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Structure and microstructure of the ferromagnetic superconductor RuS,LGdCu,Og
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Two samples of Rug&dCy0g, in which ferromagnetism and superconductivity coexist at low tempera-
tures, have been studied by high-resolution electron microscopy and synchrotron x-ray-diffraction methods.
The average crystal structure is tetragonal at both 10 and 295 K, but a superstructure resulting from coherent
rotations of the Ru@octahedra within subdomains of 50—-200 A are observed by electron diffraction. The
Cu-O bond distances indicate a high hole concentratn @.4) in the CuQ planes, which is inconsistent
with the previously observed underdoped transport propentiesd(1). This may reflect extensive hole trap-
ping by the Ru moment$S0163-182@9)02834-9

INTRODUCTION each. The sample was furnace cooled, reground, and repel-
leted between each step. Part of the latter “as-prepared”
Coexisting ferromagnetism and superconductivity havesample was heated at 1060 °C in flowing oxygen for 7 days
recently been discovered in the 1212-type layered cupratend slow cooled to room temperature, giving the “annealed”
RuSKGdCwOg." This material displays a Curie transition at sample. Thermogravometric analysis of the annealed sample
Ty=132K and bulk superconductivity belol,=0-46K  under flowing hydrogen/nitrogen gave an oxygen content of
depending on sample preparations. A variety of physicak 00+0.02, and another analysis 3 months later gave 7.99
measurements, in particular, zero-field muon spin rotation- g 3.
experimentd, have demonstrated that the material is micro-  ggjected area electron diffractiSAED) patterns and
scopically uniform with no evidence for spatial phase sepayigh-resolution transmission electron MicroscopiR TEM)
ration of superconducting and magnetic regions. Superconmages were recorded from the as-prepared and annealed
ductivity appears to be associated with the copper OXid‘F{uSQGdCQOB samples on a JEOL JEM-200CX electron
planes while the ruthenium oxide slab behaves like SHRUO microscope. Each sample was powdered and dispersed on a
which is an itinerant electron ferromagnet beloWy  copper grid covered by a holey carbon film. The spherical
=165K, rather than $RuQ,, which is ap-wave Supercon-  ang chromatic aberration coefficients 6f=0.41mm and

T 1 K 45 : ) ) .
ductor withTe~1K.** . C.=0.95mm, respectively, give an interpretable resolution
The above and previous studies of RyEICuOg (Refs. 55 ~1.85 A.

6 and 7 have shown that the physical properties are strongly powder synchrotron x-ray-diffraction patterns of the an-
dependent on sample preparation conditions. Long annealingsgjed sample were recorded on ESRF beam line BM16 at
times are needed to suppress the formation of SgRar@ 10 and 295 K The sample was contained in a 0.5-mm-
achieve the ferromagnetic superconducting phase. In thigiameter borosilicate glass capillary mounted on the axis of
study we have characterized the structure and microstructuke diffractometer about which it was spun-at Hz to im-
of two RuSpGdCyOg samples using high-resolution syn- prove the powder averaging of the crystallites. For the low-
chrotron x-ray powd'er diffract_ion and electron micrqscopy-temperature measurement, the capillary was spun inside a
Although neutron diffraction is the method of choice for |iquid-helium-cooled flow cryostat. To minimize absorption,
magnetic oxides, the high absorption cross section of naturf'i‘blatively short wavelengths of 0.309(65 and 0.321 0&)
Gd for thermal neutrons makes the technique impracticak \vere used at 10 and 295 K, respectively. Diffraction pat-
here without isotopic enrichment. terns were collected over the angular ranges 2+GR°K)
EXPERIMENT a_nd 2-40°(295 K) by continuously sgar_min'g the bank of
nine Ge(111) analyzer crystals and scintillation detectors at
RuSKLGdCy,0g was synthesized by a solid-state reactiona rate of 0.5 deg/min, and recording the data every 200 ms.
of stoichiometric powders of RuQSrCQ, Gd,0;, and The high-angle parts of the pattern were scanned several
CuO. These were decomposed at 960 °C in air then groundimes to improve the statistical quality of the data in these
milled, and die-pressed into pellets before preliminary reacfegions. The counts from the nine detectors of the various
tion in flowing nitrogen at 1010°C for 10 h followed by scans were normalized, summed, rebinned to a constant step
reaction in flowing oxygen at 1050 °C and 1055 °C for 10 hsize of 0.004°, and then fitted using tbeAs program’
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FIG. 1. SAED patterns from the as-prepared RGSICWOg,
viewed down(a) the [100] and (b) the [001] directions. The main
diffraction spots are indexed by the basic tetragonal unit cell with
a~3.84 andc~11.6 A. The additional weak spots arrowed(b)
evidence the/2ax y2ax ¢ superstructure.

6 nm

FIG. 3. HRTEM image of the annealed RySdCu,0g sample
viewed down the[001] zone axis showing rectangular antiphase
boundaries.

Transport and magnetic measurements of the as-prepared o .
and annealed RugSBdCuOg samples have been reported SPecimen are similar to those from the as-prepared material
elsewheré. The as-prepared material h@s(R=0)=20K  and show the/2ax \2axc supercell. However, the domain
and T, =132 K. Annealing raise3.(R=0) to 37 K but the ~Mmicrostructure is significantly changed by the annealing pro-
ferromagnetic transition is almost unchanged with,  CeSS, as shown by the HRTEM image in Fig. 3 that is pro-
—134K. jected on thg001] zone axis. No irregular domain bound-

All of the main diffraction spots in the SAED patterns aries are observed and the underlying structure is coherent
(Fig. 1) from the as-prepared specimen can be indexed by thcross the area of the image, however, some unusual rectan-
basic tetragonal unit cell expected for 1212-type cuprate§ular boundaries are observed.
with a~3.84 andc~11.6A. However, additional weak Synchrotron x-ray diffraction shows the annealed sample
spots on the SAED pattern viewed down fi8@1] direction 10 be highly crystalline with peakwidth(iull—width. at half-

[Fig. 1(b)] indicate that a/2ax \2ax c supercell is formed. Maximum ~0.03° 9. In the 295 K data, the maximum peak
When large areas of this sample were examined, each paflt€nsity is 22000 counts against a background of 50 counts.
ticle was found to contain many domains. A typical HRTEM This gives a very high sensitivity to weak diffraction peaks,
image is shown in Fig. 2. The areas labefedB, andC are however, no reflections from the supercell found by electron

individual domainsA and C are both oriented in thg100] ~ Microscopy or from secondary phases such as SgRuéde
direction, but rotated by 90° from one another. Domain S€e€n. All of the observed peaks can be indexed on the tetrag-

([001] orientation is perfectly intergrown betwee andC ~ ©onalaxaxc cell. _ _ .
without any amorphous boundaries. Aashows an inter- An excellent Rietveld fit to the 295 K profile was obtained

growth of A andB with an interface on thé100) planes for ~With a tetragonal,P4/mmm symmetry structural model
both domains. The intergrowth & and B in the areaE is (Table ) and no evidence for an orthorhombic distortion was
between thé010) plane ofA and the(001) plane ofB. observed. The atomic displaceméhfactors for all the sites

The SAED patterns from microcrystallites of the annealedcould be refined anisotropically except for Ru, which gave
one negative principdl value, and was subsequently refined

isotropically. Disorder of the oxygen atoms within the RuO
planes, @3), and of the apical oxygen atoms(1 linking

the CuQ units and Ru@ octahedra was evidenced by large
U values. This was modeled by using a single isotrdpic
factor for all the oxygen atoms and splitting the sites as
shown in Table I. The disorder of (D) is fitted with [100]
displacements, although we cannot exclude alternative direc-
tions such a§110]. The metal site occupancies refined to
within £1% of full occupancy showing that no significant
cross substitutions are present. Refining the oxygen site oc-
cupancies did not yield any significant deviations from com-
plete filling, although neutron diffraction is needed for a pre-
cise determination.

The 10 K synchrotron diffraction pattern of the annealed
RuSKLGdCuy,0g sample(Fig. 4) is similar to the 295 K pro-
file, although background scatter from the cryostat resulted
in some regions of the profile being excluded from the Ri-

FIG. 2. HRTEM image of a region of as-prepared etveld fit. The previous structural modéable | gives an
RuSsGdCu,0g, showing multidomain structures. The marked areasexcellent fit to the data, with group isotropic displacement
are described in the text. parameters being used for the metal atoms and oxygens.

RESULTS
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TABLE |. Refined cell parameters, agreement factors, and atomic parameters fgGRG8i/Og at 10
and 295 K(upper and, where different, lower values, respectively

TK a(d c(A)  Volume (A3 Rup R, X2
10 3.830323) 11.54941) 169.4443) 0.083 0.065 5.9
295 3.838412) 11.57311) 170.5113) 0.074 0.059 4.9
Atom  Site X y z Uso (AA2 Uy, (A?)P U (A%)P Occupancy
Ru 1) O 0 05 0.000 1(2) 1.00
0.00172)
Sr 2(h) 0.5 0.5 0.308 76) 0.000 10 1.00
0.3089%7) 0.00612) 0.00642) 0.00573)
Gd 1(c) 0.5 0.5 0.0 0.00010 1.00
0.00122) 0.001%2) 0.00043)
Ccu 2@ O 0 0.144778) 0.000 10 1.00
0.1452710) 0.003%3) 0.00142) 0.00584)
o(1) 8@  0.0513) 0 0.33365) 0.003 15) 0.25
0.0394) 0.333%5) 0.008 &6)
02) 4@ 0 05  01298) 00031 1.00
0.13063) 0.008 6
0(3) 40) 01222 05 05 0.0031 0.50
0.1142) 0.008 6

aRefined isotropic thermal parameters except for the anisotropically refined atoms in which case the equiva-
lent isotropic value is given.
PAll the anisotropically refined sites hawg,;=U»,# Uss, Up=U13=U»3=0.

DISCUSSION

The average structure of Ry&SACuyOg (Fig. 5 is simi- 6.0 7

lar to that of other 1212-type cuprate superconductors, and
consists of a layer of almost regular RyiOctahedra con-  « 4.0k .
nected through their apices to two layers of Gusguare
pyramids. Several features in the crystal structure are impor-
tant in determining the microstructure observed by electron
microscopy. Thec/a axis ratio of 3.015at 295 K) is very
close to the ideal value for a triple perovskite structure. For 000 ek i
comparison,c/a varies between 3.032 and 3.066 &s — | e
changes from 0 to 1 in YB&uO,_ 5.'° The near coinci-

dence ofa and b with ¢/3 in RuSGdCw0O, results in the 0 10 20 30
formation of many small domains with in one of three (a) 20 (Degrees)

almost equivalent directions, as observed in the micrograph
in Fig. 2. The 90° angle between the Cu@anes meeting at
the boundaries between these domains strongly reduces th
supercurrent transport leading to granularity, a low transport
T. and a high residual resistivity in the as-prepared
RuSKGdCw,0Oq samplet The improvement in superconduct-
ing properties following the long high-temperature anneal is
thus a microstructural effect due to increases in domain size
(Fig. 9), rather than a simple change in cation composition or
oxygen content. This is confirmed by subsequent heat- 00 -
capacity studies that show that the thermodynamic transition
occurs afl =46 K in both sample$! The ferromagnetic or-
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der within the Ru@ planes appears to be insensitive to these 30 20 50 60
domain effects. (b) 20 (Degrees)
The mismatch between lengths of the in-plane Ru-O and
Cu-O bonds results in rotations of the Ryi@ctahedra FIG. 4. Observed, calculated, and difference synchrotron x-ray-

aroundc by 13° at 295 K. A slight tilting of the polyhedra diffraction data for the annealed RySHCWOg sample at 10 K.
that reduces the Cu-O-Ru angle to 173° is also observedxcluded regions at high angles contain additional scattering from
These displacements are not significantly different at 10 Kthe cryostat.
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FIG. 6. A model for the rotations of the Ry@ctahedra around
c in the RuSsGdCW0g structure, resulting in 8/2ax \/2a super-
structure in thexy plane shown by broken lines. An antiphase
boundary within which local distortions of the Ry®©ctahedra oc-
cur is also shown. This reverses the sense of rotation of the octahe-
dra.

nealed sampléFig. 3) and divide the structure into subdo-
mains of 50—200 A, which are sufficiently large for the su-
perstructure to be seen by electron diffraction but too short to
give rise to observable superstructure peaks in the x-ray data.
There is no evidence for cation disorder or oxygen non-
stoichiometry in the annealed RySACuOg sample on the
basis of our diffraction and thermogravimetric measure-
FIG. 5. The average Crysta| structure of R@CQQS Showing ments. Hence, the formal OXidation states Of CU and RU may
the disordered rotations of the RyOctahedra. be written as 2-p and 5-2p, respectively, wher@ is the
amount of charge transferred between the €a@d RuQ
showing that they are due to static disorder within the averplanes. In the lower limit op=0, both the Cu@and RuQ
age structure rather than phonon motion. The rotations of thplanes would be antiferromagnetically ordered and insulating
RuQ; octahedra would give rise to d2a>< \/§a><c super- due to the Hubbard splitting of the 014(2,),2 band, as ob-
structure if long-range orderd#ig. 6), which is observed by served in undoped cuprates, and nlig configuration of
electron diffraction(Fig. 1) but not in the x-ray diffraction Ru’", as found in SfYRuOg.*? Charge transfer introduces
patterns. This is consistent with the presence of many arholes into thed,> 2> subband of the CuDplanes and R
tiphase boundaries of width at which the sense of rotation electrons into the minority spityy band of the Ru@layers.
of the RuQ octahedra aroundis reversed but the remainder For the upper limit ofp=0.5, both the Cu@and the Ru@
of the structure is unaffectedig. 6). These are observed as layers would be expected to have itinerant electron behavior;
the dark rectangular boundaries in the HRTEM of the anthe former layers would be too overdoped to superconduct,

TABLE Il. Interatomic distance§A) and angleg®) in RuS,GdCwOg at 10 and 295 Kupper and lower
values, respectively The ranges given for some angles reflect the static disorder of (these.

Distance(A) Angle (°)

Cu-O(1)x1 2.1896) 0O(1)-Cu-02) 90.1-100.43)

2.1846) 91.1-99.04)
Cu-O(2)x4 1.92323) 0(2)-Cu-02) 89.532)

1.92684) 89.552)
Ru-O(1)x 2 1.9326) 0(2)-Cu-02) 169.52)

1.9335) 169.92)
Ru-O(3)x 4 1.9712) O(1)-Ru-O(1) 180

1.9692) 180
Gd-O(2)x 8 2.43G2) O(1)-Ru-03) 84.4-95.63)

2.4432) 85.6—-94.44)
Sr-O(1)x 2 2.59a7) 0(3)-Ru-0(3) 90

2.6259) 90
Sr-O(1)x2 2.86%8) 0O(3)-Ru-0(3) 180

2.83810) 180
Sr-O(2)x4 2.82@3) Cu-O(1)-Ru 169.16)

2.8193) 171.58)
Sr-O(3)x 2 2.6414) Cu-O(2)-Cu 169.52)

2.6614) 169.92)
Sr-O(3)x 2 3.2495) Ru-O(3)-Ru 152.64)

3.2325) 154.34)
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but the latter can give rise to ferromagnetic order as found in CONCLUSIONS

SrRuQ,. 213 .
The observed superconductivity and ferromagnetism in RUSEGACLOg has a tetragonal 1212-type structure typi-

RUSEGACWOs shows thatp lies between the above ex- cal of many cuprates, but with an unprecedented short apical
tremes.p may be estimated from the structural data usingCU-© bond of 2.19 A. No gross structural changes occur on
bond valence summations that make use of the sensitivity dt°°!ing from 295 to 10 K, below the ferromagnetic and su-
Cu-O bond lengths to the hole concentratténin ~ Perconducting transitions at 132 and 37 K, respectively. Al-
RuSKLGACwOg, the four in-plane Cu-@) distances are though this material is cation and oxygen stoichiometric, dis-
comparable to those in other cuprate superconductors, b@fder in the average structure and microstructure arises from
the 2.19 A apical Cu-Q) bond is unusually short compared, the c/a ratio being very close to 3, and from the mismatch
e.g., to 2.30 A in YBaCu;0, (Ref. 9 and 2.35 A in over- between Cu-O and Ru-O distances within their respective
doped TISgCaCyO,_, (Ref. 15. This results in a high MO, planes. The former coincidence results in many small
value of p~0.4, calculated using the 295 K bond lengths misoriented domains in as-prepared samples, and long high-
distances in Table Il, and the method of Ref. 16. temperature annealing is needed to produce large domain
The estimate op~0.4 appears to be inconsistent with the material. The bond length mismatch leads to rotations of the
observed superconductivity in this RysdCuOg sample, RuQ; octahedra around, and the formation of subdomains
and with the previous estimate pf~0.1 (i.e., underdoped separated by sharp antiphase boundaries at which the sense
superconductivity based on transport measurement&is  of rotation is reversed. The hole doping of the Guilanes
contradiction suggests that a large proportion of the holes igequired for superconductivity results from overlap of the Cu
trapped by defects or by the ferromagnetic order in they, . and Rut,, bands. The measured bond distances indi-
sample. The principal interaction between the carriers in theate that a high degree of charge transfer occurs, but this is at
CuG, planes and the Ru moments, in the absence of a diregjdds with reported transport properties that are characteristic
exchange, is a classical electromagnetic one. This vanishesdf underdoped cuprates. This may reflect a magnetic hole-
both the carrier momentum and the field are parallel tocthe  trapping interaction and further experiments are needed to
plane, and therefore predicts that the Ru moments lie in thig|arify this issue.
plane (otherwise the pairbreaking would be too severe for
superconductivity to occuurHowever, a slight canting of the
moments may a}rise dge to a Dzyaloshinsky-Moriya interac- ACKNOWLEDGMENTS
tion between neighboring Ru moments, which is nonzero due
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