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Possibled-wave superconductivity in borocarbides: Upper critical field
of YNi2B2C and LuNi2B2C

Guangfeng Wang and Kazumi Maki
Department of Physics and Astronomy, University of Southern California, Los Angeles, California 90089-0484

~Received 7 April 1998!

The upper critical field of a three-dimensional version ofd-wave superconductors in a variety of field
configurations is analyzed theoretically within the weak-coupling model. The present theory describes the main
features of upper critical fields observed recently in YNi2B2C and LuNi2B2C. This strongly suggests that the
underlying superconductivity in borocarbides should be ofd wave type.@S0163-1829~98!03534-6#
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After a few years of hot controversy it appears th
d-wave superconductivity in the hole-doped high-Tc cu-
prates is finally established.1,2 d-wave superconductivity
manifests itself as fourfold symmetry of the vortex sta
when a magnetic field is applied either parallel to thec axis
or in thea-b plane.3 In particular in a magnetic field paralle
to the c axis the vortex lattice in the vicinity of the uppe
critical field is shown to be square titled by 45° from thea
axis except in the immediate vicinity of the transition tem
peratureTc .4 This work has recently been extended for
small magnetic field.5 The square vortex lattice is stable in
deed in a wider field region. Such vortex lattices thou
elongated in thea direction have been seen by small-ang
neutron scattering6 ~SANS! and scanning tunneling
microscopy7 ~STM! both in YBCO monocrystals at low tem
peratures and small magnetic fields. On the other hand,
magnetic field within thea-b plane a cos(4x) dependence o
the upper critical field is predicted8 wherex is the angleBW
makes from thea axis. However, due to the fact that a ve
high field is involved in high-Tc cuprates, the detection o
this fourfold term appears to be rather difficult.

Therefore, it was quite a surprise for us that both
square vortex lattices in magnetic fields parallel to thec axis
and thex dependence ofHc2 in a field within thea-b plane
have been seen recently in a number of borocarb
ErNi2B2C, YNi2B2C, and LuNi2B2C. Indeed both SANS
~Refs. 9,10! from borocarbides ErNi2B2C, YNi2B2C, and
LuNi2B2C and STM from YNi2B2C ~Ref. 11! demonstrate
that the vortex lattice is square titled by 45° from thea axis
in a magnetic field parallel to thec axis andH.0.375 T.11

Further a beautiful cos(4x) term is detected in the uppe
critical field with a magnetic field within thea-b plane in
LuNi2B2C.12 The authors of the above papers tried to int
pret these observations in terms of an ordinarys-wave su-
perconductor with the Fermi surface with tetragonal dist
tion. However, we propose to interpret the upper critical fi
in borocarbides in terms of a three-dimensional~3D! version
of dx22y2 superconductivity. Unfortunately there is still n
conclusive evidence for thed-wave superconductivity for
borocarbides. However, the appearance of the above su
conductivity in the proximity of the antiferromagnet
phase13,14 or in coexistence with the antiferromagnetic pha
clearly indicates Coulomb dominance rather than electr
phonon interaction dominance in borocarbides. Further a
PRB 580163-1829/98/58~10!/6493~4!/$15.00
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cent specific heat data of LuNi2B2C in the absence of mag
netic field exhibits clearly the power law inT rather than
exponential behavior.15 Furthermore, in the vortex state th
specific heat clearly indicates the presence of theAB term,
which signals the presence of the nodes inD(kW ).16

In the following we shall show that the upper critical fie
for a variety of field configurations in a 3D version o
d-wave superconductivity describes reasonably well exp
mental data obtained from LuNi2B2C ~Ref. 12! and
YNi2B2C.17 Since the borocarbides are almost isotrop
there will be a possible choice ofD(kW ) even it is ofd wave:
D(kW )}cos(2f) or D(kW )}sin2ucos(2f). A preliminary
analysis ofHc(T) andHc2(T) suggests that the firstd-wave
model works much better than the second. Therefore in
paper we limit ourselves to a 3D version of ad-wave super-
conductor. In other words, although the Fermi surface
borocarbides is almost a sphere, we take the sameD(kW ) as in
the hole-doped high-Tc cuprates. We will take this as
strong evidence for d-wave superconductivity in
borocarbides.5,18 Of course it is highly desirable to have th
node and the phase sensitive experiments in borocarbide
perconductors as in high-Tc cuprate superconductors.

Upper critical field in BW icW . Within the weak coupling
model for a 3D version ofd-wave superconductivity the up
per critical field forBW icW is given by4

2 lnt5E
0

` du

sinhu
$12^exp~2ru2sin2u!

3~112Cr2u4sin4u!&%, ~1!

2Clnt5E
0

` du

sinhuH C2 K exp~2ru2sin2u!F 1

12
ru2sin4u

1CS 128ru2sin2u112r2u4sin4u2
16

3
r3u6sin6u

1
2

3
r4u8sin8u D G L J ~2!

where t5T/Tc , r52e2v2Hc2(T)/(4pT)2, sin2u512z2,
and ^¯&5*0

1dz . . . . Here v is the Fermi velocity and we
assumed that it is isotropic. In the case of thez-axis anisot-
6493 © 1998 The American Physical Society
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ropy in the Fermi velocity this effect is readily incorporate
Here we assumed that the order parameterD(rW,kW ) is given by

D~rW,kW !}cos~2f!@11C~a1!4#u0& ~3!

as ind-wave superconductivity4 whereu0& is the Abrikosov
state ins-wave superconductivity,a1 is an analog of the
raising operator, andf is the anglekW in thea-b plane makes
from thea axis. Hence Eqs.~1! and~2! are analogous to the
one in the quasi-two-dimensional system except for an a
tional coefficient sin2u.

In Fig. 1 we show the thermodynamic critical field take
from Ref. 19, since the thermodynamic properties are
same for the 3D system as well. Compared with the exp
mental result from YNi2B2C,17 the theory predicts aHc(0)
somewhat larger~about 20%) than the one observed expe
mentally. For comparison we adjust that the slop
]Hc(T)/]T at T5Tc with the experimental data. The upp
critical field Hc2 and the coefficientC(t) are obtained nu-
merically and shown in Figs. 2, 3, and 4 as a function ot,

FIG. 1. The thermodynamically critical field of ad-wave super-
conductor is shown as a function ofT. Here we adjust the slope o
Hc(T) at T5Tc with the experimental value~Ref. 17!.

FIG. 2. The upper critical fields for different field direction fo
mc /mb51 are shown as a function of temperature. The tempera
dependences are similar to those observed in YNi2B2C ~Ref. 17!.
.
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respectively. For comparison we include the correspond
one in Fig. 2 for the quasi-2D system.4 The upper critical
field of the 3D system increases somewhat faster than
one for the 2D system with decreasing temperature. On
other hand, the observedHc2(t) of both LuNi2B2C and
YNi2B2C exhibit even faster~about 20%) increases at lowe
temperature than the present theory.C(t) for the 3D s ystem
is almost identical but not equal to the one in the 2D syste

Upper critical field in BW in the a-b plane. The upper
critical field in a magnetic field within thea-b plane is ob-
tained from8

2 lnt5E
0

` du

sinhu
$12^@11cos~4x!cos~4f!#

3exp~2X!@112Cru2~sin2usin2f2cos2u!#&%,

~4!

re

FIG. 3. The same as in Fig. 2 but formc /ma51.35. The tem-
perature dependences are compared with the experimental da
LuNi2B2C ~Ref. 12!.

FIG. 4. The coefficientC(t) for the 2D case and our 3D case a
shown as a function oft5T/Tc . These are very similar but no
identical.
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2Clnt5E
0

` du

sinhu
$C2^@11cos~4x!cos~4f!#

3exp~2X!@2ru2~sin2usin2f2cos2u!

1C~124X12X2!#&%, ~5!

whereX5ru2(sin2usin2f1cos2u) and we took

D~rW,kW !}cos~2f!@11C~a1!2#u0&. ~6!

In Figs. 2 and 3 we showBi@100# and @110# for
mc /mb51 and mc /ma51.35, respectively. These may b
compared with experimental results for YNi2B2C and
LuNi2B2C. Indeed these figures describe reasonably well
observed upper critical field. Perhaps the more crucial tes
the theory is provided by the in-plane anisotropyG in

5Hc2
(100)(T)/Hc2

(110)(T), the average out-of-plane aniso
ropy Gout5@Hc2

(100)(T)1Hc2
(110)(T)#/2Hc2

(001)(T), and the
plane anisotropy G5@Hc2

(100)(T)2Hc2
(110)(T)#/@Hc2

(100)(T)
1Hc2

(110)(T)#. G in and Gout are shown as a function ofT in
Fig. 5, whileG is in Fig. 6 as a function of 12t. The black
squares and triangles are taken from experiment.12 Indeed
these are in excellent agreement with the theory forT
>10 K ~or t>0.625), since these figures involve no adju
able parameter. However, at lower temperatures the obse
Gout is in general smaller than the theory predicts. Anoth
test is provided by thex dependence ofHc2(t) within the
a-b plane. We show such a test in Fig. 7. Thex dependence
of Hc2(x,t) is described in a good approximation

Hc2~ t,x!5 1
2 @Hc2

~100!~ t !1Hc2
~110!~ t !#@11Gcos~4x!#. ~7!

Again we find an excellent agreement forT510 K, while at
lower temperatures the observed anisotropy is somew
smaller than the theory predicts.

We have analyzed the upper critical field of YNi2B2C and
LuNi2B2C for a variety of field configurations in terms of
3D version of adx22y2 superconductor in the weak-couplin

FIG. 5. The out-of-plane and the in-plane anisotropies
shown as a function of temperature. The black squares are the
perimental data taken from~Ref. 12!.
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limit. We find that the theory describes a variety of featur
observed experimentally semiquantitatively. In particu
both the in plane and out of plane anisotropy in LuNi2B2C
are described by the present theory satisfactorily forT
>10 K, while some discrepancies set in at lower tempe
tures. AlsoHc2

(100)(t).Hc2
(001)(t).Hc2

(110)(t) for YNi2B2C and
Hc2

(100)(t).Hc2
(110)(t).Hc2

(001)(t) for LuNi2B2C are correctly
given by the present model. Furthermore we exp
Hc2

(110)(t),Hc2
(001)(t) at low temperature (T,3 K) for

LuNi2B2C. In any case the low-temperature behaviors of
upper critical field will provide a more definite test of th
model.

Therefore, though we have to understand the discrep
cies below 10 K, we believe these experiments indic
clearly the possibled-wave nature of the underlying supe
conductivity. Of course further studies on a variety of aspe
of borocarbide superconductivity including the phas
sensitive experiment are highly desirable.

e
x-

FIG. 6. G is shown as a function of 1-t. The data are again from
Ref. 12.

FIG. 7. The x dependences of the upper critical field
LuNi2B2C for T510 and 6 K are compared with the theoretic
result ~Ref. 12!.



i-

rk
of

d a
in
der

6496 PRB 58GUANGFENG WANG AND KAZUMI MAKI
We thank Dr. M. Nohara for providing us with exper
mental data onHc(t) and Hc2(t) from YNi2B2C prior to
publication which gave the first impetus to the present wo
One of us~K.M.! thanks the Japan Society of Promotion
e

d

p
n

.

Science for the timely support, which enabled him to spen
few weeks at ISSP, University of Tokyo. This work was
part supported by the National Science Foundation un
Grant No. DMR95-31720.
.H.
C.

s.

-

b-

.
. B

oc.
1See, for instance,Proceedings of the International Conferenc
LT21 @Czech. J. Phys.46, Suppl. S1-S6~1996!#; Proceedings of
the International Conference MS-HTSC V, Beijing, China
@Physica C282-287, 1641~1997!#.

2K. Maki and H. Won, Ann. Phys.~N.Y.! 5, 320~1996!; J. Phys. I
6, 2317~1996!.

3K. Maki, Y. Sun, and H. Won, Czech. J. Phys. Suppl. S646, 3151
~1996!.

4H. Won and K. Maki, Europhys. Lett.30, 421~1995!; Phys. Rev.
B 53, 5927~1996!.

5J. Shiraishi, M. Kohmoto, and K. Maki, cond-mat/9802067~un-
published!.

6B. Keimer, W. Y. Shih, R. W. Erwin, J.W. Lynn, F. Dogan, an
I. A. Aksay, Phys. Rev. Lett.73, 3459~1994!.

7I. Maggio-Aprile, Ch. Renner, A. Erb, E. Walker, and O” . Fischer,
Phys. Rev. Lett.75, 2754~1995!.

8H. Won and K. Maki, Physica B199-200, 353~1994!; Europhys.
Lett. 34, 453 ~1996!.

9U. Yaron, P.L. Gammel, A.P. Ramirez, D.A. Huse, D.J. Bisho
A.I. Goldman, V. Stassis, P.C. Canfield, K. Mortensen, a
M.R. Eskildsen, Nature~London! 382, 236~1996!; M.R. Eskild-
,
d

sen, P.L. Gammel, B.P. Barber, A.P. Ramirez, D.J. Bishop, N
Anderson, K. Mortensen, C.A. Bolle, C.M. Lieber, and P.
Canfield, Phys. Rev. Lett.78, 1968~1997!; 79, 487 ~1997!.

10M. Yethiraj, D.McK. Paul, C.V. Tomy, and E.M. Forgan, Phy
Rev. Lett.78, 4849~1997!.

11Y. De Wilde, M. Iavarone, U. Welp, V. Metlushko, A.E. Ko
shelev, I. Aranson, and G.W. Crabtree, Phys. Rev. Lett.78, 4273
~1997!.

12V. Metlushko, U. Welp, A. Koshelev, I. Aranson, and G.W. Cra
tree, Phys. Rev. Lett.79, 1738~1997!.

13H. Eisaki, H. Takagi, R. J. Cava, B. Batlogg, J. J. Krajewski, W
F. Peck, K. Mizuhashi, J. O. Lee, and S. Uchida, Phys. Rev
50, 647 ~1994!.

14B. K. Cho, P.C. Canfield, and D.C. Johnston, Phys. Rev. B52,
3844 ~1995!.

15M. Nohara, M. Isshiki, H. Takagi, and R.J. Cava, J. Phys. S
Jpn.66, 1888~1997!.

16G. E. Volovik, JETP Lett.58, 469 ~1993!.
17M. Nohara~private communication!.
18K. Maki and H. Won, Physica B244, 22 ~1998!.
19H. Won and K. Maki, Phys. Rev. B49, 1397~1994!.


