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The 1%Sn Mcssbauer spectra for the (RySn)Sr,GdCwOg System, with nominal compositions
x=0.05-0.30, were measured from room temperature down to 4.2 K in samples exhibiting magnetic order
followed by a resistive superconducting transition on cooling. Two contributions to the spectra are observed in
the samples at room temperature: a doublet, dominating atxJaamd a singlet, probably coming from the
impurity phase SrSnQ A part of the doublet evolves into a magnetic structure at low temperatures and is
identified to sense the matrix properties. The isomer shift indicates that Sn enters into thiafRr®as Sh'.

The appearance of a magnetic phase, in the spectra, matches with the onset of the Ru-sublattice long-range
order, as detected by susceptibility measurements. The area of this component exhibits a smooth decrease with
the increase in the Sn content, which is well described by a random distribution in the (Ry, 18y¢@. An
averagein-plane transferred hyperfine field of 4.29 T was sensed at 4.2 K for the samplexih05,
gradually decreasing with an increasexirThis high value may be indicative of the emergence af-phase

state for the superconducting order parameter across the magnetically ordered planes, with low pair-breaking
effects.

DOI: 10.1103/PhysRevB.68.134516 PACS nuniber74.72.3t, 76.80:y

[. INTRODUCTION the conventional cuprates. Also, due to its diamagnetic na-
ture, it would be easy to determine the occupation in the Ru
The discovery of the hybrid ruthenocuprates sublattice via transferred hyperfine magnetic field measure-
RuSKL(Gd,Eu)CyOg [Ru{1212],>2 in which a ferromag- ments. At present, therfl?re on!y a few papers on the Sn-
neticlike order affy,~133 K precedes a resistive supercon-doped Ru1212 systent"' showing that bothTy, and Tc
ducting transition alf -~ 45 K, opened a new series of out- ¢an be properly tunned. For nominal compositions as Ia_rge as
standing compounds which are particularly suitable to study=0-40 there was no evidence of overdoped behavior in the
the interplay between these two normally exclusive phenom[esstlwty curves? This indicates that further studies about
ena. The details about the long-range magnetic order of thif'€ actual valence of Sn and its limit of solubility are re-
Ru moments and how a ferromagnetic component emergé&"red' Also, gondltlolns of sample prepargtlon to yield
from an antiferromagneti¢AF) background are presently pureﬁ)ggase §0I|d solutions need to be established. We report
open questions. The appearance of bulk superconductivity n-Massbauer _ spectroscopy measurements from
A N room temperature (RT) down to 4.2 K in the
low temperatures was initially criticizé@nd later turned out R SN)SEGACLO ith inal o
to be a problem of synthesizing processes. Muon spirg U SN St %O system, Wlt. nomina comp_osmons
- . . ' x=0.05, 0.10, 0.20, and 0.30, looking for clear evidence re-
rotation? heat capacity,and Meissner effect measureménts

- ) : garding the Sn location, its state of valence, and its effective
s.tr.ongly lndlgate that three-dlmensmr@D) superconduc- concentration in the R(t212 compound. It is also of inter-
tivity and uniform long-range magnetic order at the BUO gt 1o sense thie-planemagnetic field at the RuQlayers, a
planes coexist in these oxides. Thermopdwend Hall  yelevant parameter for bulk superconductivity to occur in

effec® measurements are consistent with the behavior ofhege compounds. Complementary x-ray diffractiiRD),

conventional underdoped cuprates, while negative magngesistivity, and magnetic measurements are also presented in
toresistance is observed for Ty, . Thus changing the hole- this paper.

underdoped character of the parent compound by an appro-

priate doping would be of interest to improvie: and to Il EXPERIMENT

clarify the role of the magnetic interactions in the conduction

mechanism. The choice of the doping cation should recog- Polycrystalline samples of the (RuSn)SrLGdCwOg
nize that Ru, which was initially supposed to be formally series withx=0.0, 0.05, 0.10, 0.20, and 0.30 were prepared
pentavalent in the R@®#212 compounds, exhibits a by conventional solid-state reaction with high-purity RyO
RU*/RWP* mixed-valence state, as recently observed bySnQ,, SrCQ;, Gd,0;, and CuO powdergthe undoped
10IRu- (Ref. 9 and x-ray-absorption near-edge spectroscopysamplex=0 was done as a referencé&nriched 1*°sno,
(XANES) (Ref. 10 measurements. Since attempts at Ca and85%) was used for samples witk=0.05 and 0.10. The
Mn substitutions have failet’ a more suitable series should initial mixture was decomposed at 960 °C in air for the syn-
be tried and Sn is very attractive, because it enters 45 Bn  thesis. After milling and pressing procedures, the material
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was reacted in flowing nitrogen at 1010 °C for 12 h. Sinter- — T - - - 1
ing was performed at 1050 °C for 4 days in flowing oxygen, 6000 (a) ]
followed by cooling at a rate of 45°C/h. The room-
temperature x-ray diffraction patterns were collected in an
automatic Rygaku powder diffractometer in step-scanning
mode (20%20<=80°). Bars of approximately X1 4000
X 12 mn? were cut. The dc resistivityfour-probe method
was measured from RT down to 4.2 K in a computer data-
logger system, using a Keithley 224 high-precision current 2000
source and a Keithley 181 nanovoltmeter. Isothermal magne
tization ¢ 5 K up to 5 T and dcmagnetic susceptibility
measurements at 5 Oe were performed in a Quantum Desig
superconducting quantum interference devi®8@®UID) mag- 0 "‘JL““*.* e e
netometer. The Mesbauer spectridS) were collected from o 4500 F (b) i
~—
=

RT down to 4.2 K in transmission geometry using a conven-
tional spectrometer in constant acceleration mode and &=
BaSnQ source, to which the obtained isomer skift values
are referred. From a calibration spectrum using a Sn foil a~ 3000
linewidth (full width at half maximum I'=1.14 mm/s was
obtained.

co

ty

-

1500 |- .
Ill. RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns for the parent com-
pound (a) and for the two extremes of the doped 0

(Ru; _4Sn,)SrL,GACw,Og series, with x=0.05 (b) and x
=0.30(c). No spurious lines were observed for 0, 0.05,
and 0.10. There was no evidence of the itinerant ferromagne
SrRuG; in any of the samples: however, the cubic nonmag-
netic perovskite SrSngyintensity lines indicated by dots in 3000
Fig. 1(c)] was detected for the samples wix*0.20 and
0.30.
The magnetic parameters are summarized in Table 1. The 1500
coercive fieldH ., and the remanent momenjis , as deter-
mined from the hysteresis loops at 5 K, decrease regularly - *
with the increase in Sn content. Figure 2 shows the tempera
ture dependence of the resistivity for the samples with 0
=0.05 and 0.30. The onset superconducting transition tem:
peraturesT ¢, taken as the maxima in the resistivity curves,
were 33 and 11 K, respectively. Both values are lower than 20
T for RuSpGdCwOg (45 K). We note that the normal-state
resistivity is lower forx=0.30. The inset in Fig. 2 shows the  FIG. 1. X-ray diffraction patterns for the RuSFdCy,05 parent
temperature dependence of the magnetic susceptibility forompound (a) and the two extremes of the doped
the sample withc=0.05, with a magnetic transition tempera- (Rui—xSn)SpGdC,0g samples, with nominal compositions
ture Ty =123 K (maximum in the derivative The relevant =0-05 (b) andx=0.30 (c). The peaks of the SrSpGsecondary
point from these results is that the superconducting transitioR"ase are indicated by dots.
is preserved even for high effective Sn concentrations in the
Ru<1212 matrix. This again is consistent with Sn substitut- consider is the origin of the singlet observed in the MS for
ing Ru, since superconductivity is strongly affected in con-the samples with nominal concentratioxs 0.05 and 0.10.
ventional cuprates when Sn replaces Cu in the Ca@ers®>  The almost vanishing isomer shift with respect to the
reaching a complete suppressionTgf already forx=0.03.  BaSnQ source suggests the presence of Srsnlle believe
Probably the long final sintering precludes cation intermixingthat a small amount of this compound, undetectable from
between Ru and Sn with Cu. In summary, structural, magXRD experiments, but giving a sizable signal to the MS, is
netic, and resistivity measurements suggest that Sn occupidse origin of the singlet. The fact that far=0.20 and 0.30
Ru sites. the lines of SrSn@become detectable in the diffraction pat-
Figure 3 shows the MS at RT obtained for the samplegerns agrees with this idea. The rest of the Sn atoms is as-
with x=0.05, 0.10, 0.20, and 0.30. We analyzed our datssumed to enter into the RU212 matrix, and the effective
with one symmetric doubldsite ) and a single lindsite ). Sn contenk for the nominal concentrations=0.05, 0.10,
The results are summarized in Table Il. The first point t00.20, and 0.30 arg.+=0.045, 0.074, 0.10, and 0.14, respec-
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TABLE I. Coercive fields H.,) and remanent momentg.f) at ' ' ' ' i
5 K and ferromagnetic transition temperaturég ) for (Ru, _,Sn,)
Sr,GdCw,Og samples with nominak values.

X Heo (08 e (1g) Tw (K)
0 4121) 0.9911) 13912
0.05 1232)
0.1 2541) 0.423) 1093)
0.2 1011) 0.282) 1024)
0.3 851) 0.133) 106(4)

tively. Here we have assumed that the Debye-Waller factors
of the doublet and singlet are the same at RT. This assump-
tion is supported by the fact that the absorption area ratio
between the doublet and singlet does not change going from
RT to 4.2 K(see below. The values of the quadrupole split-
tings (AEg) of the doublet for the R¢1212 system are
higher than for Sn@and similar to those obtained for Sn-
doped conventional cuprates.

A set of MS was collected for th&=0.05 sample be-
tween RT and 4.2 K as can be seen in Fig. 4. The broadened
spectrum obtained at 123 K is an indication that a transferred
magnetic hyperfine fieldg;) starts to appear at this tem-
perature. On cooling belowy, =123 K there is a continuous
evolution towards a defined magnetic structure. Thijg
value corresponds to the one obtained from the bulk mag-
netic transition temperatures. This is a strong indication that
the Sn nuclei are sensing the long-range order of the Ru
moments.

Figure 5a) shows the MS collected at 4.2 K for samples
with different x values. In order to fit these spectra three
components were needed(1) the singlet already present in ) , ) ) )
the RT spectra2) a quadrupole doublet, ar(8) a magneti- o I 0 i 2 3
cally split spectrum. The latter was fitted with a magnetic
hyperfine field distribution P(B;s). The corresponding
P(Byy) distributions are shown in Fig.(B), with maximum

Absorption (%)

R
EN

x = 0.30

Velocity (mm/s)

FIG. 3. Room-temperaturé*®*sn-Méssbauer spectra for the

20 (Ru, _Sn,)Sr,GdCwyOg system with nominak values. Fits were

J I 4 ! rTrrTT T obtained using a singlet and a symmetric doublet. See Table Il for
11 results.
1.6 |- E‘) 0.008 -“ K"‘\," 14
=
E 0.002 |- “. .'- 14 .
_ o x=0.05 2 %N\ TABLE Il. Mossbauer hyperfine parameters obtained at RT for
giap | & x080 g | % 11 the (Ry_,Sn) SLGACW0Oy; samples.5=isomer shift relative to
8 0000 e ] 195n/Basn@ source,AE,= quadrupole splitting, and= relative
: 0 50 100 150 200 250 300 .
s \ T(K) absorption area.
5 08 E
= 1 ) AE, A
04l pe i X Sites (mm/9 (mm/9 (%)
. | 0.192) 1.21(5) 90
0o b i 0.05 Il —0.022) 10
2 1 1 1 1 1 " 1 1 1 L 1 1 1 L 1 1 1 L
0 30 60 9 120 150 180 210 240 270 I 0.16(3) 1.122) 4
T(K) 0.10 Il 0.002) 26
| 0.16(3) 1.11(2) 51
FIG. 2. Temperature dependence of the resistivity for the two 0.20 I —0.012) 49
extremes samples of the (RySn)SrLGdCy,0g series(nominal | 0.16(3) 0.984) 47
compositions Inset: temperature dependence of the magnetic 0.30 1l 0.042) 53

susceptibility for the sample with=0.05.
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near 4 T. No correlation was imposed betwegand AE,
with the hyperfine fieldB; and the linewidths were kept as
in the RT spectra. The local electric field gradient was as-
sumed to be axially symmetric. Using the relatidng
=AE,(3 cog ®—1)/2, the average values fdr4 as obtained
from the field distribution fitting, and thAE, values as ob-
tained from the RT spectra, we calculate an average angle
0,=78°£10°. Therefore, we conclude that the ferromag-
netic component of the canted antiferromagnetically ordered
Ru moments is oriented along thg plane (RuQ@ plane, as
determined from previous neutron diffraction
measurement$. And recent NMR studies on Ru{#212
have also indicated that a magnetic ordering with a ferro-
magnetic component occurs in the Ruane®®

Table 1l shows the results from these fits. From the
values and relative absorption areas we conclude that the
single line is the same as that observed at RT—namely, the
impurity line due to SrSn@ Analogously, the magnetic
spectrum and the doublet found at low temperatures develop
from the doubletsite |) at RT. This is most evident from the
sum of the relative absorption areas of the magnetic compo-
nents(called site },) and nonmagnetic doublétalled site
Inm)» Which is in reasonable agreement with the relative ab-
sorption area of the doublésite I) at RT (see Table Il

The two main mechanisms for a transferred hyperfine
field at the nucleus of a diamagnetic probe are the
following:'® (1) transfer of spin density from the orbitals
of the magnetic neighboring cations to therbitals of the
probing one through the covalent bonding with the oxygen
atoms and2) overlap of the polarized 2and 2 electrons
of the oxide with the core orbital of the diamagnetic atom.

the The observedBy,) values in our samples are comparable to

(Rup ¢sSM 09 S,GACWOg sample collected at RT and below the the transferred fields at Sn sites in Sn:YBCO and Sn:LSCO

corresponding bulk magnetic transition temperaffiye= 123 K.

Absorption (%)

8 4 0 4 8 12
Velocity (mm/s)

systems with nonoptimum hole doping. In those compounds,

x=0.05

FIG. 5. *%Sn-Mdssbauer spec-
tra at 42 K for the
(Ru _Sn)SrLGACy,Og  system

P (Bhf)

with nominal x values (a). The
x=0.20 spectra were fitted using a sym-
metric doublet, a singlet, and a
magnetic split spectrum with a hy-
perfine field distributionP(Byy)
(b). See Table Il for results.

x=0.30

(b)

3 4 5 6
Bhf (T)
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TABLE IIl. Mo ssbauer hyperfine parameters obtained at 4.2 K for the_(8®m,) Sr,GdCy,0g samples.
5=isomer shift relative td*°Sn/BaSnQ source A Eq=quadrupole splittingB= average value of hyperfine
magneticfield, and\=relative absorption area.

) AE, By A

X Site (mm/9 (mm/9 (T (%)
lnm 0.193) 1.21(5) 10

0.05 by 0.183) —0.466) 4.295) 80
Il 0.04(6) 10

lam 0.163) 1.122) 16

0.10 bn 0.163) —0.4613) 4.089) 58
Il 0.05(5) 26

lam 0.163) 1.11(2) 24

0.20 [ 0.163) —0.4623) 4.0419 29
I —0.01(2) 47

lnm 0.163) —0.984) 30

0.30 [ 0.1603) —0.4619 3.99198) 17
Il 0.01(2) 53

this field has been associated with different degrees of stifftribution (0.89 and the doublet at 4.2 K0.11). According to
ness of the Cu &-spin sublattice, such as a slow-down rateour approach, these results suggest that the Sn atoms at the
in the fluctuation¥’ or the emergence of a glassy sthté®or  Ru sites with one Sn as the nearest neighbor are affected by
even the onset of long-range magnetic ofdein our fluctuation effects at 4.2 K. For the sample with
samples, the transferred field at the Sn sites is due to the0.074, the configurations with=0 and 1 still represent a
long-range order of the neighboring Ru magnetic momentslarge fraction of the total possible neighborho@86%) and

As already mentioned above, the sum of the relative areas good agreement again is obtained betwegh)=0.73 and
of the magnetic and nonmagnetic component at 4.2 K i(1)=0.23 and the effective areas of the magnetic compo-
equal to the relative area of doublgite ) at RT. Further- nent(0.78 and the double(0.22).
more, both componentsite |,, and site },,) have the same Actually, not only the number of Ru ions as the nearest-
isomer shift(see Table Il). This indicates that the magnetic neighbor cations is relevant, but also how their spins are
fraction and the fraction of the Sn species giving the nonconnected to the chain of exchange interactions. This fact
magnetic doublet have the same origin—namely, are due tbecomes more relevant as the dilution of the spin system
Sn sites in the Ru®layer. White the magnetic fraction sees proceeds with increase in the Sn content, making the com-
a transferred hyperfine field, the nonmagnetic doublel at parison between thB(n) probabilities and the relative areas
=4.2 K comes from Sn sites in the Ru@ayers, which do less direct. The decrease in the average transferred hyperfine
not sense a transferred hyperfine field. This certainly is théield observed with the increase i (see Fig. 6 reflects
case for Sn sites with no Ru magnetic ions in the four in-the gradual disruption of the exchange network.
plane nearest cation positions of the R212 structure?° The determination of thén-plane magnetic field just at
However, the probability of this neighborhood is extremelythe RuQ layers is quite relevant for theories on the coexist-
low for all samples and can not account for the effectiveence of superconductivit$§C) and ferromagnetisnFM) in
areas observed for the nonmagnetic doublet. Effects leading

to a net zero transferred field, such as spin fluctuations with 5.0 , , .
frequencies larger than the inverse of the lifetime of the ex-
cited state of thé**Sn nucleus (5.8 10’ s 1), should also 4.8 -\~\
be considered. Configurations with three or fewer Ru mag- = ~
netic ions as nearest cation neighbors around a central Sn — 46
atom may exhibit such an effect. A calculation of the prob- A N
" o - . ' . = 441 \
ability of finding specific nearest-neighbor configurations = -
helps to clarify this point. If we assume that the Sn atoms \ A
distribute at random in the (Ru, Sn)@lanes, the probabil-
ity of finding n Sn atoms as nearest cation neighbors is given 40t . . , 1
by P(n)=P(4n)(1—xen)* "4, Where P(4n)=4!/(4 000 004 008 012 0.6
—n)!n!. For x=0.045 we obtainP(0)=0.83 andP(1) Effective Sn concentration (x_)

=0.15: i.e., 98% of the total possible configurations corre-

spond ton=0 and 1 or to Sn atoms with four and three Ru  FIG. 6. Average magnetic hyperfine figlB,,) transferred to the
ions as the nearest neighbors. These values match reasonably sites at 4.2 K, as a function of the effective Sn concentration
well with the effective absorption areas of the magnetic conx.;. The solid line is a guide to the eye.
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the ruthenocuprates. Since in these compounds the londield is more straightforward than in the case for
range magnetic order is establishedTat>T., SC onsets °>’Fe-Massbauer studies, where a comparison between the
are well within the canted AF state leading to a weak ferro-Ru-Fe and Ru-Ru exchange strengths is neéfled.
magnetism state. This situation has led to Fulde-Farrell- Since the strength of the SC coupling between the L£LuO
Larkin-Ovchinnikov-(FFLO-) type theorie$! where the SC  planes is not known, the threshold value for ifiglanefield

and FM order parameters exhibit spatial variations to accomeannot be determined, but our results could indicate that
modate each other. According toanoscaletheory for  m-phase formation may be favored in the Ri212 system.
SC-FM superlattices, the so calledphase SC order param-
eter changes its phase lyfrom one SC layer (Cu©planes

in our casgto another, with a node at the FM intermediary
one (RuQ planes. This will strongly decrease the pair- 19n-Missbauer spectra have been measured in the
breaking effect expected from the magnetic order, allowingSn:Ru{1212 system. We have provided evidence indicating
the onset of a bulk coherent SC state alangxis?? How-  that Ru is substituted by $h ions at the Ru@ layers. Ef-
ever, am phase has been predicted to occur only if the FMfective Sn concentrations as high as around 15 at. % were
layer fulfills two requirements: (a) it must be extremely obtained. The Sn nuclei sense iarplanetransferred hyper-
thin and(b) a certain critical high value of the magnetization fine field which is two orders of magnitude higher than the
in the layermust be exceeded. Similar results have been fields measured by other techniquesat-of-planesites. Our
recently obtained for superconducting-antiferromagnetic inindirect estimation of thén-plane field at the RuQ layers
terfaces, concerning the exchange field in the AF 1&er. may be indicative of the emergence ofrgphase state for the
Since the ruthenocuprates represent the first atomic-scagperconducting order parameter across the magnetically or-
SC-FM or SC-AF systentferromagnetic canting of a long- dered planes, with low pair-breaking effects. Spin fluctua-
range AF order or ferrimagnetic order of Ruand R&™" tions effects are proposed to account for a remaining doublet
state$, the first point is satisfactorily accomplishéd2 A at low temperatures. No signature of distinct states of va-
for the RuQ layer. The second one seems to require a mordence for the Ru ions was detected via the quadrupole inter-
careful consideration, because local fields of on§00—700 action. The perpendicular orientation of the transferred field
Oe have been determined at the Gd site by electron spiwith respect to the axis confirms that a magnetic ordering
resonancgESR (Ref. 25 and at the muon site im "SR with a ferromagnetic component exists in the Ryfanes.
measurements(the so-called “apical site” of the structure,
as in YBaCu;0,_ 5). However, exchange fields may be rel-
evant, and the magnetization at the Bul@yer might be
considerably higher. Our extrapolated value~af.9 T at 4.2 We thank CAPES-Brazil, FAPERJ-BraziGientista do

K for the average field at the Sn sites givesamsiteesti-  Nosso EstadoUNA-Paraguay, and CLAF for financial sup-
mation of thein-planefield in the RuQ layers, which can be port, CNPg/PCI, W. Vanoni for assistance with x-ray diffrac-
considered as a lower limit, due to its transferred naturetion measurements, and Dr. H. Micklitz, Universizai Koln,
Since Sn carries no atomic moment, the interpretation of thigor his collaboration and helpful discussions.

IV. CONCLUSIONS
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