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Electrostatics of Vortices in Type-ll Superconductors
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In a type-ll superconductor the gap variation in the core of a vortex line induces a local charge
modulation. Accounting for metallic screening, we determine the line charge of individual vortices and
calculate the electric field distribution in the half space above a field penetrated superconductor. The
resulting field is that of an atomic size dipale~ eapZ, az = h>/me? is the Bohr radius, acting on a
force microscope in the pico- to femto-Newton range. [S0031-9007(96)00683-7]

PACS numbers: 74.60.Ec, 61.16.Ch, 74.60.Ge

The trapping of a magnetic fludy = hc/2e by a of a surface electric dipold || Z with unit = charges
vortex line in a type-1l superconductor is a well known separated by a distancel A. The vortex charge is
phenomenon [1]. Less familiar, however, is the fact thatassociated with the core siz& and therefore a much
a vortex line in general traps an electric cha@eas well.  higher resolution can be expected in an electrostatic
It is the purpose of this Letter to determine this vortexexperiment as compared to the magnetic experiments
line charge quantitatively and to discuss the feasibility ofprobing structures on the scale of the penetration depth
its experimental observation. Ar. In the following, we derive the vortex line charge

The vortex line charg® has been discussed before by O and solve the “half-space” electrostatic problem for a
Khomskii and Freimuth [2] and by Feigel'mast al.[3]  single vortex and for the vortex lattice. Next, we discuss
(see also [4]) within the context of the sign change inthe observability of the vortex charge and close with a few
the Hall coefficient, as observed in a number of type-limore subtle questions regarding our analysis.
superconductors [5]. Here, we concentrate on the vortex
charge and its accompanying electrostatic features, with a

specific emphasis on its experimental observability. T

The main reason for the charge accumulation around .
the vortex is found in the particle-hole asymmetry, as VIP
quantified by the energy dependence of the density of v
states (DOS, per spinN(E) at the Fermi level,Q « et B
dN(E)/dE|,. Inthe presence of particle-hole asymmetry,
the carrier density:(w, A) in the superconductor not only P d iy
depends on the chemical potentja] but on the energy { #: i v B

gap A as well. The singular behavior of the phase at |
the center of a vortex leads to the formation of a core

with a suppressed gap functid(R — 0) — 0, whereR

measures the distance from the phase singularity. With +
the chemical potential fixed, charge carriers [electrons
(holes) for a nearly filled (empty) band] are expelled
from this core region. Metallic screening drastically
reduces the accumulated charge; however, in our analysis
below, we show that the residual vortex line chargeFIG. 1. The superconductor (lower half space) is penetrated
|0 ~ ekp(Arp/€)* is still experimentally observable by the magnetic field. The resulting vortex line is charged
(here, kr, Atg, and & denote the Fermi wave number due to the particle-hole asymmetry as quantified by the

the Th F - . I th d th h ' finite derivative of the density of states at the Fermi level,
e omas-Fermi screening length, an € co erenccﬁv(E)/dEIM. Charge carriers are expelled from the vortex

length, respectively; we define> 0). In particular, one core (core radius-¢, + region in the figure) and an equal and
may envisage the classic geometry for the observationpposite screening charge on a scale (minA.) accounts for

of vortices via the Bitter-decoration method [6], with the charge neutrality. The electric field generated in the upper half
superconductor filling the half spage< 0 and penetrated space (see field lines in the figure) is that of a surface dipole

o . X . d of size ~eap. A tip approaching the surface is attracted to
by a magnetic fieldB || 2; see Fig. 1. The vortex line the dipole with a force depending on the specific setup; see

charge produces an electric field in the vacuum abovegs. (15) for a grounded tip and (17) for a tip biased with a
the superconductot (> 0), which corresponds to the one voltageV against the superconductor.
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The origin of the vortex charge can be understood
on the basis of a textbook problem [7]: Consider the
Sommerfeld free electron model for a metal and determin
the particle densityn at fixed chemical potentialu,
n(T) = n(0)[1 + (72/8)T?/u*]. The density increase
én is a consequence of the finite temperature smearin
of the Fermi function combined with the finite slope in
the density of state&/, = dN(E)/dE|, (= 3n/8u*ina

£ dInT,

Onext(R) = —NMAim du

fwe have substituted the expressidi) In(iwp/T.), see

(2), by the phenomenological paramet®,dInT./du

k].ising the BCS expressioff, = liwp expf(—1/N,V)].

he integration of (6) over the planar coordinake
provides the total external line charge

(6)

3D parabolic band). For a general Fermi surface with a dInT. A

smooth DOS we have Quxt = 2meALEN, du In?L. @)
Sn =~ (wT)’N,,/3. (1)  For a BCS model in the clean limi&2&2N, = krpa/7*

Note that the sign oBn depends on that oW/, with ~ With & = meff?’%/z (for a nontrivial Fermi surface we

&n > 0 for electronlike carriers [8]. have u # i in general), and using/In7./dInp =~

Next, consider a BCS superconductor where thdN(iwp/T.) ~ 1 — 10, we obtain an external line charge
pair occupation probability vi = (1 — &/Ex)/2 of order ekp, with only a weak dependence on the
[éx = ex — w andEy = (&2 + A%)!/2 denote the exci- Superconducting parametefsandA,.
tation energies in the normal and superconducting state, We determlnze the real charge distributign(R) =
respectively] determines the density via= 25, vi. . ¢97(R) = —V¢(R)/47 (positive for electronlike car-
The opening of a gap in the spectrum produces an riers) by solving the screened Poisson equation (5). Inthe

analogous smearing in the occupation probability and thdMit At << ¢ we obtain
density changes withh according to ®) eag dInT. &2 — R?
p = =z ~ b

dn ~ A’N!, In(hiwp/T.), ) w3 dInfp (R? + £2)3

where w, denotes the usual frequency cutoff on theWhereap denotes the Bohr radius.z Overall charge neu-

attractive interaction. Indeed, the occupation probabilitirality requires the total chargd d’R p(R) to vanish:

in the superconductor resembles a Fermi distribution with € line charge accumulated within the vortex core is

a temperaturd” = A [9], in agreement with the results Q¢ = eas(dInT./dInf)/(4m&)* = Qexi ATr/€* and an

(8)

(1) and (2). equal and opposite charge is provided by the screening
In the presence of a vortex line the gap parameter turnguside the core region; see Fig. 1. _
to zero in the core, Next, we solve the electrostatic problem for a single
5 s 5 vortex line penetrating a superconductor filling the
A*(R) = AZR*/(R” + &), (3)  lower half spacez <0; see Fig.1l. The potential

whereR < A; denotes the radial distance from the phase? (R.z) generated by the charge density(R,z) =
singularity, A.. is the magnitude of the gap parameter ~€¢97ex(R)O(—z) is obtained by solving the (screened)
far away from the core, and the coherence length Poisson equatiolV? — Are®(—2)le(R,z) = —4m X
determines its spatial extent. The slow algebraic decagex(R.z). We decompose the potential into a bulk and
8A% ~ —A2(R)? is a consequence of the slow decayan interface terme(R,z) = @=(R)O(—z) + @o(R,2),
of the supercurrenti(R) ~ jo&/R within the London ~Where ¢ (R) denotes the bulk solution of (5). The
screening length\;, (o is the depairing current density; interface termgo(R, z) can be obtained from the Fourier

8A? drops to zero exponentially fat > Ap). ansatz
We account for metallic screening within a Thomas- d’K . . .
Fermi approximation, substituting: by the electro-  ®o(R.z) = W%_(K) exiK - R ¥ k;z], (9)

chemical potentialu + e¢ in the expression for the

density n. The density_modulationén(R)=.n[.,u + with kf =K and k= = k2 + A2 referring to
e (R), A(R)] — n(u, Ax) is driven by the variation in \ajyes z > 0 above andz < 0 below the vacuum-
the gap functionA(R) and induces a scalar potential g herconductor interface. Requiring continuitygofand
¢(R), which is obtained from the solution of Poisson’s Vo across the interface, we can expr@s%(K) through

equation the source termp.(K) = 47 pex(K)/(K? + Arf). After
V2o(R) = 4medn(R). (4) transformation back to real space we arrive at the final

Linearizing ing andA we arrive at expression

® [ _

2 -2 de K2 + )\T]g

5 —

with the Thomas-Fermi lengthrg = (87¢>N,)~ /2 and K+ K=+ Ari
the “external” density modulation X expiK - R — Kz). (20)
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The integral is dominated by small wave vectors and weapacitor geometry, the bias voltade drives a charge

may neglectk? as compared tor?. Using pex(K) =  transfer from the superconductor to the tip, leading to a
Ot Ko(KE)In(AL/€), with K, the modified Bessel func- tip-surface attractionf,; which has to be compensated
tion, the integration ovekK vyields in the experiment. As the tip is approached to the

vortex, the vortex-dipole—tip-charge interaction produces
—In an additional force on the tip, which is the desired signal.
merr d INfL ¢ The estimated force is proportional to the bias voltage
Z[A] 11 and is of the order of i, ~ 107“V[V] N. Note that
(R? + z2)3/2° (1) the mobile vortex dipole can be distinguished from static

where we have chosen> ¢ and all lengths are taken in charged surface defects, as produced by adsorbed atoms

angstroms [note that (11) is independent of the DOS, th%) nrgema?:gcuuslfnsé g%o?:rll\-/ilrr:gtetgr?n;aﬂ;ex with an external ac
Iaztter appearing both e, and in the screening length In order to estimate the dipole-d.ipole attraction in the
Atr, and only weakly depends on the superconductinqir

properties]. The result (11) is the potential generated b¥ st setup (i) we model the tip as a metalic sphere of

. R T adius p. Its center is chosen a distanée> p right
a surface dipolal || 2 smeared on the scag, ¢(r) = above the vortex, thus producing the maximal tip-vortex

m dInT,, min(z, Az)

ep(R,z)[eV] = 0.8

) 3
d-r/r, attraction. A straightforward calculation using the image
eagz m dInT. min(z, Ar) charge technique (see, e.g., Ref. [11]; we ignore higher
d= — . (12) . .
72 mer dINji £ order images) provides the result
With the logarithms roughly compensating for the numeri Fina = 2p¢d 14 ¢ (14)

cal 772, we find a dipole with unit- charges separated (&% — p2)*

by ~1 A. The charge and field geometry are illustrated|nserting the expression (12) for the vortex dipole, using

in Fig. 1. _ , e2a% = 8.23 X 108 N, and choosing a typical geometry
The corresponding electrostatic problem for a Vor'Yvith p ~ 2, we find

tex lattice is solved in the same manner. The integra 4
[d’K exdiK - R — Kz] producing the dipole field has Fug ~25x 1078 %) N, (15)
to be replaced by the sum over reciprocal lattice vectors p

K, of the vortex lattice,27/aa)*Y ,exdiKa R =  \ihere we have assumed that /mesr) (d | -

eft) (dINT./dInf) X
Knz], whereay = (2/4/3)"/*(do/B)"/* denotes the lat- In[min(¢, A,)/&] ~ 10. With p ~ 100 A the resulting
tice constant. Usually the sum can be restricted to the siy) o iSFiq ~2 X 10717 N.

nearest neighbor lattice vectors and the result reads Next, we consider the capacitor setup (i) where the

m ay dInT, tip is biased against the superconductor. It is convenient
2 to model this geometry with a tip of spheroidal shape.
Using elliptic coordinates (see, e.g., Ref. [12]), we de-

eoviL(R,z)[eV] = 15.0

megr ax dInfi
min(z, aa, Az)

%X In fine the superconductor and tip surfaces through the co-
¢ ordinatesn,. = 0 and n., = 70, respectively. Of the
three parameters, the surface-tip distagcethe tip ra-
X [1 + eXp(_ZWZ/“A)I%COSKn ’ R] dius of curvaturep, and the tip apertur@s, only two

(13) can be freely chosenp /¢ = tart 9 = (1 — n3)/n8.
Solving Poisson’s equatiodV = 0, we find V(n) =
This completes our derivation of the charge and theéV/g(n)/g(no), resulting in an electric fieldE,(a,R) =
electrostaticfield distribution for the individual vortex and —2Vz/g(n) (a> + R%)'/? at the superconductor-vacuum
the vortex lattice. interface. Here,g(n) =In(1 + n)/(1 — ) and a =
Is this vortex charge observable in an experiment? Thé& /x, is the scale factor in the transformation to ellip-
most straightforward attempt to identify the vortex chargetic coordinates. The energy of the vortex dipole in the
is based on (scanning) force microscopy. Indeed, thelectric field of the biased tip is given b¥(a,R) =
observation of single charge carriers by force microscopy-d - Ei,(a,R)/2 (only half space) and for the forces
has been reported by Schonenberger and Alvarado [10perpendicular and parallel to the surface we obtain
Below we consider two experimental setups: (i) A AV 1
grounded metallic tip is approached to an individual (F;as,FL'ias) = 5 N/
vortex. The vortex (surface) dipole induces a second g(no) (R* + a?)
dipole in the tip, resulting in a dipole-dipole attraction (see Ref. [10] for the description of an ac technique used
between the vortex and the tip. The expected force iso separate the small modulatidfy;,, due to the vortex
estimated to be of the order &, ~ 1077 N. (ii) The dipole from the large base forcg, due to the image
metallic tip is biased against the superconductor. In thigharge attracting the tip). The above results apply for

(a,R) (16)
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distances>¢; upon moving the tip closer to the vortex the (N, /) (1 — T/T.)?, is present even without particle-
details of the charge distribution become relevant and thaole asymmetry and produces the well known London
forces change; e.g., ifiy;, We have to replace the scale electric fieldE; « Vv2(R), compensating the centripetal
a by the spread of the vortex charge Usingl ~ p and  force of the rotating superfluid. In our analysis above
¥ = 7 /4 we obtain the numerical expression we have concentrated on the leading contribution in
1 —T/T. and in INAwpT.). Away from T, the other
S ag terms will slightly modify our result.. _

Fpias ~ 10 V[V]{ — | N. 17) In summary, we have determined the line charge

p associated with the formation of a vortex in a type-

Il superconductor. The charge is mainly driven by

With p ~ 100 A the force amounts toFpi,s ~ 3 X - .
_ . 1as the particle-hole asymmetry, its bare value @y, ~
14 , X
10" "VIV]N. At present, forces in the pN range are ekr, and screening reduces this value down @o~

obseryed in state of the art atomic force m'erSCOpyekF/\%F/fz. We have solved the electrostatic problem
experiments and the fN regime will be taken on in the

fut related to the observation of the vortex charge on a
near future. . . . superconductor surface and found the associated electric
A number of alternative experiments detecting th

tex i h look . I H Sfield to be that of a microscopic dipote ~ eapz. With
vortex |tr_1e ¢ a}rg?hQ boo_ p(rjomlsmg z?)s Wef.th €€ our results we hope to motivate new experiments looking
we mention only th€ basic 1deas. (i) One of the MOSty the vortex charge itself (with an interesting relation
sensitive electrometers is the single-electron transist b the sign change of the Hall effect), we propose a new
.(SET); €.9., see Ref. [13].' Wh‘?re the small central islan maging technique able to address the structure of vortex
is connected via tunnel junctions to the two leads. A

" ) . . stems on the scalg and we suggest use of the charge
capacitively coupled gate takes the device to its optima] y & 99 9

. . ) . rray set up by the vortices in other experimental areas
working point. The device has to be fabricated onto theSuch as the problem of electrons #ire films.

superconductor surface with only a thin insulating layer We thank J. Aarts, D.Estéve, L. loffe, Y. lye

(~100 A) decoupling the two systems electronically. P Kes V. Kravtsov M Marchevs’ky 3 Rh’yner W
Vortices driven across the central island act to modulat%‘,jm Sl’:larloos c S’cht')nenberger ar’1d A Volod’in for
the gate voltage via their line charge and the signal can bﬁelpful discus:sions. Financial su'pport from the Swiss

picked up \t/'la "*t'ofr‘]‘"’? tgchntquuE. Using fﬁtu_pl(l) gt{(OVENational Foundation and from RFBR (No. 95-02-05720)
we can estimate the induced charge on the island to be o oor1ly acknowledged.

~dp/{* ~ 107 2¢, which should be well detectable by a
SET with a charge resolution 6f10~*¢/+/Hz [13].

Another straightforward idea is to imitate the original
decoration technique of Trauble and Essmann [6], using
electric rather than magnetic particles. It seems difficult, [1] A. A. Abrikosov, Zh. Eksp. Teor. Fiz32, 1442 (1957)
however, to imagine an electric analog of the small [Sov. Phys. JETR, 1174 (1957)].
ferromagnetic (Fe, Co, or Ni) particles being assembled[2] D.!. Khomskii and A. Freimuth, Phys. Rev. Le#t5, 1384
and spread onto the superconductor surface in a similar _ (1995). _ _
fashion. Alternatively, one may resort to the use of [3] 'g'l-l/-(1'269'239'[’5“;‘?:12'{{62% ?46‘ (fgé;;@p- Teor. Fiz62,
electrons, separaled ffom the superconductor Surlace DYy a. van Oteroet al Phys. Rev. Let7s, 3736 (1995).

. . ’ . [5] S.J. Hageret al., Phys. Rev. B47, 1064 (1993).
interaction betyveen the su_rface dipole array due to the[6] H. Trauble and U. Essmann, Phys. Status Scligii 813
vortex lattice with the 2D Wigner crystal will lead to new (1966); J. Appl. Phys39, 4052 (1968).

features affecting the physics of the vortex lattice and the[7] N.w. Ashcroft and N.D. Mermin,Solid State Physics
Wigner crystal as well. (Saunders College HRW, Philadelphia, 1976).

We turn to some more subtle issues. On a phenomenof8] The correspondence between the sign Mf and that
logical level we can express the external density modu-  of the charge carriers is somewhat subtle and can be
lation (6) through the Ginzburg-Landau energy density  reversed, particularly in reduced dimensions; see [4].

F = NM[aIAIZ + §|A|4 + y|VA?], with the parame- [9] I\H/I 'I;i_nk?am,l\llr\l{troltélgat)ion to Superconductivit{Krieger,
: : ) untington, NY, :
:glsuo,l 16 ’i ;t &P)dzy —daip;Tg.ln%hzntetr?ﬁNz?;g():ﬂ|£)2£en [10] C. Schénenberger and S. F. Alvarado, Phys. Rev. B8tt.

: . 3162 (1990).
! —
Nuln(ﬁwDTc)(l T/T.) produces the main contribu- [11] J.D. Jackson,Classical ElectrodynamicgWiley, New

tion due to particle-hole asymmetry. A second term  ~ vqrk 1962).

o« N/ (1 = T/T.)? originates from taking the derivative [12] M. Abramowitz and I. E. Stegurandbook of Mathemati-
of the prefactornv, in F. Finally, a third contribution cal Functions(Dover, New York, 1965).

from the gradient term(N,/u) (1 — T/T.) |éVA|> =  [13] A.N. Clelandet al., Appl. Phys. Lett61, 2820 (1992).
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