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Muon-spin rotation spectroscop§uSR) has been used to measure the internal magnetic field
distribution in NbSe for H.;, < H < 0.25H.,. The deduced profiles of the supercurrent dengjty
indicate that the vortex-core radiys in the bulk decreases sharply with increasing magnetic field.
This effect, which is attributed to increased vortex-vortex interactions, does not agree with the dirty-
limit microscopic theory. A simple phenomenological equation in whigldepends on the intervortex
spacing is used to model this behavior. In addition, we find for the first time that the in-plane magnetic
penetration depthi,;, increases linearly with in the vortex state of a conventional superconductor.
[S0031-9007(97)03923-9]

PACS numbers: 74.70.Ad, 74.60.—w, 76.75.+i

Although the bulk of superconductivity research in thenearly ideal for auSR investigation of the vortex cores.
past decade has been dominated by the study of the higha particular, the large coherence length and correspond-
T. cuprates, there remain unresolved issues concerniriggly small value ofH ., (<4 T) imply a large signal from
conventional superconductors. In the Meissner state dhe vortex-core regions at moderate magnetic fields.

a conventionals-wave superconductor, application of a Most theoretical calculations have modeled the core
magnetic fieldH induces pair breaking, and the ensuingstructure using Ginzburg-Landau (GL) theory, which is
backflow of quasiparticles gives rise to a nonlinear destrictly valid only near the superconducting phase bound-
pendence of induced supercurrent with respect to the sary. Recently, the field dependence of the vortex-core ra-
perfluid velocity [1]. The solution of the corresponding dius has been determined deep in the superconducting state
nonlinear London equation gives a penetration depth from the microscopic theory in the dirty limit, by Golubov
which changes quadratically witH. This has been con- and Hartmann [9]. The vortex-core radius was found to
firmed experimentally in Sn, In [2] and;Si [3]. Theoreti- decrease monotonically with increasing applied magnetic
cal predictions in the vortex state are less developed, anfield due to the increased strength of the vortex-vortex in-
the H dependence of in the vortex state of a conventional teractions. Although the authors reported good agreement
superconductor has never been determined experimentallwith STM measurements [5] at the surface of Np&eé
Similarly, the H dependence of the vortex-core radjys 7 = 0.6T., po was somewhat arbitrarily defined and the
has never been measured in the bulk of a conventional sumncertainty in the measurements was large. The results
perconductor. In a conventionsdwave superconductor, were relatively surprising since NbSis a clean supercon-

po ~ & (Ref. [4]), wheref is the coherence length. Mea- ductor—the ratio of the coherence length to the mean free
surements op, bear directly on the electronic structure of path in thea-b plane isé;/I ~ 0.15 [10]. In the present

an isolated vortex and provide a necessary comparison fatudy, we make a comparison between the vortex-core
ongoing studies on higifi: materials. radius measured by SR in the bulk of NbSgand that

NbSe is particularly well suited for guSR study of determined from the spatial dependence of the supercur-
the vortex state since the geometry of the vortex latticeent density/, in the dirty-limit microscopic theory. The
is well established—thus removing one of the largest exresults show that the dirty-limit approximation is invalid,
perimental uncertainties. Scanning tunneling microscopgven atT = 0.67.. The H dependence gp, is fit to a
(STM) measurements at the surface [5—7] and small angleimple phenomenological equation arising from our obser-
neutron scattering (SANS) measurements in the bulk [8Yation that bott,, and the GL parameter vary linearly
have produced high quality images of a nearly perfect triwith magnetic field. We also report for the first timeSR
angular lattice with long range order. Also the coherenceneasurements of thH dependence of,, in the vortex
length and the magnetic penetration depth in Nb&®  state of a conventional superconductor. Contrary to the
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H? dependence in the Meissner statg, shows a strong top panel of Fig. 1. This is due to a small (2%) residual
linear H dependence in Nb$@ver a significant range of background signal due to muons which miss the sample.
applied field. Line shapes have been renormalized to the same maximum
In a uSR experiment the implanted muon samplesamplitude. The sharp features expected for a perfect
the distribution of local magnetic fields in the bulk of a triangular vortex lattice, such as the Van Hove singularity
type-ll superconductor in the vortex state. One monitorsat the saddle point, are obscured partly by the broadening
the ensemble averaged muon-spin precession signal. Tlefects of the finite Fourier transform and by flux-line
frequency of precession for any given muon is directlylattice disorder. Nevertheless there is a clear high-field
proportional to the local magnetic field at the muon site.cutoff observed in thexSR line shape originating from
Further details regarding theSR technique may be found the finite size of the vortex cores. The effect of increasing
elsewhere (see, for example, Ref. [11]). The prege3iR  H on the high-field cutoff is clearly seen in Fig. 1. At all
study of NbSe was performed on the M20 beam line at of the magnetic fields the signal-to-noise ratio of the high-
TRIUMF. The single crystal of NbSaused in this experi- field tail is so large that one can unambiguously extract the
ment had a mass of 43 mg and a surface area3®fmn?.  vortex-core radius.
The superconducting transitiofi. and H.,(T = 0) de- In order to test the strength of the pinning forces on the
termined from magnetization wefe0 K and3.5 T, re-  vortex lattice the sample was cooled in an applied field
spectively. For details regarding the sample growth, seef 0.5 T to 2.3 K, after which the field was decreased by
Ref. [12]. The sample was mounted with étsxis paral- 7.5 mT. In our previous studies of YB@u;O;-s [14] we
lel to the applied field and beam direction SR spectra found, under similar conditions, that the background signal
were recorded under conditions of field cooling ithe  shifted to a lower frequency in response to the change in
gas flow cryostat. A cup-shaped veto counter was usethe applied field, while the signal corresponding to muons
to suppress the unwanted background signal from muorstopping in the sample remained unchanged. In NbSe

which missed the sample [13]. both signals shifted, indicating that the vortex lattice is
In Fig. 1 the Fourier transforms of the muon precessiorconsiderably more weakly pinned than in YJBas07_s.
signal in NbSe are shown for different fields & = The 1SR spectra were fitted in the time domain, where

0.33T.. The real amplitude of the Fourier transformsthere are no complications associated with fitting finite
is a good representation of the internal magnetic fieldourier transforms [15]. The distribution of muon pre-
distribution from the vortex lattice convoluted with small cession frequencies from the vortex lattice was modeled
nuclear dipolar fields. Note the small peak near zero in thevith a theoretical field distribution generated from a GL
model [16]. The local field at any point in thieb plane

is given in a suitable approximation by [17]

18 ~iGPyK, (u)
B(p) = Bo(1 — bH Y L2 (1a
. (p) = Bl )% G (a)
o 4 with
= . w? =2£2,G*(1 + bH[1 — 2b(1 — b)?]. (1b)
[oR .
<sEC_ HereB, is the average magnetic fiel@, are the reciprocal
10 lattice vectors,b = By/B.,, £ IS the GL coherence
o length, andK;(x) is a modified Bessel function. The
o8 cutoff factor uK;(u) accounts for the finite size of the
ht vortex core, whereas, in the London mod&(lp) diverges
% 0.6 logarithmically asp — 0. Recently, Yaouanet al. [17]
£ showed that:K; («) is a good approximation of the cutoff
g 0.4 factor determined from the exact numerical solutions of
the GL equations [18] at low reduced fields
0.2 The theoretical muon polarization function was gener-
ated by assuming the field profile of Eq. (1) and then mul-
0.0 tiplying by a Gaussian relaxation functien?’**/2 to take

into account any residual disorder in the flux-line lattice
and the contribution of the nuclear dipolar moments to the
BBy LC] internal field distribution. The residual background signal
. ) . was fitted assuming a Gaussian broadened distribution of
FIG. 1. The Fourier transforms of the muon spin precessions i« Al fitted ¢ treated ind dent
signal in NbSe after field cooling toT = 0.33T. in magnetic ielas. itted parameters were trealed as independen
fields of H = 0.1, 0.35, and0.7 T. The average magnetic field Variables. From the fitted values of, the rms deviation
of the residual background signal is denotedBgs,a- of the vortices from their ideal positions in the triangular
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lattice was determined to be less than 3% of the intervoreomes from tunneling curreffp) profiles calculated from

tex spacing over the entire field range studied. This smalhe Usadel equations, as explained in Ref. [9]. To gener-

disorder is consistent with STM and SANS imaging ex-ateJ;(p) profiles from Usadel’s dirty-limit theory we ex-

periments on NbSe tend the work of Ref. [9] to include the self-consistency
The magnetic field dependence af, is shown in equation for the vector potentidl(p). In cylindrical co-

Fig. 2(a). Contrary to the Meissner state, a lingade-  ordinates the equation of motion is [19]

pendence is observed in the field range studied. A fit

to the linear relatiom,, (H) = AO)[1 + Bh], where L 4 <p d—0> =k 2A%sinf cosf — A cosf + wsing,
h = H/H(T), givesA,,(0) = 1323 AandB = 161at P dp \" dp
T = 0.337. andA,,(0) = 1436 AandB = 1.56 at T = (2)

0.6T.. We note thatd[AA/A(0)]/d(H/H.,) is consider-
ably weaker than for YB&CwOg95 (Ref. [15]), in which
there is strong evidence for line nodes in the superconduc
ing energy gap function.

We define an effective vortex-core radiggs to be the
distance from the vortex center for which the supercurren
densityJ,(p) reaches its maximum valuel;(p) was ob-
tained from fits of the data to Eq. (1) and the Maxwell rela-

where 6§ parametrizes Usadel's norm@l = cosf) and
inomalous(F = sin@) Green’s functions [20]A(p) is
he order parameterp = (T/T.) (2l + 1) is the Mat-
subara frequency and = [47°/7¢(3)]'/?k (wherex =
f\/g). Equation (2) is supplemented by the following self-
consistency equations:

tionJ(p) = V X B(p). InFig. 3, uSR measurements of AIN(T/T,) = =2AT/T) Y [A/w = singl,  (3)
po are shown as a function &f at7 = 0.33 (open circles) ¢

and 0.6T. (solid circles), along with the STM measure- d 1/(d I )
ments (open squares) of Ref. [5]. The smaller error bards(P) = dp p <% pA) = 167R *(T/TIA Y sin 0,
and reduced scatter in theSR data reflect the statistical ¢ (4)

improvement of guSR experiment which samples a large
number of vortices in the bulk of the crystal, as opposedind the boundary conditions for singly quantized vortices
to STM which averages the radius of a few vortices at thavith a Wigner-Seitz cell radiup; = (do/7H)'?,
surface. The dashed line drawn through the STM results
A(0) = 6(w,00 =0,  Al(ps) = 0'(w,p,) =0,

5
2400 \ . . . )
2200 | i Alp — 0)— —k/p, A(ps) = 0. (6)
2000 F § Equation (2), subject to these boundary conditions, was
o< solved numerically ford(w, p) starting with the initial
1800 F ] trial potentialsA(p) = AgtanHp) andA(p) = &(1/p —
e}
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FIG. 3. The magnetic field dependence of the vortex-core ra-
H (T) dius in NbSe determined by STM [5] atf’ = 0.67. (open
squares) and byuSR at T = 0.337. (open circles) and
FIG. 2. The magnetic field dependence of (a)(H) and 0.67. (solid circles). The solid lines are from calculations
(b) k'(H) = Awp(H)/po(H) in the vortex state of NbSeat  of supercurrent density;(p) profiles usingH.(0) = 3.5 T,
T = 0.33T, (open circles) and” = 0.6T. (solid circles). The H.(0.33T.) =29 T, and H,(0.6T.) = 1.9 T from magneti-
solid line fits are described in the text. zation. The dotted lines through theSR data are from Eq. (7).
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p/p?). Improved values ofA(p) and A(p) were ob- On the other hand, the SR results fit well (see dotted
tained by including the self-consistent conditions (3) andines in Fig. 3) to the phenomenological equation,
(4). The parametex in Egs. (2) and (4) was determined A (H ! L
from fits to the data. We found to be nearly tempera- po(H) = Aap(H) = po(0) M @
. . . . . . /
ture independent at all fields studied, which is consistent k'(H) [1+ yh]

with the original definition ofk nearT. in GL theory _ / .
¢ . wherep((0) = A, (0)/x'(0). From the fits tor,, (H) and
[21]. The deduced values pf) were not very sensitive to «'(H), po(0) = 191 and 282 A at T = 0.33 and 0.6T,

i 1 I — / —
«. In Fig. 2(b) we definec’ = A/ po, wherex'(H) = respectively. For a triangular vortex lattiée = B,y =

_ / — — = . . .
(1)’(3)2;(1_1) d Tl9_8(<'):12(%:< (H) {["lle(H?At bl't2h6 tatT 3®,/+/2 L%, where L is the intervortex spacing. Thus,
e lan — U.0d, Tespectively. oth tempera- ¢, 5 given temperature, Eq. (7) may be rewritten as a
tures,x’ (and hencex) increases linearly witl#. Fitting function of the distance between vortices
. .y A . .
to/ 'E)he_llrée; ' rt;latlcin;(SH )t; 5(8)3[31T+ 7}&]’ ,V\(’)e Sbtsa'ln In conclusion, we have determined that the magnetic
N (d) o iO gn t)% - 0‘67? = 0337 and«’(0) = 5. penetration depth\,, shows a linear magnetic field de-
anF_y -~ 4' ha ?h .th < i dA il pendence in the vortex state of NRSeThe linear term is
Igure & Shows the theore 'C‘aJ(fD) andA(p) pro 1es considerably weaker than that determined previously for
together with the/,(p) profile obtained from experiment YBa,CuiOgss. Also, we find that the vortex-core radius

for a particularT and H. The vortex-core radius taken : ; S . : ;
i L po Which shrinks with increasing field is not adequately
from theJ;(p) profiles of the dirty-limit theory are shown 0qcripag by the dirty-limit microscopic theory, but does

as solid ll?es'trI]nthFlgS'Ig.d TOI ;uTr(I)S;r;ngy, trrl]ere lt?] poorobey a simple phenomenological equation involving the
ang(-:‘emen_Wl fth?lb ?jatat . fh C’Y[V ere ther-  intervortex spacing. Our results imply that the conven-
maj Smearing ot the bound states In the VOrtex Core 1S ey, 5, ). equations, with field-independent length scales,

!'g'ble' Contrary to the STM results [5] hoyvever, there are not applicable deep in the superconducting state.
is also poor agreement &t= 0.67. —suggesting that the We are grateful to A.A. Golubov and U. Hartmann

dirty-limit theory does not adequately describe the shrinkTOr making available their computer code and for many

ing of the vortex-core radius with Increasirg, In the helpful discussions, as well as Syd Kreitzman, Curtis
STM experiment it was necessary to arbitrarily define Ballard, and Mel Good for technical assistance. This

as the radius in which the tunneling current decreased Qork i
ork is supported by the NSERC of Canada and Grant
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