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Muon-spin rotation spectroscopysmSRd has been used to measure the internal magnetic field
distribution in NbSe2 for Hc1 ø H , 0.25Hc2. The deduced profiles of the supercurrent densityJs

indicate that the vortex-core radiusr0 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 whichr0 depends on the intervortex
spacing is used to model this behavior. In addition, we find for the first time that the in-plane magnetic
penetration depthlab increases linearly withH in the vortex state of a conventional superconductor.
[S0031-9007(97)03923-9]
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Although the bulk of superconductivity research in th
past decade has been dominated by the study of the h
Tc cuprates, there remain unresolved issues concer
conventional superconductors. In the Meissner state
a conventionals-wave superconductor, application of
magnetic fieldH induces pair breaking, and the ensuin
backflow of quasiparticles gives rise to a nonlinear d
pendence of induced supercurrent with respect to the
perfluid velocity [1]. The solution of the correspondin
nonlinear London equation gives a penetration depthl

which changes quadratically withH. This has been con
firmed experimentally in Sn, In [2] andV3Si [3]. Theoreti-
cal predictions in the vortex state are less developed,
theH dependence ofl in the vortex state of a conventiona
superconductor has never been determined experiment
Similarly, theH dependence of the vortex-core radiusr0

has never been measured in the bulk of a conventional
perconductor. In a conventionals-wave superconductor
r0 , j (Ref. [4]), wherej is the coherence length. Mea
surements ofr0 bear directly on the electronic structure o
an isolated vortex and provide a necessary comparison
ongoing studies on high-Tc materials.

NbSe2 is particularly well suited for amSR study of
the vortex state since the geometry of the vortex latt
is well established—thus removing one of the largest
perimental uncertainties. Scanning tunneling microsco
(STM) measurements at the surface [5–7] and small an
neutron scattering (SANS) measurements in the bulk
have produced high quality images of a nearly perfect
angular lattice with long range order. Also the coheren
length and the magnetic penetration depth in NbSe2 are
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nearly ideal for amSR investigation of the vortex cores
In particular, the large coherence length and correspo
ingly small value ofHc2 s,4 Td imply a large signal from
the vortex-core regions at moderate magnetic fields.

Most theoretical calculations have modeled the co
structure using Ginzburg-Landau (GL) theory, which
strictly valid only near the superconducting phase boun
ary. Recently, the field dependence of the vortex-core
dius has been determined deep in the superconducting
from the microscopic theory in the dirty limit, by Golubo
and Hartmann [9]. The vortex-core radius was found
decrease monotonically with increasing applied magne
field due to the increased strength of the vortex-vortex
teractions. Although the authors reported good agreem
with STM measurements [5] at the surface of NbSe2 at
T  0.6Tc, r0 was somewhat arbitrarily defined and th
uncertainty in the measurements was large. The res
were relatively surprising since NbSe2 is a clean supercon-
ductor—the ratio of the coherence length to the mean f
path in theâ-b̂ plane isj0yl , 0.15 [10]. In the present
study, we make a comparison between the vortex-c
radius measured bymSR in the bulk of NbSe2 and that
determined from the spatial dependence of the super
rent densityJs in the dirty-limit microscopic theory. The
results show that the dirty-limit approximation is invalid
even atT  0.6Tc. The H dependence ofr0 is fit to a
simple phenomenological equation arising from our obs
vation that bothlab and the GL parameterk vary linearly
with magnetic field. We also report for the first time,mSR
measurements of theH dependence oflab in the vortex
state of a conventional superconductor. Contrary to
© 1997 The American Physical Society
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H2 dependence in the Meissner state,lab shows a strong
linear H dependence in NbSe2 over a significant range o
applied field.

In a mSR experiment the implanted muon sampl
the distribution of local magnetic fields in the bulk of
type-II superconductor in the vortex state. One monit
the ensemble averaged muon-spin precession signal.
frequency of precession for any given muon is direc
proportional to the local magnetic field at the muon si
Further details regarding themSR technique may be found
elsewhere (see, for example, Ref. [11]). The presentmSR
study of NbSe2 was performed on the M20 beam line
TRIUMF. The single crystal of NbSe2 used in this experi-
ment had a mass of 43 mg and a surface area of,30 mm2.
The superconducting transitionTc and Hc2sT  0d de-
termined from magnetization were7.0 K and 3.5 T, re-
spectively. For details regarding the sample growth,
Ref. [12]. The sample was mounted with itsĉ axis paral-
lel to the applied field and beam direction.mSR spectra
were recorded under conditions of field cooling in a4He
gas flow cryostat. A cup-shaped veto counter was u
to suppress the unwanted background signal from mu
which missed the sample [13].

In Fig. 1 the Fourier transforms of the muon precess
signal in NbSe2 are shown for different fields atT 
0.33Tc. The real amplitude of the Fourier transform
is a good representation of the internal magnetic fi
distribution from the vortex lattice convoluted with sma
nuclear dipolar fields. Note the small peak near zero in

FIG. 1. The Fourier transforms of the muon spin precess
signal in NbSe2 after field cooling toT  0.33Tc in magnetic
fields of H  0.1, 0.35, and0.7 T. The average magnetic field
of the residual background signal is denoted asBbkgd.
s

rs
he

y
.

t

ee

ed
ns

n

ld
l
e

n

top panel of Fig. 1. This is due to a small (2%) residu
background signal due to muons which miss the samp
Line shapes have been renormalized to the same maxim
amplitude. The sharp features expected for a perf
triangular vortex lattice, such as the Van Hove singulari
at the saddle point, are obscured partly by the broaden
effects of the finite Fourier transform and by flux-line
lattice disorder. Nevertheless there is a clear high-fie
cutoff observed in themSR line shape originating from
the finite size of the vortex cores. The effect of increasin
H on the high-field cutoff is clearly seen in Fig. 1. At al
of the magnetic fields the signal-to-noise ratio of the hig
field tail is so large that one can unambiguously extract t
vortex-core radius.

In order to test the strength of the pinning forces on th
vortex lattice the sample was cooled in an applied fie
of 0.5 T to 2.3 K, after which the field was decreased b
7.5 mT. In our previous studies of YBa2Cu3O72d [14] we
found, under similar conditions, that the background sign
shifted to a lower frequency in response to the change
the applied field, while the signal corresponding to muo
stopping in the sample remained unchanged. In NbS2

both signals shifted, indicating that the vortex lattice
considerably more weakly pinned than in YBa2Cu3O72d.

ThemSR spectra were fitted in the time domain, whe
there are no complications associated with fitting fini
Fourier transforms [15]. The distribution of muon pre
cession frequencies from the vortex lattice was model
with a theoretical field distribution generated from a G
model [16]. The local field at any point in thêa-b̂ plane
is given in a suitable approximation by [17]

Bsrd  B0s1 2 b4d
X
G

e2iG?ruK1sud
l

2
abG2

, (1a)

with

u2  2j2
abG2s1 1 b4d f1 2 2bs1 2 bd2g . (1b)

HereB0 is the average magnetic field,G are the reciprocal
lattice vectors,b  B0yBc2 , jab is the GL coherence
length, andK1sud is a modified Bessel function. The
cutoff factor uK1sud accounts for the finite size of the
vortex core, whereas, in the London model,Bsrd diverges
logarithmically asr ! 0. Recently, Yaouancet al. [17]
showed thatuK1sud is a good approximation of the cutoff
factor determined from the exact numerical solutions
the GL equations [18] at low reduced fieldsb.

The theoretical muon polarization function was gene
ated by assuming the field profile of Eq. (1) and then mu
tiplying by a Gaussian relaxation functione2s2t2y2 to take
into account any residual disorder in the flux-line lattic
and the contribution of the nuclear dipolar moments to t
internal field distribution. The residual background sign
was fitted assuming a Gaussian broadened distribution
fields. All fitted parameters were treated as independ
variables. From the fitted values ofs, the rms deviation
of the vortices from their ideal positions in the triangula
1743
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lattice was determined to be less than 3% of the interv
tex spacing over the entire field range studied. This sm
disorder is consistent with STM and SANS imaging e
periments on NbSe2.

The magnetic field dependence oflab is shown in
Fig. 2(a). Contrary to the Meissner state, a linear-H de-
pendence is observed in the field range studied. A
to the linear relationlabsHd  labs0d f1 1 bhg, where
h  HyHc2sT d, giveslabs0d  1323 Å andb  1.61 at
T  0.33Tc andlabs0d  1436 Å and b  1.56 at T 
0.6Tc. We note thatdfDlyls0dgydsHyHc2d is consider-
ably weaker than for YBa2Cu3O6.95 (Ref. [15]), in which
there is strong evidence for line nodes in the supercond
ing energy gap function.

We define an effective vortex-core radiusr0 to be the
distance from the vortex center for which the supercurr
densityJssrd reaches its maximum value.Jssrd was ob-
tained from fits of the data to Eq. (1) and the Maxwell re
tion Jsrd  = 3 Bsrd. In Fig. 3,mSR measurements o
r0 are shown as a function ofH atT  0.33 (open circles)
and 0.6Tc (solid circles), along with the STM measure
ments (open squares) of Ref. [5]. The smaller error b
and reduced scatter in themSR data reflect the statistica
improvement of amSR experiment which samples a larg
number of vortices in the bulk of the crystal, as oppos
to STM which averages the radius of a few vortices at
surface. The dashed line drawn through the STM res

FIG. 2. The magnetic field dependence of (a)labsHd and
(b) k0sHd  labsHdyr0sHd in the vortex state of NbSe2 at
T  0.33Tc (open circles) andT  0.6Tc (solid circles). The
solid line fits are described in the text.
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comes from tunneling currentIsrd profiles calculated from
the Usadel equations, as explained in Ref. [9]. To gene
ateJssrd profiles from Usadel’s dirty-limit theory we ex-
tend the work of Ref. [9] to include the self-consistenc
equation for the vector potentialAsrd. In cylindrical co-
ordinates the equation of motion is [19]

1
r

d
dr

µ
r

du

dr

∂
 k̄22A2 sinu cosu 2 D cosu 1 v sinu ,

(2)

where u parametrizes Usadel’s normalsG  cosud and
anomaloussF  sinud Green’s functions [20],Dsrd is
the order parameter,v  sTyTcd s2l 1 1d is the Mat-
subara frequency and̄k  f4p5y7z s3dg1y2k (wherek 
lyj). Equation (2) is supplemented by the following self
consistency equations:

D lnsTyTcd  22sTyTcd
X
v

fDyv 2 sinug , (3)

Jssrd 
d

dr

1
r

µ
d

dr
rA

∂
 16pk̄22sTyTcdA

X
v

sin2 u ,

(4)

and the boundary conditions for singly quantized vortice
with a Wigner-Seitz cell radiusrs  sF0ypHd1y2,

Ds0d  usv, 0d  0 , D0srsd  u0sv, rsd  0 ,
(5)

Asr ! 0d ! 2k̄yr , Asrsd  0 . (6)

Equation (2), subject to these boundary conditions, w
solved numerically forusv, rd starting with the initial
trial potentialsDsrd  D0 tanhsrd andAsrd  k̄s1yr 2

FIG. 3. The magnetic field dependence of the vortex-core r
dius in NbSe2 determined by STM [5] atT  0.6Tc (open
squares) and bymSR at T  0.33Tc (open circles) and
0.6Tc (solid circles). The solid lines are from calculations
of supercurrent densityJssrd profiles usingHc2s0d  3.5 T,
Hc2s0.33Tcd  2.9 T, and Hc2s0.6Tcd  1.9 T from magneti-
zation. The dotted lines through themSR data are from Eq. (7).
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s d. Improved values ofDsrd and Asrd were ob-

tained by including the self-consistent conditions (3) a
(4). The parameterk in Eqs. (2) and (4) was determine
from fits to the data. We foundk to be nearly tempera-
ture independent at all fields studied, which is consist
with the original definition ofk near Tc in GL theory
[21]. The deduced values ofr0 were not very sensitive to
k. In Fig. 2(b) we definek0  labyr0, wherek0sHd 
1.06ksHd 2 1.98 andk0sHd  1.12ksHd 2 1.26 at T 
0.33Tc and T  0.6Tc, respectively. At both tempera
tures,k0 (and hencek) increases linearly withH. Fitting
to the linear relationk0sHd  k0s0d f1 1 ghg, we obtain
k0s0d  6.9 andg  9.5 at T  0.33Tc andk0s0d  5.1
andg  10.2 at T  0.6Tc.

Figure 4 shows the theoreticalJssrd andDsrd profiles
together with theJssrd profile obtained from experimen
for a particularT and H. The vortex-core radius take
from theJssrd profiles of the dirty-limit theory are shown
as solid lines in Fig. 3. Not surprisingly, there is po
agreement with themSR data atT  0.33Tc, where ther-
mal smearing of the bound states in the vortex core is n
ligible. Contrary to the STM results [5], however, the
is also poor agreement atT  0.6Tc —suggesting that the
dirty-limit theory does not adequately describe the shrin
ing of the vortex-core radius with increasingH. In the
STM experiment it was necessary to arbitrarily definer0
as the radius in which the tunneling current decreased
36% of Imax 2 Imin andDsrdyDsrsd  1y

p
2. However,

we find that theJssrd profiles generated from the dirty
limit theory do not peak exactly at a radius correspond
to DsrdyDsrsd  1y

p
2 for all values ofTyTc andHyHc2.

Thus our definition ofr0 should provide a better descrip
tion of the trueH dependence of the vortex-core radiu
The STM data may also be influenced somewhat by
discontinuity in the energy spectrum of the vortex cor
which occurs at the sample surface. It has been sugge
that the effect may be an enlargement ofr0 [22].

FIG. 4. The current density and order parameter forT 
0.6Tc and HyHc2s0.6Tcd  0.053. The solid lines are from
the dirty-limit microscopic theory while the dashed line is th
supercurrent density from amSR measurement of the field
distribution in NbSe2.
d

nt

r

g-
e

k-

to

g

.
he
s
ted

e

On the other hand, themSR results fit well (see dotted
lines in Fig. 3) to the phenomenological equation,

r0sHd 
labsHd
k0sHd

 r0s0d
f1 1 bhg
f1 1 ghg

, (7)

wherer0s0d  labs0dyk0s0d. From the fits tolabsHd and
k0sHd, r0s0d  191 and 282 Å at T  0.33 and 0.6Tc,
respectively. For a triangular vortex latticeH > B0 
3F0y

p
2 L2, where L is the intervortex spacing. Thus,

for a given temperature, Eq. (7) may be rewritten as
function of the distance between vortices.

In conclusion, we have determined that the magnet
penetration depthlab shows a linear magnetic field de-
pendence in the vortex state of NbSe2. The linear term is
considerably weaker than that determined previously f
YBa2Cu3O6.95. Also, we find that the vortex-core radius
r0 which shrinks with increasing field is not adequatel
described by the dirty-limit microscopic theory, but doe
obey a simple phenomenological equation involving th
intervortex spacing. Our results imply that the conven
tional GL equations, with field-independent length scale
are not applicable deep in the superconducting state.
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