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Conductance characteristics between a normal metal and a clean superconductor
carrying a supercurrent
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The effect of a transverse supercurrénup to the thermodynamic critical current on the low-temperature
conductance characteristics between a normal niéhd a clears- or d-wave superconductdS) is theo-
retically investigated, covering from metallic contdzt0) to the tunneling limit(z>1). For d-wave S both
(100 and (110) contacts are studied. Many features found are due to current-induced gap anisotropy and
requiresS to be in the clean limit. Near criticdl and forz=1, a three-humped structure appears for both
s-wave S andd-wave Swith (100 contact, signaling onset of current-induced gaplessness on the Fermi surface
where gap originally exists.
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It is well known that Andreev reflection plays a funda- spatially varying phase leads to an anisotropic quasiparticle
mental role in understanding the transport properties of @xcitation spectrum in a clea® At temperatureT=0, the
normal metal/superconductor junctiofNSJ.* From the  magnitude of the order parametky is unaffected by current
current-voltage (1-V), or the differential conductance ynjl the Landau criterion is satisfigdle., q=0.5A°, where
[G(V)=dI(V)/dV] characteristics of the junction, one can q=0./ke and A°=A,/Eq). Here A, is the superconducting

learn much information abog, including its elementary ex- gap whenl =0, k. and E; are the Fermi momentum and

citation spectrum and its order-parameter symmetry, etc - - 0
Blonderet al. have developed a general thedrir studying - 9" respectively. Wheg=0.54", S becomes gapless,

-V andG(V) of an NSJ that allows a dimensionless barrier-and quasiparticles are generated in a portion of the Fermi
strength parametarto range from metallic contacz=0, to surface!® Without a current, the effect of increasiagn the

the tunneling regimez>1. However, only conventional Andr_eev-reflection-inFjuced enhancemen'; ®f Within_ the_
swave symmetry forS was considered by them. Recently, 9aP is to suppress it, more for lower bias, resulting in a
much attention has been paid to the conductance charactétouble peaked structufewe find that current-induced gap
istics of d-wave, cupratés in both theory and experiment®  anisotropy has the effect of moving these peaks toward zero
Due solely to the sign change of tliewave gap-function bias. Atz=1, these peaks merge into one at zero bias when
order parameteA(k) on the Fermi surface, a zero-bias con- current-induced gaplessness sets in, resulting in a three-
ductance peakZBCP) appears in the tunneling spectrum of humped structure foG. (The two finite-energy peaks are
an N/(d-wave9) junction with nonénOm) contact’-® The  quasiparticle coherence peakat larger z, such as az=5,
ZBCP arises from a sizable number of midgap states formednly the coherence peaks appear. At smatlesuch as at
at theSside of theN/Sinterface and appears for a@lbutis  z=0.5, the quasiparticle peaks are suppressed near the criti-
narrower and taller for largez In a large magnetic field, the cal current, whereas a central peak appears practically at al-
ZBCP splits into two peak&:* It is interesting to also study ready q/A°=0.45 whenkgT/Er=0.01. Thus even though
the effect of a transverse supercurrenin Son G(V). Very  theoretically a ZBCP at zero temperature is a signal for
recently, G(V) for tunneling into a diffusives-wave super- current-induced gaplessness, in practice the three-humped
conducting wire carrying ah, was measured and compared structure az=1 is a more sensitive signgEssentially the
with theory!# It was shown that the coherence peaks weresame physics occurs also wh8ris d-wave with (100) con-
suppressed and broadened with increasingnd the effect tact, but now the current-induced gaplessness occurs among
is the same as that caused by a magnetic field. The positione d-wave gap anisotropy, so the effect of the former is less
of the coherence peaks @(V) were found to practically not prominent]
shift with I, up to~4/5 of the critical current. In this work, As g is increased furthed, gradually decreases to zero at
we investigate theoretically the conductance characteristicg=0.67A° [Fig. 1(@)]. The supercurrent density quickly
of a cleanNSJ with anlg in S parallel to the interface, by reaches a peakhe thermodynamic critical current dengity
extending the theory of Blondest al? Unlike Ref. 14, this  atq=q,=0.515° [Fig. 1(c)].2® The regiong> g, in which|
work is not limited toz>1. We also consided-wave S with is a decreasing function af, is unstable and cannot be ob-
(100) and(110) contacts. served experimentallyFor a two-dimensionad-wave S, su-
When a uniformlg passes through a conventional three-perconductivity disappears immediately after the Landau cri-
dimensionak-wave S, the phase ofA(k) has a spatial varia- terion is met. Therg,=0.5A°.)
tion of 2gs-x, wherex is the center-of-mass position of a  Different from that in ars-wavesS, the A, vs g relation in
Cooper pairgs=(m'/2)v,, with v¢ the supercurrent velocity, ad-waveSalso depends on the direction of the supercurrent.
andm’ the mass of a Cooper paiiWe assumé:=1,) This  (Here A, denotes the maximum gap in the presences9f
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For a two-dimensionatl-wave S with a supercurrent, the 1 i —
gap-function order parameter &0 is described by 0.8 | (a) s-wave \ 1 08 (b)d-wave
< 06} { o6}
A0 < 04t 104t q)?zgg
T InE = f do cog(20)In(g+ Vg?> - 1), (1) 02t 4 02F
= 06— 025 ————————
where 0.5 - (c) s-wave o~ 1 oo2f @ d-wave/,xif/ ‘
S 04t N w
E A \ L |
_ @ Coia_ (ZS) 10 o2 | /// i . 0.1 ) ; K\
A% cog26) |’ orp 005 -// A )
A9=A,/Eg, ¢ is the angle between the supercurrent and the %0 01 0203 04 05 06 %0 o1 02 03 04 05
antinodal direction and the integral in Eq) is from 0 to 27 q/A° q/A°
with the constraing?-1=0.
Figure b) shows the dependence of thavaveAq ong FIG. 1. Dependence of the superconducting order parameter on

at =0 and w/4. We can see that wheq is less than the normalized supercurrent velocity parametdor (a) ans-wave
~0.3A% the changes of the order parameter wjtin both  and(b) ad-waveS. (¢ is the angle between the supercurrent and the
the antinodal and nodal directions are almost the same. Howantinodal direction in the latter ca3én (c) and(d), the correspond-
ever, a great difference exists for largerWhenlg is along  ing dependences of supercurrent densityqaare given.
the antinodal directiom\9 has a sharp dro@rom 0.883\° to
0.588\% betweenq=0.384A° and 0.38A°. After that it U U
drops continuously to zero at=0.53\° When ¢=m/4, A9 ( ) = eikF'X< )
gradually decreases to 0.689at q=0.46Q\° and has no
solution beyond. B -

The supercurrent densities along the antinodal and nodavhere u(x) and v(x) obey the generalized Andreev

v g9y )’ @

directions are given By equations,
_ Ad fE— a2 ge-ke\—  ike+go __ _
Js=ems{1—EL d0|COS(0—(/))COS(20)|\’92—1], (E_E;_ Sm Flu=- Fm - Vu+Akp)O(X)v,

(2) (538

wheren is the density of electrons. Figurgd) gives the 2 K i(Ke - Qo)
corresponding dependences of the supercurrent densiy on (E + s _ 9 F)U_: F~d
It is seen that the thermodynamic critical currepy 2m m m
=0.238mveA° (0.22%mweA% is reached atg=q,=0.35A° (5b)
(0.3949) for current in the antinodainoda) direction.

The elementary excitations Bare governed by the time-
independent Bogoliubov-de Gennes equatins,

Vo + A (k) OXU.

Obviously, the eigenenergye is symmetric aboutE
=(s-kg/m rather than zero. This leads to different energy
gaps for different electron directions. As a result, many fea-
tures appear i6(V) of a NSJ carrying a transversg as we

shall see below. Witly parallel to the interface of the NSJ,
Eu(x) = hgu(x) +fdx’ A(s,r)v(x’), (38  we have

U\ U

. = (for x> 0), (6Q)
Ev(x) = = hgu(x) +fdx’ A'(s,r)u(x’), (3b) Uy Uy
u, efrus

where s=x-x’, r=3(x+x’), and hy=—(V2/2m)+U&(x) - u — = { gox "] (forx<0), (6b)
UV UV

with w the chemical potential. It is useful to express the
superconducting order parameter in the forf(s,r)  \here p=signke,); a,=[-vg2/2+mA]/ ke, with A,
=[dk €¥SA(k,r)€?s" 3 Neglecting the proximity effect E\/(E'FqSkFy/m)z—AV(kF)A:(kF); B,=mi{—q/(2m) +E

near theN/S interface atx=0, we haveA(k,r)=A(k)O(x),  +0ke,/m]/|key; y,= =[5/ (2m) +E+qeke,/ M/ |key;
where®(x) is a step function, and (k) is the order param- u_~ andv_ '~ are constants. For example, 1 we have
eter of a bulkSin the presence df,. BVEuf/vj:AV(kF)/(E+qSkFy/m— 1A,).

In the WKBJ approximation, Eqg3) have special solu- Following Ref. 2, we obtain the Andreev and normal re-
tions of the form flection coefficientsa(E) andb(E),
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- 20.(k, + k)
a(E) = B_(—k_+q, + 2imU)(k, — g_ + 2imU) - B,(k, + g, + 2imU)(- k_— g_+ 2imU) ' (7a)
b(E) = B.(k_+q_-2imU)(-k, + g, - 2imU) + B_(k, — q_ + 2imU)(k_ + g, — 2imU) -

B_(- k. + 0, + 2imU)(k, — g + 2imU) - B,(k, + g, + 2imU)(- k. — g_ + 2imU)

Here q,=|kgy +B:, 0-=|Kgyl+ 74, and k,=|ks,|+va,. The range. No central peak is induced by electrons k< | 6.
critical supercurrent velocity is much less than the FermiHowever, only a small portion of thig range can be ob-
velocity. So the Andreev approximatiog, =k, ~|kg,/, also  served, because only the regigss 0.515A° is stable.

holds in the presence of a supercurrent. The normalized con- D-wave superconductdmn this case, the pair potential has
ductance can then be calculated according to a formula givethe form A, (kg)=A, cog26,). Here, 6,=6+va, «a is the

in Ref. 2: angle between the antinodal direction and the poskiagis.
Figure 3 presents the normalized conductance at different
G= %, z andq for a d-wave S with (100) contact(i.e., «=0°). For
Gh z=0 [Fig. 3@)], the central peak due to Andreev reflection is

gradually suppressed by increasiggFor z>1 [Fig. 3d)],
e [ 2 If(E-eV) one sees mainly the filling up of the central dip @sn-
Gh=-— dEJ do————1[1 - |b(+ )], creases. For intermediategFigs. 3b and 3k one sees intri-
T —ml2 JE cate behavior with some similarity to the corresponding
cases in Fig. 2, as the only remaining effect of current-

e (" "2 9HE-eV) induced gap anisotropy and the eventual gaplessness, which
Ge=-— dE dg are here largely obscured by tdevave anisotro
Figure 4 is like Fig. 3 but with(110) contact(i.e., «
X[1+|a(- E)]>-|b(E)|?], (8) =45 It is seen that the ZBCP induced by the midgap sur-

. o ) face states is suppressed, broadened, and eventually split at
where|kg,| =kg cos 6, f(E) is the Fermi distribution function, sufficiently largez whenq is increased.

G, and G, are the differential conductance f8rin the nor- In summary, the order parameter and the critical current

mal and superconducting states, respectively. ~ density of ad-wave superconductdf) carrying a supercur-
S-wave superconductoin this case, the superconducting rent |_ are obtained. The differential conductance dfar-

order parameted, (kg)=A, is independent ob. mal metaj/(cleans- or d-wave S) junction carrying a trans-

In Fig. 2, G(V) at variousq andz=2mU/kg are plotted  yerse | is theoretically investigated, covering barrier
(for kgT=0.01E and Ap=0.1Ef). At z=q=0, electrons in-  strengths from metallic contadz=0) to the tunneling re-
coming with all momentekg with ke, >0 can entelSand  gime (z>1). For swave S, several features result from

equal number of holes at opposite momenta are retroreflecteq,rent-induced gap anisotropy, distinguishing this clean-
into N if eV <A, So G=2.0 within the superconducting

gap atT=0. As q increases, the range &=2.0 diminishes
and theG(V) curve turns into a nearly triangular peak due to

[ (@)

2 ,

1.9 [

18 16+
the current-induced gap anisotroff§ig. 2a)]. At z>1 [Fig. A 15|
2(d)], the coherence peaks are suppressed and broadened & 15 | / 14 -
g increases, but unlike the case of a diy* here the peaks 120 A 12 I
of G(V) moveoutwardwhile the gap shrinks, again because LA \ il
of the gap anisotropy. The intermediaaesults are even 17 18 F=——p
richer in behavior[Figs. 2b) and 2c)]: A three-humped 16r @ ore )
structure including a peak at zero bias appears at nearly criti- 14 | 12¢
callsandz=1 because the system has become gapless. This® 13 0; i
central peak disappearszat1 because it is due to Andreev ]f 7 \§ 06 |
reflection. It splits into two weak peaks at weaker currents 1 04 - 4
when the system is not gapless. These features are character °9r . . v/ . ezp ., | ZA—
istically different from the ZBCP induced by the midgap s o2 A eV(;AO e s 82 eS/A 28

0

surface states id-wave S with non{n0m) contacts*

Electrons entering at a fixed incident angleontributes FIG. 2. The normalized differential conductance vs voltage for
to G(V) a central peak if the gaplessness conditiongg N/(s-wave ) junction: (a) z=0, (b) z=0.5, (c) z=1.0, and(d)
2q/sin 6> A% is satisfied. This is possible only fqr>0.5A%  z=5.0. Solid,q=0; dash,q=0.3A° and dot,g=0.515", at which
For 0.A°<q<0.67A°% there is a critical angle|f] the thermodynamic critical current is reached. Hareqy/ke and
=arcsifA®/2q), which decreases from 90° to 48.3° in this A°=A,/Ex.
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FIG. 3. The normalized differential conductance vs voltage for ~FIG. 4. Same as Fig. 3 except with10) contact, and the blue
anN/(d-wave S) junction with (100) contacti(a) z=0, (b)z=0.5,(c) curve is forg=0.3N°, where the critical current is reached.
z=1.0, and(d) z=5.0. Solid, g=0; dash,q=0.2A% and dot, q
=0.3519, at which the thermodynamic critical current is reached.
o o . _ ) surface-states-induced zero-bias conductance peak, this peak
limit study f_rom the dirty-limit result* They include trian- is shown to split byl at largez, much like the effect of an
gular low-bias conductance curve z&1 due to Andreev  oyiernal magnetic fiel#®1%11We remark that this formula-

reflection, and outward shift of coherence peaks while gagion can also be applied to the case af-es superconductor.
shrinks az>1. A three-humped structure including a peak atgince the critical current for as-wave superconductor is
zero bias occurs at=1 near the critical, signaling current-  gnout a factor of two higher than that fordavave one, the
induced gaplessness. Fdrwave S, (100 contact shows eyistence of ars component can be verified by a supercur-

mainly weakening at smai of the low-bias enhancement of (ent reaching a magnitude between the two critical values.
G due to Andreev reflection, and gap filling at lagevith a

weaker current-induced central peak 3¢ 1 near the criti- The authors wish to thank J. Wei for helpful discussions.

cal current, as the current-induced gaplessness is now oB+his work was supported by the Texas Center for Supercon-
scured by thed-wave gap anisotropy. Witlil10) contact, ductivity and Advanced Materials at the University of Hous-

when the dominant feature at zero current is a midgapton and by the Robert A. Welch Foundati¢@.S.T).
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