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Measurement of the Vortex Pair Interaction Potential in a Type-Il Superconductor
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We describe the first direct measurement of the pair interaction potential for magnetic flux lines in a
type-1l superconductor. Our approach relies on a quantitative analysis of Lorentz microscope images
of vortices creeping through a superconducting thin film. Time-resolved vortex distributions imaged in
this way reflect both the vortices’ mutual interaction and also the influence of random pinning forces.
These influences are isolated and quantified by adapting results from the theory of simple liquids.
[S0031-9007(98)05666-X]

PACS numbers: 74.60.Ec, 74.60.Ge.

Since Abrikosov’s initial description of type-ll super-  We locate the centroig}(¢) of each vortex in a digitized
conductivity, a tremendous effort has been directed towardnage at timer with subpixel accuracy using techniques
understanding the behavior of magnetic flux quanta irdeveloped for conventional digital video microscopy [5].
type-ll superconductors. Flux lines collectively determineWe then link the resulting locations into trajectories,

such material properties as a superconductor’s critical cur- N ()
rent and upper critical field. fl'h|s’ collective behavior in p(r,1) = Z s(r — (1), (1)
turn arises both from the flux lines’ interactions with each =

other and with the underlying pinning potential. The mi-
croscopic mechanisms of flux pinning and flux line inter-
actions have been treated theoretically and can be gaug
indirectly through measurements of collective flux be-

: : . ) over 11 s.
havior. The advent of real-time vortex imaging through

. ; 4 The areal number density of vortices in Fig. 1 is esti-
Lorentz microscopy [1—4] makes possible the direct mear ied to bepo = 2.6 + 0.1 wm-2 from the Voronoi dia-

surements .Of both the pinning potential and the vortex Ioa'bram of the vortex distribution [6]. This corresponds to a
interaction in a type-Il superconductor. In this Letter, Wemagnetic field of8 = 53 + 2 G an.d is constant to within
describe the first such measurements on flux lines in athig G over the 33 s obser\;:ltion period

film of Nb. Although flux flow is driven by gradients in the vortex

_Lo_rentz microscopy epr0|,ts the deflection of a trans'.density, such gradients also are negligibly small over the
mission electron microscope’s electron beam by magnetic

fields to create images of individual flux quanta localized
within a superconductor. Individual vortices appear in im-
ages such as Fig. 1 as adjacent bright and dark blurs. Theilli
motions are captured on video tape at 30 frames per seconq:
before being digitized and analyzed on a computer. Forthej.
present experiment, a free-standing Nb film 100 nm thick [
was prepared by chemically etching a rolled film and an-
nealing at2200 °C for 10 min to increase the grain size
to roughly300 um. The sample was zero-field cooled to
T = 4.5 K on the electron microscope stage. Flux flow
was initiated by ramping an applied magnetic field up to
80 G. Because the sample was mountetbato both the
applied field and the imaging plane, the component of the
field normal to the sample’s surface was 56.6 G. Images
such as Fig. 1 and the data taken from them were correctec

for the resulting perspective distortion. fle 1 L o mi i  flux line distribution |
; ; . 1. Lorentz microscope image of flux line distribution in
Vortex motion slowed to creeping flow as the local Nb thin film at 4.5 K. The scale bar indicatesum. Circles

flux density approached the applied field. The punctuateﬁ]ark the measured vortex locations in the field of view. One

motion in this regime provides insights into both the localyortex's trajectory over 330 time steps is superimposed on the
pinning potential and the vortex pair interaction potential.image to indicate the direction and magnitude of flux line flow.

using a maximum likelihood algorithm [5]. The trajectory
syperimposed on Fig. 1 indicates the direction and magni-
e of typical flux flow in thet X 6 um? field of view
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field of view. The time-averaged maximum linear densitytypical pinning energies, the vortices would have diffused
gradient, directed along the directidn of average flux randomly rather than undergoing punctuated bursts of
motion, isVp - # =2 = 1) X 10 3py um™. motion. Similarly, if the mean pair potential were larger

The distribution of flux lines shows no long-range than typical pinning energies, the vortices would have
ordering. The sixfold bond-orientational order parameterformed a regular Abrikosov lattice. Instead, the pinning

" energy distribution distorted the vortex ensemble away
Pe(ri 1) = 1 Z exp6i6;;), (2) from the ideal Abrikosov lattice while thermal energy
ni = activated hopping among pinning centers. The pinning
energy landscape, or “pinscape,” calculated with Eqg. (3)
Ar the field of view appears in Fig. 2(a).

Sample motion would introduce artifacts into the pin-
ning potential map. We determined the vibration ampli-
tude and tracking errors to be no greater than 10 nm, or
roughly one pixel, by following the apparent motions of
the dark feature in the lower right quadrant of Fig. 1. This
defect was created by ion bombardment before the sample
. . ... was mounted in the Lorentz microscope and serves as a
. These observatlons suggest that the qu_x line Q'St”bufiducial mark. The dark bands, on the other hand, result
tion in the field of view is homogeneous, isotropic, andfrom interference between electrons scattered by different

uniform over the course of our observations. In these r€atomic layers and so indicate slight sample curvature.

spects, it resembles the distribution of atoms in a simple Even our relatively small field of view contains enough

{ISUigriE/Se]ﬁ gyerar:gg)or; ﬁzerrne}gf%itaﬁitoﬂi:%ﬂﬁ; igi;t’rigzrpinning centers that we can estimate the distribution of
in the flux line distribution reflects the quenched disorder” 1Y Energes. This distribution appears in Fig. 2(b).
6

measures the degree of instantaneous local crystalline
dering between a vortex at and itsn; nearest neigh-
bors arrayed at angleg; with respect to a reference axis
[7]. Its magnitude achieves the maximum valudiaf] =

1 for a perfect Abrikosov lattice. The value ¢fs| =
0.41 = 0.03 averaged over our sample’s field of view and
over time is appropriate for points randomly distributed in
the plane.

of the pinning potential. Nevertheless, an ensemble aver-
age of statistically independent flux line distributions on (a) 2.5
the fixed pinning potential closely resembles the more fa-
miliar annealed average and may be interpreted to reveal

similar aspects of the system'’s interactions. /E\ 4 :)o
The Lorentz force redistributing vortices among the 3. =

pinning centers is sufficiently strong so that none of ~— =

the vortices remain completely pinned throughout the = 2=

experiment. Rather, the flux lines sample the potential

surface over the entire field of view. The driving is weak

enough, however, that the vortices are limited to creeping 0
flow. For this reason, their configurations in a sequence
of snapshots may be viewed as an ensemble of static
distributions near equilibrium.

Pinned flux lines are most likely to be found in regions
where the local pinning energy(r) is most negative.
Thus, we can use the time-averaged vortex distribution,
p(r) = % fg p(r, r)dt, to map out the spatial distribution
of pinning centers. To do this, we coarse graifr) into
regions comparable to the area subtended by a single flux
line. Were the pinning potential featureless, such regions
would be occupied with equal probability.

The probabilityP(r)dr of finding a vortex in a region
of extentdr centered at is a measure of the local depth
of the pinning potential, 0

0
2.5

—~
Z

In N(V)
O D EoN o 0o

Vv
P(r)dr = exp(—ﬂ>dr, 3)
Uo FIG. 2. (a) Spatially resolved pinning potentiglr) for the

where Uy is a characteristic energy scale. This energ))l?s"i"ri; :;‘;t Eg)g_'othg ;I)%tiél Cb?:]csu'::gdlg?mq %%Oa"'gizg fg;rgetie

scale is determined by the distribution of pinning energie?)inning energy is scaled according to the color bar on the right.

rather than the thermal energy scalgT at the low () NumberN (V) of spatial bins in (a) characterized by pinning
temperatures of this study. kg7 were larger than potentialv. The dashed line is a fit to Eq. (4).
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While details of the distribution are not important for Boltzmann relation,
the discussion which follows, the measured distribution U(r)
is reasonably well described by the form, =

—In[g(r)]. (7)

N(V) = Noexp—V/Uy), (4)  Without invokinga priori knowledge of the interaction’s
range, we cannot assume that this is the case for our data
set. Fortunately, results from the theory of liquid structure
%nable us to correct Eq. (7) for many-body effects.
The structure of a homogeneous isotropic distribution
interacting particles is described by the Ornstein-
Yernike equation [8],

where N(V) is the number of spatial bins after coarse
graining which contains a pinning center of depth The

resemblance may be even better than indicated in Fig.
since our short data set undersamples weakly pinnegf
regions while coarse graining overemphasizes strongl
pinned regions. We identify the scale enefgyfrom this _
distribution with the characteristic energy scale in Eq. (3). c(k) = h(k) 8
The resemblance to the Boltzmann distribution renders T ITF poh(k)’ ®)
more compelling the analogy we draw between the vortex T .
distribution in the quenched pinning potential and theWhere h.(k) IS thg Fourier-Bessel transform of the total
distribution of particles under the influence of therma COrélation functiom(r) = g(r) — 1, andpy is the mean

forces. Numerical estimates fok become possible once QcL)erb?r)O:grlilcteyi(r?:c/(g?sxe“Egi.rietht(reaﬂ;?g:rﬁoéﬁl)ag?\g fil;nc—
the scale for vortex pair interactions is determined. cr

While the ensemble-averaged vortex locations map ouﬁefmsd eflfet(:t(ljvelyi lloy trt]e Ornstgln-tZT:rn[[ketﬁquatl_or!. ¢ It
the pinscape, instantaneous pair correlations, can be related, at least approximately, 1o the pair inter-
action potential through a so-called closure relation [8].

(JZ. p(x — r,0)p(x,1)dxX)y Extensive work in the theory of liquid structure has iden-
g(r,1) = [[7. p(x)dxP ) () tified closure relations which work best in systems char-
o acterized by long-ranged repulsive interactions such as
also reflect intervortex interactions. Hefe,-), indicates the present vortex distribution. Of these, the hypernetted
an average over angles. Because a single video framghain (HNC) relation
captures only about 50 vortices, many independent dis-
tributions must be averaged together to provide adequate u(r) =
statistics:

—In[g(r)] + A(r) — c(r) 9

1 (7 is found to be reasonably accurate and straightforward to
glr) == f g(r,t)dr. (6) implement [9].
T Jo Having measureg@(r) experimentally, we use Eq. (8)
The data in Fig. 3 represent an average over 990 videtn calculate the direct correlation functiarir) and use
frames distributed into bins 4.4 nm, or half a pixel, on athe HNC closure to extracU(r). The result, which
side. We have confirmed that our results are insensitivappears in Fig. 4, is the first direct measurement of
to the choice of binning resolution, at least over the rangé¢he pair interaction potential for flux lines in a type-Il

0.1-1 pixel. superconductor.
At low magnetic inductions for which multiple-vortex
interactions can be ignored, the pair correlatigt) is 6
related to the vortex pair potentid/(r) through the
4
o
)
= 2
=1
0
g
s -2
[s]
& 0.0
0 i , .
FIG. 4. The pair interaction potential extracted frogtr)
0.0 0. 1.0 1.5 using Egs. (8) and (9) The curve is a two-parameter fit
r(um) to Eq. (10) for the London penetration depth and the

characteristic energy scalé,. The arrow indicates the mean
FIG. 3. Pair distribution function averaged over 990 videointervortex separation. Inset: the pair potential replotted to
frames. emphasize the functional form in Eq. (10).
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Since Egs. (5), (8), and (9) do not rely on an assumedity of Singapore.
form for the interaction potential, the measured potential
U(r) may be used to test theories for vortex interactions.
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