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Correlation between specular Andreev reflection and zero-energy states
in normal-metal/d-wave-superconductor junctions
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We report the effects of interfacial roughness on a zero-bias conductancéZ®@R) in normal-metal/
d-wave-superconductor junctions. The roughness spoils to specularity of the junction interface, and causes a
diffuse Andreev reflection of a quasiparticle. The ZBCP decreases linearly with a decreasing rate of the
specular Andreev reflection at the interface. A sensitivity of the ZBCP to the roughness strongly depends on a
transparency of the junctions. In low transparent junctions, the ZBCP disappears even in the regime of weak
roughness. We also find a splitting of the ZBCP owing to the interfacial roughness in low transparent junctions.
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[. INTRODUCTION the NS junctions on two-dimensional square lattice. Numeri-
cal results of the conductance and the specular reflection rate
In recent years, transport properties in junctions of anisoef the Andreev reflection are shown in Sec. Ill. In Sec. 1V,

tropic superconductofs® have attracted much attention be- the discussion is given. In Sec. V, we summarize the paper.
cause highf. superconductors may hagg. .-wave pair-
ing symmetrie4:®> One of the most important features in
anisotropic superconductor junctions is the formation of

zero-energy states (ZES' at the normal-metal/l | et us consider a normal-metadivave superconductor
superconductofNS) interface? ZES'’s are the origin of the junction on the two-dimensional square lattice, as shown in
zero-bias conductance pegkBCP) in NS junctions® and  Fig. 1(a). The width of the junction i&V,a,, whereay is the

the low-temperature anomaly in the Josephson current in Sittice constant. Open and gray circles denote lattice sites in
junctions>'? So far, the effects of roughness at the junctionthe normal metal and those in the superconductor, respec-

interface on transport properties were discussed in a nUmbgely. The pair potential in the momentum space is sche-
of paperd'*8 by using the quasi-classical Green-function

method'®~23In these theories, the specularity of the NS in-
terface is characterized by a parameter which is independent
of the transparency of the junctions. The ZBCP can be seen
in a regime of weak interfacial roughness. However, in the
regime of strong roughness, the ZBCP disapp&aBiffer-

ent theoretical studies yielded the same conclu¥idf.

In this paper, we study the relationship between an ampli-
tude of the ZBCP and a specularity of the NS interface, by
using a recursive Green-function method in which effects of
the randomness on the conductance can be considered with a
no approximation. This is one of the advantages of our
method. A reason to revisit the same issue is that our conclu- (a)
sions are different from those in previous works. Our results
show that the ZBCP decreases linearly with the decreasing o o o O
rate of the specular Andreev reflection; this conclusion y dl_d '%2
agrees with that in previous studi€’s:®'8The sensitivity of 0—30«—0 o)
the ZBCP to the interfacial roughness depends strongly on a d, —dy' |\clz’2
transparency of junctions. The amplitude of the ZBCP is in-
sensitive to the roughness when the transparency of ideal
junctions is rather high. However, the ZBCP is drastically =0 o=n/4
suppressed by the roughness in low transparent junctions; (b)
this implies a difficulty in observing the ZBCP in scanning
tunnel microscopySTM). Moreover we find a splitting of FIG. 1. The normal-metaliwave superconductor junction is
the ZBCP owing to the roughness in low transparent juncshown in(a), wherea is the orientation angle. The pair potential in
tions. Eq. (1) is schematically illustrated on the tight-binding lattice for

This paper is organized as follows. In Sec. Il, we describex=0 andx/4 in (b).

II. CONDUCTANCE OF NS JUNCTIONS

Normal Metal Superconductor
m=W

m=1

O O O
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matically depicted in the lower figure, whete denotes the The Hamiltonian in Eq(1) is diagonalized by the Bogo-
orientation angle between the axis of highT. supercon- liubov transformation
ductors and the normal of the junction interface. We describe

the NS junction by the mean-fieldCS) Hamiltonian, Crt

ux(n)  —ox(n) Va0
CNORNGONIE

H=—t Z C:r,gCr’,a+2 (e+ 4t—MF)C;r,aCr,a Wherey;[]l, (77.0) is the creatiortannihilation operator of a
(nr)o " Bogoliubov quasiparticle. On the two-dimensional lattice,
the wave function (,,v,) obeys the Bogoliubov—de
- E [Ao(r'.r)cy, € HH.C, (1) Gennes equatiof?, which we solve by using the recursive
frr'} Green-function methotf. The details of the simulation were
wherer=(j,m) is the lattice index and::,, () is the given in Refs. 27 and 28. In the recursive Green-function
creation(annihilation operator of an electron atwith spin ~ Method, we can numerically calculate the transmission and
U(:T or l) The SummationE o) runs over nearest- reflection COfoICIQnts of the NS JUnCUOn. The differential
neighbor sites, antlis the nearest-neighbor hopping integral. conductance is given
In a direction parallel to the NS interface, the periodic dl - 2e2
boundary condition is applied. The energy is measured in GeV)=—=— > [5IVI,_|rFFI|2+|rr|e,|2]’ (5)
units of t from the chemical potential of the junction. The dv. h {7 ‘ ’
difference in energy between the band edge and the Chemic\?vlherel and!’ indicate propacating channels. a ?f and
potential corresponds to the Fermi enefgy. The lengthis ", | propagating o MY '
measured in units ay. We assume that the on-site potential "1,;» '€ the normal and the Andreev reflection coefficients of
€ is zero far from the interfacdj.e.,j<—2 and 3=j). At @ quasiparticle, respectively. These reflection coefficients de-
the interface, an uniform potential barrier is introduced agend on the energy of an incident quasipartelé whereV
€=V, for j=0 and 1, as shown by solid circles in Figal is the bias voltage applied to the NS junction. The specular-
The roughness near the interface is described by the On_sii:w of the NS interface is estimated from a Specular reflection

: (4)

L

potential, given randomly in ranges of rate of the Andreev reflectioft:
—Vn/2<e<Vy\/2 for j=-1, (2 SAEEI |r|hf 21> |rRF,|2_ 6)
XK
V2<e<Vg2 for =2, @3)

In the absence of roughness at the interfdce,, Vy=Vg

where V, and Vs represent a degree of roughness in the=0), Sa becomes unity; this corresponds to the perfect
normal metal and that in the superconductor, respectively. I§Pecular N3516 |1rgterface. Inquasiclassical Green-function
d-wave superconductors, the pair potential has site—offf"pproaCheéf ““the specularity of the interface is charac-

diagonal elements depending on the orientation angle terized by a parameter or a function. In our method, however,

When @=0, the pair potential has finite values among thethe specular reflection rate is not a parameter but one of the
nearest-nei:qhbor sites, as shown in Figb)1 where d, obtained results in the simulation as well as the conductance.

=f1Aq with fi=t/ug, andAg is the amplitude of the pair

potential at zero temperature. The pair potential remains fi- . RESULTS

nite among the next-nearest-neighbor sites tor 7/4, In Fig. 2, we calculatéS,) as a function of the/y and
whered,=*f,A0 with fo=(t/ug)/V8t/ue—1. Thus{r.r'}, v for @=0 in () and fora= /4 in (b), whereW,=50,

in the last .term of'Eq(l), reprgsents thfa nearest- or next- £=2.0t, Ag=0.01, and(- - -} denotes the ensemble aver-
nearest-neighbor sites dependingaanVe introduce the fac- 546 of the random configuration. The bias voltage is fixed at

tors f; and f; for the maximum value of the gap beil,  gv—0 and the barrier potential ¥, =2.0t. Here we con-
independent ofur. We note that the tight-binding model giger two types of junctions:

does not correspond to the two-dimensional gylane in

high-T¢ superconductors. The tight-binding lattices represent Vy=0 and Vg#0 (7)

the two-dimensional space. In our model, we introduce the

pair potential between the next-nearest-neighbor sites to dé&n

scribe ju_nctio_ns V\_/ithz= /4. An alternative way to describe Vy#0 and Ve=0. ®

the /4 junction is to keep the pair potential between the

nearest-neighbor sites and to rotate the square lattice Ay Eq. (7), the interfacial roughness is introduced only in the
45° 2% There are no essential differences between results iauperconductor. The calculated results in these junctions are
the two models when we focus on the formation of the ZESshown by solid circles in Figs.(2) and 2Zb). We consider the
This is because the ZES is a consequence ofdfaeave  roughness only in the normal metal in E§). The results in
symmetry of the pair potential. When we discuss effects of dhese junctions are shown with open circles. &et0 in Fig.
shape of the Fermi surface, however, the model employed i8(a), (S,) of junctions with the roughness in the supercon-
Ref. 24 is more suitable than ours to describe the L£uOductor is slightly larger than that with the roughness in the
plane. normal metal. We have confirmed that the same tendency can
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“le ] gin of the ZES. A quasiparticle can detect the anisotropy only
0.0 R 2 when an incident angle of an incoming wave is memorized

700 02 04 06 08 10 in an outgoing wave.
S, Since the ZES are insensitive to the roughness in the nor-
, , ) mal metal, we consider the interfacial roughness only on the
FIG. 2. The specular reflection rate is shown as a function of theSuperconductor side in the followirge., Vy=0). In Figs
.y N— . .

roughness at the NS interface far=0 and «/4 in (a) and (b),
respectively. Here the bias-voltage is fixed at zero. We introduce thg'(a)’ 4(b), and 4c), we show the conductance for= /4 as

roughness only on the superconductor si@8).(The roughness is ar:unctlon_of the ti'as voItageA f(ir Severalh Cho'cef\@c’
considered only on the normal metal sid@), In (b), the normal-  Where W,=50, up=2.0, and Ao=0.01t. The results are
ized amplitude of the ZBCP is shown by solid lines. normalized by the normal conductance of the perfect junc-

be seen in thes-wave NS junctions. On the other hand, for 5
a=ml4 in Fig. 2b), (S,) with the roughness in the super- L [@V/
conductor is much smaller than that with the roughness in :

the normal metal. Thus the roughness at a surface of the
superconductor drastically suppresses the specular Andreev
reflection for «=/4. The most important difference be-
tween Figs. Pa) and 2b) is the formation of the ZES at the

- - . oL . . .
NS interface. In addition to the specular reflection rate, we 0 05 o0 o5 1o

=10 v /t=00]

<G>/G,

also calculate the amplitude of the ZBCP defined by eV/ A,
T T T T T T L
G(ev=0Vy,Vs) 15 DV, /t=20 1 ]
AZBCP= G (eV=0Vy=0NV=0)" © = | n ]
HNTETS © 0 W_V,/t=00 |
which becomes unity in the absence of the interfacial rough- &
A

ness. In Fig. &), we plot (Azgcp for the two types of
junctions with solid lines. The results show th@,) and
(Azgcp) are closely related to each other. When we compare
Figs. 2a) and 2b), it is also found that{S,) depends on the
orientation angle even if the degree of roughness is equal. 40
In Fig. 3, we showA,gcp for = 7/4 as a function o5,
for several choices oW;, ug, Vy, Vs, andV,, where
eV/t andAg/t are fixed at 0.0 and 0.01, respectively. In this
figure, Azgcp and Sy are calculated results before the en-
semble average. The figure shows tagcp increases al-
most linearly with increasing,, irrespective of the param-
eters such as the degree of disorder and the Fermi energy.
The results again indicate the strong correlation between the
specular Andreev reflection of a quasiparticle and the forma-
tion of the ZES. Thus we conclude that the specular Andreev FIG. 4. The differential conductances are shown as functions of
reflection plays an essential role in the formation of the ZESthe bias voltages, where= 7/4 andV, is fixed at 0. The barrier
The anisotropy(sign changgin the pair potential is the ori- potential isV, /t=1.0, 2.0, and 4.0 iffa), (b), and(c), respectively.
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However, our results show that the specular reflection rate
depends not only on the degree of roughness but also
strongly on the transparency of junctions, as shown in Fig. 5.
As a consequence, our conclusions are very different from
those viewedjuantitativelyin previous studies. For instance,
in a quasiclassical Green-function metdd? the specular-
ity is determined by a parametefl, whered is the thickness
of disordered layer at a surface of superconductorl asthe
mean free path in it. The ZBCP can be seenditir<1.01213
On the other hand in our results, the ZBCP disappears even
in areas of weak roughness suchd$=0.13 forD=0.1
shown in Fig. 4b) and d/1=0.027 for D=0.01 shown in
Fig. 4(c). The disagreement arises becauSe depends
strongly onD, as shown in Fig. 5. The dependence of the
specularity parameter on the transparency is also not taken
FIG. 5. The specular reflection rate is plotted as a function of thénto account in other approach@s}.8
transparency of the junctio® for severalVg. HereD is calculated It must be important to pay attention to the fact that the
from the normal conductance of the ideal junctions. peak position is shifted from zero-bias in low transparent
junctions as shown in Fig.(d). The peak can be seen around
tions (Gy). The barrier potential i¥/,/t=1.0, 2.0 and 4.0 in  e\/A,=0.01 and 0.03 foNg/t=0.1 and 0.3, respectively.
Figs. 4a), 4(b), and 4c), respectively. In low barrier junc- So far a surface state which breaks time-reversal symmetry
tions in Fig. 4a), the broad ZBCP can be seen even in theTRS) has been considered to be a source of the peak
presence Of the I’OUghneSS. When the bal’l’ier potential iS irg‘p"tting_ll-szl?’g However the peak Sp||tt|ng in our resu|ts is
creased, the ZBCP rapidly decreases with increasing the ityrely caused by interfacial roughness in the presence of
terfacial roughness as shown in Figb} In the presence of TRS?*\We confirmed that the peak splitting tends to appear
strong roughness, the peak structure disappears and the cgR- jow transparent junctions. Further investigations are
ductance becomes almost independer#¥fis shown inthe  needed to make clear the relation between the minimum of
curve forVs/t=2.0. In Fig. 4c), the barrier potential is in-  the conductance at the zero bias shown in Fig) 4nd that
creased more, where a scale of the horizontal axis is changegund in experimentd334
for clarity and the normalized ZBCP fafs=0 is about 198. In general, the amplitude of the pair potential near the
The ZES becomes more sensitive to the roughness. As jaterface becomes smaller than its bulk value. In this study,
result, the zero-bias conductance decreases to 10% evenHawever, we do not consider the self-consistency of the pair
the regime of weak roughness suchvagt=0.1. A sensitiv-  potential. One of us calculated the conductance of NS junc-
ity of the ZES to the interfacial roughness depends stronglyions where the pair potential is determined in a self-
on the transparency of the ideal insulating layer, which isconsistent way, and compared the results with those of a
given by non-self-consistent pair potentf&l.The two conductances
deviate from each other when the bias voltage is relatively
D=Gn/Go, (10 large. However, they agree well with each other in the limit
whereG, is the Sharvin conductance of the wire in the ab-0f zero bias. Thus it may be possible to infer that the char-
sence of the potential barrier and the roughness. We note thagters of the ZBCP remain qualitatively unchanged even

D is also one of the calculated results in the simulation. Invhen the pair potential is determined self-consistently. How-
the present calculation, the values Dfare about 0.5 for €ver, we believe that a self-consistent study has to be made

V,/t=1.0,0.1 forV,/t=2.0 and 0.01 fol, /t=4.0 in Figs.  in order to make clear the relation between the suppression
4(a), 4(b), and 4c), respectively. of the pair potential and the specular reflection rate of the

SinceA,gcp andS, depend strongly on the barrier poten- Andreev reflection. o
tia|, we Ca'cu|atqu> as a function Of\/b for several choices The Callculated results indicate that the Superconductors
of Vs in Fig. 5, wherea= m/4, W,="50, andug=2.0t. The ~ near the interface must be extremely clean_ to obser\_/e Fhe
horizontal axisD is calculated from Eq(10). The specular ZBCP in STM experiments, where the barrier potential is
reflection rate decreases with the decreasing transparency @ther high. Actually, experimental results with STM are still
the ideal junctions. Since there is a linear relation betweegontroversial, in particular in Nd-based hidh-supercon-

S, andA,gep, as shown in Fig. 3, the vertical axis in Fig. 5 ductors®®*” Although there are several experiments which
corresponds té\sacp. reported the ZBCP, some experiments did not repdrin

the other hand, the ZBCP can be seen in a number of NS

junctions? This is probably because the potential barrier is

rather low in some NS junctions. In addition to the symmetry
When we consider a relation between the specular reflecshange in the pair potential frochto d+is, for instance, we

tion rate of the Andreev reflection and the amplitude of thesuggest that the effects of the interfacial roughness should be

ZBCP, the present results agree well with those in other thea<econsidered to explain the absence of the ZBCP and the

ries using the quasiclassical Green-function metiid@!® peak splitting in low transparent junctions.
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IV. DISCUSSION
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V. CONCLUSION theories using a quasiclassical Green-function method. How-

We numerically study the effects of interfacial roughnessever’ the second conclusion indicates that the NS junction

on conductance in normal-metivave superconductor must be clean to ob_serve the ZBCP inllow transparent ju.nc-

junctions by using the recursive Green-function methodtlons'.we also find in low transparent junctions that the in-
S terfacial roughness causes the shift of the ZBCP.

There are two conclusionsgi) the specular Andreev reflec-

tion of a quasiparticle is indispensable to the formation of a

ZES at the NS interface, artil) the specular Andreev reflec-

tion rate depends strongly on the transparency of the ideal The authors are indebted to S. Kashiwaya, N. Tokuda, H.

junction. The first conclusion agrees with that in previousAkera, and J. Inoue for useful discussion.
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