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Ru; ,SnSKLEUCWKOg and Ry ,SnSr,GdCwOg have been comprehensively studied by microwave and dc
resistivity and magnetoresistivity and by the Hall measurements. The ruthenium magnetic ordering temperature
T, is considerably reduced with increasing Sn content. However, doping with Sn leads to only slight reduction
of the superconducting critical temperaturg accompanied with the increase in the upper critical &g,
indicating an increased disorder in the system and a reduced scattering length of the conducting holgs in CuO
layers. In spite of the increased scattering rate, the normal state resistivity and the Hall resistivity are reduced
with respect to the pure compound, due to the increased number of itinerant holes jnlagaf3, which
represent the main conductivity channel. Most of the electrons in,Ray@rs are presumably localized, but the
observed negative magnetoresistance and the extraordinary Hall effect lead to the conclusion that there exists
a small number of itinerant electrons in Rufayers that exhibit colossal magnetoresistance.

DOI: 10.1103/PhysRevB.77.214514 PACS numbers : 74.70.Pq, 74.25.Fy, 74.25.Ha, 75.47.Gk

I. INTRODUCTION rity lowers the total number of holega3* for S+, C&** for

Despite the intensive investigation of ruthenate—cuprate§508+' and N for Ru** , T, is strongly depressed, indicat-

in the last ten years, a lot of questions about the nature g9 thatp is reduced well below 0.07. However, in the cases
when valence counting of impurities would suggest a strong

magnetic order and superconductivity, in particular their co- ; '
existence, are still unanswertt is well established that in ncréase irp Na’ for SP* and Sri* for Ruw>* , no substantial
RUSERCL,0s Ru121R,R=Eu,Gd,Y compounds the Increase inT, was experimentally observed, contrary to the
magnetic ordering of ruthenium sublattice occurs at aboufPServation in common high systems with substitutional
130 K. The ordering is predominantly antiferromagnetic'mpu”t'es' This is rather similar to the observation in the
AFM with an easy axis perpendicular to the layers and Withﬁggﬁrdggﬁgaﬁ?ﬁf?ﬁ dia igrr?p;:z?%i'rs]e\ﬂilrr:grrg;se ?g_ 5\/:8

a Weﬁ'? fet:rorr:”nagnetid:(;\/l corrllponent parallel to the Iayer:s. only gbserved in C& substitugon for G&',12 but it cfam be

While both Ru@ and CuQ layers may participate in the - - '
normal-state con(?uctivity t?e s};percon):jgctiﬁyp proper- attributed to the formation of RuSKLGACL,,,O phase. The

. . ; magnetic ordering is, however, strongly in uenced by the
ties of Rul21R compounds are associated only with the g hgiitions in all of the mentioned doping studies.

charge carriers in the Cy(planes, and are, thus, strongly  There is still an open debate whether Rul@yers are
dependent on the concentration of these carriers. The relate@nducting or not. The magnetizatirand nuclear quadru-
superconducting critical temperatufgranges between 15K pole resonanceNQR Refs.14 and15 results suggest that
and 50 K, depending on the sample composition and/omost of the electrons are localized resulting in“Rions
sample preparation conditions. According to the therwhile magnetoresistivity and Hall measureméhtssuggest
mopower and Hall coef cient measurements, pure RuR12 the existence of conductivity in magnetically ordered RuO
samples are expected to be intrinsically underdoped, with thiayers. We shall deal with this question in our doping study,
effective hole concentration in the Cy@lanes nearly equal where the number of charge carriers is modi ed by the re-
top 0.072 placement of Ru ions with Sn. In this paper a comprehensive
In high-T, superconductors, SC properties are strongly demicrowave study on several Rul212Eu and Rul212Gd
pendent on the effective hole concentratiprin the CuQ  samples doped with Sn is reported. One of the samples
planes. In the optimally doped systems, the effective holeRu, ¢Sy ,SLGACy,Og is also characterized by transport,
concentration is estimated to g 0.16 holes/Cu. In this magnetoresistance and Hall measurements, and the results
respect, in recent years there has been a lot of experimentaie compared with our previous measureméhts.
effort to adjust the number of charge carriers in the €uO In this context, it is important to point out the controversy
planes in Rul21R samples using different substitutional im- related to the role of the Sn substitution on Ru sites in
purities. The largest changes T, are found when Ru is Ru1212Gd samples. McLaughliet al*” and Hassen and
partially replaced by CuT, 75 K for 40% of Ru replaced Mandaf reported, respectively, the increase and decrease in
by Cu .2 In several studies ruthenium was replaced byNb T, with doping. It is possible that this controversy re ects
V45t gt Ti4t, and RR* Ref. 2 and Refs4-11. Substi-  different ways to experimentally determiffe, or might be
tutions have also been made for other ions. For exampleglated to different methods of sample preparation. More-
trivalent gadolinium was replaced by €aand Cé* Ref.  over, we shall revise the observation in the Hall stuig. 2
12 or by isovalent Y and DY.Finally, divalent strontium in Ref. 2 in which the increase in the Hall coef cient with
was replaced by 1% and N&.>8 If the substitutional impu- increased Sn content was reported.

1098-0121/2008/721 /2145149 214514-1 ©2008 The American Physical Society
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FIG. 1. Color online Temperature dependence of the normal-
ized surface resistance ofa Ru; ,SnSKLEUCYLOg and b FIG. 2. Color online Differences in the microwave resistance
Ry, ,SnSKLGACWwOg for various Sn concentrations in zero eld and B=8 T of a Ru ,SnSrEUCwOg and b

Ry, ,SnSrLGACwOgq for variousx. A considerably smaller signal
of Sn-doped sample with respect to the pure Gd-based sample is

Il. EXPERIMENTAL DETAILS -
mainly due to the smaller geometry of the former.

Ry, ,SnSKLRCWL,Og R=Eu or Gd polycrystalline
samples were prepared by solid state synthesis, as describggrmal-state absorption in the Eu-based samples was system-
elsewheré. An elliptical ;TE;;; copper cavity operating at aically higher than the absorption in the Gd-based samples.
9.3 GHz was used for the microwave measurements. Thgioreover, the surface resistance of the Eu-based samples
sample was placed in the center of the cavity on a sapphirgnows more pronounced rise as the temperature decreases
holder. At this position the microwave electric eld has its toward the SC ordering temperatiFgthan it is the case in
maximum. External dc magnetic eld perpendicular to the Gd-pased samples. The related crossover to the SC state oc-
microwave electric eld was varied from zero up to 8 T. The ¢cyrs at lower temperatures. The SC crossover temperature
temperature of the sample could be varied from liquid heyegion is rather broad in these data, resulting in a rather
lium to room temperature. The measured quantity W&l yncertain estimation 6F.. This problem can be easily solved
the total losses of the cavity loaded by the sample. It igyy piotting the difference between the microwave absorption
simply related to the surface resistance of the matdial iy zero eld and inB=8 T Fig. 2. Both the magnetic and
which comprises both nonresonant resistance and resonagg transitions can be detected here with a much better accu-
spin contributions. The details of the detection scheme argycy than in Fig.1.
given glsgwheré’? . The magnetic ordering temperatufg, of the Ru lattice

Resistivity, magnetoresistance, and Hall effect measuresorresponds with small peaks clearly seen in FgThe
ments were carried out in the standard six-contact con gugependence df,, on the Sn content is shown in Figs3 a
ration using the rotational sample holder and the convenyng3 p . T, is strongly suppressed with increasixgn both
tional ac technique22 Hz, 1 mA, in magnetic elds upto 8 the Gd- and Eu-based sampldéhe magnetic critical tem-
performed with carbon-glass and platinum thermometers,

while magnetic eld dependent sweeps were done at con- 140 , , , , , ,
stant temperatures which were controlled with a capacitance 120 P~ R=Fu 1F R=Gd ]
thermometer. g 100 ] ]
o 80 vy @) ] . (b)]
Ill. RESULTS AND ANALYSES e b e ]
40 . .
A. Microwave properties 0k e e g ] ]

The temperature dependence of the microwave surface %00 01 02 03 o4 00 01 02

resistance of various Rul212E8n dopingx=0, 0.1, 0.2,
0.3, and 0.4 and Rul212Gd x=0, 0.2 compounds is
shown in Figsl a andl b, respectively. The data are nor-  FIG. 3. Color online Dependence of,, open trianglesandT,
malized afT=200 K, for comparison. We found that, for the full circles on x in Ru; SnSLMCW,0g, for a R=Eu and b
samples of similar geometry, the absolute level of theR=Gd.
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FIG. 5. Color online a Dependence of the upper critical eld
B., on temperature in Ru,SnSKLEUCWKOg, for x=0 squaresand

T Z(S) 7'/'-/ ] x=0.3 circles. b Dependence ofB, on temperature in
N ¥ E Ry, ,SnSKLGACWwOg, for x=0 squares and x=0.2 circles. ¢
& sE T 3 Dependence ofB., on x in Ru ,SnSKLEUCWKLOg at T=5 K
- ]0_} ) 1 squaresandT=10 K circles.
sE —a15k —<—30k  (b) ) o )
Py S dependence oxis further shown in Fig3. It is clear that the
L g, A in uence of Sn doping orT. is not nearly as dramatic as the

in uence onT,, In the Gd-based samples, for example, the
replacement of 20% of Ru by Sn does not appreciably
changeT.. In the Eu-based samples, on the other hand, a
slight reduction inT; with increasingx is observed, but it is
negligible in comparison to the related changeTjn

The SC state is further analyzed by measuring the
magnetic- eld dependence of the microwave absorption. The
results taken at different temperatures are shown in4&igr
two undoped samples and two Sn-doped samples. At lower
wE ] elds below 0.5 T, the microwave absorption is strongly
45K eld-dependent due to the intergranular superconductivity
dominated by the 3D Josephson network. At higher elds, all
¢ the Josephson junctions are driven to the normal state, and
oF ¢ 15K superconductivity is localized only in the grains. The micro-
JF — 3 wave absorption grows slowly in this eld range as the num-
0 e

60 FT T T T T T T T

50 F

40F

30F

1/2Q (ppm)

20F

10F 35 E

1/2Q (ppm)

ber of vortices increases, and it is expected to reach the
normal-state absorption at the upper critical eB,. The

5 6 7 8 microwave magnetoresistance is therefore a useful tool for
the estimation of upper critical elds. If one assumes that the

FIG. 4. Color online Magnetic eld dependence of the micro- depinning frequency is lower than the driving microwave
wave absorption fora RUSEEUCWOg, b Ruy;Sny sSLEUCWOg,  frequency, it suf ces to extrapolate the microwave absorp-

¢ RuSKGdCwOg and d RuygSmy,SLGACWOg measured at  tion curves to the normal-state values and deternige
various temperatures. However, this simple determination 8f, is not possible in

cases where the depinning frequency is comparable to the

This suppression seems to be a consequence of the reduadving frequency. Then, one has to take into account also the
content of the Ru magnetic ionslilution of the magnetic frequency shift. The details of the complete procedure are
lattice and the increased disorder in the Ru lattice. Similarexplained in Refl19. The shape of the low-temperature mi-
decrease i, is found in the samples in which Ru is re- crowave magnetoresistance curves of the Gd-based samples
placed by nonmagnetic Nbion® T, 30 K for x T=5 K curves in Figs4 ¢ and4 d points at the regime

0.2 Ref.4 . where the two frequencies are comparable to each other. At

T, is here de ned by a sudden drop in the difference ofhigher temperatures, on the other hand, the driving micro-
the microwave absorption in zero eld and iIB=8 T. wave frequency seems to be larger than the depinning fre-
Namely, close tol,, superconductivity develops rst in the quency allowing the direct estimation of the upper critical
grains. Since the upper critical elds at those temperatureselds. In the Eu-based samples, the depinning frequency
are lower than 8 T, the applied magnetic eld destroys thisseems to be low enough even at low temperatures, so that the
superconductivity and brings about an increase in the microdpper critical elds can be simply determined in the com-
wave resistance. Hence, the drop in Flgndicates the onset plete temperature region of Figé.a and4 b .
of the SC state in the grains and can be associated with the The upper critical eldsB., estimated from the curves in
intrinsic value of T.. The whole sample is expected to be- Fig. 4 and similar curves for other samples not shown here
come superconducting at much lower temperatures where trae plotted in Fig5. The comparison 0B, estimated in two
3D network of intergranular Josephson junctions is estabEu-based sampleg=0 and 0.3, is shown in Ficb a. The
lished.T, is clearly seen in Fig2 for all the samples, and its analogous comparison &, in the Gd-based samples with

4
wH (T)
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x=0 and 0.2 is given in Figh b . From these gures one can 10 —
see that the upper critical elds in the Gd-based samples are (a)
lower than in the Eu-based samples, and, in both cases, the 8

upper critical elds are higher in the doped samples than in

introduces an additional disorder in both systems. The low- ’
temperature T=5 K and 10 K dependence of the upper : 0 50 100 150 200
critical eld on the Sn concentratiorx in the Eu-based O ot ) 1 )
samples is also showlkrig.5 ¢ . From Fig.5 ¢, we can see

the undoped samples. Bearing in mind that higBgrmeans —~ 6 E
lower Ginzburg-Landau coherence length, which, in turn, & ]
|9} .

depends on the electron mean free path, one concludes thatc 4 E
the disorder in the undoped Eu-based samples is higher than & £ .
in the undoped Gd-based samples, and that the Sn doping E £ ]
2 gA 0T 0 1 -

A

— R i
that the upper critical eld increases withfor low to mod- g 0.10 B (b) 7]
erate concentrations, while for the highest concentration 0.08 -
=0.4 B, is suppressed. The drop Bf, in thex=0.4 sample % - .
is related to the drop of in Fig. 3 a. s 0.06 N 7
L 0.04 |-
& R
B. Magnetotransport properties Q. 0.02 )
In order to clarify the role of the disorder introduced by 0.00 - | T\ ———————————
Sn doping, we extend the experimental study and analysis to ; ;
transport coef cients. We have chosen the doped sample 0 20 40 60 80 100 120 140
Rug gShy »SKL,GACWwOg Which exhibits a sharp SC onset in T (K)
Fig. 2b, and measured its resistivity, magnetoresistivity,
and Hall resistivity. FIG. 6. Color online a Resistivity of Ry gSn 2SKLGACwOg

F|gureG a ghows the resistivity measured in Z€r0 MG~ measyred in zero eldblack line and inB=8 T red line. The
netic eld .and in oH=8 T. In.bOth_ cases, the resistivity at inset shows the comparison of resistivity with the resistivity of the
200 K is 9.5 m cm, which is much lower than ,nqoped samplethin line Ref. 16 b Difference between the
15.5 m cm of the undoped sampt€.in zero eld, one  zero-eld and 8 T resistivities. The ve temperature intervals la-
observes a relatively broad SC transition characterized by thgeled by a, b, ¢, d, and e correspond to subsets of MR
change in the magnitude from 90% to 10% within the tem-curves in Fig.7.
perature interval T=8 K. Such temperature dependence of
the resisitivity in the vicinity ofT, is usually attributed to the impurities?® With decreasing temperature the correlations
spontaneous vortex phase. The temperature interval charapetween magnetic Ru ions start to play an important role and
terizing the SC transition in the 8 T resistivity data is muchthe quadratic-in- eld magnetoresistance transforms into the
broader than that of the zero- eld data, and the zero resislinear-in- eld behavior. The same trend can also be seen for
tance occurs only at 10 K, indicating that the pinning abovetemperatures below,, Fig. 7 b , but not too close td..

10 K is not strong enough to suppress the vortex motionNot surprisingly, the same linear-in- eld behavior was al-
even for dc driving currents. The absence of strong pinningeady observed in undoped and in La-doped samples in the
forces above 10 K justi es the estimation &, from the  vicinity of T,,.1617 Just belowT,, superposed to the negative
magnetic- eld dependence of the microwave absorptioninear magnetoresistivity, a small positive component devel-
given aboveFig. 4 d . ops at low elds, which is related to the AFM ordering of the

The onset of superconductivity in the grains is better seefRu lattice. The same positive contribution is also observed in
if the resistivity in 8 T is subtracted from the zero- eld re- the longitudinal con gurationi.e., H | . Finally, it should
sistivity, as shown in Fig6 b . The subtraction also reveals be noticed that the negative magnetoresistivity of Figa.
the existence of a broad maximum at the magnetic orderingnd 7 b does not show any sign of saturation up tgH
temperatureT T,, 75 K. This peak can be further ana- =8 T.
lyzed using magnetic eld dependent resistivity measure- Figures7 ¢ and7 d reveal a relatively complicated be-
ments. The relative transversal magnetoresistivityH, T havior of the magnetoresistivity at temperatures between 57

0,T / 0O,T is shown in Fig.7 in a large temperature and 47 K. The positive AFM contribution decreases rapidly
range from 140 K down to the superconducting transitionand vanishes below 53 K. Below 49 K one observes positive
The curves are grouped in ve subsets according to temperazontribution, presumably related to the SC uctuations. The
ture intervals in Figé b labeledbya, b, ¢, d,and e, resulting magnetoresistivity, which is the sum of the positive
exhibiting several qualitatively different physical situations. SC and negative FM contribution, yields a local minimum.

At temperatures well abovE,, Fig.7 a , the magnetore- Finally, below T=47 K, the positive contribution to the
sistivity is characterized by the negative quadratic-in- eld magnetoresistivity related to the SC ordering of the conduct-
behavior similar to the magnetic- eld dependence observedng layers starts to dominate. The sharp increase in the mag-
in dilute alloys containing uncorrelated magnetic nitude of the relative magnetoresistivity in this temperature
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] FIG. 8. Color online a Magnetic eld dependence of the Hall
] resistivity in Ry gSny ,.SKLGdCyOg at T=60 K circles and T

i =48 K squares The Hall resistivity of the undoped
] RuSKGdCyOg at T=124 K is shown by the dotted line for com-
- parison Ref. 16. b Temperature dependence of the lowpen
circles and high-eld full squares Hall coefcients of

] Rupy gSny »SKLGACwOg. The averaged high- eld Hall coef cients of
the pure RuSIGACy,Og and the La-doped Rugglay ;GdCuwOq
are indicated by the arrows for comparison.

10

2
SE

ApHDIPpO.1) (%) ApHDIpO.1) (%)

0

0 2 4 6 8 10 order to resolve the above controversy, we have measured
1 H (T) the Hall resistance in which the relaxation rates cancel out in
! the rst approximation, allowing in this way the estimation
FIG. 7. Color  online  Magnetoresistance  of Of thex dependence of the effective number of charge carri-

Ruy.gSMy 2SKLGACW,Og in various temperature ranges. The values aters. o
43.4 K and 40 K in e are divided by factors of 3 and 10,  The Hall resistivity of RyggSn, ,SL,GAdCyOg as a func-
respectively. tion of magnetic eld is shown in Fig8 a, for two tempera-

tures belowT,,, and compared to the results of the undoped
samplet® A nonlinear increase in the Hall resistivity, which
is the combination of the ordinary and extraordinary Hall
contributions, and is a characteristic of magnetic metals, is
observed at low elds. At high applied elds, a linear in-
crease dominates, representing the ordinary Hall contribution
So far we have established two seemingly opposed obseonly. The magnitude of the extraordinary contribution is
vations: the resisitivity of the Sn-doped sample is loweredsmaller than that in the undoped sampdetted line in Fig.
with respect to the pure compound, while the electron relax8 a .
ation rates proportional to the resisitivityincrease with the The average values of the Hall coefcienRy
Sn concentratiox as estimated from the dependence of =d ,,/d (H are further plotted in Fig8 b for low and
B, . This controversy could have been trivially explained if high elds. Both, the low- and high- eld slopes are smaller
the intergranular conductivity in the pure sample was muchhan for the pure compound. In particular, the absolute value
lower than in the Sn-doped sample. However, this explanaef the ordinaryRy is roughly 30% smaller than in the pure
tion is not very likely for three reasons: The samples were compound, indicating a substantial increase in the effective
prepared under the same conditionis. From the microwave number of charge carriers with Sn doping. Before discussing
measurements in Fig, one can see that in both samples onethese data in more detafbec. IV B, it is useful to recall the
third of the absorption occurs between grains, indicating thaprediction for Ry of the single-component free-hole model
the intergranular structure in both samples is similir. If with the carrier concentrationg,=2p/V,, which is found to
there were differences in the intergranular composition of theexplain the low-temperature Hall measurements in the well
two samples, one would expect a larger amount of spuriouanderstood La,Sr,CuO, in the wide doping range 0.02
phases in the Sn-doped sample than in the pure?bire. p 0.25 Ref.22.WithV, 170.5 A being the primitive

region, shown in Fig.7 e, re ects the sharp decrease in
0,T inFig.6a.

C. Hall resistance
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cell volume of Rul212Gd, the result isRy er measured in the underdoped Y&8aK0q., cOmpounds?
=1.065-1F / 2p m3/C. The measured high- eld Hall co- puts Rul21R systems into the higfiz superconductors with
ef cients indicated in Fig8 b lead top=0.05, 0.07 and 0.03 an intermediate copper-oxygen hybridization and, conse-
for the pure, Sn-doped and La-doped samples, respectivelyguently, an intermediate value ®f.2°

The band structure calculatiofspn the other hand, sug-
gest the itinerant character of electrons in the Rigyers,
rather than the localized character, but all other conclusions

In the following, we shall rst show that the main changes f Ref. 23 are consistent with the NQR observations.
in the present zero- eld resistivity data, and in theigh- ~ Namely, there are three bands crossifig the rst two are
eld ordinary Hall coef cient data with Sn dopingvhich related to two Cu@layers, while the third one is related to
amounts to several tens of percent according to the inset dhe RuQ layer. The magnetic ordering and the calculated
Fig. 6 a and Fig.8, can be explained by using a single- magnitude of the magnetic moments of Ru ions are also
component model for the conductivity tens@ec. IV A, at ~ consistent with the local magnetic elds measured by
variance with the experimental results reported in Ref. NQR:M'° Particularly important is the observation that two
which have been found to require the two-component modelCUQ, bands are not in uenced signi cantly by the magne-
with the charge carriers in the RyQayers almost com- tism of the RuQ layers. Namely, the Cd, 2 states and the
pletely delocalizednotice in this respect a quite large ratio Rudy, states, which participate in three conduction bands,
s/ o 0.5in Fig. 1 of Ref.2, estimated from the ther- hybridize, respectively, with th@, and p,, apex oxygen
mopower data al 100 K. states, which are mutually orthogonal. The direct magnetic
Within the present single-component model, only GuO coupling via apex oxygens onlybetween the charge carriers
layers contribute to the observed conductivity, while the conin these two subsystems thus vanishes for symmetry reasons.
tributions of the Ru@ layers to the total conductivity are  In the present analysis, we neglect the presumably small
small for the external magnetic elds absent and can becoupling of the charge carrierboles in the CuQ layers to
safely neglected in the rst step. the Ru magnetic subsystem, and take that the effective con-
Then, we shall argue, in subsection IV B, that this single-centration of these holesic, is proportional top nc,
component model fails to account for the observed contribu- 2p/Vo rather than to 1. The latter proportionality is a
tion to the magnetoresistivitchanges of the order of a few consequence of the pseudogap formation due to the AFM
percent in Fig6 , and the low- eld Hall coef cient. Con-  uctuation in the CuQ planes see for example Ref27.
sequently, in order to successfully explain all our experimenThus, nc, nearly measures the hole concentration in the
tal observations, we have to go beyond the single-componef®@UQO; bands with respect to the half- lling. The effective
model and take into account a presumably small number ofoncentration of itinerant electrons in the Ru@yersng, is
itinerant electrons in the RuOlayers with a presumably assumed to be small in comparison to the valpé\g char-
strong Coup”ng to the magnetic moments of the Ru ions. acterizing the Completely delocalized case, but, importantly,
When comparing two two-band modelkhe present one they are strongly coupled to the magnetic subsystem.
and that of Ref2 , one is left to answer two questions which
are fundamental to the quantitative understanding of the
physics of the ruthenate-cuprates: rst, to which extent the
charge carriers in the RyQayers are delocalized, and, sec-  In the presence of the magnetic background ot RRU**
ond, the relative magnitude of the interactions between théns and external magnetic elds, the conductivity tensor in
Ru magnetic subsystem and the itinerant charge carriers iguestion is given B¢
the CuQ layers and in the Ruflayers. In this context, the

IV. DISCUSSION OF TRANSPORT COEFFICIENTS

A. Resistivity and ordinary Hall coefbcient

motivation for the two-step analysis of our data comes from - = EZ FCu4 _ HRu

the results of the zero- eld NMRNQR experiments in the XTWT gy Gt R

pure Rul212GdRefs.14 and15 and the related band struc-

ture calculationg® The number of electrons in RyQayers € ,ocu. 2~Ru . ex

is equal to the number of holes doped into the Gp@ne. =T 0 oy Ry Ty 1

Naively, Ru"* ion can be visualized as a composition ofPRu
ion and one extra electron. In this picture, the basic questioithe rst term in the off-diagonal component, comes from
is as to which extent this extra electron is localized to thethe Lorentz force and is proportional kb  is the cyclo-
parent R&" ion. In Ru-NQR experiments, two well- tron frequency. The second term,$ includes all extraor-
distinguished signals are found, corresponding t8*Ruith dinary contributions and is proportional to the magnetization
the spin stat&=3/2 and Rd* with the spin stat&=1. These of the Ru lattice, which means that the dependencélas
results suggest that most of the electrons are localieadi- given in terms of the Brillouin functioBsg o SH. Ac-
ing to RU™ with the spin stateS=1 , which means that the cording to Ref23, the contributions of two bands in EdL
number of itinerantdelocalized electrons in the RuPlay-  can be regarded as decoupléd., the hybridization between
ers is small. In NQR, it is also found that the magnetic ordetthe CuQ and RuQ bands is negligible The structure of the
in the RuQ layers coexists with the SC order in the GuO effective numbers' ,i=Cu, Ruand , =x,y, for this case
planes down tor=1.4 K. Finally, the NQR frequencyg3 is given in the Appendi>c<. For weak magnegc elds, for ex-
=Cu =RuU

3 115,24 inh i i =Cu =Ru ;
30 MHz measured of*Cu nucleit>?* which is close to  ample, we obtaiffig, ng Neyandng' — Ny' Ngy with
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nc, andng, de ned above. , and g, are, respectively, the As mentioned above, the correlation betwegp and the
relaxation times of holes and electrons averaged over twsuperconducting critical temperatuiig is expected to be
spin projections. For weak magnetic elds, it is reasonable toesimilar to the correlations found in the isostructural
assume that not onf®" is small, when compared ", but ~ YBa,Cu;0; , compounds. The main difference is that a very
also the relaxation rate in the Ry@ayers 1 g, is much  complicated role of the CuO chains in supporting supercon-
larger than 1 ¢, due to the presence of magnetic ions andductivity in the CuQ layers is played here by the magneti-
the substitutional impurities in the RyQayers. Thus, 4 cally ordered Ru@Ilayers. Indeed, the dependenceTgfon

RUfor H=0. But, as mentioned above, the main effects inthe Sn doping« shown in Fig.3 is similar to the observa-
the magnetoresistivity are expected to come from the eldtion in the underdoped YB&uO,; , compounds T, is

dependence of R labeled hereafter by R nearly constant in a wide range of, T, 60 K in

= &/m  gh. YBa,Cus05 4 .
For weak magnetic elds, the general expressions for the A similar scenario also holds for other Ru1R &ystems.
Hall resistivity and magnetoresistivity For example, the replacement of?Sby La** increases the
total number of conduction electrons in the system. A sub-
xy = —XLZ stantial part of the doped electrons is transferred to the,CuO
xx yy T oy layers, reducing the effective numbueg, below the critical

value required for superconductivity, in agreement with ex-
periments. In RuSrda, ;GdCwOg, the high-temperature re-

xx= o wF 5 ' 2 sistivity and the high- eld Hall resistivity are found to be
i Y increased by roughly 60%-70% with respect to the pure
lead to compound, and the superconductivity is completely
Cu, Ru suppressedl’ The same effect of reducing the effective num-
xy —éHﬂ—T berng, is obtained by the partial replacement of Ru ions by
XX XX Nb .24
1 o
X m, 3 B. Magnetoresistivity
) wo The magnetoresistivity data of Fig.give us the indirect
I.e., way to study the magnetic properties of the Ru lattice. In the
m o 2Ncy gy + miE SR model described above, we can write
Y eZ cileut RURu 2 ’ H 0 Ru 0 Ru
XX - XX XX XX XX 5
m 1 xx 0 xx 0 xx O 5;1 0
XX 2 4

e2 CunCu+ RuRu Ru

with ,, 0 and 'O being, respectively, the zero- eld to-
The Hall coefcient is given byRy=d ,,/d oH . The tal conductivity and the zero- eld conductivity of the RyO
anomalous contributionsthe negative magnetoresistivity subsystem. The rst factor is nearly proportional to
and the extraordinary Hall coef cientare hidden here in ng,/ Ncytng, and represents an enhancement factor depen-
Rand 9% and we put J'= 29R“=0 in the rest of dent on Sn doping. It grows with decreasing, as can be
this subsection. easily seen from our data taken in three compounds:
In the Sn-doped samples, the replacement of any Ru atofug ¢Sy ,.SLGACWOg, Ru; Sr,GAdCw,Og, and
by Sn introduces one extra hole in the system, which is reRuyy d a5 ;S,GdCuOg. The second factor in Eq.5,
distributed between RuQand CuQ layers. The part of the R/ R'0 Rup Rug | is the magnetoresistivity of the
extra charge which remains in the Rul@yers decreases the isolated RuQ@ subsystem, and it is expected to be similar to
effective number of itinerant electromg, ng, O, thus that of magnetic metaf?°3° Precisely, the negative
increasing both the resistivity and Hall resistivity. One mayquadratic-in- eld magnetoresistivity observed at tempera-
say that it gives rise to the conversion ofRinto RwP*. The  tures well aboveT,, has to be contrasted to the magnetore-
part of the extra charge transferred into the Gu&yers in-  sistivity of common high¥. superconductors which is very
creases the effective numbag, nc, O .The experimen- small and positivé! This high-temperature behavior can be
tally determined decrease in the normal-state resistivity andnderstood as a clear evidence of the exchange interaction
the high- eld Hall coef cient with the Sn dopingFigs.6  between itinerant electrons in the Ruldyers and the local-
and8 shows that a substantial portion of the doped holes arized Ru sping® The AFM interactions between localized
indeed transferred to the CyQayers and that the small spins become important at low enough temperatures leading
changes in already smailk, can be neglected. This scenario to the linear-in- eld behavior with maximal slope @ T,
is expected to hold for not too large number of Sn impurities Figs.7 a—7 ¢ . We recall that exactly the same temperature
x 0.3. Our results should be contrasted to the Sn dopingevolution of the magnetoresistivity was found in R&0.for
study of McCroneet al. Fig. 2 in Ref.2 , where the increase small concentration of conduction electrons and low stability
in resistivity and the Hall coef cient was observed far  of the FM state of the localized spins. Hence, we believe that
=0.2. expression5 includes all relevant processes in the magne-
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prevail. At the onset of superconductivity 48 K both
—~ positive superconducting and negative ferromagnetic contri-
Y butions to the same magnetoresistivity curve occur.
glf We have shown that the single-component model for the
= conductivity tensor suf ces to explain the variation of the
< normal-state resistivity and the high- eld Hall coef cient
0 with doping. The main conductivity channel is through GuO
= 5 . layers and the various dopings simply change the number of
TN conducting holes in these layers. However, the low- eld Hall
resistivity and the magnetoresistivity provide evidence that
HH (T) there is a small conduction in magnetically ordered RuO

_ . _layers. Quantitative analysis of the observed negative mag-
FIG. 9. Color online Field dependence of the quantity netgresistance leads to a quite remarkable conclusion that a

Vol Rue  x xx 0 for the pure RuSpGACLOg, Sn-doped  ga number of delocalized electrons displays a colossal
Rug ¢Sy 2S1,GdCwOg and La-doped RuSH lag;GdCwOq magnetoresistance.
samples at their respective magnetic ordering temperatures.
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where = «H 4 0. Figure9 shows the eld depen-
dence of the quantit}/y/ Rye  ,/ 0 for the three
aforementioned samples at their respective magnetic ordefdY:
ing temperatures. If one assumes, based on the previous sub-
section, thavyng, 0.0l and g, . the magnetoconduc- APPENDIX: CONDUCTIVITY TENSOR
tivity of ruthenium layers is estimated to be several tens of
percent at (H=8 T. The magnitude of this effect is com-
parable to the colossal magnetoresistivity of the manganit
perovskites?

In the multiband models with the interband hybridization
gegligible Rul21R systems are the examp|e¢he elements
of the conductivity tensor are given by the sum of the intra-
bandterms = ; ' i=Cu, Ru in the present casdhe
presence of magnetic background and external magnetic
V. CONCLUSIONS elds makes, in the rst place, the relaxation rates of con-
In conclusion, a microwave study of Sn doping in Ru1212duction electrons; k =1/ ; k depend on spin, and also
samples has shown that magnetic ordering is strongly in uintroduces the extraordln.a.ry contributions to the off—¢agonal
enced by introduction of tin into RuCayers, while the su- €lements of the conductivity tensofJ", as discussed in the
perconducting critical temperature remains practically uninain text. In the rst approximationthe case of noninteract-
changed. ing magnetic impuritie® we can write ; k i iMy,
The magnetic- eld dependence of the microwave absorpWhere | is a constant andl, is the total magnetization of
tion has shown that the upper critical eld in doped samplesthe RuQ layer. Thus, in the Rul2Rsystems, at tempera-
is increased, probably due to the increased disorder. Howtires well aboveT,, we have .= ,'y)(: &/m_ i, and

ever, in spite of increased disorder, the dc resistivity mea- ;%: = eim o izﬁ;(y"' i;' with n,, and iz'ﬁlxy given
surement in RglgSny »SLGACyYOg is lower than in the re- by=®

spective pure compound. We conclude that it is due to the ' 1 mvik 2 Kk f.

increased number of holes in the Culayers. This conclu- Ny = X2 '2 ! ,

sion is also con rmed by Hall resistivity measurements pre- Vi 1+ 7 k ok i K

sented in this paper.
In Ry, gSny ,.SLGACWu,Og magnetoresistivity develops _ 1 mvik vik "k vk !k
: el . .. 2=i X X Yy y Xy
from quadratic-in- eld behavior characteristic of uncorre- i Nxy 2 2
T " : : ; Vi 1+ 7 k Hk
lated magnetic impuritiesat high temperatures to linear-in- ' '
eld behavior close tol,, 76 K, indicating signi cant cor-

. . . 2
relations between magnetic Ru ions. Beldy, a small i k
positive component of magnetoresistivity, related to the AFM _ .
ordering of the Ru@lattice, is superimposed to the negative v! k is the electron group velocity,z k = 1, k w K 2
linear magnetoresistivity. As the temperature is lowered beand ' k =m/ 2 2, k/ k k are the elements of the
low 53 K, the eld-induced ferromagnetic order seems toinverse effective-mass tensor.

Al
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For weak magnetic elds, the relaxation times indepen-analysis is that the effective number's” are proportional to
dent ofk, and ' k , we obtain the textbook expres- the number of holep measured with respect to the half-
sions lled Cu band, rather than to the total number of holes in the
1 _ ok Cu band 1.

n, — mvk ? ' ; If magnetic elds are weak and the exchange interaction
Vi i K between the conduction holes and localized Ru spins is neg-
ligible, the eld dependence in the denominators in Bl
1 i fi k can again be neglected, and the sum over spin projections
My \_/k mvek =y k= K’ A2 gives for the averaged relaxation times of itinerant electrons
' the expression g, k 2 %/ 3.? & M,?, result
which we use in the discussion in the main text. The effectingin % H220According to Eq. 5, this also leads to the
of the AFM correlations on the effective numbers” are  total magnetoresistivity which is negative and quadratic-in-
included here through the dependence gfk , vi' k ,and  eld. The effects of interactions between localized spins on
€Uk on the AFM pseudogap scale, as explained in detail the conductivity tensor at different temperatures are expected
in Sec. VIA and Fig. 12 of Ref27. The main result of this to be similar to that found in ReB0.
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