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Observation of Andreev Surface Bound States in the 3-K Phase Region of Sr2RuO4
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The tunneling spectrum of the superconducting phase withTc � 3.0 K has been measured in the
Ru-embedded region of Sr2RuO4 using cleaved junctions. A sharp zero-bias conductance peak (ZBCP)
has been observed below 3 K. All characteristics of this ZBCP suggest that it originates from Andreev
surface bound states, indicating that the pairing in the 3-K phase is also non-s-wave. Below the bulk
Tc of Sr2RuO4 �� 1.5 K�, a crossover from sharp to bell-shaped ZBCP was found. This supports the
theory that there is a phase transition in the 3-K phase region near the bulkTc.
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Several recent experiments [1–6] have firmly est
lished the non-s-wave nature of superconductivity in th
layered perovskite Sr2RuO4 [7]. In particular, the NMR
experiment [3] has provided strong evidence that b
Sr2RuO4 is a spin-triplet superconductor, as theoretica
anticipated [8]. The intrinsic superconducting critical tem
perature (Tc0) of Sr2RuO4 is 1.5 K [2,9]. While search-
ing for the optimal crystal growth conditions, an eutec
solidification system, Ru metal embedded in the prim
phase of Sr2RuO4, was found. An intriguing observation
was that theTc of this eutectic system was enhanced
to 3 K [10]. It has been suggested that the enhanced
perconductivity at 3 K most probably originates at the
terface region between the Ru inclusion and the Sr2RuO4

single crystal [10,11].
However, the nature of the 3-K phase, as well as

origin of theTc enhancement by Ru embedding, has n
been clarified. Addressing these issues is certainly imp
tant, as it may provide new insight into the mechani
leading top-wave superconductivity in bulk Sr2RuO4. The
experimental study for this phase is difficult to carry o
using conventional techniques such as specific heat
NMR due to its small volume fraction. However, tun
neling spectroscopy measurements, a powerful probe
the study of superconductivity, are not subject to t
limitation. If the 3-K phase is unconventional, a zero-b
conductance peak (ZBCP) is expected in the tunne
spectrum as in the case of high-Tc cuprates [12–16]
and that of heavy-fermion superconductors [17]. T
ZBCP is a result of the surface low-energy midgap sta
formed via Andreev reflection [also referred to as surfa
Andreev bound states (ABS)] [12], which can exist on
when the phase of the pairing amplitude depends on
direction.

In this Letter, we report results of our tunneling me
surements onc-axis junctions prepared by cleaving Ru
containing Sr2RuO4 single crystals along theab plane.
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We observed a ZBCP below 3 K, attributable to ABS
indicating that the 3-K phase is also non-s-wave.

The single crystals of Sr2RuO4 were grown by a floating-
zone technique [9]. The onsetTc measured by ac suscept
bility xac was 1.40 K. Careful examination by an optic
microscope revealed a few scattered Ru inclusions in p
of the crystal of this batch. The Ru inclusions are
a needlelike shape with diameter of 1mm and length of
10–30mm.

Severalc-axis cleaved junctions were prepared from th
batch of crystals. The cleaved crystals were fixed tigh
by a Teflon frame with a thermal contraction coefficie
much larger than Sr2RuO4, or by an insulated metal frame
with a set screw. Among these junctions, we observ
two generic types of tunneling spectrum ofdI�dV : one
showing a ZBCP associated with the 3-K superconduct
phase (reproducibly observed in three junctions), and
other a dip feature at zero bias unrelated to the superc
ductivity. From our analysis given below, it can be se
that Ru inclusions are involved at the cleaved interfac
in the former, denoted by SRO�Ru�SRO below. The data
presented below for the SRO�Ru�SRO junction were ob-
tained on the same sample.

All current-voltage (I-V ) characteristics, as well as junc
tion resistanceRJ�T �, were measured by a four-point prob
in a 3He cryostat. To reduce heating, theI-V curve was
measured by a dc pulsed-current method with a typi
duration of 50 ms followed by a 2 s delay between tw
successive pulses. The tunneling conductancedI�dV was
computed numerically fromI-V curves.

Figure 1 shows the normalizedRJ�T � of the SRO�
Ru�SRO measured at 1 mA. (At this current, the volta
was found to be below 0.08 meV forT , 3 K.) For com-
parison,RJ�T � of a Ru-freec-axis SRO�SRO junction,
again measured at 1 mA, is also shown. For the latter,
RJ�T � becomes insulating below 25 K, suggesting that t
interface must have a significantly high potential barri
© 2001 The American Physical Society 037003-1
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FIG. 1. Normalized resistance RJ�T � for SRO�Ru�SRO and
SRO�SRO junctions. Insets: (a) RJ�T� of the SRO�Ru�SRO
junction under fields, from top to bottom, B � 4.0, 0.6, 0.4, 0.2,
and 0 T, and rc�T � of the bulk Ru-containing Sr2RuO4 crystals.
(b) Schematic of the SRO�Ru�SRO junction. The gray region is
the nonsuperconducting surface layer of Sr2RuO4 (see text), the
white region the Ru inclusions, and the shadow region around
the Ru inclusions is the 3-K phase.

Since no clear feature associated with superconductivity at
the Tc of the 1.5-K phase is seen, superconductivity must
be strongly suppressed at the surface of Sr2RuO4, result-
ing in a nonsuperconducting surface layer (NSSL). The
presence of such a NSSL is supported by results obtained
on all other junctions we have studied so far, including
Pb�Sr2RuO4 [5], Au�SrTiO3�Sr2RuO4, Au�Sr2RuO4,
and In�Sr2RuO4 junctions [18] and STM studies of
another group [19]. The dI�dV tunneling spectra of
SRO�SRO and other normal-metal�SRO junctions show
a sharp dip at zero bias, which was found to be unrelated
to superconductivity of Sr2RuO4 [18].

The SRO�Ru�SRO junction, however, exhibits behav-
ior distinctly different from that of the SRO�SRO junction.
RJ�T � showed a metallic behavior down to 5 K, which is in
sharp contrast to the bulk resistivity along the c axis rc�T �
of clean Sr2RuO4 [7]. Below 5 K, the RJ�T� showed a
slight upturn, which is then followed by a noticeable drop
at about 2.80 K. When this drop was suppressed by a mag-
netic field [inset (a) of Fig. 1], the RJ�T� showed an insu-
lating behavior at low temperatures, indicating the barrier
resistance in this junction was larger than the bulk resis-
tance, at least at low temperatures. Therefore, a clear drop
in RJ�T � indicates that there must be Ru inclusions at the
interface. As will be discussed later, this drop originated
from the surface ABSs, which are capable of carrying
currents.
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The inset (b) of Fig. 1 shows the schematic of the
SRO�Ru�SRO junction inferred from the above analysis.
This picture is also strongly supported by direct examina-
tion of the cleaved surfaces of the crystals by an optical
microscope, which revealed the presence of scattered Ru
inclusions. The Ru inclusions at the cleaved interface
were in contact with the NSSL (gray regions) due to
unavoidable mismatch between the two cleaved crystals.
The overall tunnel barrier around the Ru inclusion (thin
lines at the interface) must be lower than the rest of the
junction where two tunnel barriers from both NSSL (thick
lines) are involved, making our tunneling measurements
essentially a local probe for areas surrounding the Ru
inclusions. Since the contact resistance between the Ru
inclusion and the bulk Sr2RuO4 should be smaller in
comparison with that between Ru and the NSSL [5],
the voltage drop, which defines the energy scale in the
tunneling spectrum, is mainly at the interface between the
Ru and the NSSL. The Ru inclusions are superconducting
by virtue of the proximity effect [10]. This is actually
consistent with the fact that the onset temperature of the
drop in RJ�T� of the SRO�Ru�SRO junction is lower than
that in the bulk, as shown in the inset (a) of Fig. 1.

Figure 2 shows the tunneling spectra of dI�dV for the
SRO�Ru�SRO junction at various temperatures. A ZBCP
occurs below almost the same temperature where the
RJ�T � shows a drop. The height of the ZBCP increases
with decreasing temperature. Below 1.40 K (the bulk Tc),
a bell-shaped spectrum with a sharp peak at zero bias
emerges.

This bell-shaped feature can be suppressed by applying
a magnetic field of 0.06 T (B k c), as shown in Fig. 3.
This field is approximately the upper critical field along
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FIG. 2. Tunneling spectra dI�dV for the SRO�Ru�SRO junc-
tion at various temperatures.
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FIG. 3. Tunneling spectra dI�dV for the SRO�Ru�SRO junc-
tion under a fixed field, H � 0.06 T, at various temperatures.
Inset: temperature (in logarithmic scale) dependence of the nor-
malized height of the ZBCP under different fields. DG�G0 �
�dI�dV jV�0�T � 2 dI�dV jV�0�Tc���dI�dV jV�0�Tc�. The dot-
ted lines indicate the logarithmic temperature dependencies.

the c axis, Bkc
c2�0�, of the primary phase with Tc � 1.4 K

[20]. Additionally, Fig. 3 shows that the sharp ZBCP un-
der 0.06 T decreases in height with increasing tempera-
ture, disappearing around the Tc of the 3-K phase (2.5 K
at B � 0.06 T). This suggests that the sharp ZBCP repre-
sents an intrinsic feature of the tunneling spectrum of the
3-K phase.

The field dependence of the tunneling spectra of the
SRO�Ru�SRO junction at 0.5 K is shown in Fig. 4. The
ZBCP is completely suppressed as the field increases up
to the B

kc
c2 of the 3-K phase at 0.5 K (� 0.9 T) [10]. This

further demonstrates that the observed sharp ZBCP results
from superconductivity of the 3-K phase. Furthermore, as
the ZBCP is fully suppressed, the saturated normal-state
background (B . 0.9 T) resembles the tunneling spectra
of Au�SRO [18] and SRO�SRO as mentioned above, pro-
viding further support to our picture for the SRO�Ru�SRO
junction as shown in Fig. 1.

For the origin of ZBCP, we note that in principle the
ABS is not the only explanation. Several other mecha-
nisms can result in a ZBCP, including (a) supercurrent
leakage; (b) copper-pair tunneling caused by the prox-
imity effect [21]; (c) reflectionless tunneling in high-
transmittance junctions [22]; and (d) magnetic and Kondo
scattering [23].

The possibility of (a) is inconsistent with the large volt-
age scale involved in the ZBCP we observed. Furthermore,
our earlier tunneling measurements on a HgIn�Sr2RuO4

junction revealed a ZBCP similar to that in the cleaved
037003-3
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FIG. 4. Tunneling spectra dI�dV as a function of the magnetic
field for the SRO�Ru�SRO junction at T � 0.5 K.

junction when HgIn was driven normal [24]. The mecha-
nisms (b), (c), and (d) are not relevant to our observations
as well. For (b), the ZBCP caused by the proximity effect
can be suppressed by a field much smaller than the critical
field. For (c), the ZBCP occurs only in junctions with high
transmittance, always accompanied by a gaplike feature, a
peak in the spectrum. For (d), the ZBCP is uncorrelated
with the occurrence of superconductivity and should show
a Zeeman splitting under magnetic fields. These features
clearly do not fit into our observations. As a result, we con-
clude that the ZBCP observed in the SRO�Ru�SRO junc-
tion results from the ABS. This is possible only if the 3-K
phase in Sr2RuO4 is also a non-s-wave superconductor.

The experimental results presented above clearly indi-
cate that the ABSs formed on the surface of Ru inclusions
have two distinct spectra depending on whether the bulk
Sr2RuO4 is superconducting, which suggests that the 3-K
phase has a different pairing symmetry from the 1.5-K bulk
phase. This is consistent with the result of recent phenome-
logical theory by Sigrist et al. [25]. Below we will discuss
the physical origin of these two types of spectrum, and the
nature of the crossover.

The bell-shaped feature seen below 1.4 K (Fig. 2) is
similar to the broad ZBCP observed in Ru-free Sr2RuO4
via point contact [26]. It was suggested that the broad
ZBCP originated from the p-wave state with a d vector in
the form, d�k� � ẑ�kx 6 iky� (fully gapped). Such a d
vector will result in ABSs with a continuous spectrum
centered at zero energy [27,28]. The average over many
subgap states will lead to the broadening of the ZBCP.

The sharp ZBCP is intrinsic to the 3-K phase (see Figs. 3
and 4). The conductance appears to diverge as the energy
037003-3
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approaches zero, suggesting that the ABSs of the 3-K
phase are concentrated at zero energy. This is in good
agreement with the suggestion that the 3-K phase corre-
sponds to a p-wave line-node state [25], since a p-wave
pairing with a line node has been shown theoretically to
lead to a zero-energy ABS [29]. The p-wave states with a
line node can be presented with a d vector in the form of
ẑkx, ẑky, or the sum of both. The physical origin of the
presence of a line node in the 3-K phase can be ascribed to
the lower symmetry on the surface of Ru inclusions. On
the other hand, it should be mentioned that the possibility
of a d wave for the 3-K phase cannot be excluded com-
pletely based only on our data, since the d-wave supercon-
ductors also have a similar zero-energy ABS, leading to a
sharp ZBCP [12–16].

The crossover of the shape of the ZBCP below the
bulk Tc may, in principle, be understood in two different
ways: (1) The order parameter of the 1.5-K phase with
d�k� � ẑ�kx 6 iky� may penetrate into the 3-K phase re-
gion and in turn causes a coexistence of order parameters
of two phases at T , 1.4 K in the Ru inclusions through
the proximity effect; (2) there is a phase transition [25]
associated with a time-reversal symmetry breaking pro-
cess: the 3-K phase with a line node transforms into a
state with an order parameter close to that of the bulk,
d�k� � ẑ�kx 6 iaky � at about bulk Tc�� 1.4 K�.

The normalized temperature dependence of the height
of the ZBCP (DG�G0) under different fields shown in the
inset of Fig. 3 appears to support the phase transition pic-
ture. The DG�G0 in zero field can be fitted to a logarith-
mic T dependence above 1.4 K, below which the DG�G0
increases much more slowly than the logarithmic T de-
pendence. This appears to counter the picture of coexis-
tence of two order parameters in which the DG�G0 should
increase faster than the logarithmic T dependence as the
second order parameter is added below the Tc of the bulk
phase. However, this observation is consistent with the
phase transition picture. At B � 0.06 T, the bulk super-
conductivity of the 1.5-K phase should be suppressed [20],
however DG�G0 still showed a downturn from the log-
arithmic T dependence below 0.8 K, suggesting that the
characteristic field for this crossover is slightly higher than
0.06 T. This is consistent with the fact that a slight broad
feature in dI�dV is still visible below 0.8 K under 0.06 T
(see Fig. 3). The DG�G0 under 0.2 T can be fitted well
with a logarithmic T dependence. The appearance of the
central sharp peak below 1.4 K suggests that the crossover
associated with the phase transition may be incomplete.

Finally, we note that the ZBCP observed in Sr2RuO4 did
not split under field as in d-wave superconductors [15,30].
In our experiments, the junction interface formed by cleav-
ing was nominally perpendicular to the c axis, with the
Andreev reflection occurring in the in-plane direction in
order to form an ABS [29]. This is possible only when the
surface of the Ru inclusion was not smooth. Therefore,
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it is not surprising that a splitting was not found in our
spectra. Moreover, for 1.5-K bulk phase, the spectrum of
ABS corresponding to d�k� � ẑ�kx 6 iky� is continuous.
The field splitting of individual ABSs will be smeared out
[27,28] even for an ideally smooth interface.

In conclusion, a ZBCP associated with the 3-K super-
conducting phase in Sr2RuO4 has been observed in cleaved
junctions. This ZBCP can be ascribed to surface ABSs,
providing the first experimental evidence that the 3-K su-
perconducting phase in Sr2RuO4 is also non-s-wave, pos-
sibly a p-wave state. In addition, we have observed a
crossover in the shape of the ZBCP around bulk Tc, which
has provided a support that there is a phase transition in
the 3-K phase region near bulk Tc.
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