibit phase inhomogeneity than samples having smaller Cu
contents. The neutron data indicated no detectable impurity
phase at the 1% levél. A s s N

Figure 7 shows neutron scattering data for e e
SKLYRu; _,Cu,0g with u=0.15, taken at the temperature 9 = ' '9 ' 11 13 15 17 19 21
K. Scattering data taken at various temperatw@susthe 2% (degrees)
scattering angle 2are presented in Fig. 8, showing magnetic 9

peaks at 2=10.5" and 14.8° that disappear at temperatures g g, Neutron scattering data, namely counts vs scattering
above 80 K.(A model based on a purelg-axis moment  5ng1e 2. Note that the magnetic scattering peaks ne@s=20.5°
produces a completely unsatisfactory result for fitting theang 14.8° are due to Ru and Cu magnetic scattering. The peak near
neutron data: no calculated intensity is found for the stron4ge js nearly temperature-independent, and its intensity variation is

gest observed magnetic reflection. In addition, if the Ru modue to different counting times. The bottom trace is the residual
ments were ordered antiferromagnetically along ¢haxis,  from the 9 K fit, which is typical of all these fits.

40K -

Neutron Counts (Normalized)
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1o T zero-temperature magnetic moment of Rassumed to be
antiparallel to a Cu moment on the same type of)sise

1 ~1.6ug, whereug is the Bohr magnetotf. (If the Ru and
SryYRUggsCUG 1506 Cu moments are ordered parallel to each other, the only other
] option, the Ru moment would be aboutgd, too small for

the metamagnetic measurements abo@early the Cu in

- Fig. 9, having a magnetization that is linearHh is antifer-
romagnetically ordered for temperatures belew86 K and

o N
(0.9} (@]
T T

Magnetic Moment (1)
)
(o]

0.4F ] the Ru is orderedalso antiferromagneticallyoelow ~23 K.
0.2F 1 V. MICROWAVE SURFACE RESISTANCE AND
= RESONANCE
O'O-I 1 1 PR RS Il I-
0 20 40 60 80 100120 A. Experimental arrangement

Tempercture (K) Surface resistance and magnetic resonance measurements

FIG. 9. Magnetic momer(in units of the Bohr magnetong) of as a functi_on of applied field and temperature were Cf.imed
SrYRU, g£C U, 1:0¢ against temperature. The neutron data were fit-out .'n a m'.crowave Sp_eCtrometer of slightly _unqonventlonal
ted with the two Brillouin functions shown, one that vanished QeS|gn. Th's_ system did not employ magnetic field r‘_nodula-
around~30 K, and another at arounds6 K. The zero-temperature tiON- The microwave sourcée.g., Klystron or Gunn diode
magnetic moments were 1.7u5 for Cu and~ 1.6ug for Ru. The ~ Was frequency locked to the resonant cavity containing the
curves intercept the magnetic moment axis at Qu258nd 1.13%g, sample, by frequency modulating the source with a small-
respectively(We have assumed that the ratio of the Cu intercept toamplitude audio frequency signal. This yielded a modulated
the Cu content is the zero-temperature antiferromagnetic Cu mosavity response which was minimized with vanishing phase
ment; and that the difference of the Ru intercept and the Cu intershift at the cavity resonance frequency. Using a phase-
cept give the Ru moment. sensitive lock-in technique to monitor the detected rf signal

reflected from the cavity, a filtere@pproximately dg cor-
parameters constrained to be the same as for the nucleggction signal was developed, and added to the audio fre-
structure. The plotted neutron data therefore show a row ofluency modulation. With proper adjustment of the lock-in
“tic” marks, corresponding to nuclear and magnetic scatter-phase, this feedback loop was stable, and the signal source
ing (Fig. 7). Below the inflection observed in the refined precisely tracked any changes of the cavity frequency. The
magnetic moment at-30 K, the form factor for neutral Ru detected dc signal accurately included changes in the quality
was employed because we know that the Ru is ord@ed factor (Q) of the cavity due to field- or temperature-induced
tiferromagnetically at temperatures less than23 K. (Be-  changes in the sample power dissipation. As a result, the
tween~23 and~30 K the Ru exhibits short-ranged order. Spectrometer was sensitive only to changes in the dissipation
Above ~30 K, the Cu? form factor was used because only (Surface resistance or resonant absorptadrthe sample, and
the Cu is orderedantiferromagnetically Use of the neutral Wwas not sensitive to changes of the sample reactance.
Ru form factor throughout resulted in only a very small Changes in the reactance of superconducting samples as the
change to the refined moment at the higher temperatures. Agmperature was varied through the transition temperature
the temperature increased, the magnetic scattering decreasiére indicated by changes in the cavity resonant frequency,
Consequently the counting time was adjusted to improve th#hich were observed, but were not recorded.
statistical accuracy at the higher temperatures. Although a The sample was always small in size relative to the sur-
nonzero moment was refined at 85 K and even at 100 K, théace area of the cavity, and was mounted in either of two
uncertainty at those points is too large to rule out a zerdoositions in the rectangular (Tg) cavity. The resulting
moment. small sample filling-factor assured that the rf magnetic field
intensity remained nearly constant, if the sample was brought
into resonance, or if the surface resistance varied rapidly
with field or temperature. When the sample was mounted on

Figure 9 shows the magnetic moments of Ru and Cu aghe bottom center of the cavity, the applied dc magnetic field
functions of temperature for §fRug g<Cly 106, as obtained could be rotated in the plane of the sample; and the dc mag-
from neutron data. Below-30 K [the short-ranged ordering netic field could be applied at any angle in the plane relative
temperature of the Ru deduced from Ruddbauer measure- to the nearly uniform rf magnetic field of the cavity. Mount-
ments foru=0.05 (Refs. 4 and ¥, the magnetic moment ing a sample on the side wall of the cavity was useful when
increases in good agreement witld& 3 Brillouin function  the sample was highly textured or crystalline. In this case,
as the temperature decreases, reflecting the onset of Rhbe applied magnetic field was normally applied at any angle
ordering®® Above ~30 K but below a critical temperature of relative to the sample plane, and anisotropy in the sample’s
~86 K, we employ anothed= 3 Brillouin function due to  response was easily obtained.
the other magnetic species liNote that the magnetic mo- As the temperature was changed, the properties of the
ment of the Cu is~1.7ug, the intercept of the Cu curve at cavity varied slowly; these changes led to changes in the
zero temperature divided by the Cu content of 0.15; and theavity coupling coefficient which were compensated for by a

B. Magnetic moments of Ru and Cu in SgYRu;_,Cu,Og¢
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cavity impedance-matching device. The nominal 100 mW 1.0
power output level of the signal source was maintained, and B G R
was typically attenuated by 25—40 db before it was coupled 0.8} H
into the cavity. The resulting rf current densities were varied = —40 db
from roughly 1G to 1 A/cn?. A broad-band solid-state E 0.6
microwave amplifier was used to amplify the low-level sig- ;
nal reflected from the cavity, prior to detection with a point- 5 0.4
contact diode. In this way, the sample response could be =
reliably measured over wide ranges of applied field and tem- ;? 2
perature. & 0
0 2% )
B. Magnetic excitations and selection rules = N

In the case of antiferromagnetism, two nondegendfate % o
g#0) magnon modes are generally expected, which are de- ?%& - —
generate atj=0; the selection rules are such that the two = [ = ot L
modes can be independently excited, namely, Wwifld (or @) oSS o
HL Hy) and withHL J (namely,H||H). The derivations of
these results are discussed in detail by Tufeand with less 1.0
detail by Morrish®? Note that the selection rule for paramag- BE, RO,
netic resonance is that electron spin resonance is excited only 0.8 HLJ
with H|J. It is also the case that weak ferromagnets have v —40 db
similar magnon modes and selection rules to those of the 0.6
antiferromagnetic casg. &

Although it is typically the case for antiferromagnets that o 0.4
the antiferromagnetic magnon modes fall in the infrared, for &
high symmetry material¢e.g., cubic latticesthe effective oL
anisotropy fields are comparatively reduced, and so the mag- =

non energies are lower—and may fall in the range of micro-
wave frequencies. Since the BRuQ; structure is nearly
cubic3* both magnon modes could be probed with conven-
tional microwave techniques.

C. Gd resonance of BaGdRu;_,Cu,Og

In Fig. 10 we present the results of our microwave surface
resistance(magnetic resonangemeasurements on Cu-free  FIG. 10. Change in microwave surface resistancB, of
Ba,GdRuQ, as functions of temperatufieand applied mag- BaGdRuQ; (a) for HIlJ and(b) for HL J, against temperaturE (in
netic field H, for a microwave frequency of 13 GHz. The K) anduoH (in T), whereJ is the rf current density andl is the
resonance spectra are describedAd®=R¢(H,T)—R¢(H applied field_. The microwave f_requency is 13 GHz. The data were
—0,T), appropriate to a conducting material. In the event, adbserved with 40 db attenuation qf the rf power Ievel._The four
for u=0, the material is an insulator, the microwave mag-n°table features of these spectra fyethe Gd electron spin reso-
netic field penetrates the material without significant attenu2N¢&(ESR peakiin(a) which broadens dramatically below about

. ~48 K, (ii) no Gd peak present ifb) here, but one is visible at 32
ation. - . . GHz (not shown, (iii) no Cu peak visible ir{a) or (b), and(iv) no

The data in Fig. 1@ are for the resonanc.e configuration, feature attributable to Ru in eithéa) or (b). The data were taken at
namely HIlJ, whereJ is the rf current density, and for an the temperatures indicated.
input power of 100 mW, attenuated by 40 db before being
input to the cavity. Corresponding data fdr.J are in Fig.  because the Gd is in an effective field whose direction differs
10(b), which shows no evidence of the peak that dominatesrom the applied field. S¥Ru;_,Cu,Og [Figs. 12a) and
Fig. 10(@). Similar results for B&GdRy, {Cu, 105 (for 30 db 12(b)], having no Gd, does not exhibitga=2 electron spin
and SpYRUg g=Clq 10¢ (for 30 db are presented in Figs. 11 resonance.
and 12, respectively. Figures (Bl and 11b) for Cu-doped Figures 10a) and 11a) feature promineng=2 Gd reso-
material are similar to Figs. 18 and 1@b) for Cu-free ma- nance peaks in B&dRuQ; and in BagGdRuy; Cuy 10 Which
terial, except thati) Figs. 1¥a) and 11b) have lowH fea- can be confirmed as Gd-related by their absence in the ho-
tures associated with Cu, afii) Fig. 11(b) exhibits a very mologous Gd-free material §fRu,_,Cu,0g [Fig. 12a)].
weakg=2 resonance feature below86 K (so weak that it This Gd peak broadens dramatically at temperatures below
is not visible in this figure, but is visible when the micro- ~48 K and becomes nearly undetectable at this frequency,
wave frequency is increased to 32 GHlzat is similar to the  within a very small temperature range of about 0.5 K. The
Gd signal of Fig. 1la), but is much weaker, and occurs unusually narrow Gd resonance observed abev8 K is
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FIG. 11. Change . in microwave s_urface resistapk:ﬁs of FIG. 12. Change in microwave surface resistantBg of
Ba,GdR1, {CL, 105 against temperatur@(ln K) and'“_OH (in T) for SLYRUp 5:Cly 1406 against temperatur® (in K) andugH (in T) for
@ H.”J a.nd(b) HJ_J,_whereJ is the rf curr_ent density anH is the (a) HIIJ and(b) HL J, whereld is the rf current density and is the
applied f'e"?- The microwave .frequency Is 13 GHz. The data We,reapplied field. The microwave frequency is 13 GHz. The notable
obsirvzj dV\IIEItShng db attgnuauon of th_e rli_pow(;r Idevel. Note_ fthat Nteatures of these spectra, which were observed with 30 db attenua-
(@ the eature is present as in Fig(alnd a Cu antifer- tion of the rf power level, are the low Cu peaks present both in

_romagnetic _resonanc{AFMR) peak(at IO_W H) is als_o present, and . (@) and in(b), which indicate the antiferromagnetism of the Cu.
in (b) there is a Cu resonance at low fields, proving that the Cu is

antiferromagnetic, and contributes to the local field seen by the Gd,

so that the Gd resonates in an otherwise forbidden configuration 8a,GdRy, {Cu, 1O as to be visible only when the micro-
32 GHz(not visible herg There is no evidence of Ru in these data. wave frequency is increased to 32 GHz—for temperatures at
The integrated intensities of the Gd peak and the Cu peak cannot Rghich the Cu is orderedT(<86 K).

easily compared, but it is the case that the integrated intensity of the

Cu peak at low temperatures is smaller than that of the Gd peak

above 48 K. This means that the Cu peak is consistent with origi- D. Cu resonance of BaGdRu;_,Cu,Og

nating from the small content of Cu.
The spectra for Cu-doped BadRy, ofClUp 1O are given

exchange narrowed by interaction with the paramagnetic Rin Fig. 11, and contain, in addition to the peak which corre-
moments. Following the ordering at48 K, the Gd reso- sponds to thgg=2 Gd resonance of Fig. 10, a low-field fea-
nance is no longer exchange narrowed and becomes eiire indicative of a resonance for which the magnon energy
tremely broad and difficult to detect at low temperatures. gap%w(q=0) exceeds the microwave energy—a behavior

Figures 10b) and 11b) show that the Gd resonance peaksthat we have thought of as a resonance centered at a negative
of Figs. 1Ga) and 11a) are absent foH L J in Ba,GdRuQ, field. This feature is associated with Cu, and is certainly not
and are so weakly present in Fig. (bl for present at the 1% level in undoped.BaRuQ, a limit we
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can set on the Cu impurity content of our undoped samplegeature is clearly at=86 K for Ba,GdRu, Cu, ;0 (and ab-
As expected, it is also present in the Cu-doped materiasent for Cu-less B&dRuQ). Comparable data are found for
SKYRUp gsC Uy 1506 (Fig. 12. SKLYRU;_,Cu,0g (Fig. 6). The Cu in BaGdRy,_ ,Cu,Og is
Since this Cu feature is present flrl J, as well as for  also detected in the surface resistafimagnetic resonange
HIIJ* (Figs. 11 and 1P the Cu must be either weakly fer- near zero applied fieltfor HIlJ andH. J) in both Figs. 11a)
romagnetic or antiferromagnetimagnetization linear i),  and 11b) and in SpYRu,_,Cu,0Og (for HIJ and HLJ) in
rather than either paramagnetimagnetization linear i), Figs. 12a) and 12b). Finally the neutron data for
or ferromagnetic(In Sec. Ill A, we showed that the Cu is Sp,YRu, gCuy 105 reveal the Cu ordering from=86 K
antiferromagnetig. down to lower temperatureéFig. 9). Independently, the
The Cu features of the resonance data were detected apgagnetic resonancesurface resistangesusceptibility, and
persisted up to~60 K, but proved undetectable at higher neutron diffraction all show that the'86 K feature is Cu.
temperatures, although the ordered Cu magnetic moments Whijle, at first glance, it may seem unusual that a few
are detected by neutrons up t86 K. (See Figs. 7, 8, and percent Cu orders, there is ample precedent for even orders-

9) of-magnitude lower concentrations of magnetic ions to be-
o come ordered by the Ruderman-Kittel-Kasuya-Yosida
E. Absence of a Ru resonance in either ruthenate interaction38-3°

There are no identifiable Ru resonances, either paramag- Gd in BgGdRuy _,Cuy,0Og is paramagneti¢and continu-
netic or ordered, in our surface resistance spectra of eithegusly so down through~86 K and~48 K, and down to
Ba,GdRuQ (Fig. 10, BaGdRuy_,Cu,0Os (Fig. 11, or temperaturesi20 K. Gd detects something, namely, Ru, that
SKLYRU; _,Cu,05 (Fig. 12. Ru has been identified in mag- orders—and changes Gd's magnetic resonance relaxation
netization, specific hedf muon spin rotation, neutron dif- (surface resistangeat ~48 K. The magnetization data also
fraction, and Mssbauer data, howevér:*indeed, since the indicate that the=48 K transition is not due to Gd. Gd has a
closely related compounds RyCSrRuQ, and BaRu,NiOg  7.94ug magnetic moment which would be too large to ex-
all fail to exhibit a Ru magnetic resonance signal in either theplain the magnetic data if it were ordered much abeve2
ordered (e.g., antiferromagneticor the disordered(e.g., K. Hence, our experiments require us to assign the antiferro-
paramagneticstates, we do not expect one for the materialsmagnetic ordering of Cu te-86 K, of Ru to~48 K, and of
Ba,GdRu,_,Cu,04 or SLYRU;_,Cu,O; either. Gd to~12 K in BgGdRu - ,Cu,O.

F. Superconductivity of Sr,YRu;_,Cu,Os B. The Ru feature in Sr,YRu;_,Cu,Og¢ at 23 to 30 K

The muon spin rotation measurements on the In Fig. 5, the Ru shows up in the temperature-dependent
Sr,YRu;_,Cu,0s compounds clearly exhibit bulk supercon- magnetization data of §¥Ru; ,Cu,Og as a peak at=23 K.
ductivity which appears to become fully developed as the Rut also manifests itself in muon spin rotation, where the most
moments order below-30 K*®° This ordering temperature is intense muon relaxation rate drops rapidly with increasing
significantly below the onset temperature e#45 K mea- temperature arouné-30 K while the muon precession fre-
sured with microwaves. Moreover, the muon experimeniguency increases abruptly with increasing temperature in the
showed that the flux in these sintered samples is very weaklgrO layer* (The drop in the muon precession frequency be-
pinned, suggesting extreme anisotrdp@onsequently, it is  low the superconducting onset temperature indicates flux ex-
our view that the superconductivity can be described by iSQPuIsion)
lated sheets of “pancake” vortices, as would be the case it The %Ry Mossbauer absorption of SfRu,_,Cu,Oy is
the sqperconductlng hple-c_ondensate resides in the SrO layp 18-line spectrum for low temperatursee Fig. 12 of Ref.
ers, since the magnetism in the YRYCu,O, layers does ) and the 18-fold splitting reduces to a single line above

not support superconductivity. . . ~30 K, indicating that the 23 to 30 K feature is definitely
SKLYRu; _,Cu,0g is superconductindf but the antiferro-

magnetic Cu resonance signal completely overwhelms the

vortex Qissipation fomf0.1.5 (see Figs. 9 anq 112yortex C. The remaining features in BaGdRu,_,Cu,Ox

dissipation is evident in this class of materials if the Cu- ]

dopant concentration is smaller, howevet? The last two features of B&dRu_,Cu,Og are (i) the
Unlike in SpYRu;_,Cu,0Os Which superconducts, we susceptibility measurements which indicate a transition at

have detected no superconductivity in,BaRuy_,Cu,0s  ~48 K and(ii) the microwave magnetic resonanirface

which we attribute to Gd being ab=0 magnetic ion.L  resistancg which features a narrow strong pedfor T
=0,J+0 Gd, unlikeL #0 magnetic trivalent rare-earth ions, >48K) that weakens and is dramatically broadened below
is not crystal-field split, and hence breaks Cooper pairs-48 K, but persists to lower temperatures. We assign{i8
thereby  suppressing both  pair formation andK feature of the magnetic resonance and of the magnetiza-

superconductivity®3’ tion data to Ru, and the-12 K feature of the magnetization
data to Gd.
VI. ASSIGNMENTS OF THE EXPERIMENTAL FEATURES
TO IONS VII. CONCLUSIONS
A. The Cu feature at =86 K A. Sr,YRu,_,Cu,Og
Figure 3 shows the magnetic susceptibilitisnes tem- Perhaps the most interesting conclusion to be drawn from

peratur¢ of Ba,GdRuQ and BaGdRuy _,Cu,Os. The Cu  these data is that Cu ions in the,8Ru; _ ,Cu,Og supercon-
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ducting compound are ordered antiferromagnetically forGd electron spin resonance was exchange narrowed by para-
temperatures below86 K, although the material has a su- magnetic Ru(ii) the resonance was broadened by the order-
perconducting onset temperature e85 K. The sample is ing of Ru, andii) the Gd electron spin resonance was modi-
very pure and single-phased, ruling out the possibility thafied also by orderedantiferromagneticCu which produced

the broadened superconducting transition-@5 to ~45 K 3 small Gd signal foH|lJ at temperatures below the Cu
(see Fig. 2 of Ref. 4.is related to phase inhomogeneity. ordering temperature of-86 K. In this configuration, elec-
Instead we suggest that the broadening may be attributable {gyn spin resonance is normally forbiddisee Fig. 11b)].

fluctuating Ru moments that break pairs. Below abeG0 Gd orders antiferromagnetically at 12 K, and Ru is also
K, these fluctuations diminish rapidly, and finally,-a23 K, antiferromagnetic at-48 K in this material.

the Ru spins ordefferromagnetically in the-b plane, but
antiferromagnetically along the axis), allowing the forma-

tion of a fully developed superconducting stéite the SrO C. Implications
layers.
Since this materia(in the superconducting states also A significant implication of our results occurs because the

antiferromagnetically ordered, one might assume that thg,agnetic resonance feature we have identified as due to Cu
Ginzburg conditions for magnetic superconductofs both BaGdRy _,Cu,05 and SpYRU;,Cu,05 has also

would apply. In the present case, however, the Ginzbur%een identified in GASEWRUO,—where it has been as-

conditions are agtuglly irrelevant, since muon SPin rOtatlonsigned by Fainsteiet al.to Ru2 Our evidence suggests that
measurements indicate that the superconducting hOI?-
[

condensate resides in the nonmagnetic SrO layers. Spec ,'_1is featur_e Is actually due to Cu, which implies that _their
cally, muon spin rotation dataexhibit (i) clear evidence of Nterpretations of the=45 K GdSgCu,RuG; superconductiv-

flux expulsion (typical of type-Il superconductivily for 1Y @nd also the=45K Gd;,CeSrCL,RUO;, superconduc-

muons stopped in the SrO layers, which is not observed foliVity s due to Cu@planes may have to be revised—which
muons in the magnetically ordered YRy,Cu,O, layers and could pose a broader problem for cuprate-plane interpreta-
(i) extremely weak pinning of the vorticésee Fig. 11 of tions. Such a reinterpretation is expected to be compatible
Ref. 4. Both of these results are consistent with a system oWith the viewpoint expressed in Ref. 42: that the SrO layers
isolated sheets of pancake vortices—precisely what is exsuperconduct in all of these compounds, except wherlthe
pected if the superconducting hole-condensate resides in the0 Gd is a pair-breaker adjacent to the superconducting
nonmagnetic SrO layers, while the YRy, Cu,O, layers are  (SrO or BaQ layer, as is the case in BadRy _,Cu,0O.
ferromagnetically ordered in tha-b planes and antiferro- (Recall that SfYRu;_,Cu,Og which is a homologue of
magnetically ordered in adjacent YRy Cu,O, layers along  Ba,GdRy _,Cu,0Os but without pair-breakingL=0, J
the c axis. (If the YRy, ,Cy,0, layers were superconduct- 0 Gd, also superconducts at an onset-@f5 K.)
ing, then they_would expel flux and the_ _field in the SrO  Finally, the Cu ions in BgGdRy,_,Cu,0s behave simi-
layers would increase below the transition tempera):ure.k,my to those in  SiYRu;_,CuOs  although
Hence adjacent YRu ,Cu,0O,4 layers contain opposing3  Ba,GdRy_,Cu,0, does not superconduct—which we at-
kG magnetic fields at the muon sites. The net dipole fieldyipyte to the fact that Gd has=0 and is a magnetic pair
cancels in the SrO layer, since the magnetic polarization dipreaker which is not crystal-field split. Our picture implies
rection reverses between adjacent YRYCy,0, Iayers‘."_5 that the superconductivity in §8d,Y;_,Ru;_,Cu,Og will

A further conclusion is that neither Cu nor Ru in the phe gepressed asincreases, and the depressioriTgfshould

ter which produces superconductivity in that layer, because,

as the temperature approaches zero, the superconductivity
does not vanish, but the small fluctuations associated with
the ordered moments do: The Cu spins are ordered at tem-
peratures both above and below the bulk superconducting
transition temperature of45 K, and the Ru spins are or-
dered at~23 K.
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