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Magnetic torque measurements using micro-cantilever have been performed to investigate the
superconducting phase of SroRuO4 down to 40 mK. For high-quality single crystals with the tran-
sition temperature (7¢) of 1.48 — 1.49 K, an abrupt jump of the torque signal is found near 1.5T
in field parallel to the conducting RuO2> planes below ~ 0.8 K. The jump corresponds to the first
order transition recently revealed by magnetocaloric and magnetization measurements [Yonezawa
et al., Phys. Rev. Lett. 110, 077003 (2013); Kittaka et al., Phys. Rev. B 90, 220502(R) (2014)].
Furthermore, weak diamagnetic and irreversible signals are found to persist above the first order
transition up to 1.85 T. The result indicates the presence of a subphase boundary separating low-
and high-field phases in the superconducting phase. The high-field subphase disappears when the
field is tilted from the conducting planes only by a few degrees. Quantum oscillation measurements
are also reported to clarify the strong sample-quality dependence of the high-field subphase.

I. INTRODUCTION

Since the discovery of the superconductivity of the
layered perovskite ruthenate SroRuO,4 two decades ago
[1], the material has attracted much attention because of
novel superconductivity with the transition temperature
(Te) of 1.5K [2, 3]. Some fascinating experimental re-
sults have been revealed. First, the fact that there is no
change in the spin susceptibility across the T, has been
clarified by nuclear magnetic resonance (NMR) at differ-
ent atomic sites [4-6] and polarized neutron scattering
measurements [7]. Another is the presence of an internal
magnetic field below T, detected by muon spin relaxation
measurement [8]. On the basis of these facts, it has been
proposed that a spin-triplet pairing with broken time re-
versal symmetry is realized in the superconducting state
[2, 3]. A recent measurement of tunneling spectra using a
fabricated junction with SroRuO4 and Au [9] indicates a
chiral edge state attributable to a chiral superconductiv-
ity. Thus, extensive studies on SroRuO4 have provided a
new, topological aspect of superconductivity [3].

Despite these hallmarks of the novel superconductiv-
ity, a comprehensive understanding of the fundamental
superconducting properties such as the temperature (T')
dependence of the upper critical field (Hco) is difficult
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to achieve. Reflecting the quasi two dimensional (2D)
Fermi surfaces [10, 11], the H.s is highly anisotropic,
uoHe2=1.5T (in-plane) and =0.075 T (out-of-plane) for
H || ab and H || ¢, respectively [12]. Thermal conductivity
[13], specific heat [14], ac susceptibility [15, 16], and mag-
netization [17] measurements suggest that Hey for H || ab
at low temperatures is suppressed; namely, it is much
lower than expected from H,., found for fields away from
the in-plane direction. Those measurements present that
the normal state abruptly recovers near pugHq.o ~1.5T at
low temperatures. This sudden recovery is remarkably
weakened as the field direction is tilted from the con-
ducting planes [13-16].

Recent experiments of the magnetocaloric effect us-
ing high quality samples demonstrate that the jump is
thermodynamically attributed to a first order transition
(FOT) for T'<0.8K [18]. The observed FOT follows the
Hc — T curves reported by other experiments [13-17].
The FOT is very sensitive to the field angle, and the tran-
sition changes to second order as the field is tilted from
the RuOs planes [18]. The FOT was also observed by re-
cent magnetization and magnetic torque measurements
using a capacitive Faraday magnetometer [19]. However,
the origin of the FOT and the strong field angle depen-
dence, which are expected to be closely related to the
superconducting symmetry, still remain unclear.

We have performed magnetic torque (7) measurements
using a micro-cantilever, which is a highly sensitive probe
to detect bulk superconducting diamagnetism [20], in or-
der to deepen our understanding of the superconducting



properties of SroRuQy4. For high quality samples with
T.=1.48, and 1.49K, we observe a clear superconduct-
ing diamagnetic response associated with hysteresis even
above the FOT field (1.5T) in field parallel to the RuOx
planes, suggesting the presence of a high-field subphase.
We also find the characteristic field-angle and temper-
ature dependences of the superconducting phases with
different sample qualities.

II. EXPERIMENTAL

Single crystals of SroRuO4 were grown by a floating-
zone method. Temperature dependence of the interlayer
resistance without field shows no sign of the inclusion of
the so-called “3-K phase” in Ru-SroRuQ, eutectic sys-
tem [21]. For the magnetic torque measurements, the
boule was cut into small pieces with the typical size of
0.20mm x 0.25 mm x 0.03mm in [100], [010] and [001]
directions, respectively. Here, the sample size used in
this study was much smaller than that used for the pre-
vious magnetocaloric effect [18], magnetization, and mag-
netic torque measurements [19]. The onset T. of the crys-
tals labeled as f1, §2, and #3 were 1.49, 1.48 and 1.44 K,
respectively. All the experiments under magnetic fields
were performed by using dilution fridges mounted in su-
perconducting magnets at NIMS and NHMFL. The field
angle () is measured from [100] (or [110] for part of data
in Figs. 4(a) and (d)) to [001], as shown in the inset of
Fig. 2(b). For simplicity, we hereafter represent measure-
ments at 0.3° off the exact [100] and [110] directions as
H || [100] and H || [110], respectively. Since the magnetic
torque diminishes at symmetry directions, such tilting is
necessary to gain the sufficient torque signal.

IIT. RESULTS AND DISCUSSION

Figure 1(a) shows the field dependence of the magnetic
torque (7) at 40mK under H || [100]. The magnetization
curve given by 7/(uoH) for £1 is presented in the inset
of Fig. 1(a). The result is very similar to that seen by
means of a capacitive Faraday force method, including
a kink around 0.9T [17] (denoted as Hy in Ref. [17]).
The overall behavior of the torque curves, associated with
hysteresis, seems similar for all the samples but a signif-
icant difference is evident at ~1.5T. A jump, indicating
a FOT, is seen for samples 41 and #2 but a rather con-
tinuous change for 3. The transition at 1.57T is very
sensitive to the sample quality, as already noted in Ref.
[18].

Figure 1(b) presents the close-up views of the torque
signals near 1.6 T. Interestingly, the diamagnetic signal is
observed beyond 1.5T, which is the most evident for f1
with T, =1.49 K. The diamagnetism disappears at 1.85T
for 1. At the same field, the torque curves become re-
versible. In order to deduce the irreversible field H;,,, we
introduce A7 that represents the difference of the torque

signals between up- and down-field sweeps, as examined
in Ref. [22]. In Fig. 1(c), field dependence of AT was
shown. Here, the H;,., is indicated by a thick arrow.
Similar irreversible behavior is seen for #2, but the dia-
magnetism and hysteresis above 1.5 T are much smaller.
Finally, for #3 with T, = 1.44 K, neither FOT behavior nor
small diamagnetism above 1.5T was seen. H;, above
T ~0.8K coincides with bulk H.o as explained below,
which excludes the possibilities that the diamagnetic sig-
nal above 1.5T is due to the so-called “3-K phase” in
Ru-SroRuOy eutectic system [3, 21] or surface supercon-
ductivity. Small diamagnetism has been observed above
H_5 in highly anisotropic superconductors such as organic
compounds [23, 24] and it is ascribed to superconducting
fluctuation. However, the present diamagnetism above
1.5 T for these samples cannot be ascribed to supercon-
ducting fluctuation since the strong vortex pinning sug-
gested by the irreversibility is not expected in the fluctu-
ation regime [23, 24]. We conclude that the bulk phase
coherence of the superconductivity is preserved at least
up to Hiyy.

We present the torque curves at various temperatures
in Figs. 2(a) and (c), and the curves at various field an-
gles in Figs. 2(b) and (d) for £1. Again, the A7 curves
(Figs. 2(c) and (d)) are the differences of the torque sig-
nals between up- and down-field-sweeps, where the H;,, is
well defined as shown by arrows. The diamagnetic torque
signal is suppressed and Hj,, is reduced with increasing
temperature. In addition, the torque signal jump be-
comes less obvious with increasing temperature. In Fig
2(d), the H;,, is also reduced as the field is tilted from the
plane. The jump is not evident above ~ 2 degrees (Fig.
2(b)), consistent with the result of the magnetocaloric ef-
fect [18]. For comparison, we present torque curves for #3
at various temperatures (Figs. 3(a) and (c)) and at var-
ious field angles (Figs. 3(b) and (d)) in order to deduce
the Hi., for this sample. It is obvious that the jumps
are not observed at any temperature or angle. That is in
sharp contrast to the behavior seen in f1.

We summarize our results in field (H)-temperature
(T") phase-diagrams in Figs 4(a), (b) and (c) for f1, £2,
and #3, respectively. In Fig. 4(c), Hc2 obtained from ac
susceptibility measurements [16] is also plotted, which
agrees well with Hj, in sample #3 and also with Hj,, in
samples 1 and 2 for 7> 0.8 K. H;, for 43 agrees well
with Hco from other ac susceptibility [15, 25], thermal
conductivity [13] and specific heat measurements [14].
Significant features are seen in the low temperature and
high-field region; Hi,, is well beyond 1.5T for #1 and
2. Tt seems that, if extrapolated, the FOT field (H)
line is smoothly connected to the Hj. line at ~0.8K,
and ~1.2T, although it is difficult to identify the FOT
field (His) above 0.7K. The H;, values for #1 with
T.=1.49K are apparently higher than those for #2 with
T. =148 K. We stress that H;,, is directly deduced, not
extrapolated [13, 14], on the basis of the simple defini-
tion of the irreversible field on type II superconductivity.
A similar phase diagram is obtained when the field is



applied along [110] for 1 [open symbols in Fig. 4(a)].
The angular dependence studies are summarized in
Figs. 4(d), (e), and (f) for #1, 42, and #3, respectively. At
T=40mK, Hig4 of §1 and §2 is reduced with increasing
angle and seems to smoothly merge with Hj,. at 6~ 3°
if the angular dependence is extrapolated. On the other
hand, Hj,, of #3 is not enhanced but identical to Hig of
#1 and #2 at 6 < 3°, which corresponds to “H.o suppres-
sion” reported in previous studies [13-18]. Interestingly,
taking I' =26 and poHiyro = 1.85T, we can fit the H;,.(0)

data at 40 mK with a conventional anisotropic effective
Hirvo

mass model, H;,(0)= e, in the entire an-
\/cos? 0+I'2sin? 0

gle range (0° <6 <90°) for #1, as shown by the top solid
curve (green) in Fig. 4(d). The same parameters cannot
reproduce the H;,(0) data at low angles for the other
samples, as shown by the top solid curves (green) in
Figs. 4(e) and (f). In contrast, Hi,(0) at T~0.9K is
almost similar for all three samples, which can be fitted
with the same parameters (I' =26 and Hiy0=1.15T), as
presented by the middle solid curves (purple) in Figs.
4(d)-(f). Note that the Hco anisotropy I'=26 obtained
above differs from the coherence length anisotropy I' ~ 60
estimated at low fields (0.5~ 0.7 T') from small-angle neu-
tron scattering (SANS) experiments [26] and the angular
dependence of magnetic torque [19].

The irreversible feature and H;,, value strongly depend
on T, of the sample, which is probably related to the
sample quality. It is known that T, of SraRuO, is ex-
tremely sensitive to any kinds of disorder or impurities
[27-29]. Recently, it is reported that the T, can be also
be controlled by external strain [30, 31]. However, the
strain effect on T, can be excluded in this study, because
samples were not under strain during the experiments.
In order to check the sample quality in more detail, we
performed quantum oscillation measurements of all the
samples at 40 mK by applying the field almost perpen-
dicular to the RuO2 plane up to 17.5T. Here, we used
the same experimental setup as used above to determine
the phase diagrams, and the deviation between the field
and the ¢ axis was 3.0, 3.2, and 4.5 degrees for f1, #2,
and #3, respectively. Figure 5(a) shows the de Haas-van
Alphen oscillations in a low field region. Clear oscilla-
tions attributed to the « branch [10, 32] are observed
above 2T for #1 and #2, but above ~2.4T for #3 [Fig.
5(a)]. The slope of the Dingle plot in Fig. 5(b), (c),
and (d) gives the Dingle temperature (1p) for the «, f,
and ~ branch, respectively. For instance, the Tp for «
branch was obtained as 0.20, 0.19 and 0.28 K for §1, #2,
and #3, respectively. Then, we can evaluate the mean
free path (¢;) for each branch (i =«, 8, and ), using the
relations Tp; = h/(27kpT;) and ¢; = vp;7; [33]. Here, h is
the Plank constant, kg the Boltzmann constant, vg; the
Fermi velocity, and 7; the scattering time. Figure 5(e)
presents the ¢; vs. Hj, plot for all the samples. It is
clear that higher 7. values correlate with longer mean-
free-path as expected for the unconventional supercon-
ductivity of SroRuOy4. Since the in-plane superconduct-
ing coherence length (., ~66nm) [12] is much shorter

than /¢;, the superconductivity for all the samples is in
a clean limit. The important fact is that the long mean
free path (high quality) is required for the FOT and large
Hirr-

Here, we consider the origin of the FOT, the subphase
boundary (Higt) in the superconducting phase. Recent
NMR measurements have suggested an equal-spin pairing
state with a chiral p-wave superconducting state [34]. In
the simple triplet scenario, a modification of the d-vector
would be possible reflecting the internal degrees of free-
dom for both spin part and orbital part, because the can-
didate d-vectors in a tetragonal symmetry are found to
be almost degenerate [35]. A crossover to a non-unitary
state in a low-temperature and high-field region has been
proposed theoretically in the case that a weak spin-orbit
coupling is taken into account [36]. Although the trans-
formation to the non-unitary state is a crossover, not a
FOT, it would be interesting if a small superconducting
signal above Hig reflects the non-unitary state, where
only one spin direction is paired, indicating the other
spin direction has a zero gap.

Another aspect to be considered is that the simple
triplet formula may break down because of the entan-
glement between orbitals and spin through a strong
spin-orbit coupling (~0.2eV) experimentally revealed
by spin- and orbital-resolved photoemission spectroscopy
[37] and by resonant inelastic x-ray scattering measure-
ment [38]. The entanglement is significant for 8 and ~
bands, while such an effect is insignificant for o band
[37]. Samples #1 and #2, which have longer mean free
paths for S and v than #3, have enhanced Hj,. This
may indicate that long scattering time is necessary for
the entanglement not to be destroyed by scattering. The
entanglement could yield a novel superconductivity with
both singlet- and triplet-paring [39]. In that case, a para-
magnetic effect is no longer negligible. The observed sub-
phase above Hiy emerges only under the following condi-
tions: (1) high quality samples satisfying the highly clean
limit regime (¢; > &u), (2) low temperature and high
field, (3) well-aligned field angle to the conducting planes
where the orbital effect is quenched (6 < 3°). These con-
ditions remind us of a FOT caused by a paramagnetic
effect [40-43] and/or spatially modulated superconduc-
tivity proposed by Flude-Ferrel and Larkin-Ovchinnikov
(FFLO) [44-46]. Here the clear evidence for the FFLO
state has recently been reported in organic compounds
[47-49] and a heavy fermion system CeColns [50-52].
Theoretical calculations taking the paramagnetic effect
into account have been proposed to explain experimental
aspects such as field dependence of the specific heat, and
H_s suppression in SraRuOy [41, 53-55]. The consider-
ation of the mixture of both singlet- and triplet-pairing
would be promising for fully understanding of the novel
superconductivity in SroRuQy.



IV. SUMMARY

We presented the significant purity dependence of the
superconducting phase diagram of SroRuQO4 at low tem-
peratures when the field is well aligned to the conducting
planes. For the purest sample with 7, =1.49 K, we have
experimentally found that the small but clear diamag-
netic signals persisting up to Hi,, =1.85T beyond the
FOT field ~1.5T for the first time. This indicates that
a high-field superconducting subphase exists above the
FOT. We are able to fit the angular dependence of Hj,,
in the entire angle range using a conventional anisotropic
mass model as if the “H.y suppression” is relieved. We
have also presented the relation between the existence of
the high-field subphase and quasiparticle lifetime through

the quantum oscillation measurements.
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FIG. 1. (color online) (a) Field dependence of the mag-
netic torque (7) for samples f1, #2, and §3 under H || [100] at
T =40mK. The arrows show the field-up and -down sweep.
The inset shows the field dependence of the magnetization
obtained by 7/(uoH) for §1. (b) Magnetic field dependence
of the torque around 1.6 T. (¢) Field dependence of Ar, dif-
ference in 7 between up- and down-field-sweeps. The thick
vertical arrows indicate Hi..  Although labeled H || [100],
the field was applied 0.3° off [100] to observe sufficient torque
signals. Data are offset for clarity.
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FIG. 2. (color online) (a) Field dependence of the magnetic
torque (7) under several temperatures at H || [100] for sample
1. (b) Field dependence of the magnetic torque for 1 under
the various field angles at 40 mK. The inset shows the defini-
tion of the angle 6 from [100] to [001]. (c) Field dependence
of Ar, difference in 7 between up- and down-field-sweeps, to
deduce Hi(T') for §1. The thick arrows present the Hir,. The
curves are offset for clarity. (d) Field dependence of A7 under
various angle 0 to deduce the Hi.(0) for §1. The thick arrows
represent Hi,.. The curves are offset for clarify. Note that
although labeled H || [100], the data in (a) and (c) were ob-
tained with the field 0.3° off [100]. Data are offset for clarity.
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FIG. 3. (color online) (a) Field dependence of the magnetic
torque 7 under several temperatures at H || [100] for sample
#3. (b) Field dependence of the magnetic torque for §3 under
the various field angles at 40 mK. (c,d) Field dependence of
AT to deduce Hi(T') and Hiwr(0) for §3. The thick arrows
present the Hi,.. The curves are offset for clarity. Note that
although labeled H || [100], the data in (a) and (c) were ob-
tained with the field 0.3° off [100]. Data are offset for clarity.
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FIG. 4. (color online) (a,b,c) Field-temperature phase diagram of SroRuO4 for (a) sample #1, (b) #2, and (c) #3 under H || [100].
For sample #1, we also show the results under H || [110] with open symbols. Although labeled H || [100] (|| [110]), the field was
applied 0.3° off from the exact [100] (|| [110]) in order to gain sufficient torque signals. Hco data from Ref. [16] is added in (c)
for comparison. (d,e,f) Field-angle phase diagram of SraRuOy for (d) sample #1, (e) #2, and (f) 43 at 7=40mK and ~0.9K.
For sample f1, we also show the results for fields tilted from H |[[110] with open symbols. The top solid curve (green) for
(d) shows the Hi..(0) fitting at 7'=40 mK using a conventional anisotropic effective mass model, while the second solid curve
(purple) at T'=0.9 K. Using the same parameters for sample 1, we plot the curves for #2, and £3 in (e) and (f), respectively.



10

. #1 T T T /E\ 8
5 g 6
L2 =
= 8 4t
32 8
=3 #3 (x3) % oL
o
" (a) T:4c|)mK 1 1 2 O 1 1 r 1 1 \/l
2.0 25 3.0 35 4.0 14 15 16 1.7 18 1.9
IuOH (T) .uOHirr (T)
2 10 -11
£ -1l
= -12+
& 12
SR 13+
T -13+
3
lé -14F row
= () 041K
- -15 Il Il Il Il _15 Il Il Il
= 70 01 02 03 04 050 0.05 0.10 . 005 010 015 020
UiH (T VH (T YuH (T

FIG. 5. (color online) (a) Quantum oscillations originating from « band for all the samples. The field was applied 3.0, 3.2, and
4.5 degree off the ¢ axis for #1, #2, and #3, respectively. (b,c,d) Dingle plots of the «, 8, and 7 branch are shown in (b), (c),
(d), respectively. The solid lines are fits to deduce the Dingle temperatures Tp. (e) Relation between the mean free paths ¢;
for the three bands of SroRuOy4 (i =«a, B, and v) and the irreversible fields Hi,, for all the samples in this study. (f) A sketch
of the electronic structure of SroRuO4.



