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Tunneling conductance of normal metald,2_,2-wave superconductor junctions in the presence
of broken time-reversal symmetry states near interfaces
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In order to clarify the influence ofthe presence pfthe broken time-reversal symmetry stai&TRSS
induced near the interface, tunneling conductance spectra in normaldpetaiwave superconductor junc-
tions are calculated on the basis of the quasiclassical Green’s function method. The spatial dependence of the
pair potential in the superconductor side is determined self-consistently. We discuss two types of the symmetry
on the BTRSS(i) dy2_y2+is-wave state andi) d,2_,2+id,,-wave state. It is shown that the amplitude of the
subdominant componenig wave orid,, wave is quite sensitive to the transmission coefficient of the
junction. As the results, the splitting of the zero-bias conductance peak due to the BTRSS inducement is
detectable only at junctions with small transmission coefficients for both cases. When the transmission coef-
ficients are relatively large, the explicit peak splitting does not occur and the difference in the two cases
appears in the height of the zero-bias peaks.

DOI: 10.1103/PhysRevB.64.214519 PACS nunider74.72—h, 74.50+r, 74.20.Rp

[. INTRODUCTION tude of the splitting depends on the induced subdominant
pair potential near the surface. Actually, Covingmnal.,28

Identifying of the pairing symmetry in higiz. supercon-  Krupkeet al.?® and Sharonet al*° reported the ZBCP split-
ductors is important to clarify the mechanism of the superding at low temperature and they ascribed the origin of the

conductivity. A great deal of experimental and theoreticalZBCP splitting to the above BTRS$However, at the same
studies have revealed that the superconducting pair potentiin€, there are many experiments which do not show the
has d,z_,>-wave symmetry in the bulk state® Since the ZBCP splitting, and in th?ﬁ% experiments, ZBCP survives

pair potential of thed,> ,o-wave superconductor is aniso- even at low temperatur@s#~17Although there are several

tropic, the amplitude of the pair potential near the surface Opr:eexis;ing .theories VﬁhiCh di.s.cm;.sz the BTRSgmost all
interface is significantly reduced. This suppression of thdhese theories treat the semr-infindg _2-wave supercon-
pair potential causes a very interesting phenomena, i.e. th%uCtOr and the relevance to the actual experiments of tunr_lel-
formation of Andreev bound stat&BS) at the Fermi energy g spectroscopy has not been fully clarified yet. At this

larly reflecti tZaehen th stage, it is an important problem to clarify the stability and
(zero energynear a specu arly refiecting surtaognen tne .o possible observability of the formation of BTRSS, i.e.,
angle between the lobe direction of tiag._,2-wave pair

. X ; _the ZBCP splitting, for various condition of the junctions.
potential and the normal to the interface is nonzero. Thisrpere are several factors which determine the magnitude of
state is originated from the interference effect in the effectivgy,q splitting of ZBCP:(i) interelectron potential which in-

pair potential of thed,2_2-wave symmetry through the re- qyces the subdominant pair potential near the interféide,
flection at the surface or interface. The ABS manifests itseltransmission probability of the particles at the interfa@e)
as a sharp peak in the middle of the tunneling conductancgrientation of the junctions, i.e., the angle between the nor-
spectra, the so-called zero-bias conductance $EBICP),°  mal to the interface and the crystal axisdb_,2-wave su-
and the consistency between theory and experiments hagrconductor(iv) finite temperature effecty) roughness of
been checked in detaits " the interfacé? and (vi) impurity concentration in the

On the other hand, there still remains a controversial issuperconductot®
sue; formation of a broken time reversal symmetry state Although there are several factors which determine the
(BTRSS at low temperature due to the mixing of subdomi- magnitude of the splitting of ZBCP, in this paper, we con-
nants- (Refs. 18—20 or d,,-wave componefit-?* as the centrate on(i), (ii), (i), and (iv). First, we calculate the
imaginary part of the pair potential to the predominantspatial variation of the pair potential in the normal metal/
dy2_ 2-wave componerft! Theoretical studies based on the dy2_y2-wave superconductor junctio™N(D junction) in the
quasiclassical approximati#h?® and several lattice presence of subdominant pair potential using a quasiclassical
model€®?’ reported the presence of the induced subdomiformalism for various conditions of the junctions. Using
nant pair potential near the surface which breaks the timéhese results, we calculate tunneling conductance.
reversal symmetr§t The resulting surface density of states  The organization of this paper is as follows. In Sec. II, a
with the BTRSS shows the splitting of the zero-energyformulation to calculate the spatial dependence of the pair
peak* and the corresponding tunneling conductance showpotential, and the tunneling conductance is presented. In Sec.
the ZBCP splitting. It has also been clarified that the magnidll, results of the numerical calculations for bothz_,2
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Section 1V is devoted to conclusions and future problems. A(k,r)=

(6)

+is- and d,2_,2+id,,-wave states are discussed in detail. ( 0 A(k,r)

~A*(kyr) O

Il. THEORETICAL FORMULATION ~ . . . .
wherev and(i=1,2,3) stand for Fermi velocity and Pauli

We Study N/D junCtionS in the Clean I|m|t, Where the matriCeS, respective|y_ The wave functid}]n(i&,r) iS Ob_
normal metal is located at<<0 and thed,._,2-wave super- tained by neglecting the rapidly oscillating plane-wave part

conductor extends elsewhere. For the simplicity, WOt lowing the quasiclassical approximatidh?’®Thek depen-

dimensional system is assumed and xhexis is taken per- - .
pendicular to the flat interface located &t=0. When gglnce ofA(k,r) represents the symmetry of the pair poten-

quasiparticles are in they plane, a transmitted electronlike N der th h larly reflecti
quasiparticle and holelike quasiparticle feel different effec- WOW. We consider the case where a specularly reflecting
surface or interface runs along tlgedirection. In this case,

tévf:p:[ g?ﬁg:g?i(ﬁﬁé :Qi?nﬁt(rii)a{n\glléhingb;h;ygbplggg the pair potential depends only ersince the system is ho-

given by (.+ik,)/|k|=€'?. The barrier potential at the in- Mogeneous along thedirection. The wave functiqﬂfﬂgf(,r)
terface has @ functional formH 8(x), wheres(x) andH are ~ ¢an be written in the following directional notatiéf’
the 6 function and its amplitude, respectively. A cylindrical

Fermi surface is assumed and the magnitude of the Fermi qfn(ﬁ,x,y):[q>§1+)(¢+ ,x)ellkexlx
momentum and the effective mass are chosen to be equal ) i ik |
both in the normal metal and in the superconductor. + @ (P x)e X ]el Kyl

The quasiclassical Green’s function metffoid>4~*2de-
veloped by Ashidat al****is used in order to determine the
spatial variation of the pair potential self-consistently. In the cpff‘)(g{;a ,x)=(
following, we briefly summarize this quasiclassical method
we used. We start with the Bogoliubov—de GeniiBdG)

ul( ey ,x)
. (7)

v{ (b, ,X)

equation for unconventional spin-singlet Here= represents the sign of thecomponent of the Fermi
superconductor®*® wave numbekg, and a(8)=*. We define a Green'’s func-
’ tion G,4(¢,x,x") and a quasiclassical Green's function
~ ~ ~ gaﬁ(d’lx)
Enun(r)=Houn(r)+f dr'A(r,r")on(r’), @
(o )PP (5 X')
GopldxX')=2 — - )

n |wm_ En

EnT)n(r):—HoTjn(r)Jrfdr’A*(r,r')Dn(r'), 2)

Yup(DX) 1 (¥3) ap= — 20]0px| T3G (9, X=0X). (9)

Ho=~ 5 V2~ &, @)

2m In the abovey; is the Pauli matrix in the directional sp4te

andvg, is thex component of the Fermi velocity. The qua-

where 4 is the chemical potential, whilei,(r) andv,(r)  siclassical Green’s functiog,(¢,x) obeys the Eilenberger
denote the electronlike and holelike components of the wavequatiori*

function
J ~ o
,\_I,, ( ) (Dn(r)> i|UFX|5gaﬁ(¢’x):_a[ime3+A(¢a!X)]gaﬁ(¢vx)
nllH=1|~ )
oo + BGupl o0l omrs+ Al 0],
E( u”(lf’r)> aikek-r (10)
va(k,r)
I, A 0 A(da,X)
=W (k,rekekr, (4) Ay . X)= —A* (4, x) 0 : (11)

Here the quantitiek andr stanq for .the.un_it vector of the where ., is the Matsubara frequency. The quasiclassical
wave number of the Cooper pair which is fixed on the Fermi eens function can be written by the following evolution
surface k=kg/|kg[), and the position of the center of mass gperatorU ,(¢,, ,x,x’) as

of Cooper pair, respectively. After applying the quasiclassical

approximation, the BdG equation is reduced to the Andreev Gap(6:X)=U o ¢a,X,X,)gaﬁ(qs,xf)ulgl(%1X,X,)’

equation’ 346 (12)

E, W, (kr)=—[ifivgk-V+A(k ]3P, (kr), (5)  whereU,(,,x,x') satisfies the Andreev equation
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Re[d(x)]

(a)

T

=—alionrat A(d,,¥)]U (e x,x"), (13) e

with U (¢, ,X,X)=1.

Considering a semi-infinitdl/D junction geometry, the i
pair potential in the superconductor side approaches to the s
bulk valueA(¢,,~) at sufficiently largex. Hence, the evo-
lution operator can be divided into a growing part and a
decaying part

Uo( o XX )=A(h, %, x")e5alx=X)

Y S

+AT) (g XX e KX, o ) g ) )

1 B “
A&Jr)(d)a 1X!X,): - Wq)sﬁ)((ﬁa ,X) TCD% )(¢a ,X’)’Tz,

(14
(=) ' 1 (=) Tp(+) "o
Aa (¢a,X,X ):Wq)n (¢avx) q)n (¢aix )7-2!
(15 j
where
Q
Ko= =y Q,= 0> +|A @)
Ve Vot |A(da )] Im[A(x)]
W, =T0{ (g, 070 (B, %) ? )
_ -~ X1y
== T0{ (b0 )P (B X)
FIG. 1. Spatial dependence of the pair potential gfT4=0.2;
=const . (16

(a) near the interface for the anglebetweerx axis and crystal axis
T (@) . at Z=3.0 and(b) near the(110 interface[ #= =/4] for various
In(at)he above, '®.”(¢,,x) denotes the transposition of height of barrietZ. T 0.05T,
P (daX).
Retaining the most divergent term in semi-infinite limit,

we find the quasiclassical Green’s functi@%(% ,X) in the @Nx(
superconductor side given By

1 0 4 cos¢?

S
0 1_UN(¢)>, on(#) 4 cosp?+ 72’ (29

oA ) where o (¢#) stands for tunneling conductance when the
Doal Do X)=1 AS—a(X_l) (17)  Systemis in the normal stdfeand Z is the effective barrier
Tr Ag,(X)] height at the interface wit@=2mH/(%2kg) following the
where boundary condition by Ashidat al** and Nagatcet al** In
order to obtain the quantity) . (¢, ,0x) in Eq. (18), we
~ ~ A A 4
As-(0=A0 (b X LA (S LORW. rewrite As, () s
X (¢, ,0x)e <+ ) ui (%) )
- L A =| ,(=) X Y , 21
=Rs: (xORD (¢+,0%), (18 07| 0 0 |DEOOY 72 (2D
(=)
un (¢+!X) — (*) I
< — — ~ X (X)_u (¢710)U (¢ IO)X)l (22)
)\s+(X,0)°<< v, ,X)) [u$ (b, 00 7 (p_,0)]7,. - " B
(19 Y (0=(1-on v (¢ 00 (4,00, (23

In the above, the matriRy represents resistance at the in-where Dy (x)=(—i)v{ (¢, . x)/u{ (b, ,x) and F,(x)
terface which is given B =iX,(X)/Y,(x) obey the following Riccati type equations:
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hl |£D (X)=a[ —20mD(X)+ A, ,X)D2(X) D (°°)=M F(0)= Loowd) (27)
UFx ax_ @ a Omby @ a @ wm+aQa, + D,(O)
—A*(¢a,X)], (24) The pair potential is given 3538:42-44
0 * 2 1 /2
flopd 2 T+ () =20nF () + A% (¢4 X) F(X) A(p )= > — dop' >, V(g dl)
o=mZog2nT 27 ) —zi2 a
—A(ds %), (25) ~ :
_ o o X[Gaal b X)]12, (28)
We can write the quasiclassical Green’s function in a com- . A
pact fornt® with g__(¢_ . x)=—g% . (— ¢, ,X), wherew, is the cutoff
energy and[g,.(¢..X)];» means the 12 element of
9o ( by ) =i 2 Jua(Ba.X). HereV(¢, ¢,) is the effective interelectron po-
e 1—D,(X) F(X) tential of the Cooper pair. In our numerical calculations, new
A(,.,X) andg,.(¢,.x) are obtained using Eq&24)—(26)
1 i Fo(X) and Eq.(28). We repeat this iteration process until the suffi-
XLiDy(x) —Do(X)F,(X) -1]. cient convergence is obtained.
N i N Next, we calculate the tunneling conductance spectra

Initial conditions of these equations are

(@)
7_
D
<
~
=
~
<
T
9
0.5¢
;:
0 1 o 3
x/ &,
(c)
0.04f )
< |
~ B Z=2.0 -
3 0 02-‘-,:! ............. 3.0 |
< VTR ——— 50
T w
[ - .-!\ 4
ER
an e T
v
—0.02; < o
x/ &

(26)

based on the self-consistently determined pair potential. The
resulting normalized tunneling conductaneg e V) with the
bias voltageV is given by>*’

\ (b))
AN [ N
oy 075’ RS
S tE
3 |
E [
§
—0.04}§ 2=20
," ............. 3.0
: —— 5.0
-0.08 L
0 5 10 FIG. 2. Spatial dependence of
Xl & the pair potentials near the inter-
0 face with 6=x/6 and T¢/Tq
=0.3: (a) real part ofAy(x), (b)
. imaginary part ofA4(x), (c) real
(d) part of A¢(x), and (d) imaginary
\ part of A¢(x). T=0.02T..
|
T ozt
~ z=2.0
= l‘ ............. 3.0
S" \‘ ————— 5.0
| hi
0.1F )
Y
‘.‘bi.\.
| N
0 5 10

x/ &
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/2 % H E—e
J,W,Zd(ﬁj,wdEUN(d’)US(E’QS)SeC W COoS¢
or(eV)= s - E_eV ' (29
J'de:fxdEaN(qb)secH(ZKBT)cosd)
1+ oy(@)ITs, (E ¢, 02+ [on($) ~1|Ts. (E b 0 Ts (E,é,0)? 0

O-S(Evd))

In the aboveI'g,(E,¢,,X) which is obtained by analytic
continuation fromD,(x) is proportional to the ratio of the

|1+[on(¢)—1ITs(E, 6+,0 s (E,¢-,0)?

_ P
lﬁlva|5Fs—(E,¢— X)

wave function of a hole and that of an electron, respectively.

The quantityl'g,(E, ¢, ,X) satisfies the following equations,

_ J
|ﬁ|UFx|&FS+(E1¢+ X)

=2ETg. (E, ¢, ,X)—A(¢, )T, (E, ¢4 ,X)

- A*(¢+ ,X),
—o— Z=10 (a)
—_——— 2.0 b
Q04| - 0 4
< — 0
= b
S .
g
E
0.2r
/
/
/
/
/
/

Im{A,(0) 1/ Ay

|
I
R

Im[ 4 (0)1/4,

Re[A, (D) 1/4,

—--=T,/T;=0.1
—0.08+ - - 0.2
e Deen 0.3
—— 0.5
(©) . : .
0 s 4
a

=2Els (E,¢_ )~ A*(¢_ )T (E, - %)
—A(¢_ ). (32

In the following, almost calculations are performed on the
temperaturd/T.=0.05, whereTl . is the critical temperature

(31 of the bulkd,2_,2-wave superconductor.

0.6 . .
=0T,/ T;= 0.05 (b)
—e-— 0.

| —o-- 02
meeelenne: 0.3
—— 05
0.4

........... ¥ )

i

_____ ¢

R

23

FIG. 3. Subdominant compo-
nents of the pair potentials at the
interface. T=0.05T,. (@ 6
=1/4. Z=5.0 for(b), (c), and(d).

(d)

<)
<
i

2
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or(eV)

FIG. 4. The normalized tun-
neling conductance in thd,>_,»
+is-wave state near the interface
at Z=3.0. T¢/T4=0.05 for (a)
and (c). T¢/T4=0.1 for (b) and
(d). T=0 for (@) and (b). T/T,
=0.05 for(c) and(d).

Ill. BROKEN TIME REVERSAL SYMMETRY STATE NEAR

V(¢,¢")=2Vqco42(¢p—6)]cog 2(¢p’ — 0)]+ Vs,
AN INTERFACE OF A d,2_,2-WAVE SUPERCONDUCTOR

(34)

In this section, the spatial dependence of the selfwhereVy andV, denote the attractive potential of predomi-
consistently determined pair potential and the correspondingamdxzfyz wave and subdominastwave, respectively, and
tunneling conductance are presented fordfe ,>-wave su-  they are given as
perconducting state. In the middle of tHg_2-wave super-

conductor, the pair potential is given bW (¢, ,®) - 2mkgT
=Ayco§2(¢p—6)], whered is the angle between normal to Va= T 1 (35
the interface and the lobe direction of tlg_2-wave pair In—+ —
potential, i.e., the angle between thexis and the crystad Te  o=mZay2rr m+1/2
axis of thed,2_,2-wave. In this paper, we choose variofis kT
; ; T
(0= 0= m/4) by changing the magnitude gfand T (dey). V= - B —. (36)
In—+ ——
A. dy2_,2+is-wave state Ts  o=mZag2rt M+1/2

In this subsection, we show the spatial dependence of thelere, T denotes the transition temperaturesaave com-
pair potential and the resulting tunneling conductance of thggonent of the pair potential without predominant
dy2_y2+is-wave state realized near the interface of Wi® dy2_y-wave component. Forf=0 or 6=m/4, only
junction. The spatial dependence of the pair potential is exRg Ay4(x)] and InfA((x)] are nonzero. The spatial depen-
pressed as dence of the pair potentials Rey(x)] and InfA(x)] is

plotted in Fig. 1a) for various 6 with T¢/T4=0.2 andZ
A(p,x)=Aq4(x)cog2(p— 0)]+A(X), (33)  =3. Thex axis of Fig. Xa) is normalized byéy=7%ve/Ag
which is the coherence length of the superconductor. é~or
whereA4(x) andAg(x) correspond to the amplitude of the =0 [(100) surfacd, since IniA¢(x)]=0 is satisfied, the time
dy2_y-wave ands-wave superconducting states, respec-reversal symmetry is not broken and the amplitude of
tively. The attractive potentidV (¢, ") is given by R A4(x)] is not suppressed at the interface. By changing
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Z=1.0 | (d)
------------- 20 o | 20

L(a)

or(eV)

-1 0 1
4 T
(e)
FIG. 5. Tunneling conductance
N for dy2_,2+is-wave state with
N T,/T4=0.2 and 6= =/4 for vari-
& 2 ] ous Z; (a) [(d)] low barrier

=1.0, 2.0)(b) [(e)] middle barrier
(Z=2.5), and(c) [(f)] high barrier
(2=3.0,5.0). T=0 for (a), (b),
and (¢). T/T,=0.05 for (d), (e),
and (f).

(V)

ev/Aa, eV/ A,

the angleé from zero, the magnitude of R&y(x)] is re- RdA4(X)] and InfA¢(x)] are plotted for variousZ with
duced near the interface, while [Ihy(x)] is induced at the Ts/T4=0.2 andf= /4. Even if the BTRSS comes to be
interface®* The suppression of RA 4(x)] is originated from  most stable a#= /4, when the height of barrier is small,

a depairing effect that the effective pair potentialép_,0)  the magnitude of the subdominant imaginary component of
andA(¢_,0) have reversed contribution to the pairing inter- Ag(x) is not induced at all. The induced imaginary compo-
action for certain range o for 6+0. When ReA4(x)] is  nent of A¢(x) is enhanced with the increase of

suppressed at the interface, the quasiparticle forms the ABS The spatial dependence of the pair potentials near the in-
near the interface at zero energyhe ABS is unstable with terface with the intermediate angl@= /6) is shown in

the introduction of swave attractive potential, then Fig. 2 for various heights of barrier. In such a case, both
Im[A¢(x)] is induced at the interfacd. The magnitude of Im[A4(x)] and REA¢(x)] becomes nonzero and the spatial
Im[A(x)] becomes maximum ad= 7/4, where the above dependence is much more complex as compared to that for
suppression effect is most significant. In Fig(b)l =0 or =m/4. The amplitudes of I\ 4(x)], RgA(X)],
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6 . . T,/T;=0.1
(@ | 0.3 Re[A,(x)] (a)
—_— 0.5 1t —=
s
N A 6=0
= ! k 4 E S [ 6
i i f 3 / S— /4

; | ——T/T,=0.10 xl &
4_( c) g | e— 0.12
== 0.13 FIG. 7. Spatial dependence of the pair potential vﬂl‘ggy/Td

i =0.2,T=0.05T. (a) Z=3.0 for variouss. (b) =0 for variousZ.

monotonically withT for fixed § andZ, and it is enhanced
for larger magnitude oZ. In other words, the amplitude of
Im[A4(0)] is sensitive to the transmission probability of the
junctions. In Fig. 8), Im[A4(0)] is plotted as a function of
0 for sufficiently larger magnitude afZ(=5.0). For 6=0,
i.e., junction with (100 interface, the magnitude of
IM[A4(0)] is negligibly small near the interface even at the
larger magnitude off. The magnitude of IfM¢(0)] is a
' : p monotonically increasing function with the increasefadnd
has a maximum af= 7/4. As seen from Figs.(8) and 3d),
v/ 4 both the magnitude of Ify(0)] and REA(0)] is en-
FIG. 6. Tunneling conductance fat> ,o+is-wave statez ~ hanced and has a maximum at a ceri@irin the intermedi-
=5 andf= /4. (a) T=0, (b) T=0.05T, for various magnitude of ate o, i.e., 6#0 or 6% w/4, the magnitude oA (¢ ,x) and
T,. (c) various temperature witfig/T4=0.2. that of A(¢_ ,x) does not coincide any more, the interfer-
ence with the quasiparticle and the pair potential becomes
and ImMfA¢(x)] are enhanced for larger magnitude Bf complex. Then, not only IfiA4(0)] but also ReA4(0)] and
where the suppression of Rey(x)] is significant. However, Im[A4(0)] become nonzero.
the amplitudes of 1M 4(x)] and REA(x)] are one order Using self-consistently determined pair potentials, let us
smaller than that of I\ (x)]. look at the normalized tunneling conductaneg(eV). In
Next, we look at the magnitude of subdominant compo-order to clarify the temperatufedependence af(eV), we
nents of the pair potential at the interface,[g(0)], chooselT =0 in the left panels of Fig. 4 anti=0.05T in the
Im[A4(0)], and R@A4(0)], for variousTg, Z, and 6. As  right panels. Only for9=0, line shape otr(eV) is similar
shown in Fig. 8a), the magnitude of fM(0)] increases to that of the bulk density of states df2_,2-wave supercon-
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0.1 .
(b)
1t romitanisl, LI
Y P -..._.:.:.:;__":____ﬁm'_
J o
= qﬁ E]
= S i
3 = i
& = ~0.9F I
0.5 [ 3 i Z=2.0
/5 E] ! ............. 3.0
] A —_— 5.0
: 0.2+
/
% 1 2 3 o 5 10 FIG. 8. Spatial dependence of
the pair potentials near the inter-
X1 g X1 ¢ face with 9=m/6 and Ty /Tq
=0.3: (a) real part ofAy(x), (b)
. imaginary part ofA4(x), (c) real
(d) part ofAdxy(x), and(d) imaginary
part ofAde(x). T=0.0ZT,.
5 30
> =% z=20
E‘ \:3 \‘ ............. 3.0
< =Ty — 5.0
3 E WA
[7) "
- “\
8] A
"\
R
N
..... ~ .
. (0 , ]
0 5 10 0 5 10
x! & x/ &g

ducting state. In other casesy(eV) has a zero bias en- nant component IfiA((x)] at the interface becomes the
hanced line shape. As clarified in pI'EViOUS Iiterattf‘re&en same order as that of the predominant component
¢ deviates from zero, since the injected and reflected quasikg A 4(x)]. For sufficiently larger magnitude & o (eV)
particles have a chance to feel the sign change of the pajjzs 4 ZBCP splittingsee Figs. &) and 5c)], and the mag-
potentials, zero-energy ABS is formed at the mterf_ace. Thigitude of o7(0) decreases with the increasezbfHowever,
zero-energy ABS causes the ZBCP when the magnitudg of ¢ ahove obtained results are influenced by finite tempera-
is small. With the increase of the magnitudeTqf, the zero ture effect. The right panels of Fig. 5 is shown for the tun-

energy ABS is ynstable amal\{vave subdominant Component_ne”ng conductance inl/T,=0.05. The slight enhanced

is induced which breaks time reversal symmetry and Itstructure ofr(eV) ateV=+ A, in Figs. §a), 5(b), and 5c)

blocks the motion of the quasiparticles. Then, the energy .~ .". T —-0 gs-. » D), and A¢

levels of bound state shift from zero and the local density o{s |nV|§|bIe due to the smearing effec_t by finite temperature

states has a zero-energy peak splitting. The resuttirig V) see Figs. &), 5(e), and §f)]. With th‘? increase of the mag-

has a ZBCP splitting as shown in Figlbh However, with ~ Nitude of Z, or(eV) has a ZBCP with tiny dip even &

the increase of, the slight splitting of ZBCP fades out due = 2-5, Where the order of the amplitude of [ln(0)] is

to smearing effect by finite temperature and the resultind-2A0- With the further increase o, or(eV) has a ZBCP

or(eV) has a rather broad ZB(Ree Figs. &) and 4d)]. splitting [see Fig. &)], however, the degree of the splitting is
Next, we concentrate on howx(eV) is influenced by the significantly weakened as compared to the corresponding

transmission probability of the junctions, i.e., the magnitudecurves in Fig. £).

of Z. In Fig. 5,0(eV) with #= /4 is plotted forT=0 (left Finally, we look at the relation between the position of the

panel$ and T=0.05T,, (right panel$. For the junctions with ~ splitted peak and the magnitude of[lin,(0)]. In Fig. 6a),

high transmissivityor(eV) has a ZBCHsee Fig. 8a)] and  or(eV) is plotted for variousTg with Z=5 andT=0. As

the magnitude ob(0) is firstly enhanced with the increase shown in Fig. 8b), the magnitude of the induced subdomi-

of Z. In this case, the predominadf._,.-wave component nant imaginary component of [mM¢(0)] is about 0.1,

only exists near the interface as shown in Figp) IHowever, 0.3A, and 0.4, for T4/T4=0.1, Ts/T4=0.3, andT/Ty4

with the increase of, or(eV) starts to have a ZBCP split- =0.5, respectively. The correspondiag(eV) has a splitted

ting at a certain value df, where the magnitude of subdomi- peak locating at-0.16\,, =0.3A,, and =0.42A,, respec-
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tively. With the increase of, the height of these peaks are
drastically suppressed as shown in Figb)6 Finally, we
show how the line shape ef;(eV) changes at the tempera-
ture T=Tg (Tg=0.12T;) where InMfA4(x)] becomes non-

zero. As seen from Fig. (6), the magnitude ofor(0) is  whereVy andVy  stand for the attractive potential of pre-

re_duced With the introduction of_ mg(x)]. At t_he end of dominantd,._,»-wave and subdominamt,, wave, respec-
this subsection, we can summarize that even in the preseng@ely and they are given as

of BTRSS, the resultingrr(eV) does not always have a
clear ZBCP splitting due to the finite temperature effect
when the magnitude of the transmission probability of the

V(¢,¢')=2V co82(p—6)]cog2(¢p’ —6)]
+2Vq, sin2(¢—6)]sin2(4'—6)], (39)

2 7TkBT

junctions is not low. Vo=— 7 (39
In—+ —
Tc o=m<wJ/27T m+1/2
B. dy2_y2+id,,-wave state
In this subsection, we study spatial dependence of the pair
potentials of thed,2_,2+id,,-wave state and the resulting V. - 27kgT 40
tunneling conductance iN/D junctions. The pair potential dyy T 1 (40
is given by In—-+

Ta,, 0=mTogeat M+ 1/2

A(¢,x)=Ag(x)cog 2(p—0)]+Aq (X)SIN2(H—6)],
(37

The spatial dependence of the pair potentials with a finite
transmissivity forZ=3.0 andf= =/4 is shown in Fig. 7).

As in the case fod,2 ,2+is-wave state, the amplitude of
where Adxy(x) is an amplitude of thed,,-wave supercon- Im[Ade(x)] vanishes a¥=0. For 6= 7/4, the suppression
ducting state and a complex number. The attractive interelemf the magnitude of R&\y4(x)] is most significant, while
tron potentialV(¢,¢") is given by Adxy(x) is induced at the interface. At thig, the d,,-wave

214519-10
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or(eV)

FIG. 10. The normalized tun-
neling conductance ford,2_,2
+id,y-wave state wittz=3.0.(a)
Ta, /Td 0.1 and T=0.0. (b)
Ty y/Td—O 2 and T=0.0. (¢
dey/Td:O.l andT=0.05T,. (d)
dey/Td=0.2 andT=0.05T..

component is not affected by depairing effect seriously sincghe magnitude of “[Md (o)] is suppressed for the small

the lobe direction ofd,,-wave pair potential is parallel or itude ofT+« . In Ei b) ImfA. (0 lotted
perpendicular to the interface as in the case for predominan r;gagnl uae otq,, In Fg. ), I d ( )] is plotted as a

d,2_ 2 wave with = 0. As shown in Fig. f), the amplitude function of ¢ for sufﬂmently larger magmtude of(=5.0).

of Im[A4_(x)] is enhanced with the increase Bf The magnitude of IrﬁAdxy(O)] is a monotonically increasing
The spatial dependence of [Re(x)], Im[Aq(x)], function with the increase of and has a maximum o
ReAq (x)], and InfAq_ (x)] are plotted in Figs. @), 8(b), =m/4. The amplitudes of 1f\4(0)] and R¢Aq (0)] are

8(c), and &d), respectively, with the intermediat¢ (¢  negligibly small forf=0 and¢= /4, and has a maximum
= 1r/6) for variousZ. In such a case, the spatial dependenceit a certaing as shown in Figs. @) and 9d), respectively.
is much more complex as compared to that fo+r0 or ¢ The resulting normalized tunneling conductancegeV)
= /4, and both IrhA4(x)] and R@Adxy(x)] become non- is plotted in Figs. 1( and 1@b) with T=0 and the corre-
zero. The amplitudes of | X REA. (x)]. and sponding quantities witff=0.05T is plotted in Figs. 1()
p my(x)], Re dxy( )1, . .

Im[A4_(x)] are enhanced for larger magnitudeZfwhere ~ and 1Qd) for variousé. Only for #=0, line shape otrr(eV)

Xy . T is similar to that of the bulk density of statesaf_2-wave
the suppression of RA4(x)] is significant. The remarkable superconducting state. In other caseg(eV) has a ;ero-bias
feature is that the amplitude of [ 4(x)] and RéAdxy(x)] b g '

enhanced line shape due to the formation of AB&e Fig.
can become the same order of{ iy (x)] for largerZ. 10(a)]. The ABS causes the ZBCP when the magnitude of

Next, we look at the magnitude of subdominant COMPO-T, is small. However, with the increase of the magnitude of
nents of the pair potential at the interface, [m;; (0)] Td , the zero-energy ABS is unstable and subdominant
xy

IM{A4(0)]. an_d RgAdxy(O)] for varl_ous parameter'ﬁdxy,_z, dyy-wave component is induced. The energy levels of bound
and ¢ shown in Fig. 9. The magnitude of [mdxy(o)] - state shifts from zero and the local density of states has a
creases monotonically Wiﬂﬁdxy for fixed # andZ. It is also zero-energy peak Sp]itting_ The resu|tingr(e\/) has a
enhanced for larger magnitude @f Comparing the corre- ZBCP splitting as shown in Fig. 16). As compared to the
sponding situation ofl,>_,2+is wave shown in Fig. &, case ofd,2_,2+is-wave state, the magnitude of(0) is not

214519-11



Y. TANUMA, Y. TANAKA, AND S. KASHIWAYA PHYSICAL REVIEW B 64 214519

(a)

FIG. 11. Tunneling conduc-
tance ford,2_,2+id,,-wave state
with 6= x/4 andTy /T4=0.2 for
various Z. (a) [(d)]y low barrier
(Z=1.0, 2.0)(b) [(¢)] middle bar-
rier (Z=2.5), and(c) [(f)] high
barier ¢=3.0, 5.0).T=0 for (a),
(b), and (c). T=0.05T. for (d),
(e), and(f).

eV/A, ev/4,

reduced seriously since the effectiglg-wave pair potential firstly enhanced with the increase &fIn this case, only the
felt by quasiparticles is distributed fromlm[Ad (O)] to predominantdxz_yz wave component exists near the inter-
Im[Aq, (0)]. With the increase of temperature "the zBCPface as shown in Fig.(B). However, with the increase &
pI|tt|ng is not visible any morgsee Figs. 1@®) and 10d)]. ot(eV) starts to have a peak splitting at a certain valug,of
Next, we concentrate on howr(eV) is influenced by the where the magnitude of the induced subdominant component
transmissivity of the junctions, i.e., the magnitudeZofin  at the interface IfA 4 (0)] overlaps that of the predominant
Fig. 11,0¢(eV) with 6= w/4 is plotted forT=0 (left panel3  one REA4(x)]. For suffl(:lently larger magnitude oF,
and T=0.05T,, (right panel$. As shown in Fig. 11g(eV) o1(eV) has a ZBCP splittingsee Figs. 1) and 11c)] and
with 6= /4 depends on the transmissivity of the junctionthe magnitude ofr+(0) decreases with the increaseofThe
crucially. For the junctions with high transmissivityy(eV) right panels of Fig. 11 are shown for tlag(eV) with finite
has a ZBCHsee Fig. 11a)] and the magnitude af(0) is  temperature. Only for the junctions with the lowest transmis-
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6 T T T, /T;=01 12(a), we showdey dependence of the tunneling conduc-
(@ |- i 0.3 tance spectra(eV) for /=0 with Z=5. As shown in Fig.
- 0.5 9(b), the magnitude of the induced subdominant imaginary
component of IrﬁAde(O)] is about 0.18,, 0.3%\,, and
4+ e 052A0 for dey/szo.l, dey/Td:O'3! andeXy/Td:O.S,

respectively. The corresponding(eV) has a splitted peak

y locating at=0.180,y, =0.3A,, and =0.42A, respectively.
The width of the two splitted peaks depends on the tempera-
ture as shown in Fig. 1B). Next, we show how the line
shape ofar(eV) changes at the temperatufe= T% [T%

=0.08T; where In[Ade(x)] becomes nonzero. As seen from

Fig. 12c), the magnitude oé+(0) is reduced with the intro-
duction of In[Ade(x)].

At the end of this section, we can summarize that even in
the presence of BTRSS, the resulting(eV) does not al-
ways have a clear ZBCP splitting due to the finite tempera-
ture effect when the transmission probability of the particles
at the interface is not low. In order to observe the ZBCP
splitting which is one of the evidence supporting BTRSS, we
must measurert(eV) for the junctions with low transmis-
sivity with (110 oriented interface = 7/4) at low tempera-
tures. In such a case, we can classify thedpe ,2+is- and
d2_,2+id,,-wave state through the magnitude of(0)
and the width of the ZBCP splitting for the junctions with
low transmission probability.

o (eV)

IV. CONCLUSION

3 ' 0 ' 7 In this paper, spatial dependence of the pair potential in
the N/D junctions is determined on the basis of the quasi-
classical theory in the presence of subdominant component
of the pair potential near the interface. We clarified the influ-
ence of the spatial variation of the pair potentials on the
] tunneling conductance spectra for various conditions of the
P junctions. We selected two kinds of subdominant compo-
) nentss andd,, wave which are induced akz_y2+is- and
dy2_,2+id,,-wave state, respectively. The amplitude of
Ay (x) [Adxy(x)] is enhanced with the increase of the mag-

nitude ofZ, Ts[Tde], and 6 (0< #<r/4). In the intermedi-
ate 6, both InfA4(x)] and R€A(x)] {Re[Adxy]} becomes

nonzero, although these magnitudes are small as compared to
those of REA4(x)] and InfA(x)] {Im[Adxy]}. The result-

o . ! . . ing o1(eV) depends orZ, T, (or dey), and 6. For fixedZ,

the magnitude otr{(0) increases with the increase 6f(0
ev/4, < 0<m/4) for small magnitude offs/Tq [Tq, /Tql. While

FIG. 12. Tunneling conductance fate_,2+id,,-wave state o1(0) increases and decreases again with the increage of

with 6= /4 andZ=5. (a) T=0, (b) T=0.05T, for various mag- (0<6#<m/4) due to the formation ofl,>_,2+is-[dyz_2
nitude of T, . (c) various temperature withi,/T=0.2. +idy]-wave state for sufficiently larger magnitudeTaf/ T4
[dey/Td]. For fixedd and T¢/Tg [dey/Td], or(eV) has a
sivity (Z=5), the subtle splitting of ZBCP appears in ZBCP for small magnitude o, while it has a ZBCP split-
or(eV). ForT=0.05T, similar line shapes af(eV) with  ting for sufficiently larger magnitude a. Using junctions
smeared ZBCP splitting are obtaingske Figs. 1), 11(e), with small transmissivity, we can distinguistu,2 2
and 11f)]. However, the slight enhanced structuresgf{eV) +is-wave state front,2_,2+id,,-wave state since the mag-
ateV=*=A, vanishes. nitude of o(0) for dy2_y2+is-wave state is much more
Finally, we look at the relation between the position of thereduced as compared to that fih._2+id,,-wave state as
splitted peak and the magnitude of [Imjxy(O)]. In Fig. seen from Figs. 4Fig. 6)—10 (12). By taking into account

T T T/T,=0.06
_(C) [ 0.08
n—-—-- 0.10
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finite temperature effect, the degree of the ZBCP splitting is-J model using Gutzwiller approximation. In the model,
suppressed and the fine structuree@t~A, in or(eV) be-  the subdominantd,,-wave component is hard to be
comes invisible. realized® since a nearest neighbor attractive potential is
In light of our theory, one of the reason for the absence otaken into account. In order to discuss thg-wave compo-
ZBCP splitting for many tunneling experiments may be duenent, we must consider much more long range interaction
to their high transmissivity of the junctiorismall magnitude including three site hopping term.
of Z) and high temperatures. If we chooBgas 90 K, unless It is also revealed by recent theory that the BTRSS influ-
the transmissivity of the junction is sufficiently low, it iS ences significantly on the Josephson efféct*The previous
difficult to observe ZBCP splitting clearly at 4.5 K. In order theory assumes a sufficient larger magnitude of batfien.
to see the ZBCP splitting clearly, we must observe muchyrger to compare the existing experiments, we must calculate
more low temperaturesT(<4.5 K) using clean junctions josephson current in the presence of BTRSS for arbitrary

with low transmissivity for6= /4. _ transmissivity of the junctions.
In this paper, we have chosen a free electron model with

cylindrical Fermi surfaces. In order to compare actual tun-
neling conductance, we must calculate spatial dependence of
the pair potential and the tunneling conductance by taking
into account of the actual shape of Fermi surface. For this Y.T. would like to thank K. Machida and M. Ichioka for
purpose, it is a promising way to perform the calculationuseful and fruitful discussions. He acknowledges the finan-
based on the-J model with Gutzwiller approximatioff  cial support of Japan Society for the Promotion of Science
where the doping dependence is naturally taken into accountJSP$ for Young Scientists. This work was supported by the
Using this model, we succeeded to explain detailed line€Core Research for Evolutional Science and Technology
shape of the scanning tunneling conductance spectra aroufl@REST) of the Japan Science and Technology Corporation
Zn impurity**~5 As regards quasiparticle states near the in{JST). The computational aspect of this work has been per-
terface, the preexisting calculations are performed for infinitformed at the facilities of the Supercomputer Center, Institute
barrier limit}>?6?"In order to compare actual tunneling ex- for Solid State Physics, University of Tokyo and the Com-
periments, we must calculate thNéD junctions based on the puter Center.
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