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We report on the exploration to synthesize Sr,_, BayRuOy, the large volume variant of the unconven-
tional superconductor SroRuO4. We have succeeded in growing single crystals for x-values up to 0.4 by
making use of the traveling solvent floating zone method. The quality of the obtained crystals is
confirmed by X-ray and neutron diffraction measurements and the properties of these Ba-substituted
ruthenates were studied with magnetic and electrical transport measurements.
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. Introduction

Single-layered perovskite ruthenates have attracted enormous
interest since the discovery of superconductivity in Sr,RuO,4 30
years ago [1]. Like other unconventional superconductors, it was
also found that the superconductivity in Sr,RuO4 is in close
proximity to magnetic instabilities [2-5]. Rather unique compared
to other superconductors with s-wave or d-wave pairing, SroRuOy4
is believed to exhibit spin-triplet p-wave pairing [5-7]. It has been
proposed that ferromagnetic (FM) spin fluctuations play a key role
in the pairing mechanism of Sr,RuO,. Intense research activities
have been focused on the search for FM spin fluctuations in this
compound and accumulating evidence has been acquired which
point to a coexistence of both weak FM and short-ranged incom-
mensurate antiferromagnetic (AFM) type correlations [2,3,8].
Further interest has been generated from the investigation of the
Ca-substituted SrpRuO,4 system (substitution of Sr by smaller Ca
ions) which exhibits a rich phase diagram [9-11]. Finally, the pure
CayRu0,4 compound is shown to be a Mott insulator that orders
antiferromagnetically below 110K [9] and FM type cluster spin
glass states exists in a large doping range [4]. The research was
also extended to doping elements both at the Sr-site (with La, etc.)
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and at the Ru-site (with Ti, Co, Mn, etc.) site to enhance FM or AFM
fluctuations or even trigger static orders of either type [12-14].
Substitution or doping at the Sr site has the advantage that it
leaves the Ru-O plane intact. Nevertheless, apart from the very
well-studied Ca-substituted system, there is relatively less work
using other substitution or doping elements, especially those that
can enlarge the volume of the unit cell without altering the Ru-O
planes [15]. This is in particular interesting since the supercon-
ducting transition temperature of Sr,RuO4 can be enhanced
strongly using strain [16]. In this work, we report on the growth
of high quality and large volume single crystals of Sr,_,Ba,RuO,4
(0.05 < x < 0.4). The quality and physical properties of our crystals
are characterized by X-ray and neutron diffraction, magnetic and
electrical transport measurements.

2. Experimental procedure

In an initial step polycrystalline Sr,_,Ba,Ru;,,04 powders
(with y<0.15) were prepared from SrCOs; (99.99%, Alfa Aesar),
BaCOs (99.95%, Alfa Aesar) and RuO, (99.9%, Alfa Aesar). The
powders were thoroughly ground followed by traditional solid-
state reaction at 1100 °C for 48 h in air with intermediate grind-
ings. The resulting powder was packed into latex tubes and
pressed into rods of ~6 mm in diameter and ~14 cm in length
under ~100 MPa hydrostatic pressure and, then, sintered again at
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1100 °C to make a dense feed rod. The Ru-excess y in the feed rod
acts as self-flux and a compensation to the evaporation of RuO,
(which is heavily evaporating during the growth procedure), and,
is essential for the successful growth of large crystals of ruthenates
[17,18]. In the next step single crystals were grown from these
polycrystalline feed rods by the floating zone technique using a
single crystal of the same composition as a seed. The atmosphere
during the crystal growth was maintained in a high pressure
optical mirror furnace (High Pressure Crystal Growth Furnace,
Scientific Instrument Dresden GmBH) that is able to reach gas
pressures up to 150 bar using a mixture of Ar and O, with a ratio of
9:1 and with a flowing rate of 1 I/min. The seed crystal and the
feed rod were counter-rotated at 30 rpm and a growth speed of
15-30 mm/h was used during crystal growth.

Powder X-ray diffraction measurements have been performed
with a 26 step of 0.005° on powders ground from our single
crystals using Cu K,; radiation of a laboratory X-ray source. The
magnetic properties of our single crystals were measured using a
SQUID magnetometer (MPMS, Quantum Design). The neutron data
was collected at the cold neutron triple-axis spectrometer RITA-II
at the Paul Scherrer Institute, Villigen, Switzerland, using a
neutron wavelength of ~4.05A corresponding to k; =k =
1.55A~'. Electrical transport properties of our crystals were
measured using a physical property measurement system (PPMS,
Quantum Design). Samples were cut into bars with typical
dimensions ~1 x 1 x 2 mm>. Four probe contacts were made by
connecting Au wires using silver paste.

3. Results

Sr,_xBayRuOy, single crystals with several centimeters in length
and ~5-6 mm in diameter could be obtained within the Ba-
substitution range 0.05 < x < 0.4. Attempts to grow doping levels
higher than x > 0.4 always end with small crystals grown together
with other impurity phases. One possible reason for this observa-
tion could be that one enters the regime of a miscibility gap at
higher Ba-substitution x > 0.4.

The growth direction was determined by X-ray Laue diffraction
to be the tetragonal [110]-direction and the facets, which can be
readily seen from Fig. 1(a)-(g), are the (001) plane of the single
crystal. The sharp X-ray Laue diffraction pattern along the [001]-
axis of a Sr,_,BayRuO,4 (x=0.4) crystal shown in Fig. 1(h) confirms
the sample quality of our as-grown single crystals.

Finally, long scans across the whole length of the single crystal
and from different sides have been performed with our real-time
Laue camera. These real-time Laue scans indicate only one single
domain along the entire growth direction of our single crystals for
all investigated sides of each crystal, thus, confirming the single
crystallinity of our crystals.

3.1. Characterization

The phase purity and lattice parameters of the grown crystals
were determined at room temperature by powder X-ray diffrac-
tion (PXRD). A typical PXRD pattern for Sr,_,Ba,RuO4 (x=0.4)
crystal is shown in Fig. 2(a). It was possible to describe the crystal
structure with space group I4/mmm as for the undoped parent
compound Sr,RuO,4 [1]. The two broad features marked with 3,
which is common for all the PXRD pattern measured in our
laboratory, originate from the sample holder. All the other peaks
can be indexed and refined properly by Rietveld refinement,
indicating phase purity. The Ba-substitution dependence of the a
and c lattice parameters is plotted in Fig. 2(b). The linear increase
of a and ¢ with Ba-substitution level x is basically following
Vegard's law and indicates the successful substitution of the

Strontium by the larger Barium atom in the Sr,_,BaRuQ,4 series.
Also a linear fit of the data yields extrapolated values of ap=3.8704
(7) A and co=12.745(4) A for x = 0 which is very close to reported
values (ap=3.87 A and cy=12.74A) for the parent compound
SroRuO4 [1 ]

Furthermore, we have performed inductively coupled plasma
optical emission spectrometry (ICP-OES) measurements in order
to, finally, confirm the successful Ba-substitution in our single
crystals. In Fig. 3 the resulting measured Ba-concentration
obtained from our ICP-OES measurements is plotted as a func-
tion of the nominal Ba-substitution of each single crystal. As
can be seen, our Ba-substituted single crystals are essentially
stoichiometric.

Fig. 4 shows the rocking curves of in total ~50 g co-aligned
single crystals of Sr_,Ba,RuO,4 (x=0.4) measured by means of
neutron diffraction on a cold triple-axis-spectrometer. The co-
aligned crystal ensemble used for this measurement is shown in
the inset of Fig. 4(a). In total, 14 single crystals of Sr;gBag4RuOy4
were co-aligned on an aluminium sample holder with the crystal-
lographic c-axis perpendicular to the neutron beam, see the inset
of Fig. 4(a). The full scan across two of the four-fold peaks (200)
and (020) that is plotted in Fig. 4(a) clearly indicates the absence of
crystal grains from other domains in our entire crystal ensemble.
Fig. 4(b and c) shows the fits of the (020) and (200) reflections
with a Gaussian distribution. The full width at half maximum
(FWHM) for these two peaks obtained from Gaussian fits amounts
to 0.982° and 0.875°. The relative small values of the FWHM (note
that we have co-aligned 14 pieces of crystals) prove both the good
mosaicity of our single crystals and a proper co-alignment of the
entire crystal ensemble.

3.2. Magnetic and transport properties

In Fig. 5, we present the zero-field-cooled (ZFC) and field-cooled
(FC) magnetic susceptibilities y = M/H of a Sr,_,Ba,Ru0, (x=04)
single crystal as a function of temperature measured in a magnetic
field of H=0.5 T applied along the [110]-direction (y1;0;,, HI[110]) and
along the [001]-direction (yo9;), HII[001]). As can be seen, y shows an
anisotropy with yg01; > ¥(110) Over the whole measured temperature
range. At high temperatures, both o9y, and 110, are characterized by
a weakly temperature dependent component, ;([301](300 K)=7.6 x
10~ * em?/mol and (114,300 K) = 4.6 x 10~ * cm?/mol. These mag-
netic properties resemble the Pauli-paramagnetic properties of the
parent compound Sr,RuQ, [1] which is different from the observations
in Ca-substituted compounds where y shows a Curie-Weiss-like
behavior [9,10]. Interestingly, at low temperatures, y shows a steep
upturn for both measured directions which shows a directional
dependence. The anisotropy of this ferromagnetic signal that appears
only at lowest temperature can be seen best in the magnetization
curves shown in Fig. 6. Whereas the magnetization curve is almost
linear for the [110]-direction (in-plane) it exhibits a ferro-/ferri-
magnetic character in the [001]-direction (out-of plane).

The in-plane and out-of-plane resistivities of a Sry_,Ba,RuO4
(x=0.4) are shown in Fig. 7. The corresponding residual resistivity ratio
(RRR) is calculated to be RRR}110) = p(110;(300 K)/p;110,(2 K) = 17.6 and
RRRj001) = P1001;(300 K)/p1001)(2 K) = 9.2. Simiilar to the parent com-
pound Sr;RuOy, the out-of-plane resistivity pjoy; shows a crossover
from non-metallic to metallic temperature-behavior with a broad
maximum at Ty; ~ 140 K [1]. On the other hand, the in-plane resistivity
measured with electric current along [110] direction, pqq, shows
metallic behavior in the whole measured temperature range (only a
small change in the slope of py;;q, is also visible in that temperature
range). Le. at high temperatures, SrygBag4RuO, exhibits only in-plane a
metallic temperature dependence of p, whereas, at low temperatures,
the crystal shows a metallic temperature dependence of p in all three
crystallographic directions.
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Fig. 1. (a)-(g) Pictures of the as-grown crystals of Sr; _,Ba,RuO,4 with indicated x values. (h) A X-ray Laue pattern along [001]-direction for the crystal of SrigBag4RuO4

measured with our real-time Laue camera.
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Fig. 2. (a) Room-temperature powder X-ray diffraction pattern of a powder sample
of Sr,_yBayRuO,4 (x=0.4) obtained from crushed single crystals. A Rietveld refine-
ment calculated with space group [4/mmm is able to describe the data properly
(the two broad features marked with % originate from the sample holder).
(b) Doping dependence of lattice parameters of Sr; _yBa,RuOa.

The absolute value of pioy and pppq at 300K is 2.9 x
1072 Qcm and 2.1 x 1072 Q cm, respectively, which gives an
anisotropy ratio of pjog1y/pj119)~ 1.4. This is much smaller than
that of the Sr,RuQ,4 parent compound which amounts to ~220 [1].
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Fig. 3. The Ba-concentration in our Sr»_,Ba,RuO, single crystals as derived from
ICP-OES measurements. The values measured by ICP-OES are plotted versus the
nominal Ba-concentration of each single crystal.

Note that the out-of-plane resistivity for SroRuO4 is roughly
~4 x 1072 Q cm. Fig. 7(b) shows the decrease of the anisotropy
ratio as a function of Ba-content. This indicates that Ba-
substitution greatly increases the in-plane resistivity. For the Ca-
substituted Sr,_,Cay,RuO4 system, the in-plane resistivity only
slightly changes with Ca doping and remains metallic in a large
doping range (0<x<1.8) while the out-of-plane resistivity
changes significantly upon Ca doping and they finally become
Mott insulating for both measured directions in the vicinity of the
pure CayRuOy4 [9,10]. But whereas octahedral tilts are induced by
doping of smaller Ca-ions in SrpRuQ,4, the doping with larger Ba-
ions only induces an increase of the unit cell volume. No
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Fig. 4. Neutron rocking curves of ~50 g co-aligned single crystals of Sr,_BayRuO,4
(x=0.4). (a) A large scan across two of the four-fold peaks (200) and (020) is shown.
The measured crystal ensemble is shown in the inset. (b and c) A Gaussian fit to the
(020) and (200) reflections yields a full width at half maximum (FWHM) which
amounts to 0.982° and 0.875° respectively.
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Fig. 5. Zero-field-cooled (ZFC) and field-cooled (FC) magnetic susceptibility y of a
Sr,_yBayRuO4 (x=0.4) single crystal as a function of temperature measured in a
magnetic field of H=0.5T applied along the [110]-direction (y11¢, HII[110]) and
along the [001]-direction (y;gpq;, HII[001]).

octahedral tilts are induced by Ba-substitution. Our observations
in floating zone grown single crystals are in contrast to observa-
tions in older powder studies [15]. Our observed increase of the in-
plane resistivity with increasing Ba-content may be caused by
local scattering processes associated with the introduction of the
huge Ba-ions. This may also be accompanied by nano phase
separation which was recently found to play an important role
for several transition metal oxides that cannot be entirely under-
stood based on homogenous phases [19-24].

4. Conclusion

In conclusion, we have succeeded in growing single crystals of
Sr,_xBayRuO,4 in the doping range 0.05 <x < 0.4 by the floating
zone technique. The availability of high quality and large volume
crystals will enable future studies of the other side of the
Srz,fo+ RuO4 phase diagram such as inelastic neutron scattering
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Fig. 6. Magnetization curves along the [110]-direction and along the [001]-
direction measured on the same sample at T=2, 30 and 200 K. The magnetization
curve in [001]-direction measured at 2 K clearly deviates from a linear field-
dependence.
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Fig. 7. (a) The resistivity p of Sr,_yBa,RuO,4 (x=0.4) measured using an excitation
current of I =5 mA along the [110]-direction (pj;1q), 1II[110]) and along the [001]-
direction (pjgoy), 11{001]). (b) The anisotropy ratio pipo1)/pj110)- The value for the

Sr,Ru0,4 parent compound was taken from Ref. [1]. Error bars are systematic errors
due to (maximum possible) uncertainties of the sample dimensionality.

experiments where a large sample volume is required. Although
no octahedral tilts are induced by Ba-substitution we still have
indications for the introduction of more localizing properties
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induced by Ba-substitution as indicated by the increased in-plane
resistivity compared to the out-of-plane resistivity in
SrieBag.4Ru0,. Finally, we observe a direction-dependant ferro-/
ferri-magnetic signal or contribution in magnetization measure-
ments of Srp_,Ba,RuO,4 that appears at lowest temperatures.
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