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Theory of tunneling spectroscopy in superconducting SIRuO,
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A theory for tunneling spectroscopy in a normal-metal—insulator—triplet-superconductor junction is pre-
sented. We assume two kinds of nonunitary triplet-superconducting states which are the most promising states
for SLRUQ,. The calculated conductance spectra show zero-bias peaks as well as gap structures. The existence
of residual components in the spectra reflect the nonunitary properties of superconducting states.
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Recent discovery of superconducting inRun0, (Ref. 1) peaks is obtained depending on the tunneling directions.
provides us with an example of a noncuprate layered perovFhus, the tunneling spectroscopy measurements are one of
skite material that exhibits superconductivity. Since thisthe useful methods to identify the pairing symmetry of
compound is isostructural to the cuprate superconductors, tHgLRUO,.
electronic properties in the normal statnd superconduct-  For the calculation, we assume Bifil /T S junction model
ing Staté are h|gh|y anisotropic_ The rather |arge residua|in the clean limit with a semi-infinite double—layer structure.
density of states of quasiparticles at low temperatures is in/e also assume a nearly two-dimensional Fermi momentum
dicated by several experimedt®.Furthermore, there are DY restricting thez component of the Fermi surface to the
several evidences which support the indications of ferromagtegion given by— §<sin™*(ke,/ke)<é. The flat interface is
netic spin fluctuation8. Based on these facts, some
theorie$® proposed that the nonunitary triplet pairing super- zy-interface

conducting states are realized in,BuQ,. Since the triplet
72
/i/

boundaries and surfaces. To determine the symmetry of th
pair potential definitively, it is important to predict the spec-
tra of tunneling experiments which play a significant role to
identify the d-wave symmetry in the hight
superconductor$:; !

Recently a tunneling conductance formula for normal-
metal—insulator—anisotropic singlet superconductor junc
tions was presentetf! Even in the case of a spin-singlet slectron
superconductor, when the pair potential become: hole
anisotropi¢? and changes its sign on the Fermi surface, zero a
energy state$ appear at the surface depending on the orien
tation of the surface. The formation of the zero-energy
stated* induces zero-bias conductance peaks in tunneling Aen(@
spectroscopy, which were actually observed in the experi HLQ( 110 9

M0y, ¢) )ELQ
ments of highTc superconductor®®® By assuming
d,2.,2-wave symmetry of the pair potentials, not onl
x2-y2 y y p p y A1(0. ¢ A11(6,. 6

the zero-bias conductance peaks but also gaplik
insulator xy-

pairing states have strong anisotropykispace, novel inter- elemon(
116, ¢,)

ference effects of the quasiparticles are expected to occur
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superconductor N/I/TS) junction is not well-clarified
yet.
) electron
Although the superconducting states of ,FrQ, are
not clarified yet, we will choose two kinds of tripletwave FIG. 1. Schematic illustration of the reflection and the transmis-

spectra were systematically explaired? However, the « T
tunneling conductance for normal-metal—insulator—triplet R ~ interface

In the present paper, we present a formulation of the tun ctr
neling conductance spectra Nfl/TS junction by extending ™"
the previous one for anisotropic singlet superconductors. b) hole
pair potentials E, statey which are proposed by sion process of the quasi-particle at the interface of the junction
Machidaet al® and Sigrist and Zh|tom|rsk§/A large variety  with z-y plane interfacda) andx-y plane interfacgb). The ¢ and
of conductance spectra including zero-bias conductance are the polar angle and azimuthal angle, respectively.
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perpendicular to the axis, and is located at=0 [Fig. 1(a)]. normal metal and in the superconductor. The wave function
The barrier potential at the interface hag-functional form  of the quasiparticles in inhomogeneous anisotropic supercon-
H(x), whered(x) andH are theés function and its ampli- ductors is given by the solution of the Bogoliubov—de
tude, respectively. Similarly, we consider an alternative situGennegBdG) equationt?** Although this equation includes
ation that the flat interface is perpendicular to thaxis and a nonlocal pair potential with two position coordinates for
is located az=0 [Fig. 1(b)]. The Fermi wave numbée- and  the Cooper pairs, we assume that the effective pair potential
the effective massn are assumed to be equal both in theis given by

_[A,,(6,4)0(x), z-y plane interface, k,+ik

k;
A, (k)= Appr(9,¢)9(z): X-y planeinterface, |k|

Y—singe'®, —=cod, (1)

pp

whered is the polar angle ané is the azimuthal angle in the spectively. The coefficients of the Andreev reflection
x-y plane. The quantitiep andp’ denote spin indices. This a,,/(E,6,¢) and normal reflectiorb,, (E,6,¢) are deter-
pair potential is rather simplified by applying the quasiclas-mined by solving the BdG equations under the following
sical approximation and by ignoring the pair-breaking effectboundary conditions:

at the interfacé? In Eq. (1), k is a wave vector of the relative

motion of the Cooper pairs and is fixed on the Fermi surface W(r)[x=0_ =¥ (r)|x=0,

(|k|=kg). The quantitieO (x), ©(z), andr are the Heavi-

side step functions and the center-of-mass coordinate of the d\p(r)‘ d\p(r)‘ 2mH

pair potentials, respectively. ax | ~Tax | —— V(=0
Suppose an electron is injected from the normal metal x=0_ x=0, "

with angles# and ¢. We have taken care of the fact that the
momentum parallel to the interface is conserved at the inte
face. The electron injected from the normal metal is reflected W (r)| =W (r)]

as an electrofnormal reflectionand a holgAndreev reflec- z=0_ 2=0,»
tion). When the interface is perpendicular to thaxis (z-y
plane interfacg[Fig. 1(a)], the transmitted holelike quasipar-
ticle (HLQ) and electronlike quasiparticl&€LQ) feel differ- dz | _, dz | _,
ent effective pair potentiala . (6,¢,) andA,,/(6,¢_), -

with ¢, = ¢ and¢_= 7m— ¢. On the other hand, in the case

when the interface is perpendicular to thexis (X-y plane  for the x-y plane interface. Using the obtained coefficients,
interface, two kinds of quasiparticles fed ,,, (6. ,¢) and  the normalized tunneling conductance is calculated accord-
A, (0_,4), with 6.=6 and §_=m—6 [Fig. 1(b)], re- ing to the formula given by our previous works!

Ij_or the z-y plane interface and

dw(r)| :d\lf(r)\ —Z;in—zH\P(r)IFo 3

+

2 p .
I ™05+ 0oy siPo cosp do de
f:g_;f’f’f,,ZZUN sin*6 cosp dg d¢
o(E)= P - @
I, -516" (o5t 0s )oy sing cosy do do

, z-y plane interface,

— , X-y plane interface,

S5 518720y sin 6 cos #dod ¢

whereoy denotes the normal-state tunneling conductance given by

sinfg cog ¢ I ot
—————— " z-y plane interface,
Sirfg cos ¢+ 27? y P . mH )
N coso fi ke

————, X-y plane interface,
cog 0+ 22

In the aboveE denotes an energy of quasiparticles measured from Fermi energy. The quapfity given as

:1+|aan|2+|alp|2_|pr|2_|blp|2

ON

Osp (6)
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Hereafter, following the discussions by Sigfisend pend on 6 and ¢. Two kinds of A,(6,¢) are given
Machida® we will choose two kinds of nonunitary pair by  A(6,¢)=A, siné(sinp+cosp) and  A,(6,¢)
potentials with tetragonal symmetry. These two types of=A, sinde?, where A, is the absolute value of the pair
E, symmetry states are independent lof due to the potential in a bulk superconductor. For the abbreviation,
two-dimensional nature of the Fermi surface. Both ofwe will call the superconducting state of the pair potential
these have a matrix form of the pair potential, with with A.(6,¢) [A,(0,¢)] as anE (1) [E,(2)] state in
A (0,0)=Ai(0,0), Ay (0,6)=A1(0,6)=A,(0,4)=0, the following. Normalized conductaness; is described as
where A;(6, ®) is the orbital part which is reduced to de- follows.

E,(1):
1+UN|F+|2+(UN_1)|F+|2|F7|2 .
, z-y plane interface,
|1+ (on—1)T,T_|?
O-SvT: 2 4 (7)
1+ oyl [+ (o= DT | .
, X-y plane interface,
|1+(UN_1)F+2|2
Ag sind(sing=co
r.=— (siné S¢), Q. =\E2— A3 sirfg(sing+ cosp)?. ®
E+Q.
|
Eu(2): = E
g = ’
S VE2— A3 cosp+sing ]

1+ oy|T|?+ (on—21)|T|*

|1-e 2%(oy—1)I??

1+ oyl >+ (on—D)IT]*
|1+ (on—1)T2?

z-y plane interface,

_ 1
Os1= U(E)=§

1 2w
1+zf0 asde¢>} (11)

, X-y plane interface,

(9)  is satisfied. The obtained(E) expresses the bulk density of
states of theéE (1) state superconductor. In the case of the
E_Q E,(2) state with thez-y plane interface,o(E) becomes
= EZ_Ag Sinté. (10 maximum atE= 0. The quantityo(0) increases with the in-
|Aq sing| crease oZ. In the limit of the large magnitude &, o(0)
converges to a certain value which is larger than [G:fg.
While o | is unity due to the absence of the effective pair3(a)]. In this case, the denominator ofs; vanishes aE
potentials. This feature is peculiar to the nonunitary super=0 only for ¢=0. Hence, the strong enhancemento®)
conducting state. Figures 2 and 3 show the calculated corwith the increas& does not occur as in Fig(&. When the
ductance spectra of the two states for various barrier heightinterface is perpendicular to tlzeaxis, the conductance spec-
Here, we assume that the injected electrons have equal protra have dJ-shaped structurgFig. 3(b)] for largerZ. In this
ability weight for both up- and down-spin components, @nd case, with the decrease of o(E) converges to the bulk
is chosen as 0.@bto express the two-dimensional features DOS of theE,(2) superconductors as in Fig(ti.
of the Fermi surface. In Fig.(d), the magnitude of zero-bias  |n this paper, we have studied the properties of tunneling
conductance peaks increases with the increageasf in our  spectra inN/I/TS junctions. Although our formula can be
previous works. The origin of the zero-bias conductanceextended for any triplet superconducting states, the present
peaks is that the denominator of the conductance formula ipaper only mentions the results for pairing states which are
Eq. (7) vanish in the large limit for —m/4<¢<ml4 (z-y  the most promising for SRuQ,. The existence of the large
plain interfacg. The zero-bias conductance peaks are univerresidual density of states of quasiparticles reflects the non-
sal properties for the junction of anisotropic superconductorginitary superconducting states. The zero-bias conductance
independent of their parity and unitarity, where the pair po-peaks and gap structures are obtained depending on the tun-
tentials change sign on the Fermi surface. On the other hangeling direction. By polarizing the injected electron with, for
for the x-y plane interface junction, the zero-bias conduc-example, a ferromagnetic normal metal, we can selectively
tance peaks do not appeldfig. 2(b)]. With the increase of measure the conductance spectrum components for the cor-
Z, o(0) converges not to 0, but 0.5 due to the residual denresponding spin directions. If the flat metallic spectra for the
sity of states on the Fermi surface of quasiparticles withdown-spin injection and gap structur@s zero-bias conduc-
down spins. In the limit of a two-dimensional Fermi surface,tance peaksfor the up-spin injection are detected, they can
ie., 6—0, be regarded as the most clear evidence for the realization of
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FIG. 2. Normalized tunneling conductance is plotted for the 15 3 Normalized tunneling conductance is plotted for the
E.(1) state.(a) The x axis is perpendicular to the interface-y E,(2) state.(3 The x axis is perpendicular to the interface-y
plane interfack (b) The z axis is perpendicular to the interface ane interfack (b) The z axis is perpendicular to the interface
(x-y plane interface a, Z=0.1;b, Z=1; ¢, Z=5. (x-y plane interface a, Z=0.1; b, Z=1; andc, Z=5.

the nonunitary Superconducting states. We hope our theo@eta”ic state near the Mott transition.” The Computational

will give a guide to determine the symmetry of the pair po-2SPect of this work was done at the facilities of the Super-
tential in SERUO;. computer Center, Institute for Solid State Physics,

University of Tokyo and the Computer Center, Institute
One of the authorgY.T.) was supported by a Grant-in- for Molecular Science, Okazaki National Research
Aid for Scientific Research in Priority Areas “Anomalous Institute.

1Y. Maeno, H. Hashimoto, K. Yoshida, S. Nishizaki, T. Fujita, J. M. Sigrist and M. E. Zhitomirsky, J. Phys. Soc. Jf@ih, 3452
G. Bednorz, and F. Lichtenberg, Natuteondon 372 532 (1996.
(1994. 8K. Machida, M. Ozaki and T. Ohmi, J. Phys. Soc. JB8, 3720
2Y. Maeno and K. YoshidaProceedings of the 21st International (1996.
Conference on Low Temperature Physics Pradl@96[Czech. Y. Tanaka and S. Kashiwaya, Phys. Rev. L&, 3451(1995;

J. Phys. Suppl6, 3097(1996)]. Phys. Rev. B53, 9371(1996.

3K. Yoshida, Y. Maeno, S. Nishizaki, and T. Fujita, Physica C 10g, Kashiwaya, Y. Tanaka, H. Takashima, M. Koyanagi, and K.
263 519(1996. Kajimura, Phys. Rev. B1, 1350(1995.

4Y. Maeno, S. Nishizaki, K. Yoshida, S. lkeda, and T. Fuijita, J.''S. Kashiwaya, Y. Tanaka, M. Koyanagi, and K. Kajimura, Phys.
Low Temp. Phys105 1577(1996. Rev. B 53, 2667(1996; Jpn. J. Appl. Phys., Part 34, 4555

5K. Ishida, Y. Kitaoka, K. Asayama, S. lkeda, S. Nishizaki, Y. (1995.
Maeno, K. Yoshida, and T. Fujita, Phys. Rev. 3%, R505 12¢. Bruder, Phys. Rev. B1, 4017(1990.
(1997. 133, Geerk, X. X. Xi, and G. Linker, Z. Phys. B3, 329

5T. M. Rice and M. Sigrist, J. Phys.: Condens. Matfer643 (1988.
(1995. 14C. R. Hu, Phys. Rev. Letf72, 1526(1994.



