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Possibled-wave superconductivity in borocarbides: Upper critical field
of YNi,B,C and LuNi,B,C
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The upper critical field of a three-dimensional versiondsvave 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 ¥IC and LuNjB,C. This strongly suggests that the
underlying superconductivity in borocarbides should bel efave type[S0163-18208)03534-4

After a few years of hot controversy it appears thatcent specific heat data of LupB,C in the absence of mag-
d-wave superconductivity in the hole-doped hi§h-cu- netic field exhibits clearly the power law ifi rather than
prates is finally establishéd d-wave superconductivity exponential behavio® Furthermore, in the vortex state the
manifests itself as fourfold symmetry of the vortex statespecific heat clearly indicates the presence of {Beterm,
when a magnetic field is applied either parallel to thaxis  \yhich signals the presence of the nodes\(rf).ls
or in thea-b plane? In particular in a magnetic field parallel | the following we shall show that the upper critical field
to the ¢ axis the vortex lattice in the vicinity of the upper for a variety of field configurations in a 3D version of
critical field is shown to be square titled by 45° from the d-wave superconductivity describes reasonably well experi-
axis except in the immediate vicinity of the transition tem-mental data obtained from LupB,C (Ref. 12 and
peratureT..* This work has recently been extended for aYNi,B,C.}" Since the borocarbides are almost isotropic,
small magnetic field. The square vortex lattice is stable in- there will be a possible choice (Af(|z) even it is ofd wave:
deed in a wider field region. Such vortex lattices thoughA(IZ)mcos(2¢) or A(K)*sirf6cos(26). A preliminary
elongated in thea direction have been seen by small-angle(,malysiS ofH(T) andH,(T) suggests that the firstwave

neutron %catterirf’g (SANS) and scanning tunneling o qe| works much better than the second. Therefore in this
microscopy (STM) both in YBCO monocrystals at low tem- oo \we fimit ourselves to a 3D version oflavave super-

ﬁgaﬁgﬁ: f?er;g vSv:]h&::i m;gget:;rfffib (S)(;)thdeeog:%ref;igdéfm nductor. In other words, although the Fermi surface in
9 P P borocarbides is almost a sphere, we take the s@(ﬁ¢ asin

the upper critical field is predictavhere y is the anglel§ the hole-doped high, cuprates. We will take this as a
makes from thea axis. However, due to the fact that a very strong  evidence fcor d-wave superconductivity in

high field is involved in hight cuprates, the detection of 1,04 hided:1® Of course it is highly desirable to have the

this fourfold term appears to be rat.her difficult. node and the phase sensitive experiments in borocarbide su-
Therefore, it was quite a surprise for us that both the

. X T . erconductors as in highz cuprate superconductors.
square vortex lattices in magnetic fields parallel tocteis P 9 CUp P

and they dependence dfl., in a field within thea-b plane Upper critical fiel_d in E‘E' Within the wea_k_coupling
have been seen recently in a number of borocarbidedel for a 3D version ofi-wave superconductivity the up-

ErNi,B,C, YNi,B,C, and LuNjB,C. Indeed both SANS Per critical field forBj|c is given by
(Refs. 9,10 from borocarbides ErNB,C, YNi,B,C, and

LuNi,B,C and STM from YN;}B,C (Ref. 1) demonstrate Int= J“’ﬂ
that the vortex lattice is square titled by 45° from thexis o Sinku
in a magnetic field parallel to the axis andH>0.375 T1! _
Further a beautiful cos(d) term is detected in the upper X (1+2Cp2usin’e))}, 1)
critical field with a magnetic field within tha-b plane in

LuNi,B,C.*? The authors of the above papers tried to inter- >

pret these observations in terms of an ordinsiwave su-  ~ CINt= fo sinhu
perconductor with the Fermi surface with tetragonal distor-
tion. However, we propose to interpret the upper critical field
in borocarbides in terms of a three-dimensiof8) version

of dy2_y2 superconductivity. Unfortunately there is still no
conclusive evidence for thd-wave superconductivity for E 48girf
borocarbides. However, the appearance of the above super- + 3P u'sin"o
conductivity in the proximity of the antiferromagnetic

phasé®>™or in coexistence with the antiferromagnetic phasewhere t=T/T., p=2e%2H(T)/(47T)?, sifg=1-7,
clearly indicates Coulomb dominance rather than electronand (---)=f3dz. ... Herev is the Fermi velocity and we
phonon interaction dominance in borocarbides. Further a reassumed that it is isotropic. In the case of thaxis anisot-

{1—(exp(— pu?sir?g)

Cc— < exp(— puzsinza){lizpuzsin“e

16
+C| 1—8pu?sirf6+ 12p2u’sinto— §p3u63in60

2
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FIG. 1. The thermodynamically critical field ofdrwave super-
conductor is shown as a function ©f Here we adjust the slope of

H.(T) at T=T, with the experimental valugRef. 17.

ropy in the Fermi velocity this effect is readily incorporated.
Here we assumed that the order paranietesk) is given by

as ind-wave superconductivifywhere|0) is the Abrikosov

state ins-wave superconductivitya® is an analog of the
raising operator, ane is the angld? in thea-b plane makes
from thea axis. Hence Eq9q1) and(2) are analogous to the

A(r,k)ccog2¢)[ 1+ C(a*)*]|0) &)
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FIG. 3. The same as in Fig. 2 but far,/m,=1.35. The tem-
perature dependences are compared with the experimental data for
LuNi,B,C (Ref. 12.

respectively. For comparison we include the corresponding

one in Fig. 2 for the quasi-2D systehilhe upper critical

field of the 3D system increases somewhat faster than the
one for the 2D system with decreasing temperature. On the
other hand, the observeH,(t) of both LuNiLB,C and
YNi,B,C exhibit even fastefabout 20%) increases at lower
temperature than the present thedgyt) for the 3D s ystem
is almost identical but not equal to the one in the 2D system.

one in the quasi-two-dimensional system except for an addi- Upper critical field in Bin the ab plane. The upper

tional coefficient siRé.

In Fig. 1 we show the thermodynamic critical field taken zined fron§

critical field in a magnetic field within tha-b plane is ob-

from Ref. 19, since the thermodynamic properties are the

same for the 3D system as well. Compared with the experi-
mental result from YNiB,C,!’ the theory predicts &i(0)

somewhat largetabout 20%) than the one observed experi-
mentally. For comparison we adjust that the slopes
IH(T)/dT at T=T, with the experimental data. The upper
critical field H., and the coefficienC(t) are obtained nu-
merically and shown in Figs. 2, 3, and 4 as a functior,of
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FIG. 2. The upper critical fields for different field direction for
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sinmy (L~ ([1+cog4x)cog44)]

X exp(— X)[ 1+ 2Cpu?(sirtdsir¢— cog 6) 1)},
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FIG. 4. The coefficien€(t) for the 2D case and our 3D case are

m./m,=1 are shown as a function of temperature. The temperaturshown as a function of=T/T.. These are very similar but not

dependences are similar to those observed in,BMC (Ref. 17.

identical.
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FIG. 5. The out-of-plane and the in-plane anisotropies are

shown as a function of temperature. The black squares are the ex-
perimental data taken froitRef. 12.

limit. We find that the theory describes a variety of features
= du observed experimentally semiquantitatively. In particular
—Clnt= fo Sinm{c—<[1+cos{4x)cos(4¢)] both the in plane and out of plane anisotropy in LyBJiC
are described by the present theory satisfactorily Tor

X exp( — X)[ 2pu?(sir? sirn? ¢ — cos' ) =10 K, while some discrepancies set in at lower tempera-
(100) (001) (110) :
+C(1—4X+2X)])1, (5) tu(rlegi AISOH(Cflo)(t)> H(Cozo1)(t)>HC2 (f[) for YNi,B,C and
- _ Ho (H)>Hg (t)>Hg () for LuNi,B,C are correctly
whereX = pu?(sir? gsir’ ¢+ cos’6) and we took given by the present model. Furthermore we expect

- L HGO(1) <HO™(t) at low temperature <3 K) for
A(r,k)ccog2¢)[1+C(a")?]|0). ®  LuNi,B,C. In any case the low-temperature behaviors of the
In Figs. 2 and 3 we showB|[100] and [110] for upper critical field will provide a more definite test of the

_ _ . model.
crsr]gr/nnp:;r_e}j ?/Ci?hmce/gz:i;lgr?t,alre?gs&ttlze%rT\Zeléis'becm:r}\/ dbe _ Therefore, though we hgve to understanq the di;crgpan—
LuNi,B,C. Indeed these figures describe reasonably well th&!®s below 10 K, we believe these experiments indicate

observed upper critical field. Perhaps the more crucial test O(flearly t.h? possiblel-wave nature (.)f the “”def'y'”g super-
. ; ; : conductivity. Of course further studies on a variety of aspects
the theory is provided by the in-plane anisotropy,

100 110 ! of borocarbide superconductivity including the phase-
=HG2 )(T)/ng(lgg)’ thellaaverage &lit—of—plane anisot- <o nsitive experiment are highly desirable.
ropy  Tou=[HGAT)+ HEFAM2HE(T), and the
plane anisotropy I'=[H&O(T)—HEO(T) /[ HEO(T) 6.1
+HGO(T)]. Ty, and T, are shown as a function &f in
Fig. 5, whileTl" is in Fig. 6 as a function of +t. The black
squares and triangles are taken from experimfeindeed
these are in excellent agreement with the theory Tor
=10 K (ort=0.625), since these figures involve no adjust- g4
able parameter. However, at lower temperatures the observ
I',ut is in general smaller than the theory predicts. AnotherI‘E
test is provided by they dependence ofi.,(t) within the 5.5
a-b plane. We show such a test in Fig. 7. Thelependence
of H.o(x,t) is described in a good approximation

ch(T)

5.3

Hea(t,x)=3[HEP () +HG () ][1+Tcog4x)]. (7)

Again we find an excellent agreement o= 10 K, while at 5-10 y
lower temperatures the observed anisotropy is somewh:
smaller than the theory predicts.

We have analyzed the upper critical field of ¥H,C and FIG. 7. The x dependences of the upper critical field of
LuNi,B,C for a variety of field configurations in terms of a LuNi,B,C for T=10 and 6 K are compared with the theoretical
3D version of ad,2 2 superconductor in the weak-coupling result(Ref. 12.
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