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Proposal to detect plane-parallel nodal lines in Sr,RuQ, via tunneling spectroscopy
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Since the original proposal of an unconventional chiral order parameter in the ruthenate perovskite super-
conductor Sr,RuO,4, much attention has been given to the possibility of plane-parallel nodal lines on the
predominant vy cylindrical Fermi surface given evidence for low-lying quasiparticle excitations in this material.
Here I propose a tunneling spectroscopy experiment to determine whether such nodal lines in fact exist.
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I. INTRODUCTION

Superconductivity at approximately 1 K was discovered
in Sr,RuO, in 1994 by Maeno et al.! and since that time has
been a topic of strong interest, with substantial experimental
and theoretical activity continuing 15 years after its discov-
ery. This material was found following a lengthy search for
high-temperature materials structurally similar to the high-7,
cuprates but not containing Cu. It was thought? that a new
family of high-temperature superconductors might be dis-
covered in this way, and while this has not happened, interest
in this material remains high.

Almost immediately after its discovery, Rice and Sigrist?
proposed that this material contained a two-dimensional
p-wave order parameter (OP) as an “electronic analog” to
superfluid helium. A closely related compound, SrRuOs;,
shows ferromagnetism, and so the argument was made in
analogy to the ferromagnetically mediated pairing in He.

Complicating this simple picture, however, is substantial
evidence for nodal excitations in this material. The proposed
chiral order parameter would give rise to low-temperature
exponentially activated behavior in the various thermody-
namic quantities (such as magnetic penetration depth and
nuclear-spin-relaxation rate), but this is not what has been
observed. Bonalde et al.* measured the London penetration
depth in single crystals of Sr,RuO, and found a 7> depen-
dence, while Nishizaki et al.’ found T? specific-heat behav-
ior, evidence for a line-node state. Power-law behavior was
also observed in nuclear-spin-relaxation rate (T;l)
measurements® and ultrasonic attenuation.” In addition,
Izawa et al.® measured the magnetothermal conductivity of
single crystals of Sr,RuO, and found that any nodal lines
could not be parallel to the ¢ axis, which immediately sug-
gested A(k)=exp(i¢)cos(ck,), given the previous evidence
for nodal excitations. The lack of anisotropy in ab-plane
magnetothermal conductivity measurements’ also suggests
any nodal lines are parallel to the basal plane. Most recently,
Ishida ef al.' again conducted 7' measurements on a high-
quality sample of Sr,RuO, and found 73 behavior, com-
monly taken as indicative of line nodes. Given these mea-
surements, there may well be nodes parallel to the basal
plane on Sr,RuQ;,.

In this Rapid Communication I propose an experiment
that could help determine whether these nodal lines exist.
The method is based on tunneling spectroscopy, which can
be a strong probe of order-parameter symmetry. The basis of
the experiment is presented in Fig. 1 (reprinted from 11),
which depicts, in momentum space, an Sr,RuO, c-axis tun-
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neling spectroscopy experiment, based upon a recent
proposal!! by the author and Thalmeier for the use of graph-
ite as a normal electrode in a superconducting-insulator-
graphite tunneling experiment. As the method is described in
detail in that publication I only sketch the proposal here. The
basic idea is that the use of a gate voltage applied to the
semimetal graphite changes the length of the electron-
occupied graphite HKH Fermi surface ‘“cigar.”” When the
graphite is deployed in an appropriate c-axis orientation, as
indicated, the conservation of the momentum parallel to the
interface k; means that different cigar lengths will sample
different regions of the Sr,RuO, Fermi surface. If the super-
conducting order parameter has no k, dependence, the sole
effect of the lengthening of the cigar will be an increase in
conduction channels and thereby merely an overall scale fac-
tor in the conductance. However, if the order parameter has
k, dependence, each point on the cigar will see a region of
different A(k), producing tunneling or Andreev density of
states (DOS) features at that energy. The differential conduc-
tance when properly normalized to the high-bias value would
thus vary with gate voltage.

In this Rapid Communication I limit myself to a proposal
for experimental detection of an exp(i¢)cos(k,) OP as was
originally proposed by Hasegawa et al.'”> Several other gap

——2DSCBZ
n/c
Graphite BZ
Ener i
o) 9y Fermi line Fermi surface
e K
0.00
Ee
Nodal line
-0.04 (schematic)
H Ko K K H k,

max

FIG. 1. (Color online) A proposed tunneling spectroscopy ex-
periment between longitudinally oriented graphite and Sr,RuO, (la-
beled on the right-hand side as 2D SC BZ) to help determine su-
perconducting order-parameter symmetry. On the left is depicted
the band structure of graphite between the H and K points with an
approximate tight-binding dispersion between these points. Here
knax 18 the maximum momentum occupied in the ungated situation.
On the right, the small blue (gray) cylinders between the H and K
points in the right-hand graph are the graphite Fermi surface, which
we approximate in the calculations as a line. Depending on the
gate-voltage controlled length of the graphite Fermi HK line and
assuming parallel momentum conservation between the graphite
and superconductor, regions of different order-parameter value are
selected by the varying length of the Fermi line, leading to different
dl/dV behavior.
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functions have been proposed, including the d-wave order
parameter exp(i¢)sin(k,),!* as well as various other d-wave
and f-wave OPs. The method described herein for the
exp(i¢)cos(k,) will in general yield distinguishable results
for any OP with significant k, dependence but due to space
constraints I present explicit results only for this OP.

II. CALCULATION

The calculation presented in this section follows the stan-
dard technique applicable to Andreev and tunneling spectros-
copy of anisotropic superconducting order parameters!4-1
and therefore I keep only the most essential details of the
calculation. In general, the pair state of a superconductor is
described by the Bogoliubov—de Gennes equations:!#!3:17-18

202
iha—f:— [ﬁ v +u+ V(x)}f(x,k,t) -Ax,K)g(x,1), (1)
ot 2m
202
iﬁ% = [ﬁZV + o+ V(x)]g(x,k,t) - A(x,K)f(x,1), (2)

with f representing electronlike wave functions and g repre-
senting holelike wave functions, with solutions

f(x,k,1) =u(k)expli(k - r — Er)/h], (3)
g(x,k,1) =v(k)expli(k - r + Er)/1], (4)
where u and v are the BCS coherence factors:!20
u(k) = A1+ VE2 - |A(R) /], (5)
o(k) = exp(ip) V[ 1 - VE? — [A’(W)|/E]. (6)

Here ¢ is the phase of the gap A(k). Given an electron
incident from the normal metal, two additional particles re-
sult in the metal: an Andreev-reflected hole?! and a normally
reflected electron, while in the superconductor an electron-
like and holelike quasiparticle result. Later in this work we
allow for the effect of quasiparticle scattering by letting the
energy E have a finite imaginary part I".16.22-24

Each of the particles above has a corresponding amplitude
(a, b, ¢, and d, respectively) which is found by specifying the
boundary conditions: continuity of the wave function across
the boundary, and the following condition applicable to
o-function barrier potentials as introduced in Ref. 14:

#5(0) — Y (0) = 2m/B*) HyA0), (7)

with the barrier function potential H&(x) and the effective
mass m [we have ignored mass or Fermi velocity mismatch
effects as these can be absorbed into the barrier potential Z
(Ref. 25)]. Once a and b, the amplitudes for Andreev and
normal reflection have been solved for the differential con-
ductance dI/dV is calculated from the following:

dI/dV“fdk[l+|a(k|7E)|2—|b(k,E)|2]' (8)

The calculated results employ the boundary condition that kj,
the momentum parallel to the interface, is conserved. This
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FIG. 2. (Color online) The ab-plane layout of the proposed ex-
periment in momentum space, for two potential graphite orienta-
tions. Here the c-axis points into the paper. In each figure, the
graphite Brillouin zone is shown on the left, along with its Fermi
line, and the Sr,RuO, cylindrical Fermi surface and enclosed area
are depicted on the right. For the left figure, since the Fermi line
falls at k,=0, perfect Andreev reflection results, while this does not
occur for the right figure. Note that the real-space graphite axes are
rotated 30° with respect to the momentum space axes. For simplic-
ity, in the right figure and in the calculations we have not accounted
for a second Fermi line connecting the H points directly beneath the
indicated Fermi line; this line produces very nearly equal conduc-
tance, so the effects of this omission are very small.

condition allows for wave vector selection along the longi-
tudinal Sr,RuO, Fermi surface and hence the acquisition of
information about the order-parameter value at this wave
vector.

We note that for such an ab-plane Sr,RuO, tunneling ex-
periment, the phase of the order parameter is of crucial im-
portance, as it determines the phase of the hole component
wave function v. Depicted in Fig. 2 is an ab-plane
momentum-space diagram of the proposed experiment in
two possible orientations. For the left graph, the electronlike
quasiparticle will contact the Sr,RuO, Fermi surface at k,
=0, k,=kr sampling the order parameter at this wave vector,
while the backscattered hole will sample the wave vector
directly opposite to this, which introduces a relative phase of
—1 among the holelike components of these quasiparticles
due to the order-parameter sign change. As shown by
Tanaka,'> such a sign change leads to a zero-bias conduc-
tance peak. However, we will see that the character of this
peak and surrounding features will depend substantially upon
the gate voltage if the order parameter has k, dependence,
leaving a characteristic signature of such a state. On the right
is depicted another possible orientation, rotated 30° from the
first; for this the perfect Andreev reflection (AR) does not
occur and there is no zero-bias enhancement.

III. MAIN RESULT

Depicted in Fig. 3 is the main result of this Rapid Com-
munication. The differential conductance dI/dV is shown in
two limits for several gate-induced graphite chemical poten-
tial changes for the barrier parameter Z=H/v: left, Z=0.3,
corresponding to the point contact regime, and right, Z=2,
corresponding to the tunneling regime.

Substantial effects of the gating are apparent in both plots.
In the top plot, the low-energy Andreev signal evolves from
a rounded hump containing a sharp feature at V=A, toward a
nearly linear behavior for Su=-12.7 meV, while in the bot-
tom plot the depression in dI/dV that may sometimes occur
adjacent to a ZBCP, most prominent for Su=-20 meV
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FIG. 3. (Color online) The results of dI/dV calculations in the
Andreev limit (left, Z=0.3) and tunneling limit (right, Z=2), for
graphite gated are shown. Dynes I taken as zero. Graphite chemical
potential changes JSu=-20 meV (solid, black), —18.8 meV
(dashed, red), —17.3 meV (double-dot-dashed, blue), —15.3 meV
(dot-dashed, green) and —12.7 meV (double-dash-dotted, maroon).
Top insets: Dynes I' taken as 0.75A,. Bottom inset on left figure:
curves (virtually identical) if OP has no k, dependence.

gradually fills in as the gate voltage increases and lower en-
ergy states are accessed, additionally narrowing the peak it-
self.

The evolution of the curves with gate voltage is easily
understood. For the Andreev-limit plot, the width of the AR
signal narrows with increasing gate voltage because one is
seeing an AR signal from a portion of Fermi surface with
smaller A(k) than the maximum gap, and the sharp feature
present at V=A, for Su=-20 meV similarly becomes less
prominent. Analogously, for the tunneling limit the width of
the ZBCP decreases with increasing gate voltage, and the
feature at V=A, is washed out by the summing of ZBCP
curves with progressively smaller effective A(k). Note that I
have neglected the thickness variation of the “cigar”; inclu-
sion of this effect widens somewhat the range of chemical
potential changes over which conductance changes emerge.

These differences are sufficient that a point contact or
tunneling experiment performed along these lines should be
able to distinguish them. If there is no cos(k,) dependence to
the order parameter, the dI/dV curves for these varying gate
voltages should be essentially identical (up to a scale factor).

For simplicity, we have chosen above the real-space ori-
entation of the graphite such that the hexagonal face parallels
the interface. Substantially different dI/dV results obtain if
instead the hexagonal face is perpendicular to the interface,
as shown in the k space Fig. 2. In this case the 30° rotation of
the Brillouin zone relative to the real-space unit cell means
that the graphite Fermi lines no longer occur at k;,=0, but are
displaced above and below by approximately 0.737/A,
which is relatively near the Sr,RuO, y band k. of 0.75 /A so
that the perfect order-parameter sign change described above
does not occur and one does not see a ZBCP. Results for this
case are presented in Fig. 4, for the same parameters as in
Fig. 3, and as in the previous plot substantial gate-voltage
created differences are apparent, with the Andreev limit peak
at V=A, reducing with increasing gate voltage, while in the
tunneling limit substantial sub gap density of states appear
with increasing gate voltage.

It is clear that these methods remain applicable even if the
k. dependence of the order parameter is a+b cos(k.), with
la| <b. The dI/dV curves will still evolve with gate voltage.
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FIG. 4. (Color online) The results of dI/dV calculations in the
Andreev limit (left, Z=0.3) and tunneling limit (right, Z=2), for
graphite gated and rotated 30° relative to that of Fig. 3 are shown.
Same parameters as in Fig. 3.

The main effect of such a constant term would be to change
the gate voltage at which the Fermi-surface cigar accesses
the nodal lines, with a minor secondary effect on the shape of
the DOS, so long as a<<b.

IV. DISCUSSION

Experimental consideration: surface degradation. The re-
sults of the above section suggest that appropriate Andreev
or tunneling experiments may be able to determine whether
or not there are nodes in the gap function located at k,
=*7/2 as an exp(i¢)cos(k,) order parameter would con-
tain. There is, however, an experimental consideration re-
quiring consideration: the surface degradation effects in this
material.

There are to date four spectroscopic measurements made
on Sr,Ru0,.2%?” The first experiment, by Jin et al.,>” per-
formed tunneling on a Pb-Sr,RuQ, junction but found only a
spectrum strongly resembling that of superconducting lead,
with coherence peaks (assumed to be that of Pb) at approxi-
mately 1.4 meV and no subgap structure. The second experi-
ment, by Upward et al.>® performed c-axis STM using a Pt/Ir
tip and found clear evidence of a superconducting gap. The
third experiment, by Laube et al.,”® observed a weak An-
dreev reflection signal, as well as a zero-bias anomaly. Of
issue for our proposed experiment is the extremely large
zero-bias conductance—approximately 0.85 the normal-state
value in the Upward er al. data. This is believed to result
from surface degradation.

A more recent scanning tunneling microscopy (STM)
measurement by Suderow et al.?® found a fully developed
gap, with essentially no subgap conductance and well-
developed gap edge peaks of height approximately twice the
background conductance. Such a high-quality tunneling mea-
surement suggests that it now may be possible to gather im-
proved data in the Andreev limit as well. Given the several
earlier measurements, however, it is important to address the
surface issue directly.

A detailed accounting for the possible effects of surface
degradation on tunneling or Andreev spectra is rather com-
plicated, particularly as the cause of such degradation re-
mains unknown. Rather than attempt a first principles calcu-
lation as such, we therefore content ourselves with two
relatively simple mechanisms for simulating the effects of
surface degradation.
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The first method is empirically based upon the compara-
tive smallness (i.e., relative to background conductance) of
the features observed in the early spectroscopic work and the
lack of detail in these features. Both of these characteristics
are consistent with a large effective “smearing” of the con-
ductance. To a lesser degree, such smearing is nearly univer-
sally present in spectroscopy on unconventional supercon-
ductors, where it is typically modeled by adding an
imaginary part I to the quasiparticle energy.?? In fact such a
I" has already been taken to represent the effects of a disor-
dered surface layer.3 Given the predominance of this smear-
ing in experimental spectra of unconventional superconduct-
ors and the comparative success of the Dynes I' in modeling
such smearing, it is reasonable to use this parameter to simu-
late the as-yet-unknown source of surface disorder in
SrzRuO4.

I have performed a calculation, for the graphite orienta-
tion used in the main panels of Fig. 3, with a large Dynes I"
of 0.75A; results of this calculation are presented in the
insets of Fig. 3. Even with this large I, the figures continue
to show substantial differences in the dI/dV curves. The
zero-bias conductance changes significantly from Su=-20
to —12.7 meV in both the Andreev and tunneling regime as
does the shape and size of the Andreev reflection signal so
that even if the problems with surface degradation persist,
the nodal lines, if existent, will leave their distinctive signa-
ture in dI/dV.

A second method of simulating the effects of surface dis-
order is to relax the assumption of perfect parallel momen-
tum conservation. The premise here is that the surface deg-
radation causes scattering within the interface region so that
a finite rather than infinitesimal region of superconductor
Fermi surface is allowed to receive current from a given
graphite Fermi surface location. In practice one may use a
Gaussian  distribution of conductance (i.e. o(1+|al?
—|b[*exp[—al(k,—koy)]>, where ky; represents the parallel
momentum of the incoming electron and k; represents the
parallel momentum of the transmitted quasiparticles) and ob-
serve how the dI/dV features change. We note that the
boundary conditions of the calculation section do not explic-
itly involve the parallel momentum so this scheme is inter-
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FIG. 5. (Color online) dI/dV curves assuming significant non-
conservation of parallel momentum, as described in the text. Same
parameters as Fig. 3, top (left here) and bottom (right).

nally consistent. The results are shown in Fig. 5, where we
show several Andreev and tunneling limit dI/dV curves as-
suming an a of 1/v0.27 (i.e., Ak;~0.27) in units where 27
is 27r/c and c is the Sr,Ru0Q, lattice constant of 12.72 A.
Here ok is of the same order as typical k;~ /2 so that the
non-conservation of parallel momentum is substantial. We
have also allowed for nonconservation of k in the &, direc-
tion, i.e., perpendicular to the graphite Fermi line, and taken
account of the A(k) phase factors that result. Even in this
case, significant differences in dI/dV remain so that the pro-
posed experiment can be considered robust against the sur-
face degradation issue.

V. CONCLUSION

In this work I have demonstrated that a series of super-
conductive NIS tunneling measurements on Sr,RuQO, using
gated graphite as the normal electrode should allow determi-
nation of the presence or absence of order-parameter line
nodes parallel to the ab-plane. I have shown that the power
of such an experiment to determine nodal structure is robust
against the surface disorder prevalent in this material. I await
the results of such experiments with great interest.
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