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RuSpGdCy,0Og, in which magnetic order and superconductivity coexist With,>T., is a complex
material which poses new and important questions to our understanding of the interplay between magnetic and
superconducting order. Resistivity, Hall-effect, and thermopower measurements on sintered ceramic
RuSLGdCy,0Oq4 are presented, together with results on a broad range of substituted analogs. The Hall effect
and thermopower both show anomalous decreases bEjay, which may be explained within a simple
two-band model by a transition from localized to more itinerant behavior in the, Ry@r atT,,4.
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[. INTRODUCTION and TEP both fall anomalously. It will be shown that these
data may be explained within a simple two-band model by a
Soon after the first successful synthésisof transition from localized to more itinerant behavior in the
RuSpGdCu0g, the material was found to display not only RuG; layer atT,,4. Evidence for delocalized carriers within
superconductivity T.=45 K) but coexisting magnetic order the RuO layers has also been obtained from other transport
with Tpag=135 K2® Evidence accumulated from static and microwave absorption studiésas well as from Ru-
magnetization, muon spin rotatidn, and  fronf NMR (nuclear-magnetic-resonanceneasurements where
Gd-electron-spin-resonarfcgtudies showing that the magne- clear anomalies in the Ru-NMR relaxation rate occur near
tism is a spatially uniform bulk property. Specific-heat T..*? This suggests that the Ru nuclear moments experience
measurementsand the diamagnetic shielding fraction at low a sizable hyperfine coupling to the charge carriers that enter
temperatures>® indicate that the superconductivity is also a the SC state.
bulk property, and that the two phases therefore coexist on a The magnetothermopower reveals an extremely unusual
truly microscopic scale. An initial neutron diffraction study variation of T, with applied field® T, actuallyincreasesby
eliminated the possibility of ferromagnetiEM) order with  ~4 K as the applied field is increased to 2 T. The increase
the Ru moments lying in the Ry®lane, but did not rule out saturates along with the Ru magnetization, suggesting that
FM alignment with the moments parallel to tbexis, canted the onset of Ru magnetic order reduces a magnetic pair-
ferromagnetism, or itinerant ferromagneti$nSubsequent breaking effect in the Cuflayer.
polarized neutron diffraction ddthave thrown the debate on  The carrier concentration in RuSBdCw,Og and its mag-
RuSKLGdCy,0g wide open by appearing to show that the netic and SC properties, structural deformations, and so forth
underlying ordering of the Ru moments below the magnetignay be altered by cation substitution. Examining the trans-
transition is in factG-type antiferromagnetidantiparallel port properties of such samples should lead to a better
nearest-neighbor ordering in all three crystallographic direcunderstanding of the parent material. In this paper we
tions). Finally, more recent neutron measurements orpresent magnetotransport measurements on substituted
RuSkKYCu,0g confirmed that there is indeed a FM compo- RuS,GdCuy,0g. It will be shown that the data strongly sup-
nent of about 0.28; which is about (1/5)th of the antifer- port a simple two-band model in which the Hall effect and
romagneticAFM) component of 1.25.° The magnetic or- TEP of each sample are determined by the properties of the
der shows a rather strong and unusual response to an appli€dO, and RuQ layers, weighted appropriately by their con-
magnetic field, with the FM component growing rapidly in ductivities. The model indicates that the Rufayer in the
strength and dominating over the AFM already at 2 T. What-undoped material is very poorly conducting at room tem-
ever the nature of its magnetism, the discovery of this mateperature, with og,~0.1o¢,, increasing to~0.30¢, Or
rial is an exciting development which poses new and imporhigher at low temperature. While in most of the samples
tant questions to our understanding of the interplay betweestudied the Cu@ layer remains the better conductor at all
magnetic and superconductitgC) order. temperatures, we find that the Rufayer dominates the con-
MagnetoresistancéMR), Hall-effect, and thermopower ductivity belowT,,4in a sample with 10% Cé substituted
(TEP) measurements on undoped sintered ceramifor Gd®™.
RuSKpGdCwOg were presented previoust§.Above T
the MR is negative and proportional to the square of the Ru
magnetization and was ascribed to spin scattering of the car-
riers. A model for dilute magnetic alloys was used to extract Phase-pure sintered pellets of RuSdCy,Og were syn-
a value &25 meV) for the exchange interaction betweenthesized as described previously via solid-state reaction of a
the Ru moments and the carriers. Beldyy,4 the Hall effect ~ stoichiometric mixture of high-purity metal oxides and

II. EXPERIMENTAL METHODS
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TABLE I. Substituted variants of RugedCu,Og studied in this 0 100 200 300
work. —_ (a) Mv.o —a—Ru-1212
© 8 ‘Ovv‘o‘o ---0--- CuO2 layer 1
Composition Substituted site E 5 hs
=)
RUy ¢St 4S1,GACW,0q 40% Sn for Ru :I ol
Ruy ¢Sy 2Sr,GdCy,0q 20% Sn for Ru o
RUO'gz\rsrb'OlrSrzGdCL&Og 7.5% Sn for Ru 5 '
RLb_g753rb_0258r2GdCl.&Og 25% Sn fOr RU 80 (b) 'O—O'o A _-._ Ru-1212
Rl}ongoszzGdCLkOg 20% Nb f0r RU g 60 : 0= CUO2 Iayer 4
Ruy gNbg 1Sr,GdCuw,Oq 10% Nb for Ru 2 a0l —a— RuO2 layer |
= -A- -A-A-A-A-A-A-A
RuSKLGd, {Ce ,.CU,0q 20% Ce for Gd o gl AM“M«MM dd-Ack
RuSKLGd; L& 1CU,0q 10% Ce for Gd o
RuSKLEUCWYOg 100% Eu for Gd osl
RUSKEGd, DY 4CUOg 40% Dy for Gd ol () —aTEP
RUSKLGdy oY o 1C,04 10% Y for Gd < 0'3» -0 Hall
RUSKEGdCuY glig 0 5% Li for Cu g
BGACY gl10.10g 0 ° o2f o
< 0af o
0.
0.0 . o
0 100 200 300

SrC0,.31 The doped samples, listed in Table I, were pro-
duced similarly; the compositions given are nominal. A final
extended anneal at 1060 °C in flowing high-purity ro-
duces a marked improvement in the crystallinity of the un-
doped material, resulting in a higher resistivg[as defined
by pz(T) =0] but no significant change in the thermodynamic
Te.
Bars of approximate dimensionsx4x0.7 mnt were
cut from the sintered pellets using a diamond wheel, themulled out. A “rest state” was added whereby both ends of
polished down to a thickness of 150 um in order to in- the sample were heated at half power, providing two extra
crease the measured Hall voltage. They were mounted omeasurement points. Adding this state keeps the total power
quartz substrates in a standard six-contact configuration aflissipation into the stage constant, avoiding fluctuation of its
lowing both resistance and Hall voltage to be measured st€mperature when the heater currents are changed.
multaneously. The contacts were made usingu2®-gold
wire and Dupont 6838conducting epoxy, cured in air at
450 °C for 6 min, giving contact resistancesl ). A. Transport measurements on pure RuSsGdCu,Og
Resistivity and Hall-effect measurements were made us-
ing an ac current source, low-noise transformers, and IO_Ck'irI?ZuSrzGdCL&Og are shown in Fig. 1. The room-temperature
ampl|f|ers:Afrequency of~”77 Hz was used to av9|d Mains yajue of the TEP implies a hole concentratiqry, of
pickup, with current densities of around 0.25 Ac_ﬁ_‘ The  0.06-0.07 holes/CH# while its temperature dependence is
Hall coefficientRy was usually measured by stabilizing the typical of other hight, materials, with the exception of the
temperature and f|6|(ﬂlo T unless stated OtherW)Sdhen unusual linear temperature dependence bemg_ The
measuring the Hall voltage with the sample rotated by O “overall magnitude and temperature dependence of the Hall
and 180° with respect to the field. The Hall coefficient iscoefficient is consistent with a doping levepg,, of
then given byR,=(Vo—Vg9t/21B, whereB is the mag- =0.07 holes/Cu, as inferred from the room-temperature
netic field,t is the sample thickness, ahds the current. This TEP. Ry displays a highF.-like temperature dependence
method eliminates the MR of the sample, and the offset voltwell aboveT,,,4. However, below about 170 K there is an
age fromp,, due to contact misalignment. WheRy, was  anomalous downturn iRy which is not seen in typical high-
measured as a function of field, this was swept to both posid; data. The so-called “anomalous” Hall effect observed in
tive and negative values and,(B) determined fromVz  magnetic materials has been measured and discounted as the
-V_ 3. cause of this downturl. Alternatively, it is due to charge
TEP measurements were made by the “toggled” heatingdelocalization in the Ru©plane occurring near the magnetic
method***° Two 25-um chromel-alumel thermocouples, at- transition, or due to charge transfer into the Guayers. It
tached to the sample with small blobs of silver paint, meawill be shown that a two-band model, with a localized to
sure both the thermal emf and temperature gradient, ensuririinerant transition occurring ak,,4 in the RuQ layer, can
that these are measured between the same two points. Thgplain both these and the TEP data.
sample is first stabilized at the measurement temperature, a
small thermal gradient is applied, and the resulting thermal
emf measured. The thermal gradient is then reversed, allow- The bands in this model are those formed by carriers in
ing slowly changing thermal emf’s in the cryostat wires to bethe Cu and Ru orbitals; the overall TEP and Hall effect are

temperature [K]

FIG. 1. (a Hall-effect and (b) thermopower data for
RuS,LGdCy,0Og, together with estimated values of the Guénd
RuO, layer properties as described in the text. Panekhows the
ratio B=og,/0o¢c, calculated in the two-band model, assuming
or,=0 well aboveT,4.

Ill. RESULTS

Hall-effect, thermopower, and resistivity data for undoped

1. The conductivity of the Ru@ layer
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given by the sum of the CuQand RuQ layer values, room temperature. The TEP data suggest that the true value

weighted by the layer conductivities as follows-® is at the low end of this range, indicating that the carriers in
the RuQ layers are at best very poorly metallic.

R Ruy 2 C Cuy2
_RHU((TXX +RHU(O'X>?)

Ru Cwy 2
( Tyx + Uxx)

H ) oy 2. Temperature dependence ofg,

Having established that the room-temperature conductiv-

SRu05;+ SCuUSXu ity of the RuG layer is close to zero, typicab(T) and
= R Cu (2 Ry(T) data for highT. superconductors may be scaled so
Txx T Txx that the room-temperature values match those of

With some reasonable estimates of the Ra@d CuQ layer ~RuSEGdCwOg. The differences below .4 may then be
properties, it is possible to use this model and the measuredsed to followog, as a function of temperature.
room-temperature Hall effect and TEP to place a limit on the Typical Hall-effect data for the CuOlayer have been
conductivity of the Ru@ layer. To do this we assume that the taken  from measurements on sintered Ca-doped
Hall coefficient of the Ru@layer is approximately zerghe ~ YBa,Cu;0,_ 5, while R} will be set to zero, its value in
maximum value observed in other two-dimensional Ru ox-other Ru@ layer compounds being much lower than
ides studied to date is%610™ 1% m® C~1).2-2wjth this as-  RS".2°22 Typical S°V data are approximated by measure-
sumption in Eq(1), the conductivity of the Ru@layer may  ments on sintered YB&u;O,_ 5 with §=0.532° multiplied

be estimated from by 1.12 to match the high-temperature Ri&iCuy,Oq data.
Finally, S*! is approximated by data measured on a sintered
O'E;(J R‘H:“ sample of SrRu@ which displays a magnitude and tempera-
JRCTIN R_H_l’ ture dependence similar to that of,BuQ,.*° All these data
xx are shown in Fig. 1, together with the resulting(T)

3) = oryl o, calculated from Eqs(1) and (2).

Given the uncertainties in the approximated Ru&hd
The ratio of the Hall coefficient of the CyQayers,R5", to  CuG, layer properties the twg(T) curves calculated inde-
the measured valuRy caused by the presence of the RuO pendently from the drops iB(T) and Ry(T) agree well
layer is hard to estimate due to the uncertain doping state ifualitatively. If TEP data for a sample of 20% Sn-doped
RuSLGdCW0g and the spread of values BfY, for a given ~ RUSEGACWOg, in which we shall argue thatg, is strongly
doping level, in the literatur®-2>Given these uncertainties, Suppressed below.q, are used to approxima®’, the

a reasonable range of valuesRfYRy, is 1-1.4, givingeRY ~ agreement is also quantitative. Because the TEP is a less
in the range (0-0.18%. The summary oRC" values in  Sensitive function ofg than the Hall-effect, the difference
18) .

the review by Cooper and Loraftwould favor the low end betweensllzzllzz and %Cu is quite small compared with that
of this range. betweerRy, Qnd Ry Thu; .the va]ue ofs calcglated from
For this range of conductivity in the RyQayer, Eq.(2) thce TEP datg is more sensitive to inaccuracy in the. assumed
predicts that the measured net TEP lies some g ~+ S data. This explains why using thenly slightly differ-
below the intrinsic Cu@layer value, i.e., 75 S5g=83. Itis eny 20% Sn-doped data to approxime8e"(T) results in a
very unlikely thatSss, lies in the upper half of this range: a better match t¢8(T) calculated from the Hall-effect. Which-
ever data are used, the results show a rapid rise in the relative

value of S=83 uVK ! would imply an extremely small .
hole concentration for which &, as high as 46 K would be (r:]%nhdeurctlwty of the Ru@ layer below 150 K, t0~0.30¢, o

extraordinary.

Having placed a limit on the conductivity one can use a
two-dimensional model to determirel, the product of the  B. Transport measurements on substituted RuSGdCu,0g
Fermi wave vector Wit_h the mean frge path for the RuO 1. Sn-dopecRuSH,GdC,04
layers. This quantity gives an indication as to whether the
carriers are localized or itinerant and for a cylindrical Fermi  The diamagnetic Sii ion substitutes for Ru in solid so-

Ru__ pCu. Ru_ Cu
R <Ry o, <0x-

surface may be written as lution, and is slightly larger in size than RU°". The effects
of doping the Ru site are of extreme interest given the cur-
2mhe rent debate regarding the spin and charge configuration of
kel =0 ——, (4 the Ru iongt—33

We note that the Sn-doped samples studied here were
wherec is the separation of the planes. Data in the literaturefrom two sources prepared with slightly different annealing
for the ab-plane resistivity of underdoped YB@u;O;_;  strategies. Comparison of their sample resistivities is there-
films and single crystals, witp=0.07, give a consistent fore not necessarily meaningful, as annealing strongly affects
value of 1.2 nflcm at room temperatut?’~?° giving  the grain-boundary conductivity of RugdCu,0g.2° In
Kelcy=1.3, near the limit of localization. In fact, in only general, the resistivity of sintered high- materials is also
slightly more underdoped samples one sees a semiconduetffected by sample densi§:3®
ing upturn at low temperatures. Given the range of ratios of For the 2.5% and 7.5% samples the resistiifig. 2) is
o)'f;‘ to aff;‘ derived from the Hall effectkglg,=0-0.45 at metallic, and similar in magnitude to the undoped sample.
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0 100 200 300 On examining the temperature and doping dependence of
1.5F % 1 the normal-state properties, one immediately observes that
— T the room-temperature TEB is little changed by the addi-
& 1ol [ tion of Sn. This result is strange given the rise~od Kin T,
£ vfl':_‘:j:jjj:;;;:::mﬁ,wﬁ as the doping level is increased to 20%. The change in the
= f\*w "‘"””‘*«73.;;:& Hall effect is also counterintuitive: the 30% increase in going
& 05¢ from 0 to 20% Sn would normally indicatedeecreasen hole
(@) concentration. This apparent paradox is resolved when it is
. noticed that the anomalous dropRy, below T, ,4is dimin-
‘ ished in the 2.5% and 7.5% samples, and is absent in the
80} 20% sample: as the Sn concentration is increased the, RuO
layer becomes well localized beloWy,,q, reflecting signifi-
= o0r ——0% Sn cantly reduced conductivity at all temperatures. The changes
E a5 ——25% Sn | in Ry(290) andS,q, may then be explained quite simply: the
» —*—7.5%Sn introduction of Sn dopes a few extra holes into the GuO
20} ——20% Sn 1 layer, increasingpc, and raisingT, by ~4 K, but also
— A%En ) drives the Ru@ layer more insulating. Thus whileS" prob-
0 ably decreases slightly, the overall Hall-effect increases as
the RuQ layer no longer provides a parallel conduction
— pathway. The slight increase o, which would normally
S decrease the measured TEP, is balanced by the decreasing
%1 oRru,» Which removes the reduction of the TEP by the RuO
= layer, leaving it relatively unchanged overall. Certainly, the
< increase in doping is far smaller than one would expect from
substituting SA* for RWP", suggesting that the mean va-
00 ' 260 o 308 lency of the Ru ion is less than-5. This conclusion is
temperature [K] supported by recent x-ray-absorption near-edge spectroscopy
(XANES) measurements.
FIG. 2. (Colon (a) Hall-effect, (b) thermopower, andc) resis- The reduction in the room-temperatuf®, of pure
tivity data for Sn-doped samples of RySIHCW,Og. RuSKLGdCuy,Og, due to conductivity in the RuOlayer, was

estimated to be of the order of 30%. This is entirely consis-

The 20% sample has a higher resistivity and shows a smalgnt with the riseoirRH observed as the Sn concerLtration is
semiconducting upturn at low temperatures, while both thd"cr€ased to 20%, assuming that,—0. The 40% Sn-

magnitude and upturn are far larger for the 40% sample(.jOped sample does not fit well into this picture, having a

Estimating T, from the onset of the resistive transition re- much largerRy, at all temperatures. Given the much larger

. resistivity of this sample and its drastically reducid it is
0,
veals a gradual increase from 40.5 K for the 2.5% sample toOssible that some SRCU substitution has occurred, reduc-

43.5 K for th_e 20% sample, while the 40% sample has ng the CuQ layer doping state, or that there are significant
reducedT of just 30 K. impuriti t
purities present.

The TEPS(T) and Hall effectR,(T) are much less af-
fected by grain boundaries than the resistivity. In conven-
tional highT, materials they closely reflect bulk Cy@ayer 2. Nb-dopedRuSr,GdCu;0g
properties in conventional high; materials®>3 Nb also substitutes for Ru in the RySdCwOg struc-

The Hall-effect data show a slow and monotonic decreaseure, but has a dramatically different effect on the transport
in T, with increasing Sn concentration, but it should be re-properties. In contrast to the Sn ion, which has a charge of
membered that these data were taken in a field of 10 T and+, Nb is believed to substitute in its usuatS5state3® and
only partly reflect the zero-field,. The vertical arrows in thus for an average Ru valency of less than 5 will remove
Fig. 2 (and in subsequent figupeshow the location of the holes from the system, further underdoping it. The room-
magnetic transition. The TEP data show that(defined by temperature TEP bears this out, showing a large increase
the maximum in the derivatiyeises by~4 Kin going from  proportionate with Nb dopingsee Fig. 3 and confirming
the 2.5% sample to the 20% sample, in good agreement witthat the Cu@ layer is progressively underdoped by the sub-
the resistivity data. The 40% sample shows a much lowestitution of Nb. This conclusion is supported by the commen-
transition temperature, both Ry andS The increase i,  surate increase in the Hall effect and the rapid reduction of
with Sn concentration is attributed to a transfer of holes intoT ., which is 19 K for the 10% sample and below 1.5(iK
the CuQ layer?’ though we observe a smaller increase thampresent at allin the 20% sample.
the ~12 K reported previously/*®In the earlier studied The effect of Nb doping on the Ru layer is less clear. The
was defined from the resistivity onset, and thg values Hall effect of the 10% sample displays a maximum near
obtained for low doping levels were significantly lower, pos- T4, suggesting increased Rg@onductivity below this
sibly due to granularity. temperature, but the drop is not as clear as in the undoped
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FIG. 3. (a) Hall-effect, Ry(T), (b) thermopowerS(T), and(c)

resistivity, p(T), data for Nb-doped RuSBACWO;. FIG. 4. (a) Hall-effect, Ry(T), thermopowerS(T), and resis-

tivity, p(T), data for Ce-doped RugedCy0Og. The large error
bars shown on the 20% Ce Hall data points result from the excep-
sample. For 20% N> Ru substitutiorRy rises to a more or tionally large resistivity of the sample making balancing difficult at
less constant value of 221078 m® C1 below 200 K, and low temperatures. The error bars shown on the 10% Ce data points
there is no sign of a significant changeTaf,y. The conclu- ~ @ré more typical.
sion from the TEP and Hall-effect data, then, is that the tran: o 39

" . " ! ’ turally similar compound Ru$fGd; ., ,Ce _,)CuyO4p;
sition from localized to itinerant behavior of the Ru@yer E1 y P G e -,) CloOso

ence its substitution for Gd should further underdope the
is suppressed by the addition of Nb, as it is by the addition o aterialll. HbSHEUT it ) P

Sn. o o ) Two samples(10% and 20% Ce>Gd) were measured,

. The resistivity, on the other hand, shows surpr|3|.ngly I|ttleand’ of all the doped samples studied, these exhibit the most
difference between the 10% and 20% samples—in fact thgamarkable and revealing transport properties: a large drop in
residual resistivity (extrapolated from the linear high- Ry below Ty, (in fact becoming negative in the 10%
temperature dajaactually decreasesA possible scenario sample below-30 K), and a large TEP at room temperature
consistent with this result is that the Ru@yer becomes which, like the Hall-effect, drops very rapidly beloWi ag-
moreitinerant both above and beloV,,4 as the Nb level is  These data are shown in Fig. 4, along with the resistivities of
increased. However, if this were the case, the increasgd the two samples.
would be expected to suppress bd®y and S below the We note first that, as with other electron doping substitu-
CuO, plane values. In fact, forT,=19 K and T{'® tions(Ce for Gd, La for Sr, and hydrogen doping g is
~100 K, the universal relationship betweSp,,andT, pre-  driven upwards. This appears to reflect an increasingRu
dicts Cgr 100 uVK ™1, as observed. Thus, while the in- fraction. The 10% Ce sample will be dealt with first. As with
creasedS and Ry, and the reduced, are consistent with a the undoped sample, the departure from cupratelike proper-
reduced hole concentration in the Cy@yer and a localized ties be'OWTmag indicates a transition from localized to itin-
RuG, layer, the relatively good conductivity of the 20% Nb- erant behavior in the RuQayer. In this case, however, the
doped sample is not. One possible explanation is that theoom-temperature TEBygo=110 uV K~ * indicates a much
behavior of the resistivity is extrinsic to the bulk in the 20% lower  CuQ  layer carrier ~concentration of p
Nb sample, resulting from either increased grain_boundarT0.03 holes/Cu. This is consistent with the increased Hall
conductivity, or increased sample density. coefficient, which is probably still depressed from the true
CuG;, value by residual conductivity in the RyQayer, and
the large resistivity with its insulating upturn at low tempera-

3. Ce-dopeRuSRGAC L0 ture. Having concluded that and hencer,, is much lower
Unlike Nb and Sn, which substitute for Ru, Ce substitutesthan in the undoped sample, the reason for the dramatic ef-
for Gd in the layer separating the two Cu@lanes, and so fects seen irRy andS below T,,,4 becomes clear: the ratio
would be expected to affect these more than the Ragers  og,/o¢, is much larger in the Ce-doped sample at low tem-
from which it is relatively remote. The Ce ion is expected toperature, allowing the intrinsic RyOlayer properties to
be in the 4+ state in RuSIGACy0Og, as it is in the struc- dominate the behavior.
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22

minimum in resistivity below ¢ i in samples where there is
some disorder in the RuQayer° The temperature at which
the minimum occurs, and the magnitude of the upturn below
it both increase with Ru®layer disorder: in good quality
films the highest-temperature minimum observed is 40 K,
coincident with the maximum residual resistivify.

The 20% Ce-doped sample deviates nontrivially from the
P scenario for the 10% Ce samply is higher at room tem-
17 . . . perature, as one would expect for even greater underdoping
50 100 150 200 250 . . .

temperature [K] caused by the increase in Ce content, B is .actuz.ally
lower than that of the 10% sample, apparently implying an

increased hole concentration. In the absence of a clear reso-

FIG. 5. Enlarged view Of. the .reSiStiVitY o.f .the 10% Ce-doped | yion we prefer not to speculate on these changes which
RuSLGdCwOg sample showing-linear resistivity belowT . could just arise from disorder near a solubility limit.

21

20}

191

p [mQ.cm]

18F

The effect of changes ing, /o, is greater foRy thanS

but for these samples the increaseg, depresses th&¢, 4. Calculation of 8(T) in Ce-dopedRuSr,GdCu,0g

contribution to the total TEP so much th8g, dominates . _
below 50 K. The basis for this assertion is the double maxi- The ratio 5(T) = or(T)/ocT) may be extracted from

0, - i -
mum indS/dT: initially, at low temperatures3(T) follows a the data for the 10% Ce-doped sample using the two-band

curve reasonably consistent with the TEP of SrRuhis model, as described for the undoped material. As in the pre-

H i H Cu Cu
contribution is trending towards saturation at a value of10US calculation, typicalS™(T) and Ry(T) data are

~40 uV K1, however, above 50 K increasing, allows matched to the high-temperature RySdCy,0g data, where

Sc, to contribute, and the overall TEP then rises more rap¥ R 'S assgmed to be small compared wath, and the over-
idly. all properties reflect those of the Cy@_ayer most strongly.
The same qualitative treatment may be applied Succesg’_he d_eV|at|on from cupratelike behavior at lower tempera-
fully to the Hall-effect data, though in order to explain the tures is then used tocextract the rageT). ,
negative values below-30 K it is necessary to assume a For this sampleS-(T) data were taken as 1.05 times

negative Hall coefficient for the RyQayer of around—1 S(T) measured on a se;r6nplgu of underdoped sintered
x10°°m® C~'. Examining typical data from the YBa,Cuz0;_ 5, with §=0.6. R (T) data were taken as

Sr,,;RW,0s,,, Series one finds thaRy, of SLRW,O; re- 1.16 timesRy mea_sured on a similar s_ample wuﬂfgo.ﬁ_z. _
mains positive at all temperatures, while that ofF8rO, Ry .andSare partlculgrly strong functions of doping in this
becomes negative below 20 K, but reaches jusi region of the phase diagram: the good agreement in the val-
X 10 m3C ! near 1 K. However, SrRuQ which has the U€S of § required for the two sets of data to match those of
most similar ferromagnetic RuQOayer to RuS;GACu,Os, RuSKLGdCy,Og suggests that the assumption of negligible

has a negativ&®, below 100 K, reaching a field-dependent “ru &t high temperature is reasonable.
value of~ —1x10"2m3 ! pelow 60 K2° Thus the value The TEP of the Ru@ layer is approximated by that of

of Ry, observed in the Ce-doped sample at low temperature i&intered SrRu@) as before. As the Hall effect becomes nega-
the same order of magnitude as that in SrRucnfirming ~ UV€ at low temperatures in Ce-doped RySdCL,0g taking
that the RuQ layer dominates the transport properties. It isRi =0, as was done for the undoped material, will not
interesting to note that, though it may not be a large effect?ork. Instead a rough approximation to data for SrRu©
Ce substitution for Gd should drive the mean Ru valenca/sed;’ which shows a field-dependent value of—1
closer to 4+, as it is in SIRuQ . X 10" at 20 K. _

Turning now to the resistivity, one encounters a problem: The measured and estimated data together with the results
if the RuQ, layer is indeed metallic below,,,4, why does of the calculations are shown in Fig. 6. Above 50 K there is
the resistivity increase so dramatically &s>0? There are rémarkable agreement betwe@{T) calculated from the
two possible answers to this question: either both the RuOTEP data Brep) and that calculated independently from the
and CuQ layers are at least semiconducting, but such thatiall-effect data By), lending confidence both to the
oryloc>1, Or it may be that insulating grain boundaries Model and to the estimatef,,(T) and S(T) data for the
cause the upturn. The second of these scenarios seems m&ydQ: and CuQ layers. Below 50 K the agreement is not so
likely. In this case the TEP and Hall effect, being much lessgood: By, carries on increasing, a direct result Bf*
sensitive to intergrain connectivity, are determined by abecoming very close to the estimat&" at low tempera-
weakly metallic intrinsicor,. Support for this conclusion is tures.S'*'? does not approach the estimat®®' as closely,
provided by close examination of the resistiviifig. 5 and henceB;gp does not continue to increase. Emerging
which shows an extended metallic region beldwy,g. clearly from these data is a large increasgibelow T, ..

This type of behavior is not uncommon in At50K ogr,/oc,~1.9, whereas for the undoped material the
RuSKLGdCu,0g—in fact extrinsic upturns in resistivity are increase inog,/o¢, is just 0.3. The properties of the RyO
observed in poorly annealed undoped samples. Interestinglpyer dominate the overall transport properties of
though, transport measurements on SrRulso show a RuSLGACwOg below~90 K in this 10% Ce-doped sample.
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mopower and, independently, from the Hall effect.
FIG. 7. (Colon (a) Hall-effect,Ry(T), (b) thermopowerS(T),
5. Other doped samples and(c) resistivity, p(T), data for RuSSGdCu,Og with 10% Y, 40%

_ ) ) Dy, and 100% Eu substituted for Gd, or 5% Li substituted for Cu.
The remainder of the doped samples studied contained Y,

Dy, and Eu on the Gd site, plus a 5% Li-doped sample, i . _
which Cu is substituted. The transport data for all thesgrC in these samples=2 K (10% ) and 6 K (40% Dy)

samples are shown in Fig. 7. higher than in the undoped sample as seen by both resistivity

The Hall effect shows the “usual” anomalous downturn @nd TEP measurements. However, the magnitude of the Hall-
below T, in all these samples. The magnitude of theef“fe(_:t is larger for these samples th'an for the undoped ones.
downturn, due to the transition to a more itinerant Ru layerHaving argued that the CyGayer is less underdoped in
is approximately constant, leading to the conclusion thafhnese two samples, this effect may only arise from a decrease
doping the Cu and Gd sites does not greatly affect the local the conductivity of the Ru@layer, partially removing the
ization of carriers in the RuQlayer. “shorting” of the CuG, layer Hall-effect. .

Substituting a small amount of Lifor Cl** causes vir- Full Su_tiSt'tUt'O” of Eu for Gd causes an increas&ig to
tually no change in the TEP, but depres3esby ~20 K. 9_0 ,u.\./K , Tc as mgasured b}{ the TEP or resistivity drops
The Hall effect of this sample is slightly larger than that of Significantly, andRy; is greatly increased. All these results
the undoped sample, possibly due to some cross substituticiy/ggest a drop in the CyQayer hole concentration, again
of Li with Ru, depressingrg,, or a slight decrease in the Cconsistent with the aboye-noted ion-size _effec.t, .perhaps
CuO, layer carrier concentration. These results are consistefgoUPled with a decrease img,. Consistent with this inter-
with Li* acting as a pair breaker in the Cu@yer, but with pretation, the resistivity 01_‘ this sample is rr_luch _Iess met_alllc
little other effect on transport properties. The rate of suppresth@n that of the otheréwhich are all metallic, with magni-
sion of T, with Li substitution in RuUS;GdCwOg, ~4 K/%, tudes two to three times the well-annealed undoped sample
is about one quarter of that observed in underdoped
YBaZCu§1(237,5(6=0.4) when either Li or Zn is syb_stituted IV. DISCUSSION
for Cu.’* However the concentration of Li in the
RuSKGdCu,0g sample studied is nominal, and the differ-  The Hall-effect and TEP data described in this paper pro-
ence in the rate of suppression may simply reflect loss of Lvide strong evidence for a transition from very poorly metal-
by vaporization during the long synthesis and anneal. lic to more itinerant behavior in the RyQayer belowT 5.

The isovalent substitution of Y or Dy for Gd actually Results from substituted RufdCuy,0Og samples confirm
causes a slighdecreaseén the TEP of RuSiGdCuy,0Og, these  this picture. The universal relationship betwesg, andpc,
being the only substitutions studied to do so. The impliedappears to hold in RugedCu,Og as a result of the lowg,
increase in the doping level of the Cp@yers, presumed to at room temperature, though beldy,,4 both SandRy, are
arise from an ion-size effect, is confirmed by the increasededuced by the shorting of th&, by RuO, layer.
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The two-band model proposed is successful in explaining EP, and Hall-effect data presented here, and by results on
most of the existing data qualitatively: the anomalies, whichthe specific-heat jump &.. On a more detailed level, mag-
lie mainly in resistivity data, are most likely due to grain- netotransport measurements reveal an interaction between
boundary and density effects. The quantitative agreement ifie carriers in these layers and the magnetization of the
also reasonably good. The results support a picture in whicRuG, layer. This interaction, with an energy which would
the RuQ layer in the pure compound is localized aboveseem to be of the same order as the SC energytiamot
Tmag» With og,~0.1o¢,, but becomes more conducting be- sufficient to destroy superconductivity.
low Tpag, mirroring the behavior of other ruthenates. The electronic properties of the Ryyer appear to bear

The transition from localized to itinerant RyQayer be- a remarkable similarity to those observed in the ruthenate
havior atT,,q4 in the undoped compound may be modified SrRuQ,. At room temperature the conductivity of the layer is
by substituting Ru with Sn or Nb. Sn increases the dopingerhaps 10% of that of the CyQayer, with kelg,~0.2,
level of the CuQ layers, raisingT; and suppressing aq, indicating very badly metallic or localized behavior. Below
and simultaneously drives the Rpdayer more insulating. Tp,4 the conductivity of the layer rises significantly—by at
Nb underdopes the CyQayers, loweringT., and also ap- least 0.3¢,. This increase raises the weighting of the RuO
pears to drive the RuQlayer insulating, though the 20% layer properties relative to those of the Gufayer in the
sample does not show the expected semiconducting resistigdmixture that determines the overall transport properties of
ity. These results imply an initial Ru valence lying betweenRuSLGdCw,0Og. As the Hall-effect and TEP of the RyO
4+ and 5+, in agreement with XANES data which may be layer are both considerably smaller than those in the LuO
modeled as an admixture of 40% Ruand 60% R&".%3 layer the result is a drop in botR,; and S below T,,4. In

As might be expected, doping of the Cu site has littlepure RuSsGdCu,Og, and also in most of the substituted
effect onT,,,4 Or the transport properties of the Ru@yer.  variants studiedg g, remains lower thaw ¢, over the whole
Li"™ acts as a pair-breaking impurity in the Cu@yer and temperature range. For the Ce-doped samples studied, how-
causes a depression ©f in line with its behavior in other ever, the Cu@layer becomes insulating at low temperatures,
cuprates. Isovalent doping of the Gd site with other lan-allowing the poorly metallic Ru@layer to dominate the con-
thanide elements changes the Gu&yer doping level, with  ductivity, and its intrinsic transport properties to show
a remarkably strong variation .. This appears to be a strongly in the overalR, andS of the material.
ion-size doping effect. Altervalent substitution of Ce for Gd  The two-band model of parallel conduction in the BuO
rapidly reduces the doping level of the Cutayers and and CuQ layers has been very successful in modeling the
drives the material nonsuperconducting. In all but the Cetransport properties observed in all the RuSiCyOq
doped samples, the conductivity of the Rul@yer only ever samples studied, and it has been possible to describe well the
reaches a modest fraction of that of the Gu@yer. In the effects of doping the different atomic sites. The inferred
10% Ce-doped sample the more heavily underdoped,CuQOmixed valency of Ru, together with the onset of itinerancy at
layer has an insulating upturn at low temperature, while thehe magnetic transition, suggests a possible role of a double-
RuG, layer remains more metallic, and so the ratio of theirexchange mechanism in the magnetic interactions but also
conductivities reaches at least 1.9. raises the possibility of charge ordering in these compounds

at appropriate doping levels.
V. CONCLUSIONS
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