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Anisotropy of Upper Critical Field and Pairing Symmetry
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We calculate the angular dependence of the upper critical field H,, taking account of the effect of
the gap anisotropy and nonlocal correction. If the Fermi surface is nearly isotropic in the a-b plane,
the results show that the angular dependence of the upper critical field for LaSrCuQOy in the a-b plane is
qualitatively explained by an order parameter A with the symmetry of the pairing state d,2-,2, consistent

with a recent experiment by Raman spectroscopy.

PACS numbers: 74.60.Ec, 74.72.Dn

The symmetry of the pairing state of the high tempera-
ture oxide superconductors is of great interest. It is exten-
sively investigated by many experimental investigations
such as NMR [1], specific heat [2], thermal conductiv-
ity [3], penetration depth [4], photoemission spectroscopy
[5], Raman spectra [6], and tunneling [7], especially for
YBa,Cu;0; and Bi,Sr,CaCu,0y systems. Besides the
above experiments, Hanaguri et al. measured the upper
critical field H., of single crystal Laj gsSrg.14CuOy4 [8].
They observed a large anisotropy of H., when the mag-
netic field is applied in the (1,1,0) plane. The ratio of
H.,, for H 1c axis to H.y for H || ¢ axis is about 10,
depending on the temperature. Its angular dependence
is well expressed by the effective mass model suitable
for anisotropic three-dimensional superconductors. Fur-
ther they found the anisotropy of H., about 8% in the a-b
plane at the reduced temperature t = T /T, ~ 0.9. Tts
anisotropy has fourfold symmetry, and H., takes maxima
along the [*+1,0,0] and [0, =1, 0] directions and minima
along the [*+1, =1,0] directions. They considered three
possibilities for the fourfold symmetry of the anisotropy
of H., in the a-b plane [8]. The first is due to the twin
structure in the orthorhombic phase. If H., in the or-
thorhombic phase has twofold symmetry in the ¢ plane,
fourfold symmetry of H resulting from the superposition
of the twofold symmetry is expected from the twin struc-
ture. They rejected this possibility because this model
leads to minimum H_., for H || [100] and cannot explain
the angular dependence of H.,. The second possibility is
due to the anisotropy of the critical current density J. in-
duced by the twin boundary. But since J. is small near
the transition temperature, they could not observe clear
anisotropy of J.. They arrived at the third possibility due
to the electronic state in the CuO; layer for their sample.
The magnitude of the anisotropy in the a-b plane is very
large compared to that of conventional superconductors.
The anisotropy of the cubic material Nb, for example, is
about 10% at t+ ~ 0.1 and decreases with increasing tem-
perature [9]. Its origin has been considered due to the
nonlocality and the anisotropy of the Fermi surface. In
this Letter, we follow the third possibility of [8] and fo-
cus the angular dependence of the upper critical field H.,
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in the a-b plane for LaSrCuQ4. Since the measurements
were done near the transition temperature (z = 0.9), we
calculate H,, for pure superconductors near the transition
temperature 7, including the gap anisotropy and the non-
local correction. The results show that the anisotropy of
H ., in the a-b plane is qualitatively explained by the gap
anisotropy with the symmetry of the pairing state d,2—,:
even if the anisotropy of the Fermi surface is small in
the a-b plane. For one pairing state approximation, the
anisotropic BCS pairing interaction is expressed by

Vi = gpk)p(Kk'), )

where g (<0) is a constant, ¢ (k) expresses the symmetry
of the interaction, and k and k'’ are the unit wave vectors.
The order parameter Ak (r) is expressed by

Ax(r) = ¢p(k)A(r). )

The upper critical field H., is the maximum field for
which the linearized Ginzburg-Landau equation of the
order parameter Ak (r) has a nontrivial solution

A(r) = K(@)A(r), 3)

where q = AV/i — 2eA/c and A is the vector potential.
For the pure superconductors near the transition tempera-
ture T, the kernel K(q) is given by [10,11]

K(q) = [gIN©) D Au(*®) (v - @™, (@)
n=0

where N(0) and v are the average density of states and the
velocity at the Fermi surface, respectively. Further,

1 2Qiwpy

T forn =0,

Asw =1 a1y
" %(1—%)5(%4”) forn =1,

4)
where wp is the Debye cutoff frequency, y (= 0.577)
Euler’s constant, and £(z) Riemann’s zeta function. The
angular brackets in Eq. (4) denote the average at the
Fermi surface, namely,
) = [dQ N(Q)A

[dQ N(0)

© 1995 The American Physical Society 323



VOLUME 75, NUMBER 2

PHYSICAL REVIEW LETTERS

10 JuLy 1995

The upper critical field of Eq. (3) with the kernel K(q) up
to n = 1 corresponds to that of the effective mass model
for uniaxial materials. The terms n = 2 in Eq. (4) are
the nonlocal correction to the effective mass model. The
factor ¢ (k) which expresses the gap anisotropy appears
on the average at the Fermi surface in product form with
the Fermi velocity [12]. First we consider the eigenvalue
equation for the n = 1 part of Eq. (4),

(*(K) (v - @HAo(r) = AAy(r). (6)
The lowest eigenvalue A and the eigenfunction Ay(r) are
given by
_ dehH($*(k)v})
= _c;)_

and Ay(r) = g~ (eH/chn)x®

(N

g2
T\ (P22 ®

We have chosen the coordinate system (x,y, z) in which
the z axis is parallel to the external magnetic field, the
x axis is in the a-b plane, and the y axis is directed
along the ¢ axis. The vector potential is taken as
A = (0,Hx,0). The parameter 17 of Eq. (8) gives the
anisotropy in the effective mass model. Next we include
the nonlocal correction due to the terms n = 2 in Eq. (4).
With respect to the eigenfunction Ay(r), the kernel K(q)
is separated into the diagonal part K;(q) and the off-
diagonal part K,4(q):

K(q) = Ka(q) + Koa(q). ©
Let us introduce quantities ¥, ¥, §, and H, which are
defined by

A

where

f‘ = ('x’ TIY)a i” = (Ux, ﬂvy),
10$)
~ H
q= (qx,&), and H = —.
n n

Since the order parameter for the upper critical field does
not contain the z coordinate, we have dropped the z
component of ¥, ¥, and q. By use of the quantities defined
by Egs. (5) and (10), K,(q) and K,4(q) are written as

Ka(q@) = 1gIN(0) {4 + 2p + 1AN(p*(k)D2 e
+32p2 + 2p + DALP2 (k)54 )€},
(11)

Koa(q) = 1gIN(0)As[(p*(k) 2 52 )q7 -
+ (P k)vt)gt]l,  (12)

where
L G+q- _ D * D,
4+ = qx + i4y, p = c o VT T 5
4ehH
92 = 9,0_, and € = —

c
The bar over the product g3 g— in Eq. (12) means that
we take the sum of all the permutations of g, and
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g—. To retain the lowest order of the anisotropy H,;,
it is sufficient to keep only the diagonal part K,(q),
because the off-diagonal part K,;(q) is the first order
of the anisotropy [{¢2(K)#3 92 ) and (p2(k)9*)] and its
contribution to the eigenvalue is the second order. After
some calculations, we obtain the upper critical field H.,

in a form

4ehiH, 5 _ 3Ax(g2(k)o1)8? 1)

cn Axp2()D1)  [Ax2(R)DT)P

where & = In(T/T.). For the magnetic field applied in
the direction (H cosf, H sinf, 0) with respect to the
crystallographic axes, the velocity v is expressed by v =
(—Vx sind + Vy cos@, Vz, Vx cosf® + Vy sinf), where V
is the velocity with respect to the crystallographic axes.
Using the relations

(P2 KIVE") = (P*(K)VE") + (P2 (k)VI"),
(p2(k)VxVy) = 0,

and other similar symmetry relations, we have

_ (e2(k)VE)
(p2(k)VZ)’

(14a)
(2(R)D2) = 2KV, (14b)
and
(p?(k)ot) = A + Bcos4d, (14c¢)
where

4 21,2
A= (5 io]wg + prvpe - WY
(15)

1 .
B = €Z<¢2(k)(V§ = 3VRVy)). (16)

Thus, 77 and (p2(k)D? ) are isotropic and the anisotropy
with the fourfold symmetry appears in the term
($p2(k)51). For ¢(K), we consider two cases of the
pairing states d,2—,2 and d,:

V2 (k% — k%) = V2cos2¢p  for de_ye,

22 kxky = /2sin2¢ for d,,,
(7)

o (k) = [
where K is the unit wave vector in the a-b plane and gb(f()

is normalized as
2w
d ~
/ 2 2k = 1.
0 2

If we assume that the Fermi surface is isotropic in the a-b
plane, it it easy to show that

(p2k)D2) = 3(V2), (18)
and

(19)

B = <Vi>Z/44 for d,\fz—y2 s
—(V1)z/4% for d,,,
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where V, is the magnitude of the velocity in the a-b
plane and (- - -)z means the average with respect to the Z
direction at the Fermi surface. Since A, < 0 and A4 > 0
from Eq. (5), the expression (13) for the upper critical
field along the [£1,0,0] and [0, =1,0] directions takes
the maxima for the symmetry of the pairing state d,2—,>
and the minima for the symmetry of d.,. From ex-
periments [8], we conclude the pairing state as d,2—,> for
LaSrCuQOy. In the recent Raman spectroscopy experiment
for LaSrCuOy4 [13], the symmetry of the gap is favored
for d,»—,». Thus, we have the consistent symmetry
of the pairing state d,>—,2 in both experiments. We
estimate roughly the magnitude of the anisotropy of H.»
near the transition temperature for (V32 ~ (V1) in the
following. Using Egs. (13), (16), and (19), it is given
by

AHn  6A4B|S]
Ho o (Ax@p297))?

This value is smaller than the experimental one by about
a factor of 4. The origin of the quantitative discrepancy
may be caused by our assumption of the isotropic Fermi
surface.

In conclusion, we have calculated the upper critical
field H.,, taking account of the gap anisotropy and the
nonlocal correction. The results show that the symmetry
of the pairing state d,>—,> is consistent with both the
anisotropy of H., and Raman spectroscopy. We desire
to measure the upper critical field H,, in the a-b plane of
other high temperature oxide superconductors to clarify
its origin of the anisotropy.

~02(1 — 7). (20)

We are grateful to Professor Y. Koike for useful
discussions.

*Electronic address: a21191@acos.cc.tohoku.ac.jp

[1] S. Ohsugi, Y. Kitaoka, M. Kyogaku, K. Ishida, K. Asay-

ama, and T. Ohtani, J. Phys. Soc. Jpn. 61, 3054 (1992).

S.E. Stupp and D. M. Ginzberg, in Physical Properties of

High Temperature Superconductors III, edited by D.M.

Ginsberg (World Scientific, Teaneck, NJ, 1991).

[3] R.C. Yu, M.B. Salamon, and W.C. Lee, Phys. Rev. Lett.
69, 1431 (1990).

[4] W.N. Hardy, D.A. Bonn, D.C. Morgan, R. Liang, and
K. Zhang, Phys. Rev. Lett. 70, 3999 (1993).

[5] Z.X. Shen, D.S. Dessau, B.O. Wells, D.M. King,
W.E. Spicer, A.J. Ardo, D. Marshall, L. W. Lombardo,
A. Kapitulnik, P. Dickinson, J. DiCarlo, A.G. Loeser, and
C.H. Park, Phys. Rev. Lett. 70, 1553 (1993).

[6] S.L. Cooper and M. V. Klein, Comments Condens. Matter
Phys. 15, 99 (1990).

[7]1 D.A. Wollman, D.J. V. Harlingen, W.C. Lee, D. M. Gins-

berg, and A.J. Leggett, Phys. Rev. Lett. 71, 2134 (1993).

T. Hanaguri, T. Fukase, Y. Koike, I. Tanaka, and H. Ko-

jima, Physica (Amsterdam) 165&166B, 1449 (1990).

[9] D.E. Farrell, B.S. Chandrasekhar, and S. Huang, Phys.
Rev. 176, 562 (1968); S.J. Williamson, Phys. Rev. B 2,
3545 (1970).

[10] K. Takanaka, Phys. Status Solidi (b) 68, 623 (1975).

[11] K. Takanaka and T. Nagashima, Physica (Amsterdam)
218C, 379 (1993).

[12] V.L. Pokrovskii, Sov. Phys. JETP 13, 447 (1961).

[13] X.K. Chen, J.C. Irwin, H.J. Trodahl, T. Kimura, and
K. Kishio, Phys. Rev. Lett. 73, 3290 (1994).

[2

—_—

(8

—_—

325



