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Equilibrium basal-plane magnetization of superconductive YN;B,C:
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For a single crystal of YNB,C superconductor, the equilibrium magnetizatinn the square basal plane
has been studied experimentally as a function of temperature and magnetic field. While the magnetization
M(H) deviates from conventional London predictions, a recent extension of London tihednglude effects
of nonlocal electrodynamigglescribes the experiments accurately. The resulting superconductive parameters
are well behaved. These results are compared with corresponding findings for the cddepeitiendicular to
the basal plane.
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I. INTRODUCTION the standard London model. Indeed, the familiar supercon-
ductive mass anisotropy with componentg, which plays

Borocarbide superconductors continue to reveal interesia major role in the layered high; materials, is a second
ing features. This family of compoundsRNi,B,C, exhibits ~ rank tensor. Thus, in the squaab basal plane of this tetrag-
superconductivity foR=Lu, Y, Tm, Er, Ho, and Dy. The onal compound, one has,,=my;,, which immediately im-
last four of these order antiferromagnetically below theNe Plies that the response within the plane should be isotropic.
temperaturdy, that ranges from 1.5 to 10 K. The relatively N contrast, Kogan’s nonlocal scenéﬁcpontains a fourth
high superconducting transition temperatufe and the rank tensor that breaks the basal plane isotropy and provides
broad variation of the ratidy /T, within the family make [Of the observed fourfold anisotropy. .
these materials particularly appropriate to explore the micro- N this paper we expand the analysis of the reversible

scopic coexistence of superconductivity and localized mag_r_’nagnenzatlon of the vortex system in YJB},C by present-

netic moment&- ing detailed measurements df(H,T) for H in the basal
A second rémarkable feature in these compounds is th IEP:VEI] trrfoggﬁtallévgg?;?ntgi fﬁigpzv)\éo:gsgfows flgtr)gtﬁg'

formation of superconducting vortex latticeBLL’s] with AT P P

symmetries other than the hexagonal 6rie’ The presence magnetization in th&b plane by expanding the free energy

fth h | latti has b ibuted h ppropriate for this configuratidhto first order in the basal-
of these nonhexagonal lattices has been attributed to the &fjane anisotropy. This approximation provides an excellent

fects of nonlocal electrodynamics, which arise when theyescription of the experimental results and, furthermore, the
electronic mean free pathis larger than the BCS zero tem- regyiting parameters for the superconductor are well behaved
perature superconducting coherence lenggh Nonlocal  and exhibit a remarkable consistency with results from band-
electrodynamics in superconductors were traditionally assostrycture calculations. These aggregate findings give unim-
ciated with very low values of the Ginzburg Landau param-peachable evidence for a profound impact of nonlocal

eter, k~1. Borocarbide superconductors haxevalues in  glectrodynamics on clean, intermediatdorocarbide super-
the range of 10—20. However, the availability of very cleanconductors.

single crystals with largé permits the observation of nonlo-
cal effects in these intermediatematerials.

Nonlocality influences the equilibrium magnetic response
of the vortex lattice in various ways. Soreg al'® showed Standard local London anisotropic theory provides a
that, when the applied fielti is parallel to the crystallo- simple logarithmic field dependence for the equilibrium

graphicc axis of a YNiB,C crystal, the reversible magneti- magnetization. For intermediate field$,;<H<H,, one
zation in the mixed state deviates from the logarithmic deag? (for H parallel to thekth principal axi$

pendence on magnetic fieldVi«In(H,/H), which is

Il. THEORETICAL BACKGROUND

expected from the standard London motfehuch deviations MK pHX ®
could be quantitatively accounted for within the framework —=-1n Cz), M}‘):—O (1)
of a nonlocal generalization of London theory, as developed Mo B 32mPNi\
by Kogan and Gurevicl?
More recently, we measur&tM of this compound foH Here » is a constant of order unityy; is the London

lying within the basal plane, and found that it oscillates withpenetration depth corresponding to screening by currents in
angular periodicityr/2, a behavior that is incompatible with thej direction, withH|k axis; HE2=<I>O/27T§i &; is the upper
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critical field in thek direction, with ¢ being the Ginzburg- The in-plane anisotropy is accounted for k),
Landau coherence length at temperatlir€experimentally,
we will make the usual approximation that the flux density n n«—3n
B=H+4xM can be replaced by the applied figtj since d=nal2+ — —6n,— ——2sirf(2¢) (5)
the magnetizatioM <H in all cases treated here. r2 2r?

In the Kogan-Gurevich nonlocal formulation of London
theory? there is a third independent length scale, the nonlowherel' 2= m./m, is the usual mass anisotropy between the
cality radiusp, which depends oh and T and also reflects aandc axes, andp is the angle between the vortices and the
the material anisotropy. It has the form=X\/n, wherex a-axis. Ifd=0 the in-plane response would be isotropic, and
=(NaApho) Y andn is the appropriate component of the integration of Eq.(4) would result in a magnetizatioM =

forth rank tenson, given by — dF/9B identical to Eq(3). However, ford+ 0 the in-plane
magnetization cannot in general be reduéed the form of
NNijim < V(T D (v ivjv10m){v?)?. (2 Eq.(3.

) ) ) o The integrand of Eq4) can be expanded in powers of the

Herev is th? Fermi velocity, an.d' - -) indicates averages  yariabled(¢)/4(u+n,), and integrated term by term. The
over the Fermi surface. The functio{T,1), that contains all resulting series can be differentiated with respecBtdo
the temperature and mean free path dependencies, was evadjstain M0, The leading terni ab s independent ofl, and

ated by Kogan and co-worket$:* represents a large contribution to the magnetization that is
When nonlocality is important, the scatg,~ ®,/¢> for isotropic within the plane,

M is replaced by another magnetic-field scafie~®/p>.

As y(T,l) slowly decreases with increasifigso doe, and ab ab

consequenthH, slowly increases with temperature, in con- Miso O Ho 1

trast toH,. One consequence of the theory is that the quan- M_Sb M

B
tity yHq~ 1/53 should be independent of temperature, which

is a prediction that we test later. . where H3P=® /472\?n, (Also in this case, the numerical
In a tetragonal materiah has four independent compo- factors are valid for a square FULThe term¢2® arises from

Nents:N; =Naaaa, N2=Naabb, N3=Ncccc ANAN4I=Naace- FOI  the core contribution to the free energgot included in

HaP X
-7 a , 6
(R4 B) +{ (6)

H|c axis, the resulting expression ft¢(H,T) is' Equation( 4)]; it is analogous ta® in both form and origin,
. c . as described previously:**Eq. (6) has the same functional

M_ __ In< E n 1) _ Ho +e 3 form as Eq.(3), but the anisotropy between thexis and the

M§ B (H5+B) plane is reflected in both the prefactdr, and the field scale

Ho. The second term in the expansidm,él‘b, is linear in

— 2y 2 _ 2y 2
where Mg=0o/32m°\5,, Hg=Po/4m N n, (for a square  §(y) and accounts for the in-plane fourfold anisotropy in
FLL), and{*(T) = 7y~ In(Hg/ 7,H,+ 1), with both, and  mab (g leading order:
7, constants of order unity.
If H lies in theab plane, the analysis is more complex. In

a previous study® we described the basal plane anisotropy ab ab E_ 1

in M by assuming the validity of an expression analogousto ~ M;” d B Hoo B @
Eq. (3) and proposing a fourfold oscillation io. The em- Mgb_ 8N B+H°| H+B  [Hg, '
pirical expression thus obtained successfully captured the ba- 51

sic features of the in-plane magnetic response, but the link Ho

between the amplitude of the oscillations and the more fun-

damental material parameters was undefined. In the above scenaribl, tends toward zero a— T,
~According to a subsequent generalization of the formalyhile H, increases with temperature. These differing tem-
ism, developetf for the case oH in theab plane, the free perature dependencies mean that for clean materials, the non-

energy is approximately given by local expressiongEqs.(3) and(6)] reduce to the local form
[Eq. (1)], asT approached ., while Mi‘b from Eq.(7) van-
E=Mmab f”z du . 4) ishes. Thus the nonlocal theory predicts that the equilibrium
" J(utnglu+ng+d(e)4] magnetization in a clean sample should vary logarithmically

ab_ 5 3 > o1 with field nearT., but should deviate progressively from
Here Mgy '=®0/32m Naphe, U1 =(47°«") and U,  |ogarithmic behavior at low temperatures. Furthermore, as
=2muy(Hc,/B). (Within this approximation, the very small materials become dirtier so thatbecomes shorter anid,
anisotropy® in H., can be ignored. Equation (4) holds increases, the nonlocal expressions reduce to the local form
wheneveru<1, so that terms of ordar? can be neglected. at all temperatures
For YNi,B,C we have x~10, thusu;~2.5x10"* and Our purpose is to analyze the in-plane magnetization us-
u,~1.6x10 3H,/B. In our analysis of the basal-plane ing Egs. 6 and 7. We thus need to estimate the importance of
magnetization, ., /B)<40 in all casegsee Sec. ¥, thus the various terms in the expansion. According to electron
u,=<0.05, and the approximation is valid. band calculations! for YNi,B,C we have
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<02)=1.50>< 1015 (leseQZ, TABLE I. Superconducting parameters.
(v2)=0.87x 105 (cm/seg?, A=950 A '=1.13+0.02
Nap=990 A =880 A
(v2)=0.85x 10" (cm/seq?, pap=31.4 A pc=34.4 A
n,=6.95x10° n,=1.04x10"3
(vay=1.15<10° (cm/seq?, (8) ng=— n,=1.25¢10"3

(v202)=1.75<10%° (cm/seg?,
be considered. This is also true wiH|[001], as was the

(v8)=7.71x10?° (cm/seg?, case for the previous data that will be included in our analy-
sis. Then from now on we will ignore the vector naturevbf
(v2?)=2.41x 107 (cm/seg®. and denote it simply ab. The diamagnetic moment of the

addenddsilicon disk plus glug which was measured sepa-
Based on those values we can calculate the relations béately, was linear inH, isotropic, and nonhysteretic. This
tween all the components of using Eq.(2). In Sec. IV we  Signal, ms;=(—5.4x10"° emu/OeH, was always small
will compare these band calculation estimates with our ex¢ompared with the moment of the crystal, and was subtracted
perimental results. In particular, we are interested in the diffom all the data prior to any further analysis.

mensionless prefactal/8n,, that sets the order of magnitude !N the mixed state, hysteresis loop(H,T) were mea-
in Eq. (7). It is also useful to splid into in two parts:d sured. The maximuni was 65 kOe in all cases. Measure-

—d, +d, sir(2¢). Using Eq.(5), we obtain ments were also conducted in the normal state at tempera-
tures up to 300 K, in order to correct for the normal state
d, d, background moment. It is worth noting that the magnetiza-
8—n4“0-23, B, —0.13. (9 tion is small, compared to the applied field, in all cases con-

sidered here. Thus demagnetizing effects are negligible: for
In Sec. IV we will make use of these estimates to gain arH| ab plane, we obtain from the Meissner state respbhse
idea of the goodness of our approximations. For comparisorthat the effective demagnetization facr0.1. Then in the
we can calculate the equivalent values for the similar matemixed state, the effective field = H,ppliea—47DM dif-
rial LuNi,B,C, using the Fermi-surface averages givenfers from the applied field by less than 1% is the worst case,
previously’® The results ared;/8n,~0.42 andd,/8n,~ and we need to consider only the magnetizing fidld~ur-
—0.20. The larger values for the Lu-based system mean thdiermore, for comparison with theoretical expressions, we
the first-order expansion in Eq&) and(7) is more accurate can approximate the flux densiB~H +47M by H with an
for the yttrium-based compound, while the amplitude of os-accuracy of a few percent and generally better.
cillation in the basal plane magnetization can be larger for The superconductive transition temperature, measured in
LuNi,B,C. a small applied field, wa3.=14.5 K. Measurement of the
electrical resistivity using a van der Pauw method gave an
IIl. EXPERIMENTAL ASPECTS electrical resistivity of 4 u{) cm at 20 K and a residual re-
sistance ratio of 10, yielding an electronic mean free path
The YNi,B,C single crystal was grown by a high- ~300 A. Using this and values &f., (for H |c axis), Song
temperature flux method using /8 flux, using isotopic’B et al. deduced the valueg,=120 A for the BCS coherence
to reduce neutron absorption in complementary scatteringength atT=0 andx~10. Other superconducting param-
studies. The 17-mg crystal is the same as that used in prevéters for this compound are collected in Table I.
ous investigations by Soret all® and Civaleet al® It is a
slab of thicknesg~0.5 mm in thec-axis direction, with a
mosaic spread of less than 0.2°, as determined by neutron
diffraction. In the basal plane the shape is approximately For magnetic-field orientatiorts||[ 100] andH|[ 110], we
elliptical with principal axes of length~2.0 and 2.5 mm, measured isothermal magnetization lodpéH) at tempera-
which approximately coincide with the two equivalédflQ)  turesT=3-14 K, in 1-K intervals, and also at 18 K, slightly
axes of the tetragonal structure. aboveT,. Three of those loops, witH|[ 110], are shown in
Magnetic studies were conducted in a superconductingrig. 1, at temperaturéb=5, 12, and 18 K, i.e., well below,
quantum interference device-based magnetorni€aantum near, and just abovE,. The magnetic response of this ma-
Design MPMS-J equipped with a compensated 70-kOe terial in the superconducting mixed phase is slightly irrevers-
magnet. Normally, scan lengths of 3 cm were used. Theble, reflecting a weak pinning of flux lines. Now, as the only
crystal was glued onto a thin Si-disk and mounted in a Mylarsource of magnetic hysteresis is vortex pinnidyH) be-
tube for measurement with the magnetic fieldapplied in  comes reversible foH>H_,(T). Based on Bean’s critical
the basal plane, along either thE0Q] or [110] axis, with an  state model, we calculated the equilibrium magnetization as
accuracy better than 3°. For both orientations, the magnetthe averageM eq(H)=[MT+ML]/2 of the magnetization
zationM is parallel toH by symmetry; thus only the longi- values measured in the field-increasing and field-decreasing
tudinal component measured by the magnetometer needs lwanches of the loop, respectively. The resultTer5 K is

IV. RESULTS AND DISCUSSION
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FIG. 1. The magnetization of single-crystal Y,B,C at three H/T [kOe/K]

temperatures, with the magnetic field in the basal pl&tje[110]
axis. The figure illustrates the limited irreversibility in the super-  FIG. 2. Total equilibrium magnetizatioM ., minus xoH (see
conductive state beloW,=14.5 K, and a paramagnetic background the tex} vs H/T obtained from isothermal field sweeps at sev@ral
in the normal-state. Inset: Curie analysis of the normal-state suscepnd from temperature sweeps at three valuell,oés indicated in
tibility in the temperature rangé=18-300 K. the figure. The solid line is a Brillouin functioriEqg. (10)] fitted to

the paramagnetic impurity-background data. The nearly vertical

. . . . e traces of the data show the entry into the superconductive state.
shown as a dashed line in Fig. 1. The identification of y P

Meq(H) with the average between the branches of the 100p 1 jso|ate the magnetization associated with the vortex

increases in accuracy as the width of the hysteresis 100050 it is necessary to remove the paramagnetic background.

T—M! i T i .
[MI=M .] decreases. For each temperature, we dlsreggrﬁ;{he normal-state magnetizatidf, s is well described by the
the low-field data, where large hysteresis introduces a Sigsxpression

nificant uncertainty in the determination lf,. Experimen-

tally, as the field decreases, the width of thi§H) loop gugdH
increases continuously and smoothly. Then at some Mps= xoH + MsatBJ(T),
temperature-dependent low fielll changes abruptly as it B
reaches a minimum and starts to increase. This feature ishere y, is the temperature independent susceptibility ob-
visible in Fig. 1 forT=5 and 12 K, for example. Below this tained as explained above aBglis the Brillouin function for

field, the hysteresis grows suddenly. We compute the aveeffective angular momentudh For small values of the argu-
age magnetization starting at a field slightly above thismentH/T, the Brillouin function leads to the Curie suscep-
minimum. tibility, of course.

It is apparent in Fig. 1 that the magnetizatibh,, does The magnetic signal arising from the localized moments
not vanish abovél ., and aboveT . This indicates the pres- is clearly observed in Fig. 2, wheféVlo,— xoH] is plotted
ence of a normal-state contributidh,(H,T) to the magne- as a function oH/T. The figure includes experimental data
tization (recalling that the signal from the sample holder hasfrom temperature sweeps at three valuesipaind from iso-
been already subtractedPure YNpB,C has no localized thermal loops at temperatures down to 5 K. At edgtihe
moments; thus in the normal state it is expected to exhibit @nset of the superconducting signal belb\,(T) is clearly
linear and nominally temperature-independent paramagnetigbserved in the nearly vertical trace of data below the enve-
(Pauli and Van Vlecksusceptibilityy,. However, close in- lope curve. Itis also apparent that tdi>H .»(T) all the data
spection of the data indicates that this intrinsic term cannoat different T overlap on a single curve arising from the
account for the entire normal-state signal. Indéddy(H,T) paramagnetic contribution of the magnetic impurities. The
is not linear inH, and it grows ag decreases, thus pointing solid line is a nonlinear fit to Eq.10) that yields parameter
to the presence of localized moments. The small magnitudealuesJ=3/2 andg= 6. The saturation magnetizatidf;
of the signal suggests, on the other hand, that this contribu=0.92 G corresponds te 7x 10~ * per formula unit content
tion arises from magnetic impurities. To confirm this, we of rare-earth impurities, most likely trace contaminants in the
measured the temperature dependendd {H,T) from 16  yttrium starting material. At this concentration, the magnetic
to 300 K at several fixed fields. The results fé=1 and 5 impurity ions are isolated, but strongly influenced by the
kOe are shown in the inset of Fig. 1. As the localized mo-crystal field of the host, producing an anisotropic magnetic
ments are very dilute, no magnetically ordered phase shouldsponse in the normal state. The susceptibility is smaller for
appear, and one can expect a Curie law dependence. Th#|c axis, as found foiRNi,B,C crystals withR=Th, Dy,
solid lines in the inset are fits tM,,s/H=[xo,+C/T]. The  and Ho, but not Tnf° These qualitative similarities show
Curie term corresponds to a rare-earth impurity content othat (a mixture oj any of several rare-earth impurities can
~0.1 at. % relative to yttrium, most likely contaminants in generate the observed paramagnetic response. The central
the yttrium starting material. and important point here, however, is that the empirical fit to

(10
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FIG. 4. Superconductive parameters of ¥YBiC with magnetic
field H||[001] or H|[110]. (8 The magnitude of the equilibrium
1rEagnetizationMo, where solid symbols denote results from the
nonlocal analysis, and open symbols come from a conventional
London analysis(b) The field scaleH, and the(theoretically con-
stan} quantity Hyy (where y= impurity parameter; see the téext
(c) The fitting parameterf. (d) Estimates of the upper critical
field He,.

FIG. 3. The equilibrium magnetizatiovl o in the superconduc-
tive state with anH| [110] axis, plotted vsH (logarithmic axis.
Discrete symbols are data measured at temperatures of 14, 13,
..., 3 K; straight(dashedl lines show conventional, local London
behavior neafl.. A nonlocal generalization of London thediiq.
(6), solid lineg accounts well for the pronounced deviations from
local behavior at lower temperatures.

Eq. (10) provides a precise description of the normal-state
signal, so that the superconductive magnetization can be is
lated for analysis.

The resulting (background-corrected superconducting
state equilibrium magnetizatiol = M¢,— M is shown in
Fig. 3, as a function of magnetic field applied along the
[110Q] axis of the crystal. Results are shown for temperatures * ¥ ab b _

3 K=T=14 K inintervals of 1 K. Qualitatively, the curves ndicate thatM;"<Mijg, over mostagf tr;(g field rangéfor
for temperatures nedr, are linear, showing the dependence Instance, af =3 K andB=2 kG, M1"/Mj5,~0.02, and the
on InB) as predicted by traditional local London theory. At Same ratio is obtained for 6 K and 10 kGNe can also
lower temperatures, however, the increasing curvature viscompare the logarithmic field derivatives bf, which give
ibly signals a progressive departure from local London bethe slopes in Fig. 3. FoB<Hy, to leading order we obtain
havior. IMZ/9InB=M3> and M3/ 4InB~0.10(ZB/Hy)M3®,

For a quantitative analysis, we fit the low-temperaturethus forB=2 kG the error in the slope produced by disre-
data to the nonlocal relatidiEq. (6)], varying the parameters garding the second term in the expansion is less than 0.5%.
M3P H3P and{2P. These fits describe the low-temperature ~ The above estimates indicate that by using @9jto ana-
experiments very well, as shown by the solid lines in Fig. 3)yze the magnetization in thigl 10] direction, we are intro-
The resumng Values dfﬂgb’ Hab’ andgab as a function Of dUCing an error in the determination Mgb and Hgb Of at
T (up to T=10 K) are shown in Figs. @), 4(b), and 4c), ~ Most a few percent, which is less than the experimental noise
respectively. At higher temperatureB=11 K, the system observed in Figs. @ and 4b). Thus, it is meaningful to
closely approximates local London behavior, witd  discuss the results shown in Fig. 4. For comparison, the
« In(B), and we analyze these data using the local expressiggerresponding results for the caSewith H|[001] are
[Eq. (1)]. Numerically, the data close B, have a very shal- included, too.
low minimum as a function oH,, and it becomes meaning- ~ Figure 4a) shows thatM, varies linearly withT nearT,
less to fit an(essentially straight line with three parameters. and extrapolates to zero dt, consistent with Ginzburg-
The fits to the local London relation are shown in Fig. 3 asLandau theory. From Eq(1), the ratio M§/M§®=Xc/Aqp
dashed lines, and the valuesMf(T) obtained by this pro- =+(m./m,,)=I". As expected, we find that this ratio is
cedure are also included in Fig(a} (open symbols In the  rather independent of temperatuiés=1.13+0.02. This re-
nonlocal analysisH., was not a fitting parameter. It was sult is very comparable with the experimental value of 1.16
determined independently, as explained below. for LuNi,B,C obtained by Metlushket al® This experi-

Before we discuss the results shown in Fig. 4, we mustnental value can also be compared with the band-structure
analyze the error involved in takingl®>~M2" | disregard-  calculation, sincel'=\/((v2)/(v2)). The resulting value,
ing terms of higher order. To estimate the contributlvz}@b 1.01, is much smaller than that deduced experimentally. Re-

iven by Eq.(7), we must rely on the numerical valugsqg.

9)] obtained from band calculations. We see that, if at least
the signsin Eq. (9) are correctM El"b minimizes foro=45°.

For that reason we chose to apply E6) to the[110] data
and not to the[100] orientation. Numerically, we have
g(¢=45°)/8w4=(d1+d2)/8n4~0.10. Thus Eqs(6) and(7)
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turning to the experimentally determined parameters, we can
also calculaten(T), Nap(T), and A (T). The results afl 01+ |T=7K
=3K are shown in Table I.

The next frameFig. 4b)] showsHy(T). Qualitatively,
H, for both orientations is constant at low temperature, then 0.0

increases ag increases, consistent with the theoretically pre- = Bq. 7 with
dicted behavio!2%In Sec. Il above, we noted that the non- = df8n= 0.136(2)
local theory predicts that the quantijpy should be inde- & 01 M = 529G
pendent of temperature. Previousiywe found thaté,= 12 H® _ 48K0e
nm; this value agrees within experimental error with Oab

) 02 H_,®=33k0e
that calculated from the BCS expressioné, N
— (vl (e "KkgTe) = 11.6 nm, using(vg)=3.87x 10° Ri= 0994
cm/sec from the band structutewith e?~1.78. Also, from 03 , e , .
the electrical resistivity, we have thiat 30 nm for this crys- 1 2 4 6 810 20 40 60
tal, and we therefore evaluate the impurity paramefger) H (kOe)

with &5/1=0.3. The results foH,y are shown as open sym-

bols in Fig. 4b), for the two orientations of magnetic field. FIG. 5. Amplitude of the oscillation in basal plane magnetiza-

The constancy of the product provides further solid evidencéion, M =M[110]—M[100], plotted vsH on a logarithmic axis.

that nonlocal electrodynamics strongly modify the superconThe solid line shows a fit to the oscillatory term in Eg), with

ductive properties of clean borocarbides. From khedata — H§°=48 kOe andHZ} = 33 kOe; see the text.

we can extract the nonlocality radius in both orientations,

pan(T) = (P/4m?HE)Y? (see Songet all%, and an analo- and data analysis are provided. Here we analyze these data

gous expression fqs.(T). We can also calculate two of the USing Eq.(7), where only the second term, proportional to

four independent components of the tengornamely, n, d,, contributes to the oscillatory behavior. In this expression,

=(pap/\)? andn,=(p./\)2 All the numerical values for we have already values fét., andHSb, so there is a single

T=13K are listed in Table I. unknownd,/8n, available for fitting the data. The result is
Figure 4c) shows the temperature dependence of the fitShown as a solid line in Fig. 5. The value of the sole fitting

ting parametet . Qualitatively, the data reflect the fact that Parameter isl,/8n,=—0.136, which we discuss below.
Let us now summarize the experimentally determined pa-

{~—In(Hg/H). As T increasesH,/H, varies little at low . ) .
temperatures, but then becomes larger, due to the differin mt_aters related to the material anisotropy. Theoretically,
dependencies dfio(T); andH,(T), thus{(T) decreases. Ive independent parameters,(n,,nz,n,, andIl’) are nec-

The last framdFig. 4d)], showsH ,(T) in both orienta- essary to describe fully the angularly dependencies. Experi-

tions, obtaineda) by extrapolating the isothermal magneti- Mentally we have obtained three of these quantifigs,n,
zation in the superconductive statelb=0, and(b) by lo- andT’, plus the comblnat|01cd2/8n4 that allows us t_o obtain
cating the field at which the magnetic hysteresis disappearf€ value forn, using Eq.(5). Thus we have obtained four
These results were introduced as fixed parameters iGEg. out of the flv_e mdep_endent parameters, as shoyvn in Table I.
as already mentioned. It is evident tHat,(T) curves up- For comparison with band structure calculations and to
ward nearT.. This differs from simple Ginzburg-Landau e_hmmatg poorly_known prefactors,_ It Is convenient to con-
behavior, but is consistent with other observations on thiSider ratios relative ta,, as shown in Table II. The experi-
material?*22 Also, little anisotropy is evident between toe mental and calculated ratios agree withirl5%, which is
axis and the basal plane values. The mass anisotropy ogylte reasonabl_e given the approximations. Finally we con-
tained from theM , data[Fig. 4@)] would imply an experi- sider the sole fitting parametel,/8n,~ —0.14 that deter-

mentally resolvable difference i,. Previously, Johnson- Mines the amplitude of the oscillations bf in the basal
Halperin et al® also found a nearly isotropic response in plane. This quantity has the correct sign, and it lies in re-

single crystal YNjB,C. The reason for the discrepancy be- markable numerical agreement with the band-structure value,
tween the anisotropy derived froM, andH,, remains un- —0.13. The excellent Qescription of the data, using param-
clear. Interestingly, LUNB,C, an isostructural, nonmagnetic 6ter values measured independently hédg (H.,, andHo)

borocarbide superconductor with similBg, exhibits greater a!"d withdz_/8n4 almost c.oincidir)g with the calculated value,
anisotropy inH ,, both from thec axis and within the basal gives considerable confidence in the fundamental correctness
c2

planet® of the nonlocal description.

Next we consider the anisotropy of the magnetization
within the basal plane. We have previously shbithat this
guantity exhibits a fourfold periodicity, which cannot be ac-

TABLE Il. Average Fermi velocities.

counted for within the local London theory. In Fig. 5 we Expt Band calc.
show the amplitude of the oscillation in basal-plane magnen, /n, 5.56 4.78
tization, SM=M[110]—M[10Q], as a function of fieldH. n,/ny, 0.83 0.73
The experimental data fof=7 K are reproduced from n,/n, _ 3.2

|13

Civale et al.™°, where details of the experimental procedure

024510-6



EQUILIBRIUM BASAL-PLANE MAGNETIZATION OF . .. PHYSICAL REVIEW B 64 024510

V. CONCLUSIONS physical phenomena, requiring both second and especially

I o fourth rank tensors to describe their macroscopic vortex state
We have measured the equilibrium magnetization in th%roperties.

basal plane of clean, superconducting ¥BJC, taking care-
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