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Tuning of the ferromagnetic and superconducting transitions by tin-doping in RuS,GdCu,Og
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Solid solutions Ry_,Sn Sr,GdCy,Og with nominal compositiong=0-0.4 have been prepared, although
some secondary phases are also present. Powder x-ray diffraction and physical measurements shbw that Sn
substitutes only at the Ru sites in this layered material. Sn-doping suppresses the ferromagnetic moment in the
ruthenate layers, and the Curie temperature decreases from 138 K in the undoped material to 38 K for
=0.4. This enhances the conductivity of the Guyilanes and the onset of superconductivity increases from 36
K at x=0 to 48 K atx=0.2, but falls thereafter. This may reflect the increase in hole transfer to thg CuO
planes and the reduction of ferromagnetic order within the ruthenate 14$&E63-18209)04746-3

The 1212-type layered cuprate RySAdCyOg (Refs. 1 leted, and heated at 1050 °C in flowing oxygen for a further
and 2 has recently been found to display coexisting ferro-3 days and, finally, slow cooled to room temperature.
magnetism and superconductivity’ Samples typically have Powder x-ray diffraction patterns were recorded at room
a Curie transition afy, =132 K and bulk superconductivity temperature using CK« radiation(Fig. 1). Changes in the
below Tc=0-46 K. A variety of physical measurements, in Peak positions of the tetragonal RySdCu,Og-type phase
particular zero-field muon spin rotation experimehtsave  indicate solid solution formation, but small amounts of the
demonstrated that the material is microscopically uniformS€condary perovskite phases Srgr@d SrRu@ were also

with no evidence for spatial phase separation of supercors€en- The contributions from all three phases were fitted to

ducting and magnetic regions. Superconductivity is associt’® XTay data, using the previously reported model for

ated with the copper oxide planes, while the ruthenium oxidéqush"ZGdCLkOSI which uses; |Sp"t site for ':che oxygerr: e(;toms
slab behaves like SrRu(3” which is an itinerant electron " the RUQ planes to model rotations of Ry(ctahedra
ferromagnet belowl, = 165K, rather than SRuQ;, which around thec axis." (These rotations result from the mismatch

is a p-wave superconductor withe~1 K.8° A coexistence of the in-plane Ru-O and Cu-O bonds and have a coherence

of superconductivity and weak ferromagnetispanted anti- Iengt_h that is too _small_to lead to an observable superstruc-
ferromagnetismwas previously found in the related 1222- ture in the x-ray dlff_rar;:lnon experlment, although this is seen
type materials RUSR, .C& {1,010 5 (R=Gd or EY.1° by elgct(on d|ffract.|o ) The results in Table | show that
RuSKpGdCyOg is found to be oxygen stoichiometric, and substitution Of. Sn into RugBdCyO; Increases th@ C?I.I
the doping of the copper oxide planes necessary to indu arameter while decreases, alt_hough there is no significant
superconductivity arises from overlap of the minority Spinc ange in the cell volume. Refinement of the internal coor-
Ru:t,y and the Cu:8,2_,2 bands. The distribution of holes
between the two bands may thus be written in terms of av-
erage oxidation states as R#PSr,Gd(CL?P),0q Trans- -
port measurements suggest that the copper oxide planes ar x ) s
underdoped withp~0.1 holes per Cu atorhalthough a
much higher estimate gqf~0.4 obtains from bond valence
summations based on the refined crystal structuvkich is
consistent with the properties of the Ru oxide layer. This §
contradiction suggests that a large proportion of the holes in-2
the copper oxide layers are trapped or strongly scattering by}j
the ferromagnetic Ru moments. To investigate the chargez
distribution in RuSyGdCuy,Oq further, we have attempted to
substitute Ru by diamagnetic Sn which is of a similar size

|
and charge. Here we report preliminary results for samples of I °ﬂ
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nominal composition Ru ,Sn Sr,GAdCuwOg (x C . oA 2 A ]
=0,0.1,0.2,0.3,0.4) which have characterized by powder L N S T S I
x-ray diffraction, superconducting quantum interference de-  ,, 30 40 50 60 70 30
vice (SQUID) magnetometry, and resistivity measurements.

Ceramic samples of the above compositions were pre-
pared by the solid-state reaction of stoichiometric powders of FiG. 1.  Powder x-ray diffraction patterns  for
RuQ,, SnQ, SrCQ;, Gd,0O; and CuO. These were ground Ry, ,SnSKLGACWOg solid solutions of nominak=0-0.4 with
and die pressed into pellets before preliminary reaction in aithe most intense peaks from the SrRg®) and SrSn@(O) sec-
at 1000 °C for 3 days. The samples were reground, repebndary phases marked.
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TABLE I. Tetragonal cell constants and voluna c, andV; the remanent momengsg, coercive fields
Hco, and saturated moments per Ru atpr,, at 10 K; and 250 K resistivities of Ru,SnSr,GdCu0q
samples with nominak values as shown.

p250 K
X a(A) cA) Vv (R HRr (1g) Hco (08 MRy (1g) (mQcm)
0 3.83871) 11.56204) 170.3711) 0.1157) 33001) 0.91(1) 4.31)
0.1 3.83591) 11.56096) 170.111) 0.094611) 2551) 0.773) 4.52)
0.2 3.83751) 11.5575%6) 170.211) 0.0672) 230(1) 0.482) 2.01)
0.3 3.83791) 11.55526) 170.211) 0.0441) 1601) 0.435) 2.32)
0.4 3.83961) 11.55256) 170.311) 0.03Q1) 1201) 0.307) 3.4(1)

dinates shows an increase in the in-plane Ru-O distance and w(H)= padF (H)+ (1= X) gy,

a concomitant decrease in the Ru-O-Ru ar(§lig. 2). This
is consistent with substitution of Sn at the Ru sites, & Sn where F(H) is the Brillouin function for theS=7/2 G&*
is slightly larger than Rt/Rw’*. No significant trends in  spins. The estimated Ru moment decreases rapidly xth
the other Ru-O or Cu-O bond lengths were found. shown in Table I.
The magnetizations of the five powdered The resistivities of sintered polycrystalline baepproxi-
Ru; —,SnSr,GdCyOy samples(Fig. 3) were measured on a mate dimensions 4 4 X 12 mnt) were measured between 15
Quantum Design SQUID magnetometer. Samples were zergnd 300 K using the standard four-probe ac technigfig.
field cooled and measured from 10 to 300 K in an applieds). Broad superconducting transitions are observed in all five
field of 1 kOe. A broadening of the magnetic transition and aRu, _,Sn Sr,GdCwOgz samples, although the zero-resistance
reduction in the Curie temperatufilg, with increasing Sn  point lies below the lowest measured temperature for some
substitution is clearly seen in these data, and the values @famples. The onsef, (defined by the temperature of the
Ty (estimated from the minima idM/dT) are plotted resistivity maximum is plotted againsk in Fig. 3. All five
against nominak in Fig. 4. No Meissner effect is observed samples are semiconductingg/dT<0) aboveT,; how-
below T, for these powdered samples as the small negativever, thex=0.2 sample changes to metallidd/dT>0) be-
magnetization resulting from intragranular supercurrents i;avior above 220 K. This sample has the highiesand the
swamped by the positive contributions from the ferromag{owest normal-state resistivit§Table .
netic Ru and paramagnetic Gd moments. The systematic changes in the crystallographic, magnetic,
Magnetic hysteresis loops recorded at 10 K with the fieldgnd resistive properties of the RuSn SL,GdCw,0g samples
swept between=50 kOe confirm the ferromagnetic order in show that Sn is progressively replacing Ru in the primary
all the samples; a typical loop is shown in Fig. 5. A very phase. The observation of a superconducting transition even
small hysteresis was observed for each sample, and the cprthex=0.4 sample demonstrates that no significant Sn sub-
ercive fields and remanent moments are displayed in Table ktitution occurs at the Cu sites, as the superconductivity in
these both decrease rapidly with Both the ferromagnetic  this material and other cuprates is sensitive to very small
Ru momenfug, and paramagnetic Gd momentg contrib-  |evels of such diamagnetic dopants. The presence of the sec-
ute to the overall magnetization. The saturated Ru momemdndary phase SrSnOndicates that the actual levels of Sn
was estimated by fitting the total magnetic moment in thesubstitution are lower than the nominal proportions quoted.
rangeH = 25—50 kOe with the function

1'6 LA B I ) ) v
2.03 ——rr ] 158 9
] 14 L -
202 F ] 156 . . ?&sgn ]
[ J ~ [ a h
2 20f {- % )J( J154 e 12 o s e ]
3 ] Y 210 F &° " 40%Sn ]
200 F '} J152 5 - 47, y
% l} ] ] : ':Elw' .
] -1 - -
E 19F 110 3 E 08 . wﬂ?m;;.\ ;
s ] ue ]
Q 198F {( % Jus 2 E 06 F uo, s 8 ) ]
i - » A g 1
é 1.97-‘_{< + %—’-1463 04 F -\‘ u.o J
3 ] & L A e ]
19 F J 144 [ '.\‘A o e
i ] 02 [ “Ahn R .
195 b e b it g [ i, ]
0 10 20 30 40 50 00 ben ey T TAORANSN NSNS, )
% Sn 0 50 100 150 200 250 300 350
Temperature (K)

FIG. 2. Changes in they-plane Ru-O bond length and Ru-O-Ru
angle with nominal Sn content in Ru,Sn SrL,GdCw0Og solid solu- FIG. 3. Magnetization/field data for the RuSnSrLGdCyOg
tions. solid solutions.
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FIG. 4. Variation of the Curie temperatuflg, and the onset

superconducting critical temperatufe with nominal Sn content in FIG. 6. Resistivity data for polycrystalline
Ru; _,SnSrL,GdCwOq solid solutions. Ru, _,SnSrL,GACyOg solid solutions.

However, SrSn@is diamagnetic and nonconducting, and thevariations(Fig. 6) show a return to semiconducting behavior.
ferromagnetic conducting perovskite SrRuf3 present at This may reflect the presence of increasing amounts of non-
<3% levels in all the doped samples, so that the bulk physiconducting SrSn@within these polyphasic sintered ceramic
cal measurements reported here reflect the properties of tkemples. These results are in contrast to previous substitu-
majority Ru —,SnSpGdCyOg phases. tions of 10% Y at the Gd site, which changg and T, by

Srf” is diamagnetic and does not contribute E|ectr0nic<5 K and of 3% Zn for Cu, which suppresses Superconduc-
states close to the Fermi level in the RySn Sr,GACwOq tivity, but leavesT,, unchanged.
soli_d solutions. This disrupts the it_inerant eIectr_on ferromag- The coexistence of ferromagnetism and superconductivity
netism of the Ru@ planes, leading to a rapid decreasejy ryspGdCy,0, has previously been attributed to the mo-
in Ty from 138 to 78 K atx=0.4. The substitution also o4 of the Cooper pairs in the Cuflanes and the ferro-
a]:eCts hthle elzptrqglc_ properties of the %’Cblanes' magnetic moments in the Ry@lanes both being parallel to
(TRﬁs—zp)o eSr;(SIrSgld(uCtlf?qp”g?}/p)) gow shov(\e/ing Wtr#;?n the xy plane®® However, the relatively lowl and the dis-
the hole %:E)erentrzation i the Cg(plar?esg,increases with s P&ty between the apparent hole concentration inferred from
dopingx if the intrinsic doping levep remains constant. This gjrrr]wsrg;trito?seZilggeg?;éss?)?:etmacflees;trlgg)?)tiig t:)); Zgzge\ﬁiriznicn €

is consistent with the initial trend in the resistivity data for h | stat d vair breaki ithin th duct
x=0-0.2, asT. increases and the normal-state resistivity. € normal state and pair breéaking within the superconduct-

decreases and becomes more metallic in character. Howev#fd_ State of the Cu@planes is caused by the ferromag-
the subsequent fall i, for x=0.3 and 0.4 is not as ex- netism. This could result from slight canting of the moments
pected for overdoped materials, as the normal-state resistiflue to disorder of the rotations and tilts of the Rufatahe-

ities should become more metal-like, whereas the observedfa or the presence of out-of-plane spin waves. This view is
supported by the increases in conductivity and superconduc-

tivity with initial Sn doping as the ferromagnetic Ru moment

6r decreases.
[ In conclusion, this study shows that Sn can be substituted
4r for Ru in the ferromagnetic superconductor RUSICy,Og,
[ enabling the Curie temperature to be reduced from 138 to 78
2r K, while the onset of the superconducting transition initially
~ I increases from 36 to 48 K. The latter change may reflect an
é o increase in the hole doping of the Cu@lanes, the suppres-
2 sion of the ferromagnetism, or both of these factors. The
2t ability of Sn substitution to tune both electronic transitions
! over large temperature ranges and the usé!®8n as an
4| NMR and Masshauer nucleus will enable the unique coex-
[ R Ee | istence of high-temperature ferromagnetism and supercon-
L H(10" Oe) < .o . . . .
el e ey, 432 ductivity in this system to be investigated further, after
-6 -4 2 0 2 4 6 phase-pure Ru ,SnSr,GdCu0Og solid solutions have been
H (104 oe) prepared.
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