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Abstract: We report the single-crystal growth of the unconventional superconductor Sr2RuO4, on
which research has reached a turning point recently. In order to optimize the quality of crystals
grown by the floating-zone method using an infrared image furnace, we focus on an improvement of
the structure of the filament in the halogen lamps. By reducing the thickness of the total filament,
the form of the molten zone was narrowed. More importantly, the molten zone was observed to
be more stable during the growth process. Finally, we obtained the crystals with a length of 12 cm.
Additionally, the grown crystal has high quality, displaying the 1.5 K transition temperature expected
only for the purest crystals. We also discuss the availability of the newly developed halogen lamps.

Keywords: floating-zone technique; single crystal; Sr2RuO4; molten-zone controlling

1. Introduction

Since the discovery of the superconductivity in the layered perovskite ruthenate
Sr2RuO4 in 1994 [1], the material has attracted much attention because of the novel su-
perconductivity with the transition temperature (Tc) of 1.50 K [2–4]. The normal state
properties have been well established in the framework of Fermi-liquid theory on the
basis of the quasi-cylindrical Fermi-surfaces revealed by de Haas–van Alphen and angle-
resolved photoemission experiments [5–8]. On the other hand, full understanding of the
superconducting state has still been a challenging issue, although many experimental
probes have been attempted [9–12]. Since the unconventional superconductivity of this
material is extremely fragile against any kinds of impurities and defects [13–16], progress
in understanding the superconducting states has been closely linked with the improvement
of quality of the available single crystals. The floating-zone technique has been the main
source of such high-quality single-crystals because this method can minimize the accidental
contamination of impurities during the growth processes [17,18].

Recent significant progress has been achieved by a sophisticated experimental tech-
nique, applying uniaxial stress to this material [19,20]. The technique, precisely controlled
by piezo actuators, has enabled the application of compressive (tensile) uniaxial stress
along in-plane direction up to over 1 GPa (around 0.2 GPa) [21]. The transition temperature
reaches 3.5 K at a critical stress (~0.7 GPa) [22–24], at which one of the major bands (γ band)
touches a van Hove point in the two-dimensional Brillouin zone [25]. The upper critical
field along the in-plane direction is also enhanced to 4.5 T at the critical stress from 1.5 T
under ambient pressure. The enhancement of the critical field along the perpendicular to
the RuO2 planes (c axis) is more remarkable: From 0.075 T under ambient pressure to 1.5 T
at the critical uniaxial stress [22]. Very recently, new nuclear magnetic resonance (NMR)
measurements have revealed that the spin susceptibility drops below Tc under ambient
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pressure as well as uniaxial stress [26,27]. Since this observation suggests that the supercon-
ducting condensate has an even parity, rather than the odd parity proposed by a previous
NMR study [28], research on this material has reached a turning point. Furthermore, a long
range ordered magnetism has been induced under extreme strain (>1 GPa) [29] and seen
to be neighboring the superconducting phase. All of this has stimulated widespread new
interest in obtaining a full understanding of the unconventional superconductivity [30,31].

The experimental techniques for studying Sr2RuO4 vary from microscopic to macro-
scopic methods, from ambient pressure to applied uniaxial stress/hydrostatic pressure,
and high-quality crystals have been in high demand for experiments aiming to reveal
intrinsic properties. The most quality-sensitive feature noted so far is the detection of the
first-ordered phase transition at 1.5 T when the magnetic field is exactly aligned to the
in-plane direction. Here, an impurity level corresponding to 50 ppm (Tc = 1.45 K without
strain) is enough to obscure the transition [32–34]. Additionally, the sample volume has
become an additional factor as crystals are required, in particular, for muon spin rotation
and neutron scattering experiments under strain, in order to gain a good enough signal to
noise ratio for the experiments to be practical [35]. Obtaining larger crystals is also highly
desirable, because growth of larger crystals enables comparison of the results of a variety
of experiments on crystals from a single batch, and therefore an improved picture of the
underlying physics of this material. In this paper, we report progress in the crystal growth
in Sr2RuO4 with a focus on the benefits brought by improved halogen lamps in an infrared
image furnace.

2. Experimental Section
2.1. Floating-Zone Technique

For the growth of single-crystalline Sr2RuO4, we employed a RuO2 self-flux floating-
zone technique using an infrared image furnace with double-elliptical mirrors (Canon
Machinery Inc., SCI-MDH-11020) in Dresden. A sketch of the furnace is shown in Figure 1.
Since a halogen lamp is set to one of the focal points of the gold-coated elliptical mirror,
the radiation from the lamp reflected at the mirror condenses at the other focal point. The
focused area is shared with the other condensed area from the radiation of the second lamp,
and reaches over 2000 ◦C when both lamps are operated at maximum power. Then, the
bottom end of an RuO2-enriched feed rod attached to the upper shaft is carried to the focus.
The molten rod is connected to a seed rod attached to the lower shaft, and the molten zone
is formed. The single crystal finally forms as it is pulled continuously from the molten
zone. The growth area is separated by a quartz tube from the outside, and we are able to
choose the desirable gas and its pressure for the growth. Here, one of the important points
is to keep the molten zone stable during the growth, because it is supported only by the
surfaces between the feed rod and the seed rod. There are many controllable parameters to
stabilize the molten zone, for example, the lamp power, the feed speed, the seed speed, the
gas atmosphere, the applied pressure, and the quality of the rod, and we have succeeded in
growing the Sr2RuO4 crystals by optimizing these parameters [17,18]. We argue that this
optimization has been focused on the growth processes, not on the hardware setup of the
infrared furnace.

2.2. Controlling the Molten Zone

In this paper, we focus on another parameter, the molten zone itself, which has not
been paid as much attention regarding the growth of ruthenates since the early work in
the second half of the 1990s. Our experience throughout the crystal growth is that the
molten zone of the (layered) perovskite ruthenates has relatively low surface tension and
viscosity [36–39], compared to, for instance, rutile (TiO2) and aluminum oxide (Al2O3),
which are the typical materials used for the test growth when the furnace is first installed.
It is, therefore, usually hard to keep the molten zone stable for the growth of ruthenates.
Since the liquid state of the molten zone is an intrinsic property of the material, it cannot
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be controlled during the growth. Instead, one can control the shape of the molten zone by
sharpening/expanding the focused area.
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Figure 1. Schematic drawing of an infrared image furnace with double elliptical mirrors. In this study,
we focus on the improvement of the crystal growth of Sr2RuO4 by introducing a new filament. Here,
the new filament has a single layered, whereas the conventional one has a double-layered structure.

The focus area is strongly influenced by the filament dimension of the halogen lamp,
as shown in Figure 2. The filament first used to attempt the growth of ruthenates had the
spiral structure shown in Figure 2a, but a significant advance was made [17,36] by replacing
it with a flat-shaped filament in early 1997. The flat-shaped filament used since then has a
double-layered structure (Figure 2b), where each layer is formed by an array of filaments.
Since the layered filament sits horizontally at the focus point of the elliptical mirror, the
vertical length at the molten zone depends on the thickness of the total filament. Thus far,
we have chosen the double-layered filaments with the total thickness of 6 mm in order to
gain a sufficient power to melt the feed rods of ruthenates over 2000 ◦C. Consequently, the
molten zone was broadened to typically 8 mm.

We have developed a new filament to reduce the length of the molten zone, as shown
in Figure 2c. The significant point is that the new filament is formed by a single layer,
rather than the double layer, and the thickness is reduced to 2 mm. We note that the same
electrical power of the new single-layered filament (2 kW) is kept compared to that of the
conventional double-layered filament, although the total volume of the filament is reduced
by 40%. Next step is to examine the growth of Sr2RuO4 in order to check how the new
filament improves the growth, because the narrower molten zone might actually cause a
more unstable situation during the growth: The bottom of the feed rod and the top of the
seed confront each other because both are getting closer.
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Figure 2. A photograph of (a) a halogen lamp with spiral filament, (b) a conventional halogen lamp
with double-layered filament structure, and (c) a new lamp with single-layered filament structure.
For clarify, the filament arrays are sketched.

3. Results and Discussion
3.1. Crystal Growth with the Newly Developed Filament

The detailed procedure of the crystal growth including the rod preparation is described
in ref. [18]: The feed speed is typically 28–30 mm/h, and the growth speed is 45 mm/h
in the gas mixture of O2 (15%) and Ar (85%) at 0.35 MPa. We note that we prepared
two identical feed rods with the same diameter (6 mm) in order to directly compare the
growth by the different filaments (double-layer or single-layer). Figure 3a shows a photo
of the crystal growth of Sr2RuO4 using the conventional filaments with double-layered
structure [18]. The molten zone is kept stable with the length of 8 mm, but frequent manual
operation was required of the feed speed and power in order to obtain that stability, as has
been the case in all image furnace Sr2RuO4 growths to date. Figure 3b shows a photo of
the growth using the new filament with the single-layered structure. It is obvious that the
length of the molten zone is reduced to 5 mm, and the zone is well melted. This suggests
that the new filament has the capability to sufficiently melt the feed rod and to form the
molten zone in the narrower range. More importantly, the molten zone using the new
filament was observed to be far more stable than the conventional one, and consequently,
the requirement for manual control was significantly decreased during the entire growth.
Finally, the obtained crystal had a length of 12 cm length, compared to the 7 cm typically
obtained using the conventional filament, as summarized in Figure 4. We note that the
growth was forced to stop at the crystal length of 12 cm only because the lower shaft
reached the lower limit set in the furnace, and not due to any zone instability. Thus, it is
confirmed that the newly developed filament contributes to the growth of Sr2RuO4 under
stable conditions. It is also worth describing that, when we start the growth, input power
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to the single-layered (double-layered) filament is 1.51 (1.12) kW, respectively. The necessity
of higher power for the new filament might be reflected by the following reason: (i) A
steeper temperature gradient yields enhanced heat-flow from the zone to the feed/seed.
Consequently, it needs more input power to keep the molten zone stable under sufficiently
melted condition. (ii) Since the total volume of the new filament was reduced by 40%,
more input power is necessary to generate 2000 ◦C at the molten zone. Although more
input power is necessary for the growth of Sr2RuO4 with the new filaments, we argue that
the required power is still only 80% full available power. On the basis of our acquired
experience so far, we are able to estimate that lifetime of the new filament can be 100 times
longer than the typical lifetime (200 h) when the filament is continuously used under
full power.
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lamps with single-layered filament. (c) A photograph of the cleaved crystal. The shiny surface represents the (001) plane.
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3.2. Characterization of the As-Grown Crystal

Figure 5 shows the back-scattered Laue photograph of the crystal grown using the new
filament, after the sample was cleaved as seen in Figure 4c. Here, the photograph along the
[001] direction in Figure 5 is reversed white and black for clarity. We can see sharp spots,
suggesting the high quality. In order to characterize the quality of the grown crystals in
more detail, we performed 2θ/ω and rocking curve measurements on the cleaved surface
by using an X-ray SmartLab diffractometer (RIGAKU) equipped with Cu-rotator anode
(45 kV, 200 mA, Cu Ka). The rocking curve is a measure of mosaic spread in the crystal.
Figure 6 shows the 2θ/ω patterns of the cleaved surface between 5 and 140◦. The sharp
peaks correspond to the 00l reflection. The c-axis lattice parameter is obtained as 1.275 nm
at room temperature, which is in good agreement with a previous report [1]. The inset
of Figure 6 shows the 006 rocking curves for the crystals grown using the new filament
(solid curve) and the conventional filament (dashed curve). Here, the peaks are normalized
to the same height for easy comparison of the full width at half maximum (FWHM).
The FWHM is 0.020◦ and 0.023◦, respectively. These values are comparable to a cuprate
YBa2Cu3O6.95 grown in Y2O3 stabilized ZrO2 crucibles, but the values of Sr2RuO4 are still
higher than that of the YBa2Cu3O6.95 crystals (0.007) grown in BaZrO3 crucibles [40]. This
result suggests that in terms of mosaic spread, the quality of the grown Sr2RuO4 is not
particularly sensitive to the difference of the filaments used for the growth.
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Another important physical property to be characterized is Tc in bulk, and we mea-
sured the temperature (T) dependence of specific heat (Cp) below 2 K using an option
of Physical Properties Measurements System (PPMS, Quantum Design) by a relaxation
method in order to check the bulk superconductivity. The heat capacity Cp divided by T
(Cp/T) as a function of temperature is presented in Figure 7. We can see a clear and sharp
superconducting transition at 1.5 K, along with a small residual density of states, which
is deduced by extrapolating Cp/T to zero Kelvin. Additionally, the specific-heat jump at
Tc (∆Cp/γNTc) is 0.72, where γN is the electronic specific heat coefficient in the normal
state [41]. These results show that the crystal grown using the new filament is of high
quality, at least as good and arguably better than those of crystals obtained by the crystals
using the conventional filament [18]. Consequently, the grown crystals in this study can
be suitable for further research such as neutron scattering experiments [35] that require
very large crystals or using techniques such as resonant ultrasound which requires careful
cutting and polishing of samples of well-defined shape from large starting crystals [42,43].

Crystals 2021, 11, x FOR PEER REVIEW 7 of 10 
 

 

 
Figure 6. 2θ/ω scanned XRD pattern of the cleaved surface of Sr2RuO4 grown using the new fila-
ment. The inset shows the (006) rocking curves for the crystals grown by the new filament (full 
curve) and the conventional filament (dashed curve). 

 
Figure 7. Specific heat divided by temperature (CP/T) as a function of temperature below 2 K. A 
clear transition at 1.5 K is seen. Additionally, the residual density of states is small when CP/T ex-
trapolates to zero Kelvin. 

4. Concluding Remarks 
We have demonstrated the improvement of the crystal growth of Sr2RuO4 using an 

improved filament with single-layered structure. The new filament has the same maxi-
mum power (2 kW) as the conventional double-layered filament. The molten zone is nar-
rower, enabling better stability during growth. We succeeded in obtaining larger crystals 
fully 12 cm long, the maximum size available for our furnace. X-ray and heat capacity 
characterization demonstrate that the grown crystal has high quality. We also note that 
the growth of another ruthenate, Ca3Ru2O7, was successful using the new filament. We 
therefore emphasize the suitability of the new filament for the crystal growth of materials 
with low viscosity melts and low surface tension.  

Another option to narrow the molten zone is to use laser emission, which has seen 
dramatic developments in recent years [44], and has been reported to have high potential 
for good molten-zone stability and control [45]. Laser emission can make the zone even 
narrower than that obtained by the radiation from halogen lamps. However, a “disad-
vantage” of laser emission can be that the zone is too sharply defined, leading to cracking 
of the as-grown crystal because of too sharp a temperature gradient between the molten 
zone and the grown crystal. Therefore, reduction of the temperature gradient has been 
developed by improving the laser profile [45]. We note that this kind of cracking was not 
seen in our cleaved crystals, as shown in Figure 4c.  

Figure 7. Specific heat divided by temperature (CP/T) as a function of temperature below 2 K. A clear
transition at 1.5 K is seen. Additionally, the residual density of states is small when CP/T extrapolates
to zero Kelvin.

4. Concluding Remarks

We have demonstrated the improvement of the crystal growth of Sr2RuO4 using
an improved filament with single-layered structure. The new filament has the same
maximum power (2 kW) as the conventional double-layered filament. The molten zone
is narrower, enabling better stability during growth. We succeeded in obtaining larger
crystals fully 12 cm long, the maximum size available for our furnace. X-ray and heat
capacity characterization demonstrate that the grown crystal has high quality. We also note
that the growth of another ruthenate, Ca3Ru2O7, was successful using the new filament. We
therefore emphasize the suitability of the new filament for the crystal growth of materials
with low viscosity melts and low surface tension.

Another option to narrow the molten zone is to use laser emission, which has seen
dramatic developments in recent years [44], and has been reported to have high potential
for good molten-zone stability and control [45]. Laser emission can make the zone even
narrower than that obtained by the radiation from halogen lamps. However, a “disadvan-
tage” of laser emission can be that the zone is too sharply defined, leading to cracking
of the as-grown crystal because of too sharp a temperature gradient between the molten
zone and the grown crystal. Therefore, reduction of the temperature gradient has been
developed by improving the laser profile [45]. We note that this kind of cracking was not
seen in our cleaved crystals, as shown in Figure 4c.

A further advantage of using the new filament is flexibility. We are able to replace the
lamps using the same furnaces. Since nearly a thousand of the infrared image furnaces have
been installed over the world, replacing the lamps is more practical and reliable compared
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to the installation of new laser units. It is also possible to use different lamps for materials
with different surface tension/viscosity melts, if appropriate. Although developing the
laser-emitted floating-zone technique has high potential to advance the field [46], we
show here that the “classical method” still has potential both for improvement and for the
extension to the crystal growth of materials with such low surface tension/viscosity melts
that it has been impossible, so far, to obtain the crystals by floating zone growth.
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