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Heat capacity and transport studies of the ferromagnetic superconductor RuSGdCu,Og
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Resistivity, thermoelectric power, and heat capacity are investigated in the ferromagnetic superconductor
RuSKLGdCuyOg with and without Zn substitution. The thermodynamic signatures of the ordering of the Ru
moments and the paramagnetic Gd moments as well as the onset of superconductivity are all clearly seen and
quantified. The materials are shown to exhibit bulk superconductivity which coexists with spatially uniform
ferromagnetism. They appear to be typical underdoped superconducting cuprates in which the pseudogap
dominates normal-state transport, thermodynamic, and substitutional properties. However, a field-induced in-
crease inT. could suggest some degree of triplet pairing.

The discovery? of superconductivity T.=18—46 K) co-  synchrotron x-ray diffractiofi,however superconducting im-
existing with spatially uniform ferromagnetisnT §,ie=132  purities (<1%) distributed finely throughout grain bound-
K) in the hybrid ruthenate-cuprate material Ry&iCy,Og  aries could possibly give rise to many of the observed SC
(Ru-1212 presents a remarkable new development in theeffects. Here we present resistivity, thermopower, and heat-
study of competing magnetism and superconductivity. Thicapacity data that confirm the occurrence of bulk supercon-
material allows in principle the study of several competingductivity consistent with other high-temperature supercon-
magnetic and superconductif§C) order parameters includ- ducting(HTS) cuprates at a similar doping state.
ing antiferromagneti¢AF) ordering of both the Gd and Cu The samples, from the same batch used intB& study,
moments, ferromagneti&M) ordering of the R&™ moments  were prepared by reacting stoichiometric RuGsrCQ;,
and Cooper pairing of the carriers on both the Gpines  Gd,0;, and CuO first in flowing Mat 1010 K then succes-
and RuQ planes. The pairing interactions offer a further sively in flowing O, at 1050 °C, 1055 °C, and 1060 °C.
possibility of competing symmetriesl wave on the Cu®  Samples were slow-cooled to room temperature after each 10
planes ang wave on the Ru@planes® h reaction, reground, and pelletized. This resulted in sample

In most other systems where FM and SC order parametes. Scanning electron micrographs showed that these samples
are observed to compete, uniform coexistence is not founchave a high porosity with a grain size of 0.5gh. A further
For example, ErRIB, exhibits “reentrant”  set of samples were then annealed at 1060 °C in flowing
superconductivity with a T, onset at 8.7 K and a lower oxygen for 6 d. These samples, B, were tough and dense
critical temperaturd .,=0.9 K, where the onset of uniform with a grain size of 2—1@m. X-ray-diffraction patterns for
ferromagnetism destroys the superconducting state. Betwedhe two samples were indistinguishable but high-resolution
0.9 and 1.5 K FM and SC order parameters coexist but theglectron microscogy showed the presence of nanoscale
accommodate by becoming spatially modulat&imilar be-  twins in sample A which were substantially absent in sample
havior occurs in HoMgS.° In the present Ru-1212 system B. Further samples were reacted as for sample B but with
the FM order parameter was shown to be spatially uniforn0.5, 1, 2, and 3% Zn substituted for Cu. Resistivity and
by muon spin relaxatiofuSR) from the appearance of a thermopower measurements were performed on rectangular
single well-defined precession frequency which fixes thebars cut from these pellets. In addition, high-precision differ-
magnitude of the local fiel@ This conclusion was confirmed ential heat-capacity measurements were made on both
by electron spin resonan¢ESR studies which showed the samples A and B using the Zn-substituted sample as a non-
Gd-ESR line shifted uniformly by 600 G with no broadening superconducting reference in order to “back off” the phonon
on cooling into the FM statéBoth the muon and Gd probes  contribution to the specific hea, .°
indicate a spatially uniform local fielthroughout the entire Figure Xa) shows the resistivity(T) for samples A and
sample.This in itself is insufficient to infer microscopic co- B. The resistivity of the unannealed sample shows a semi-
existence of FM and SC. As the latter might be confined taconducting upturn starting at 100 K and a sharp fall to zero
filaments or granular surfaces, it remains to demonstrate bulét about 20 K. The annealed sample B has a much lower re-
SC. The presence of bulk impurities>(L%) is ruled out by  sistivity, a weaker semiconducting upturn, and a higher
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FIG. 2. (a) T dependence of the resistivity for annealed samples
FIG. 1. (a) T dependence of the resistivity for as-prepaféd  of Ru-1212 with a range of Zn concentratiofsdicated in %. (b)
and 6-d annealetB) samples of Ru-1212b) The T dependence of The T dependence of the thermopow@EP) for the same samples.
the thermopower for the same samples. Inset: Zn concentration dependence Tof from TEP onset(®),
resistive onsefA), and resistive midpointV¥). Curves show the

T.(R=0) value of about 36 K. Both samples exhibit a smallAb“kOSOV_GorkOV relation.

downturn inp(T) at Ty, , which McCroneet al° conclude

reveals a small amount of spin scattering arising from exaxes causing pairbreaking along the twin boundaries. This
change interaction between the moments and carriers in thgroclivity for twinning arises from the near equality of these
RuO, planes in a scenario of itinerant ferromagnetism. Asaxes €=3.01xa). With the long anneal in samples B, the
shown by Picketet al,'! the exchange interaction with car- twinning, and hence the granularity, is substantially reduced
riers on the Cu@planes is weak because the Ru momentsut not eliminated. The thermopower, in contrast to the re-
arise in thet,, band which couples only to thg, andp, sistivity, is much less sensitive to granulatttand thus falls
orbitals of the apical oxygen but not to @y 2 or sorbit-  to zero close to the thermodynamiig .

als. The shape gf(T) shown in Fig. 1a) is characteristic of Figure 2a) showsp(T) for the Zn-substituted Ru-1212
an underdoped cuprate and, in particular, exhibits the downsamples. Here the small fraction of Zn rapidly suppresses
ward curvature at 280 K indicative of the presence of thesyperconductivity, displaces the curves at first upwards in
normal-state pseudogapThe question arises as to whether parajlel according to Mathiessen's rule and causes a devel-
the upward shift inT(R=0) reflects an increase in doping ping semiconducting upturn in the resistivity. The rapid
state resulting from the long a_nr_leal. To address thls,_ We I'&sppression of SC is again typical of an underdoped cuprate
call that the HTS cuprates.exh|b|ta universal correlation be'reflecting the strongly depleted density of states near the
tween the hole co?acentrathnon the CuQ planes and the Fermi level due to the presence of the pseuddgalt the
thermopowerS(T). same time the thermopower shown in Figb)2is little al-

Figure 1b) shows theT dependence of(T) for the wo t?red by Zn substitutiortand certainly not in a systematic

samples A and B. The magnitude and shape is again typic . LT . i
of underdoped cuprates and, neglecting any contributioﬁasmor) except that superconductivity is progressively sup

from carriers on the RuPplanes, the room-temperature pressed. We thgs infer that 'the. doping state is not signifi-
value S(300)=73 uV/K for sample B indicatep~0.07 per cantly altered with Zn substltynon as is glso the case for
Cu. This would suggest that, were the doping state to b@Ner HTS cuprateS. The 3% Zn-substituted Ru-1212
increased to optimalp(~0.16), theT, value could be raised Sa@mPle, in which superconductivity is completely sup-
to about 100 K, typical of two layer cuprates. The ratherp_ressed,_ is therefore |_deal for use as a referencg sample in
small shift inS(T) with the long anneal suggests that there isdifferential hgat—capauty measurements as dgscrlbed below.
little change inp with anneal Ap being less than 0.002. This ~ BY annealing samples at progressively higher tempera-
is insufficient to explain the significant rise ifi.,((R=0).  tures then quenching into liquid nitrogen one may explore
Moreover, in both Samp|£(T) falls to zero at temperatures variation in oxygen StOiChiometry in the SC and the normal-
43-45 K, significantly higher than th&,(R=0) value for state(NS) properties. A series of such experiments were car-
either sample but close to the resistive onset at 46 K which igied out on a sample A. Curves p{T) for different anneal-

the samefor both samples. As will be seen the thermody-ing conditions are shown in the inset to Fig. 3. The resistivity
namic SC transition temperature is about 46 K. We concludés progressively increased, the semiconducting upturn en-
that these Ru-1212 samples are quite granular so that tHenced andl.(R=0) is quite slowly shifted down. How-
resistivity falls sharply with the onset of superconductivity ever, these changes are due simply to increasing granularity
but does not reach zero until a much lower percolation temand the plots ofdp/dT shown in the main panel of Fig. 3
perature. The granularity in Ru-1212 may be attributed to théndicate that the superconducting onset at the thermodynamic
high density of 90{100] rotation twins that mix th@ andc  transition temperature is unaltered by these anneals. The
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FIG. 3. TheT dependence of the derivative of the resistivity for i
Ru-1212 after annealing and quenching in oxygen at 250, 440, 570, n
and 660 °C. Inset: resistivity for the same samples. >

T [K]

mass of the sample diminished by only 0.2 mg in 1.1 g,
reflecting a constancy of the bulk oxygen stoichiometry of FIG. 5. (& 7,,=Ci/T for annealed Ru-1212. Solid curve: 0 T.
8-+0.008. Light curves: 4, 9, and 13 T. Dashed curvey, for 7% Zn-
The inset to Fig. 4 showing the zero-field coolgFC) substituted YBsCu;0O; as an approximation for the phonon contri-
susceptibility of sample B measured at 5.5 G reveals a maxRution, ypn, for Ru-1212. InsetAy=y— yy;, for the as-prepared
mal volume diamagnetic susceptibility close to 100% with a(A), annealedB), and referencéref) sample showing the anomaly
transition at 28 K. This transition is lower than both the atthe Curie temperaturéh) ygq=y— ypnat low temperature show-
zero-resistancé36 K) and thermodynamic46 K) transi- ing the ordering of the Gd moments in applied fields of 0, 4, 9, and
tions. However, closer inspection of the data on an expandet Tt 'nstilt‘;fe;llzu'ated’(-r) for noninteracting paramagnetic mo-
scale(see Fig. 4 main paneshows that a diamagnetic onset ments with.= 1z.
coinciding with the thermodynamic transjtion doe§ oceur .atity of the phonon contributiony,, for the two systems. The
45 K but amounts to just 0.3% of ull diamagnetism. This FM transition is evident at 132pK and the loWwupturns are
arises pecause of the granularity and shows that MACToSCORMfie to field alignment of the Gd spins. The latter is quanti-
screening currents do not percolate at 5.5 G until28 K. . f|rsd in Fig. 8b) by plotting theT dependence of(Gd)~ y
The above results reveal a superconducting system typical where the ohonon term is similar to that of
of the HTS cuprates with a transition temperature anq(gghc’: O. and haspan initial Debye temperatuéé,(0)
normal-state transport properties in all respects consistent 3920 % A7t high fields the curves fo;/ agre% closely with
with granular underdoped cuprates. It seems likely, therell-he madnetic Contributionypey T) forGr: ole fractionf ug
fore, that Ru-1212 is a bulk superconductor like the other : o magh o :
HTS cuprates. However, without thermodynamic measure- i:rﬁlj—cglznc;wg;eia;tlgﬁowﬁilézi?e riﬁgaertn;gn;gc@;n%r?ents
ments filamentary or surface superconductivity cannot b N N X I .
discounted. We have carried out differential heat-capacit O\r/\;]erl f;iell%s It Ins ir:]ec:(f-:-rss;gr)t/) t?h'?ﬁlu? dthiéj'g”b;“?: ﬁ{ mm
measurements on samples A and B relative to an equimol o?rdear toefitsthiTSde%enodencz € a U moments
8% zn-substituted Ru-1212 sample. Figure)Shows i The inset to Fig. &) shows that the ferromagnetic
ZE‘Ot/T for_ applied fields of'O, 49, an.d 13 T for sample B, anomaly in the neighborhood of the Curie point is not mean-
where y,q, includes electronic, magnetic, and phonon termsg. /e bt exhibits strong 3D-XY fluctuations which ex-
The dashed curve showing the previously measw@d for tend to room temperatufe. The step height, ~4.2
YBa,Cu,0; with 7% Zn substitutionillustrates the similar- md/gat. K, is a factor of 2 to 3 smaller than that’exp(.acted
. . for localized Ru moment ferromagnetism but would be com-
parative with intinerant ferromagnetism in the Ru planes if
0.06f /\\/ Yre=2-3 md/gat. R in the paramagnetic region. This is
rather larger than the band-structure valug,~0.8
mJ/g at. ¥ deduced from &,, bandwidth of 1.25 eV If the

3 005} 0.0f l/" — ferromagnetism is itinerant, then the FM exchange energy
= X_V(;'S_ H ] must be a significant fraction of the Fermi enérggnd both
' must be small £1/3 that for Nj.
004k I ) A—— Figures §a) and &b) show vy relative to the reference,
: 0 30 60 90 .
T K] v-vef, fOr samples A and B, respectively. In both cases the
0 o % % SC transition sets in at about 46 K and for the annealed
T [K] sample has a jumpy~0.26 mJ/gat. K Sample A has a

broader and weaker transitiom §~0.2 mJ/gat. K) but
FIG. 4. TheT dependence of the ZFC volume susceptibility for clearly has the same onset at 46 K. This confirms our con-
Ru-1212. Inset: the complete transition. Main panel: enlargemenglusion that the thermodynamic transition occurs at 46 K in
nearT, showing the onset of the thermodynamic transition at 45 K.both samples and that the establishment of macroscopic su-
The dotted curve shows the extrapolated NS behavior. percurrents is dominated by the granularity of the samples.
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ol 20 40 60 80 100 pling of d-wave SC to an itinerant FM will induce a compo-
L nent of p-wave order parameter near the interface in &ach.
g 02r Without investigating the differential heat capacity of a
= oal series of samples extending towards the parent undoped AF
) ool insulator it is not possible to determine the absolute NS value
g of y¢(T). However as shown previousRwe can estimate
-~ O} vel(Te) from the reduction i due to the fractiony, of Zn
03 substitution. For unitary scattering withdawave order pa-
T o0df rameter the initial rate of reduction if; is given by
5 ol dTe/dy=58.5A00/Teo) *9(Te) 2, (1)
E 0.0} whereAy, and Ty are theT=0 SC order parameter afig
2 ol value, respectively, in the absence of impurity scattering and
L : yis in units of J/mol K. It was found that this model gave a
0220 20 6 8 100 remarkably good description of the changes in the depression
T K] of T. by impurity substitution across the under- and over-

doped regions for both ¥gCa BaCu0, s and
FIG. 6. Differentialy(T) relative to the Zn-substituted reference Lay_,SrCuQ, using only the experimentally observed val-

for (a) as-prepared sample afio) 6-d annealed sample in magnetic ues of y(T.). The inset to Fig. @) showsT, plotted as a
fields as annotated in units of T. The dotted curvegtinshow  function of Zn content for the resistive ondak) and mid-
- yret at zero field for two underdoped Bi-2212 samples. point (V) as well as the thermopower ongd@®). The solid

lines are the Abrikosov-Gorkov Ed15). From the initial
The magnitude of the jumpy (and hence the condensation SlopedT/dy=15 K/%, we findy=0.69 mJ/gat. R This is
energy is small but typical of other underdoped HTS cu-just over one third that found for overdoped
prates [see dotted curves inb) for two underdoped YoeCaBaCuO;_,(Ref. 20 and about one half that found
Bi,Sr,CaCuyOg sample&] andconfirms the presence of bulk for overdoped BiS,CaCyOg. ™ The low value of y(Tc)
superconductivityln both Ru-1212 and Bi-2212y is sub- and hence the high value afT./dy reflects, as we have
stantially reduced from its value at optimal doping due to the1°ted, the presence of the pseudogap in Ru-1212.
presence of the pseudogap which strongly attenuBtesy, In conclusion, from transport and heat-capacity studies we

. _oTe have shown that Ru-1212 behaves as a typical short-
Ay and the condensation energhy=/“(Sys~SsddT due  oherence-length underdoped cuprate which, though granu-

to the loss of spectral weight available for $&° The in-  |ar, exhibitsbulk superconductivity with a jump in/(T) at

field reduction inAy (and hence the superfluid dengiig,  T_comparable to that observed in other HTS cuprates at the
again, comparable to underdoped Bi-2212 while the absenasame doping state. We are therefore able to confirm the oc-
of a field-dependent shift ifi; to lower temperature implies currence of spatially uniform ferromagnetism coexisting
a very largeH., (>60 T). In fact, T, determined by either with bulk superconductivity. This material clearly exhibits a
the midpoint or maximum slope in(T) appears to move up number of features arising from the presence of the normal-
some 4.5 K in both samples when the field is increased to 4tate pseudogap observed in other underdoped cuprates. Al-
or 5 T. This raises the interesting possibility of triplet pairing though the magnetism in the Ru@yers may be itinerarit,
(which is enhanced in a magnetic figldeaving aside the the transport properties appear to be dominated by the,CuO
question of intrinsiqp-wave pairing interactions in the RyO planes. The upward shift ifi, with field suggests some de-
layer, theoretical considerations show that proximity cou-gree of triplet pairing.
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