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d-wave-induced angular dependence of surface superconductivity
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The Ginzburg-Landau theory is used to estimatediweave correction to the critical field., and toH s,
the superconducting critical field in the presence of a surface. The correctity is dependent on the angle
of orientation of the crystal lattice with respect to the surface of the sample while that tiye ®a constant.
This angular-dependent shift .3, if experimentally observable, would be an indication of the pairing state
of the superconductofS0163-18208)06026-3

In recent years the pairing state of high-temperature su-

perconductors has been the subject of great theoretical and = g|y|?+ |H¢|2 2I(H2 §)w|2, 1)
experimental interest. There have been numerous recent 2m* m* 2%
studies regarding the nature of the pairing state and its relayhere
tionship to vortex structur&:®
In this paper it will be shown in the spirit of the Ginzburg- ~ ) 2eA
Landau theory that there is @wave-induced shift in the H:( —ihV— T ' 2

critical field H, of high-temperature superconductors. More
importantly, the critical field in the presence of a surfekg ~ M*=2m,, M, being the electron mass, arek electron
has a characteristic dependence on the angle of orientation eharge. Also,
the crystal lattice to the sample surface. Given bulk samples )
with various specific orientations of the crystal lattice to the B= a( l 1= h

surface(specific, as there are preferred directions to be able T, 2m* gz'

to form smooth, well characterized surfagethis effect
Wwhere¢ is the coherence length. The factgv2#2 is chosen
should, in principle, be experimentally observable giving an for later convenience and to mak®, the prefactor of the

indication of the pairing state. d-wave term, dimensionless. Equati@h) may be rewritten
The contents of the paper will now be summarized. Firstly ' g Y

the extended Ginzburg-Landau equation with an anisotropic

term is presented. The critical fieldd., and H 3 in the

absence of the anisotropic term are then obtained by a stan- = g|y|?+
dard variational procedure. Thereafter, the corrections to the

critical fields associated with the extended Ginzburg-Landau 1 - -
equation are obtained perturbatively assuming the prefactor - —|(1‘[§jL H§)¢|2} 4)

(D) of the anisotropic term to be small. This assumption is 2

justified later in the paper. The next step is to study the effecthe third term with the prefactdd in Eq. (4) is an isotropic

of diffuse scattering due to surface quality; the calculation iserm of higher order while the first and second terms give
extended for general boundary conditions incorporating gise to the angular dependencetf;.

phenomenological parametgr The cosinusoidal angular de- | et us consider first the case whebe=0 (the standard
pendence oH_; is seen to persist over a significant range of|inearized Ginzburg-Landau free eneygshe corresponding

y enhancing the possibility of experimental observation. Theyave function being calleg/,. The boundary condition ap-
dimensionless prefactd is next estimated from the micro- propriate toy, is
scopic theory of Makiet al®’ D is seen to be small in the
regime where the Ginzburg-Landau theory is valid, justify-
ing the perturbation theory used. An examination of the mi-
croscopic resulfs’ shows thatD increases significantly as
temperature decreases suggesting that a substantial effédonsider a semi-infinite superconductor with a single surface
might exist at low temperatures. In conclusion, the results ofn the yz plane. Thex axis is chosen perpendicular to the
the paper are summarized and experimental issues are brieflyrface as shown in Fig. 1. Furthermore, the analysis in this
discussed. paper is restricted to the case where the external magnetic
The first step is to write the Ginzburg-Landau free-energyfield is directed along the axis which is chosen parallel to
density with a term incorporatingl-wave contributions. the z coordinate axis. Proceeding along the usual Iffe$,
Such a term could arise from a treatment invoIv'Emgind the gauge is chosen such t%ﬁs para||e| to thQ/ axis:
d-wave order parameters simultaneousty!® or from
higher-order Ginzburg-Landau free energy tefmt18 A=H(X—X,)y. (6)

)

& - -
Ay D g i

_ 2eA
—ihV— T ¢o|surface:0- 5
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In view of Eq. (3) one obtains

74y axis ¢0

He2do=>— 5.
( 02)0 27752

where the subscriptd” in ( H.,), will serve to differentiate
Angle ¢ the above critical field from the one incorporating the
d-wave corrections.
The critical field of surface superconductivity s can be
obtained by minimizing Eg(10) with respect tok, andC in
turn, whereupon one obtains

(13

X AXIS

) 27H
o i zaxs C= b, (14
PaS 4 (o]
1
FIG. 1. The orientation of the crystal planes to the surface and Xo= m (15)
the coordinate axes. andb are unit vectors along the crystal axes.
h? [ 2@H
The wave function of the superconducting nucleus can then Bo=7— ) (16
be chosen to be a function &falone. The boundary condi- 2m ®o
tion then reduces to Proceeding as above one now obtains
d
ol -0 ) (Ho=s =20~y
AX [ rtace 2wg?h 2w (1— 2/m)*2
Obtaining the .c.riti.ce.ll field can bfe treated as a variational Now let us return to the extended Ginzburg-Landau of Eq.
problent® of minimizing the quantity: (4). AssumingD to be small, the correction t@, can be
5 obtained perturbatively witlC and x, retaining the values
Bo= h corresponding to the unperturbed case vidts 0.
° om* g2 For the above system with the coordinate axes chosen as
in Fig. 1, the perturbative correction i® is
72 [l ldx)2+ (4m2A% $2) || 1dx
_ 2 - 0[ lpo Cm( 2d ¢O |¢0| ] , (8) Blzﬁ32+ﬁd, (18)
m fO | '700| X Where
where¢,=hc/2e is the flux quantum. The appropriate wave .
function is 5 P fo |[(H~é)2¢0+(H-6)2¢/0]|2dx
_ A CXR = -2
l/fo_e ’ (9) BSZ 2m* ( 2ﬁ2> foo| ¢ |2dX
which satisfies the boundary conditiogig(~)=0 and Eq. o' °
(7). Thereupon (19
e )(ﬁz)[lc+ 2nH\*1] (2aH)®, 2
0= PolliXo) =| 2 -Vl c Xo ® . R
2m Po Po b & fo [1(I- &@)2go -+ |(I1- ) 24| 2]l
2
2mH Xo Ba= >
-2 . (10 2m* A2 “
( $o ) WC] o [l d
The upper critical fieldH ., for the bulk can be obtained by (20
Séerfgng&%i:ng In Eq. (10) and minimizing with respect (@ In the abovea andb are orthogonal unit vectors along the
crystal axesa making an anglep with respect to the axis.
2mH Thus we have
= : 11 - . .
®o a=cog ¢)x+sin(¢)y, (21)
. #2 [ 2aH 12 b= —sin(¢)x+cog ¢)y. (22)
O_ .
2m* \ ¢, Equations(19) and (20) may be rewritten as
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L L fm cog )i+sin( )i+iQ(x—x)sin( )2e*<°’2>x2
'832_2m*\ 2) fre~oCdx| Jo ) dax ¢ dy o)sin(
d d 2 22
+ —Sin((ﬁ)&+COS{¢)@+iQ(X_XO)COE{¢) e (¢2X7 dx (23
and
h? D& * d d . z o|?
Ba= —J cog ) —— +sin(¢p) —— +iQ(X—X,)siN(p) | e~ ¥?X| dx
2m* f‘” Lo 0 dx dy
e “Xdx
0
” ; d d . ? —(c/2)x22
+J —sm(qb)d—x+cos(¢)d—+|Q(x—xo)cos(¢) e dx|, (29
0 y
whereQ=— 2wH/¢,. After some algebra one obtains for the surface critical field
B B PO 2 A AT S ,
Bs2= - 3 >/ 1t~ e (25
nz | [2mH\?
=— py— D¢ (0.2217% (26)
and
%2 227TH219b26 g 12 38\ 1f , 4  1( 4 12 . ,
Bd—Zm* o) |16 + __+E Tz T i +E a2 cog4¢)( (27)

_ D Z(ZWH)Zb +b 4
= o 3 o [by+bocog4e)],

whereb,=0.763 446 and,=—0.139 415.

(28)

The quality of the crystal surface is an issue as regards

Again assuming thé-wave term to be small, one can experimental studies. Pair breaking due to diffuse scattering

make an expansion iD to obtain

Hez=(Hcs)ol1—D[1.490 85-0.383 708 cot¢)]
+0(D?)}. (29

Thus thed-wave correction induces an angular dependence?_|
in the surface superconducting field which lends itself to

experimental observation.
Proceeding in an analogous fashion with=0 andQ=
— C one obtains the critical fiel# ;,

Heo=(Hcz)o[1-D+O(D?)]. (30

Thus, in this case, there is no angular dependence in the

correction. The ratio of the critical fields is

Hes (1
H. \b

{1+ D[ —0.490 85+0.383 708 co@l¢p) | +- -}
31

c2

=1.6589+ D[ —0.814 271 0.636 532 cost¢)]
+0(D?). (32

at imperfect surfaces can suppress surface superconductivity.
To study this effect, the calculation is now performed for
general boundary conditions incorporating a phenomenologi-
cal parametety describing the structure of the junction be-
tween the superconductor and the vacuum.

As a first step, it is necessary to obtain the critical field
3 in the absence of thd-wave term of interest. In the

1.8

Hez)o

FIG. 2. The dependence bf 5(741)/(H¢s), On 74 for D=0.
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presence of a magnetic field parallel to the surface, we hawehere the wave function is now
the following Ginzburg-Landau equation valid in the super-

conducting region: o — o (x—xp)?f2¢? (35)
o .
d? 27H\?
- _l//20+ (x—xo)zwozﬂg. (33 The eigenvalue of the operator
dx bo &
The boundary condition is now given by B d_2+(27TH 2(x—x 2 36
dx? °
dyo _ %o 34 °
dx y ' being 1£?, we obtairt’

. fxe_ (1/2) [(x—xl>/§]2(_ d2/dx2 +(2wH/¢0)2(x—xo)2)e_ (1/2)[(x—x1)/§]2dx
0

- . . (37)
& f o L2L(x-x)/E2 gy
0
Writing &/y = n4, this leads to
2
Hea(70)]” [U(70)/2— (7:/2) e 7] 9i(7) a8
- 2 2. = )
(He2)o | {U(n0)2 = (m1/2) e "1—[1/4U(m1)] €7 %71} Q2(71)

whereU(n1)=f°f,71e‘X2dx andx,=x;+ [&2U(7n,]e” 7. The dependence di.5(741)/(Hce)o ON 7, is shown in Fig. 2.

The effect of thed-wave term is now studied by a perturbative analysis as before. The correction to the eigenvalue is
determined from Eq919) and(20) to be

2

*52

He ? He ¢
Ba(11) + Bea(11) = 3<n1,¢>+( 3(’“)) f2<n1,¢>+( 3(’“)> f1(771,¢)], (39)

(He2)o (He2)o

wheref, f,, andf; are known functions ofy; and ¢:
—{ml2+msin(2 ¢)°+ VmErf(n1)sin(2 $)°]}  (1+4 5,>)[2+ Jwsin(2 ¢)>+ VwErf(y)sin(2 $)°]}
231 ¥ 1+ Erf( ;)3 421" 73 1+ Erf( ;)12

 mu(1+2 )2+ msin(2 )+ wErf( 1) sm(2<z>>2] 243 /7sin(2 ¢)2+ 3 \7Erf(77,)sin(2 ¢)?
4em’\[a[1+Erf(7y)] 8 ’

fi(n1)=

(40)

3[4-3 Jm—mcod4 ¢)— 3 wErf(y) — mcog 4 )Erf(7,)]
8 et 1 [ 1+ Erf( ;) ]*

L 3ml4- 3 m—\mcod4 ¢)— 3 VmErf( ;) — Vmcod 4 $)Erf(7,)]
4637 73 1+ Erf( 7,) ]

(1+47712)[4 3Jr—m cos(4¢ — 3 \wErf(5,) — \mcod 4 ¢)Erf( ;)]
8e2 1 m[1+Erf(7,)]?

L m(3+2 m?)[4—3 Jm—\Jmcog 4 ¢)— 3 \7Erf(5,) — Jmcog 4 ¢)Erf(7,)]
16 \a[ 1+ Erf(71)]

L 3[-4+3 V+ Jmcog 4 ¢) + 3 mErf(5,) + mcod 4 ¢)Erf(7,)]
32

fo(m1)=

(41)
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FIG. 3. The plot off Hc3/(H¢,) o] as a function ofy, and ¢ is shown forD = —0.02. The parametey, is plotted over a range from O
to 0.4 and¢ from — 7 to .

(=142 9,2 [4—3m—Jmcog4 ¢) — 3 VmErf( 7,) — \mcod 4 $)Erf(7y)]

f =
o) 16’ \a[ 1+ Erf(5)]
, 3[=4+3\mtmcos4 ¢)+3 mErf(7) + \'mcos 4 $)Erf( 7)) @
32 '
In the above expressions, Eff{) is the error function.
Proceeding as in the unperturbed case, we obtain
2
Hes gi(7) D
: 2 = — - —[f3(7) 95+ fa(91) g7+ f1(71)9102]+O(D?). (43
(He2)o 92(m1) 93

Maki et al®” have studied the upper critical field dfwave superconductors within the weak-coupling model. They have
obtained, among other results, the critical field for the bulk case with the field parallel toatkis. An estimate oD can be
obtained by comparing with this microscopic model. Following Makial,” the upper critical field for a bulld-wave
superconductor can be obtained by solving the coupled equations:

» du 2
—|nt=f _ [1—e PY(142p2u’cy)], (44)
0 sinh(u)
= du 2| p2u? 16 2
_ — - _a—put| _ 2 244_ "~ 3,6, _ 4.8
cqInt fo sinr(u)[cl e o +c¢4q| 1—-8pu+12p 3 PU +3p u , (45
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wherep= 2ev?H,(T)/(47T)?, v being the Fermi velocity tially suppressedit should be noted that i, is different for

in the ab plane. In the neighborhood of the transition tem-two crystals with different cleaving directions, corrections
peraturep is small and the above equations can be solved t¢an be made to the observids;/H, ratio using the known
obtain approximate analytic expressions for the upper criticaflependence of large angle-independent component of the ra-

fields for d- and s-wave superconductors. Then using Eq.tio on 7;). However, for high symmetry directions along
(30) D~—0.02 in the temperature where the Ginzburg-Which atomically smooth surfaces can be cleaved, the effect

Landau theory is valid(lt should be emphasized that this should be observable. The same would be true for cleavage
value of D is an underestimate due to the approximation2"gles where the step size is larggep formation can be
made. FurtherD is seen from the exact results of the micro- '”duc‘?d under certain conditicifs There have beer_1 some
scopic theory, to increase substantially at lower temperaturegPerimental efforts where some degree of control in obtain-
suggesting an enhanced effedthe plot of[H.3/(Heo)o] as N9 cleavage angleszzother than along thend a axis has

a function ofn, and¢ is shown in Fig. 3 for this value db. been demonstraté_ﬂ'. ,

It can be seen that the cosinusoidal variation that is the 1h€ high magnitude ofs for high-T. superconductors

d-wave signature persists over a significant range of the pdl@kes experiments difficult, but measurements néar
rametery. would make H.3 accessible. Furthermore, this particular

In conclusion. it has been shown that the abdvaave problem is far less severe in the case of organic supercon-

contribution to the free energy generates an angle depefuctorsisuch as thec-(BEDT-TTF), saltd which also pos-

dence of the surface superconducting field. Thedepen- sess layered structures. Hence this analysis could be applied

dence ofH ;3 provides, in principle, a method for experimen- to other superconducting systems apart from the high-
tally detecting ad-wave contribution without knowledge of temperature superconductors, where the nature of the pairing
the s-d coupling strength state is not well established.

Surface quality is of significance in observing this effect. | would like to express my sincere gratitude to Professor
For diffuse surfaces with indentations comparable to the inA. I. Larkin for his guidance, to Professor O. T. Valls for his
terparticle spacingy; is of order unity for short coherence invaluable insights, and to Professor A. M. Goldman for his
length superconductdrsand the effect could be substan- comments.

1|. Affleck, M. Franz, and M. H. Sharifzadeh Amin, Phys. Rev. B >M. Ichioka, N. Enomoto, N. Hayashi, and K. Machida, Phys. Rev.

55, 704 (1997. B 53, 2233(1996.
2G. E. Volovik, Pis'ma Zh. Eksp. Teor. FiB8, 457(1993 [JETP  13p. Saint-James and P. G. Gennes, Phys. Zet806 (1963.

Lett. 58, 469(1993]. 14A. A. Abrikosov, Fundamentals of the Theory of MetdMNorth-
SA. J. Berlinsky, A. L. Fetter, M. Franz, C. Kallin, and P. I. Holland, Amsterdam, 1988

Soininen, Phys. Rev. Let?5, 2200(1995. 15M. Tinkham, Introduction to SuperconductivittMcGraw-Hill,
“M. Franz, C. Kallin, P. I. Soininen, A. J. Berlinsky, and A. L. New York, 1996.
, Fetter, Phys. Rev. B3, 5795(1996. _ 16A. A. Abrikosov, Zh. Eksp. Teor. Fiz47, 720 (1964.

M. Ichioka, N. Hayashi, N. Enomoto, and K. Machida, Phys. Rev.17G_ Deutscher, J. Phys. Chem. Sole 741 (1967).

B 53, 15 316(1996. 18p. L. Feder and C. Kallin, Phys. Rev. B5, 559 (1997.

5H. Won and K. Maki, Europhys. LetB0, 421 (1995.

7K. Maki, N. Schopohl, and H. Yekyung Won, Physic#B4, 214
(1995.

8R. Joynt, Phys. Rev. B1, 4271(1990.

%Y. Ren, Ji-Hai Xu, and C. S. Ting, Phys. Rev. Letd, 3680 :
(1995 yashi, and S. Tanaka, Appl. Phys. Le86, 1421(1995.

103 H. Xu, Y. Ren, and C. S. Ting, Phys. Rev58, R2991(1996. 22T, Sugimoto, N. Kubota, Y. Shiohara, and S. Tanaka, Appl. Phys.
11K, Takanaka and K. Kuboya, Phys. Rev. L&ts, 323(1995. Lett. 60, 1387(1992.

195, W. Pierson and O. T. Valls, Phys. Rev4B, 2458(1992.

20T, Sugimoto, N. Kubota, Y. Shiohara, and S. Tanaka, Appl. Phys.
Lett. 63, 2697 (1993.

21T, Kitamura, M. Yashida, Y. Yamada, Y. Shiohara, I. Hiraba-



