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The upper critical fieldH.,, of LuUNi,B,C has been determined from the temperature dependence of
the magnetization. A temperature dependent anisotropy within the basal plane which decreases from
a value of 1.1 at 4.5 K to a value of 1.0 @& and an almost temperature independent out-of-plane
anisotropy have been observed. N@&arthe upper critical field along all directions shows a strong
upward curvature. These featuresHf, can be explained quantitatively using a nonlocal extension of
the Ginzburg-Landau equations. The Fermi velocity averages determined from these measurements and
those obtained in band structure calculations are in good agreement. [S0031-9007(97)03913-6]

PACS numbers: 74.60.Ec

Recently, a new family of rare earth (Re) based suage out-of-plane anisotrop&))/S(Hﬁlzoo> + H§§1°>)/H§3°” is

perconductors with the composition RgBJC has been essentially temperature independent with a value of 1.16.
discovered, where Res Lu, Y, Tm, Er, Ho,and Dy [1]. The angular dependence Hf., within the basal plane as

All members of this family have a body-centered tetrag-well as the curvature df., can be described quantitatively
onal crystal structure composed of alternating layers ofvith a nonlocal extension [12] of Gorkov’s derivation [13]
Ni,B, and ReC [2]. The values df, range from about of the GL equations. Fermi velocity averages determined
16 K in LuNi,B,C to 6 K in DyNi,B,C and roughly scale from the measurements presented here are in good agree-
with the de Gennes factor across the series [3,4]. Thenent with those obtained from recent band structure cal-
magnetic variants, Re= Er, Ho, Tm, undergo a transition culations [14,15]. These unusual features of the upper
to antiferromagnetic order within the superconducting stateritical field as well as the occurrence of a square vortex
[3,5,6] whereas in DyNB,C the superconducting transi- lattice arise from two materials properties: the anisotropic
tion occurs within the antiferromagnetic state [4]. TheFermi surface and the high purity of the samples which
availability of large, high-quality single crystals [6] allows allows microscopic Fermi surface anisotropy to manifest
the study of the interplay of the superconducting and magiself in macroscopic phenomena through nonlocal effects.
netic ground states and their anisotropies. In particular, the The sample studied here has a mass of 2.95 mg and
interaction of superconductivity and magnetism was pro7. = 15.8 K. It was grown using NB [6] flux and is a
posed as the origin of a vortex lattices (VL) with squarepiece of the crystal that was used in STM studies of the
symmetry for magnetic fields along the tetragonal axis obsquare VL [8]. Figure 1(a) shows the temperature depen-
served in ErNiB,C using small angle neutron scattering dence of the magnetization in various fields applied par-
(SANS) [7]. The observation of similar square latticesallel to (100). Data for(010) and{001) are qualitatively

in nonmagnetic LUNB,C using scanning tunneling mi- similar. In contrast to high-temperature superconductors
croscopy (STM) [8] and SANS [9] indicates a different in which fluctuation effects cause a substantial broaden-
origin in this material. In recent theoretical work baseding of the transition with increasing field, the transition
on the London model [10] and on the Ginzburg-Landaucurves for LUNjB,C shift to lower temperatures in an al-
(GL) model [11] it was shown that anisotropic energy con-most parallel fashion.H., is determined using the linear
tributions arising from nonlocal corrections of sufficient extrapolations indicated in the figure. Figure 1(b) shows
strength can stabilize a square vortex lattice. Within GLthe temperature dependence of the magnetization in a field
theory the anisotropy ofi., in the basal plane can be of 3 T applied along100), (110), and{001), respectively.
correlated with the occurrence of a square VL, with theAn anisotropy among all three orientations is clearly seen.

square lattice being stable for anisotropigs” /H'y'”  The results are summarized in the phase diagram in Fig. 2.

larger than approximately 1.03. H., for the three orientations has an upward curvature
Here, we present measurements of the upper criticdlear 7. which below about 10 K crosses over into a
field as determined from the temperature dependence of tHéear temperature dependence. These results are con-
magnetization. Along all orientation#,; has an upward ~Sistent with similar findings on single crystal Yi8,C
curvature neafl,. We observe a temperature dependent16] and polycrystalline YNiB,C [17] and LuNpB,C

anisotropy within the basal plane decreases from a valug8]. The in-plane anisotrop;ﬂilzow/Hilzlo> and the av-

of H§1200>/H§1210> = 1.1 at 45K to 1.0 atT.. The aver- erage out-of-plane anisotro;())yS(Hﬁlzoo> + H§1210>)/H§%01>
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: ——<001>| 1 fects previously observed in cubic materials such as clean
. at N erenrrarsrara Nb, V [20] and V;Si [21] or in the basal plane of uniaxial
8.5 9 9.5 10 10.5 11 materials such as @8N0, oFy 1 [22]. These effects arise
T(K) from nonlocal effects [12,23] which in sufficiently clean

FIG. 1. (a) Temperature dependence of the magnetization if'aterials become observable when the transport mean
several fields applied parallel to th@00) direction. The free path becomes larger than the superconducting coher-
upper critical field is determined through linear extrapolationsence length. Within microscopic theory nonlocal correc-
g? tlhnedl?;%?] elt?zaffpoen filr?urae'fiel(d b)ongmTpe;ngirgd daﬁgﬁgd?hngﬁons have been incorporated into Gorkov's derivation of
; . the GL equations through terms of the fofhwI1)"¢|*)
crystallographig100), <110), and{001) directions. (n = 2) for cubic [12,23] as well as for uniaxial systems
[24]. Here,v is the Fermi velocity]ll = V — 27i/DgA
are shown in the inset. The out-of-plane anisotropy is'sr;he? g:?gg;?;’?r:‘rg.q; :glartévst’rﬁstifesgsgrrgogd(;jvcélrnt%e
essentially temperature independent at a value of 1.1 rmipsurface :I'he anisotFrJO arising from tr?ese correc-
whereas the in-plane anisotropy decreases from about 1 £rm " Py 9 ;
(100) ,, (110) _ tonsiis determined by the anisotropy of the Fermi surface

to 1.0 on approaching’.. The valueH,, "/H. . and/or of the superconducting pairing interaction. For the
1.03 is reached around 14 K, indicating that below thiScaqe of isotropic pairing interactions and for the clean

temperature a VL with square symmetry can exist [8,11]iimit g , within the tetragonal basal plane is given by

Anisotropy due to nonlocal effects disappears while ap-

proachingT,., whereas anisotropy caused by anisotropic HY(T, ¢) = h'yr| 1 + _3 T 0.3406C ¢

effective masses is temperature independent in standard ezt <2 2 '

GL theory. Therefore, the out-of-plane anisotropy of

1.16 while approaching’. corresponds to an effective + 0.3406At cod4¢) |, (1)

mass anisotropy ofio1y/m00) = 1.34, which is in good

agreement with the value 1.35 predicted from band strucwith t =1 — T/T,.. ¢ is measured with respect to

ture calculations [14,15]. In spite of the layered structurghe (100) direction. This relation contains nonlocal

the electronic anisotropy of LubB,C is rather weak. It corrections in lowest ordefn = 2) and the tempera-

is, however, significantly larger than the value of 1.01 obture dependence up to second ordertin A similar

served in YN}B,C [19]. relation has recently been applied for the study of
Local GL theory including effective mass anisotropy the upper critical field of LaSr.CuQ, [25]. Here,

does not account for the occurrence of anisotropy in the-4,/T. is the initial slope of the upper critical

tetragonal basal plane nor for the positive curvature ofield. C and A contain averages of the Fermi velocity;

H.»(T). These results are reminiscent of anisotropic ef-C = (2(v2v2) + (v})/(¥2)* + 0.75(v) + (v2v?)) /(v2)?
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andA = ((v¥) — 3(»202))/4(r2)>. The term containing locity v = (v2)'/2 = 2.3 107 cm/sec and the density of
C contributes an isotropic upward curvature .,, states of 4.8 statgeeV primitive cell) [14,15]. The su-
whereas the term witlA provides an anisotropic upward perconducting coherence lengih can be estimated using
curvature. For a spherical Fermi surfac@,= 4.8 and &, = hv/7A, giving & = 200 A with A =22 meV
A = 0.0. Within a phenomenological approach it was[8]. Alternatively, & can be deduced from the initial
shown [8] that the in-plane anisotropy &f., is related slope of the upper critical field which is not affected

to the stability of the square vortex lattice. by nonlocal effectsgy = 0.54[—®o/T.(dH.»/dT)]"/? =
The expression corresponding to Eq. (1) far, along 130 A. Thus, an impurity parameter of = 0.88¢0/1 ~
(001) is given by 0.5 identifies our LUNjB,C samples as approaching the
3 clean limit.
H,(T) = hpt| 1+ (—5 + 0-3406D>f} (2) hea is determined from fitting the experimental
with D = 2((v}) + (v2vD)/(v3)* data sbove 9K to the expressiohiy” ~ Hi» =

0.6812h%,At> as shown in the inset of Fig. 3, yielding
2« = 5.1 T. Deviations from the simple quadratic
emperature dependence below 9 K are related to the
flct that Egs. (1) and (2) do not capture the downward
curvature ofH., which is observed at low temperatures.
SThe average out-of-plane anisotropy can be fitted with
eEqs. (1) and (2) (see inset of Fig. 2) yieldidy = 9.5.
i (100) {110) (100) The value from band structure calculationsDis= 9.3.
b"%lsl%! plane anisotropy = (H, " — Hez ')/(He2 "+ Since D and C are almost identical the out-of-plane
H: ') = 0.3406A¢/[1 + (—1.5 + 0.3406C)¢] as shown anisotropy is essentially temperature independent with
in Fig. 3. A least-squares fit, indicated by the solid line,r¢,/h:, = 1.16 representing the conventional effective
describes the data well over the entire temperature rangeass anisotropy. The temperature dependenced of
The values forC and A are C =94 and A = 043, predicted by Egs. (1) and (2) using the parameters
respectively, which change to 9.1 and 0.42 when restrictingletermined above are shown as solid lines in Fig. 2.
the fitted temperature range to<< 0.35. From band The absolute values, the curvature and anisotropy of the
structure calculations [14,15] the corresponding values arexperimental data at temperatures above 10 K is well
C = 8.1 andA = 0.63, in reasonable agreement with our described, whereas at lower temperatures the absolute
upper critical field analysis. values ofH,, are significantly overestimated as discussed
The reduced anisotropy as compared to the band struabove. The fit of the low-temperature data /#f, can
ture prediction can be accounted for by the impurity scatbe significantly improved by incorporating a terfy?
tering that is present in the sample. Using the Druden the square brackets in Egs. (1) and (2) as shown by
formula as a transport mean free pdth= 320 A can the dotted lines in Fig. 2. This term arises from the
be estimated from the residual resistivity b7 w{) cm  next order in the GL expansion (see Ref. [23]) as well
measured on a third piece of the original crystal [26],as from nonlocal effects. The explicit expression Eor
and from the band structure value for the Fermi ve-contains isotropic (in the basal plane) and(d¢gs and
coq8¢) dependent contributions as well as Fermi surface
averages of second, fourth, and sixth order [24] where the

In the following the parameters.,., h.o., A, C, andD
appearing in Egs. (1) and (2) are determined from fits to th
data. Equations (1) and (2) represent expansions valid ne
T. whose exact range of applicability is not knowpriori.

In addition, a direct fit to Eq. (1) requires the simultaneou
determination of three coefficients. Therefore, it is mor
convenient to first findA andC by evaluating the relative

0.05F T ' e ] sixth order averages have not yet been determined from
< band structure calculations. The numerical value€of
0.04 | ° ] determined from the fits in Fig. 2 are 1.2 for (100),
. e —0.95 for (110), and —1.1 for (001). In this fitting
0.03 | o8t * procedure the values df = 0.5, C = 9.7, andD = 10.2
- y &t <t are essentially the same as those determined from the
0.02 | i : ] high-temperature regime.
§ o2 The importance of terms arising from higher order
0.01 } > : nonlocal corrections to the basal plane anisotropy can be
o o1 02. 03 04 04 inferred independently from the presence of contributions
0 ; : 7 proportional to co8¢) in the angular dependence &f,
0 02 (()1-‘}T/T) 06 08 as shown in Fig. 4 at 6 and 10 K. The dashed lines
C

are the predictions according to Eq. (1) with values for
FIG. 3. Temperature dependence ofI' = (H' hea, C, and A as determined in Fig. 3. The angular
HYN/ESY + HS'™). The solid line is a least-squares fit dependence can be reproduced well, however, there are
according to Eq. (1). The inset showss” — HS'” as a  Systematic deviations. Slightly improved fits including
function of (1 — T/T,)>. a term mycod8¢) in the square brackets of Eq. (1)

100)
3 —
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