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Vortex core spectroscopy and vortex cooling: A photovoltaic effect
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School of Physics, Georgia Institute of Technology, Atlanta, Georgia 30332

~Received 14 October 1998!

Resonant optical-absorption spontaneous emission of photons by quasiparticles inside of a vortex core in
type-II superconductors results in a net momentum transfer to the vortex~scattering force!. Similar to the case
of atomic physics~laser cooling!, this scattering force isquantumin nature, nonlinear in the vector potential of
the photon, and can be used tocool or heatvortices. The problem here is not as simple as in the case of an
atom since the vortex is a self-consistent field embedded in a superfluid background. To illustrate thiscooling
or heatingeffect we calculate the difference between the total dissipation with and without the scattering force
as a function of frequency as well as the voltage change due to the presence of the scattering force. Possible
experimental connections with NbSe2 , Nb12xTaxSe2, and Nd22xCexCuO4 are also made.
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I. INTRODUCTION
For a few years it has been known both theoretically1–3

and experimentally4,5 that atoms can be cooled and manip
lated by electromagnetic radiation. It is simple to understa
why. An atom of massM traveling through a medium at res
~air or vacuum!, with a given velocityv and an atomic tran-
sition frequencyvge between the ground state~g! and an
excited state~e! can absorb photons with energyv and mo-
mentum\k, provided that the selection rules for absorpti
are right. The photon absorption is therefore directional a
along thek vector. Since the atom is moving, the atom
transition seen by the photon is Doppler shifted by
amount equal tov•k. Therefore, following the absorption o
a photon with frequencyv5vge1v•k, the atom changes it
velocity from v to v1Dv, whereDv5\k/2M . The sponta-
neously emitted photon, on the other hand, has freque
v85vge1k8•(v2Dv) and a momentum\k8. In the spon-
taneous emission process, the photon is emitted with e
probabilities in all directions, therefore no average mom
tum change is felt by the atom. As a consequence there
net scattering force ofquantumnature acting on the atom
which accounts for a net momentum transfer from the
sorption spontaneous emission process.6 If light is treated
classically there is no such effect, since there is no spo
neous emission in a classical theory. The existence of
scattering force may dramatically change the atoms kin
energy because the frequency of the emitted lightv8 is dif-
ferent from that of the absorbed lightv: the atom may be
cooledwhenv8.v by losing its kinetic energy to radiatio
field or heatedwhenv8,v by gaining kinetic energy from
the radiation field. Notice that when the photon beam and
atoms are counterpropagatingv8 is always larger thanv,
hencecooling takes place.

It is important to emphasize that a large reduction or
crease in the atoms kinetic energy is only possible at re
nance. To achieve resonant conditions when the speed o
atomuvu is an appreciable fraction of the speed of lightc it is
necessary to take into account the effects of the Doppler s
in the atomic transition. In this case, an appreciable reduc
~cooling! or increase~heating! of the atoms kinetic energy
can be achieved either by tuning continuously the laser
PRB 600163-1829/99/60~14!/10423~13!/$15.00
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quency to the Doppler shifted atomic transition or by kee
ing the laser frequency fixed and tuning the atomic transit
to the laser frequency via the dynamical Zeeman effect.
the other hand, whenuvu/c!1, the Doppler shift is not so
important and a reasonable change in the atoms kinetic
ergy can still be achieved. In any case, the reduction or
crease of the atoms kinetic energy is strongest at per
resonance.

Thus it is natural to ask the question: is it possible to c
or put into motion a single vortex in a superconductor via
resonant optical absorption and spontaneous emission
cess? It is the purpose of this paper to provide a more
tailed answer to this question, which was first outlined a f
years ago.7 The proposed cooling or heating effects ha
some analogies with the atomic physics picture, but a
some striking differences. Among the analogies, vortic
have core states that may couple with light and a reson
absorption spontaneous emission process may take p
Among the differences, a vortex is a self-consistent obj
that moves on a superfluid background, hence its dynamic
quite different than that of a moving atom in free space. I
our purpose here to show that vortices may be cooled
heated by the presence of a quantum light field, despite
additional complications in the vortex motion caused by
superfluid background. This quantum light field may res
nantly excite vortex core states in an absorption spontane
emission process, thus transferring a net momentum to
vortex core due to the existence of a scattering force.
addition, the scattering force is nonlinear in the vector pot
tial of the photon and may be used to cool or heat vortic
To illustrate this cooling or heating effect proposed here,
calculate the frequency dependence of the total dissipa
and the total voltage changes due to the presence of the
tering force.

In order to provide a meaningful answer to the propos
question we organize the rest of this paper as follows. In S
II, we choose a physical system, establish the existenc
vortex core states, describe the quasiparticle wave functi
and analyze the coupling of core states to photons. In S
III, we discuss the nature of the scattering force due to lig
the selection rules, and the resonance condition. In Sec.
10 423 ©1999 The American Physical Society
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10 424 PRB 60C. A. R. SÁde MELO
we describe the effects of the scattering force on the diss
tion ~cooling and heating! and induced voltages~photovolta-
ic effect! caused by the vortex motion. In Sec. V, we ma
experimental connections to NbSe2 , Nb12xTaxSe2, and
Nd22xCexCuO4. Finally, in Sec. VI, we summarize our mai
results.

II. CHOICE OF SYSTEM

We begin then with the choice of a system. We consi
the situation corresponding to a superconducting thin film
thicknessd (z direction! and infinite dimensions in thexy
plane. We further assume that the superconductor is in
clean limit, that the superconducting state iss wave, and that
a weak-coupling theory is valid. The electrons are conside
to have effective massesm along thexy planes,mz along the
z direction, and coherence lengthsj0 along thexy plane and
jz along thez direction. In addition, we consider this syste
to be at zero temperature (T50) for magnetic fields~H!

perpendicular to thexy plane (Hi ẑ). The superconductor is
assumed to be of extreme type II, where the penetra
depth l@max@j0,jz#. We also assume thatH is slightly
above the lower critical fieldHc1

, i.e., Hc1
'H!Hc2

such
that the single vortex approximation is justified.8 In addition,
we neglect the quantization effects of the magnetic field
treatH in the semiclassical regime~eikonal approximation!.
The penetration depthl is assumed to be much larger the
the film thicknessd, such that the current distribution is un
form along thez direction. An illustration of the geometry
considered can be seen in Fig. 1.

The choices made here are perhaps closer to experim
performed in thes-wave superconductors NbSe2 ~Ref. 9! and
Nb12xTaxSe2,10 where the existence of vortex core states
well established. This means that it may be possible for
scattering force to act on these core states. Another sys
which can be potentially studied are then-type high-
temperature superconductors Nd22xCexCuO4 ~Ref. 11!
which are believed to bes wave. Although we are intereste
here ins-wave superconductors, it is important to menti
recent experimental studies in YBa2Cu3O72d , which is be-
lieved to be ad-wave superconductor and where vortex co
states have been observed.12 These experimental finding
motivated several theoretical papers dealing withd-wave
vortex core states.13–16 It is thus possible that the effect
proposed here fors-wave superconductors may also be e
countered in the cuprate oxides like YBa2Cu3O72d , but that
remains to be investigated.

FIG. 1. The geometry is indicated in this figure. The magne

field Hi ẑ and the vortex moves along thexy plane.
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Having made the choice of ans-wave system with the
assumptions described above, we are ready to move on t
analysis of core states, which shall be discussed next.

A. Vortex core states

For thes-wave system in consideration, under all the p
vious assumptions, the eigenenergies and eigenfunction
the core states of a static vortex are obtained from
Bogoliubov-deGennes~BdG! equation.17,18 Whenjz>d, the
gap function is essentially uniform along thez direction and
the BdG equation is separable in cylindrical coordina
(r,f,z). When the quasiparticles are confined within t
film (0<z<d), the eigenfunctions along thez direction are
Fn(z)5A(2/d)sin(npz/d), wheren is an integer. Exploring
the azimuthal symmetry of the problem we can write t
BdG equation in polar coordinatesr[(r,f), with the eigen-
functions

cn~r !5S un~r !

vn~r !
D , ~1!

whereun(r ) andvn(r ) are the Bogoliubov quasiparticle am
plitudes. It is best, though, to expresscn(r )
5Rn

(sz)(r)exp@i(n2szf/2)#. With this decomposition the ra
dial part of the BdG equation becomes

Ĥn~r!Rn
(sz)~r!5EnRn

(sz)~r!, ~2!

with

Ĥn~r!5sz

\2

2mF2
1

r

]

]r S r
]

]r D1ln~r!G1sxD~r!, ~3!

where ln(r)5bn
2(r)/r22kr

2 and bn(r)5n2szAfer/\c.
The indexn is an angular momentum quantum number th
takes half integer values. The matricessx and sz are Pauli
matrices and kr is given by kr

252mmF/\2

2(np/d)2(m/mz), wheremF is the chemical potential.
In order to find out the eigenvalues and eigenfunctions

the states inside the vortex core we choose a gauge wher
gap functionD(r) is real. We also take the explicit form

D~r!5D`F r

j0
1S 12

r

j0
DQ~r2j0!G ~4!

as an approximation of the gap function withj0'\vFr
/D`

being the usual coherence length from weak-coupling the
such thatkFr

j0@1. The eigenenergiesEn,n5En1En are de-

fined relative to the chemical potentialmF . In the limit unu
!kFr

j0 the eigenenergiesEn are given by

En'
n

kFj0
D`C, ~5!

whereC50.9451, whileEn5(\2/2mz)(np/d)2. Notice that
the vortex core spectrumEn,n is symmetric as a consequenc
of particle-hole symmetry in weak coupling. Notice in add
tion that the energies in Eq.~5! can also be written in a very
simple form depending only onj0, i.e., En5n\2C/mj0

2.
This expression is qualitatively similar toEn , and its form
could have been guessed by considering a simple quan

c
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PRB 60 10 425VORTEX CORE SPECTROSCOPY AND VORTEX . . .
mechanical estimate, i.e., the energy of a quasiparticle
massm in a box of characteristic lengthj0. The eigenener-
gies then become

En,n5En@11~n2p2/2nC!3~m/mz!3~j0 /d!2#.

From now on we will focus on the limit wherem/mz!1,
such that the correction to the energyEn is small even for
largen, i.e., such that

unu!@~2unuC!1/2/p#~mz /m!1/2~d/j0!.

For instance, whenunu51/2, d/j053 andmz /m5104, unu
!942.19

Hence in the limit m/mz→0, the characteristic low-
energy spectrum of quasiparticles inside of a vortex cor
governed by En , which can be rewritten asEn

52nCRy(a0 /j0)2 given in eV. HereRy513.61 eV is the
Rydberg anda050.529 Å is the Bohr radius. For large co
herence length superconductorsj0'2000 Å the quasiparticle
excitation spectrum lies on the microwave rangeE1/2
'0.93meV and can be accessible by a maser. On the o
hand, for short coherence length superconductorsj0'30 Å,
E1/2'4.03 meV, so that the spectrum may be explored
far-infrared spectroscopy. Throughout this paper we will
interested only in the low-temperature limit where the po
tive energy levels (En.0) have essentially no thermal occ
pation. This low-temperature limit is defined byT
!min@En#, where min@En#5CRy(a0 /j0)

2. For instance, for
j0530 Å this meansT!46.4 K and forj052000 Å it im-
plies T!10 mK. Thus large coherence lengths impose
much more stringent requirement on the meaning of the l
temperature limit.

Vortex core states ins-wave systems were observed
low temperatures, first in NbSe2 ~Ref. 9! and later in
Nb12xTaxSe2 ~Ref. 10! using scanning tunneling microscop
~STM!. In addition, vortex core states were also observed
the cuprate oxide YBa2Cu3O72d using two different spectro
scopic techniques: far-infrared spectroscopy20 and STM.12

The work on far-infrared spectroscopy by Karraiet al.20 re-
newed the theoretical interest in the optical properties of v
tex core states.21,22 Vortex core states fors-wave supercon-
ductors were first studied many years ago,17,18 where it was
noticed that the physical properties~e.g., optical absorption!
associated with vortex core states are not sensitive onl
the quasiparticle energies but also sensitive to the quas
ticle wave functions, which we shall briefly study next.

B. Quasiparticle wave functions

Following the pioneering work of Caroli, Matricon, an
de Gennes17 now identify the radial wave functions corre
sponding to the energies defined in Eq.~5! with the choice of
D(r) given in Eq.~4!. The radial wave functionsRn

(sz)(r)

[gn
(sz)(r) have a characteristic spatial extension given

the parameterrb,n!j0, provided that unu!kFj0. For r
!rb,n , the radial wave functions are

gn
(sz)~r!'Asz

Jn2sz/2
~kFr!, ~6!
of
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where Asz
is the normalization constant andJr(z) is the

Bessel function of orderr and argumentz. The correspond-
ing radial wave functions forr@rb,n are

gn
(sz)~r!5Bsz

Fn~r!exp@2L~r!#x (sz)~r!, ~7!

whereBsz
is a normalization constant and

x (1)~r!5cosFkFr1
h2

2kFr
2

pn

2
2

V~r!

2 G , ~8!

x (2)~r!5sinFkFr1
h2

2kFr
2

pn

2
1

V~r!

2 G . ~9!

The auxiliary functions appearing in Eq.~7! are

Fn~r!52F 2

pAkF
2r22h2G 1/2

, ~10!

with h25n211/4,

L~r!5
1

\vF
E

0

r

D~r8!dr8, ~11!

and

V~r!5E
r

`

exp@2L~r!22L~r8!#F2En

\vF
1

n

kFr8Gdr8.

~12!

The wave functions defined by Eqs.~6! and~7! are going to
be used to estimate matrix elements, as we shall see s
when an additional electromagnetic field that couples w
the quasiparticles is introduced.

C. Coupling of core states to photons

The theory of optical properties of vortex core states w
explored a few years ago,21,22 where the incoming light was
treated as classical electromagnetic waves. For us, thoug
is important to establish the existence of a scattering forc
quantum nature acting on a vortex core, thus the quantiza
of the electromagnetic field is indispensable. We consider
geometry illustrated in Fig. 1 and assume the vortex is
tially at rest~with respect to the laboratory frame! in a given
position along the film. The film is supposed to be illum
nated with light of frequencyv, momentum\k, and an ar-
bitrary polarization. The angle that the photon moment
forms with respect to the direction of the magnetic fieldHi ẑ
is defined to beu f .

We also assume the highly anisotropic limitm/mz
!1 (m/mz→0) and that the photon electromagnetic fie
wavelength is much larger than the film thickness, i.
(ukud!1). In this case, the quantum electromagnetic fi
couples to electrons~first order in the vector potential! as

Hint5E drC†~r ,s!Ô~r ,t !C~r ,s!, ~13!

whereC(r ,s) is the electron annihilation operator at pos
tion r[(r,f) and spins, which is related to the quasipar
ticle operators by the Bogoliubov transformationC(r ,s)
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10 426 PRB 60C. A. R. SÁde MELO
5(n@un(r )gn,s2sgn(s)vn* (r )gn,2s
† #. In addition, the cou-

pling to the electrons is mediated by the operator

Ô~r ,t !5
i\e

2mc (
a

@Aext
(a)~r ,t !•¹1¹•Aext

(a)~r ,t !#, ~14!

and the vector potential

Aext
(a)~r ,t !5k@aka~0!e (a)exp~ ik•r2 ivt !1H.c.# ~15!

corresponds to a monochromatic light of photon energy\v
and momentum\k, wherek5cA\/2vV. Here, aka is the
annihilation operator of a photon with momentum\k and
polarization componenta, while e (a) is thea component of
the polarization vector.

In the quasiparticle representationHint can be separate
in two parts. The first one involves quasiparticle-quasih
excitations,

H15 (
nn8s

@Huugn8,s
† gn,s1Hvvgn8,sgn,s

† #, ~16!

where the matrix elementsHuu5Huu(n8,n) and Hvv
5Hvv(n8,n) are given by

Huu~n8,n!5E drun8
* ~r !Ô~r ,t !un~r !, ~17!

Hvv~n8,n!5E drvn8~r !Ô~r ,t !vn* ~r !. ~18!

The second part involves quasiparticle-quasiparticle
quasihole-quasihole excitations,

H252 (
nn8s

sgn~s!@Hvugn8,2sgn,s1Huvgn8,s
† gn,2s

† #,

~19!

where the matrix elementsHvu5Hvu(n8,n) and Huv
5Hvu(n8,n) are given by

Hvu~n8,n!5E drvn8~r !Ô~r ,t !un~r !, ~20!

Huv~n8,n!5E drun8
* ~r !Ô~r ,t !vn* ~r !. ~21!

The termsH1 and H2 of the interaction Hamiltonian are
responsible for the existence of the scattering force, wh
we shall discuss next.

III. SCATTERING FORCE

The general procedure to calculate the scattering forc
quite standard1 and it is based on the density-matrix a
proach. Here, only the scattering force due to absorp
spontaneous emission will be studied,6 for which we just
quote the final result obtained using perturbation theory.
an incoming photon with energy\v and momentum\k, the
scattering force acting on the vortex core is uniform over
film thicknessd and is simply given by

Fs5Gab^\k&ab1Gem̂ \k&em, ~22!
e

d

h

is

n

r

e

whereGab is the absorption transition rate~number of pho-
tons absorbed per unit time! andGem is the emission transi-
tion rate ~number of photons emitted per unit time!. The
averages involving the momentum\k are over the directions
of absorbed and emitted photons. The momentum of
emitted photon has no preferred direction, hence^\k&em
50. As a consequence, the scattering force is determ
solely by the absorption. Therefore to calculateFs explicitly
we need only to determineGab , which is given by

Gab5G11G2 , ~23!

where G1 is the absorption rate due toH1 ~quasiparticle-
quasihole processes!, andG2 is the absorption rate due toH2
~quasiparticle-quasiparticle, quasihole-quasihole process!.

Let us focus for the moment onG1, which is given by

G15
2p

\ (
nn8s

uM1~ns,n8s!u2f 1~n,n8!N1~v!, ~24!

whereM1(ns,n8s8) is just the matrix element for absorp
tion due toH1,

M1~ns,n8s8!5^Huu~n8,n!2Hvv~n,n8!&ab, ~25!

where thê •••&ab involves the absorption of a photon, whil
f 15 f (En)@12 f (En8)# where f (z) is the Fermi function of
energy argumentz andN1(v)5N1(n,n8,v) given by

N1~n,n8,v!5
1

p

\/t1

~En82En2\v!21~\/t1!2
, ~26!

with t15t1(n,n8) being the lifetime associated with th
transition.

Now let us turn our attention toG2, which is given by

G25
2p

\ (
nn8s

uM2~ns,n82s!u2f 2~n,n8!N2~v!, ~27!

whereM2(ns,n82s) is just the matrix element for absorp
tion due toH2,

M2~ns,n82s!52sgn~s!^Hvu~n8,n!&ab, ~28!

where thê •••&ab involves the absorption of a photon, whil
f 25@12 f (En)#@12 f (En8)# where f (z) is the Fermi func-
tion of energy argumentz and N2(v)5N2(n,n8,v) given
by

N2~n,n8,v!5
1

p

\/t2

~En81En2\v!21~\/t2!2
, ~29!

with t25t2(n,n8) being the lifetime associated with th
transition.

As can be seen from Eqs.~24! and ~27!, the scattering
force depends strongly on three factors: on the matrix e
ment of the transition and its selection rules, on the occu
tions of the quasiparticle states, and finally on the freque
match between the photon and the transition~resonance!.
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A. Selection rules

Let us concentrate for the moment on the selection ru
for the matrix elementsM1 and M2, although they are no
the main subject of our discussion they are necessary to
existence of the scattering force. The short presenta
given here parallels and complements previous works.21 We
will establish the selection rules and the magnitude of
matrix elements at the simple dipole approximation wh
takesk50, i.e., the photon wavelength is much larger th
the characteristic size of the vortex:ukuj0!1.23

The matrix elementM1 is obtained from

^Huu~n8,n!&ab5
i\e

2mc
@ I (2)1I (1)# ~30!

with the coefficients

I (2)5Adn8,n21@ I 11~n21/2!I 2#, ~31!

I (1)5A* dn8,n11@ I 12~n21/2!I 2#; ~32!

and from

^Hvv~n,n8!&ab5
i\e

2mc
@K (2)1K (1)# ~33!

with the coefficients

K (2)5Adn8,n21@K12~n811/2!K2#, ~34!

K (1)5A* dn8,n11@K11~n811/2!K2#, ~35!

via Eq. ~25!. A5(a@Ax
(a)1 iAy

(a)# contains the polarized
components (a index! of the incoming light projected in the
lab coordinate system (xyz), with the polarization axis being
defined by the direction of the magnetic fieldHi ẑ, while

I 15E
0

`

rgn8
(1)* ~r!

]

]r
gn

(1)~r!dr, ~36!

I 25E
0

`

gn8
(1)* ~r!gn

(1)~r!dr, ~37!

K15E
0

`

rgn
(2)~r!

]

]r
gn8

(2)* ~r!dr, ~38!

K25E
0

`

gn
(1)~r!gn8

(2)* ~r!dr. ~39!

From Eqs.~30! and~33! we can see that despite the initi
choice of an incident photon with a given arbitrary polariz
tion, only the circular componentsA and A* can be ab-
sorbed. These selection rules are just a manifestation o
conservation of angular momentum in the dipole approxim
tion: n85n61, which describes the process by which
incoming photon transfers a single unit of angular mom
tum to the vortex core causing a transition between differ
states which are compatible with the selection rule. Th
selection rules belong to the class of the so calledchiral
selection rules, so common in atomic physics when a m
netic field is present, due to the breaking of time-rever
symmetry, e.g., Zeeman effect.
s
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The matrix elementM2 is obtained from

^Huv~n8,n!&ab5
i\e

2mc
@T(2)1T(1)# ~40!

with the coefficients

T(2)5Adn8,2n21@T12~n11/2!T2#, ~41!

T(1)5A* dn8,2n11@T11~n11/2!T2#, ~42!

via Eq. ~28!. The coefficientsT1 andT2 are

T15E
0

`

rgn8
(1)

~r!
]

]r
gn

(2)~r!dr, ~43!

T25E
0

`

gn8
(1)

~r!gn
(2)~r!dr. ~44!

Again, only the circularly polarized components of light a
absorbed and we have a simple dipole selection rule:n85
2n61, where the incoming photon transfers a single unit
angular momentum to create two quasiparticles in the
sorption process.

Now let us turn our attention to the occupation factorsf 1
and f 2. Here we focus only in theT50 limit, where f 1
5@12Q(En)#Q(En8) and f 25Q(En)Q(En8). This indi-
cates that absorption is only possible for theG1 processes
whenEn8.0 andEn,0, i.e.,n8.0 andn,0, thus creating
a quasiparticle-quasihole excitation. This condition co
bined with the selection rulen85n61, restricts the absorp
tion at T50 only to n851/2 and n521/2 and only the
circularly polarized component of light with projected heli
ity l z511 is absorbed. On the other hand, for theG2 pro-
cesses, absorption is only possible whenEn8.0 andEn.0,
i.e., n8.0 and n.0, thus creating quasiparticle
quasiparticle excitation. Combining this condition with th
selection rulen852n61, restricts the absorption atT50
only to n851/2 andn511/2 and only the circularly polar-
ized component of light with projected helicityl z511 is
absorbed.

It is important here to elucidate the meaning of the p
jected helicityl z . Recall first that the applied magnetic fie
is parallel to thez axis, thus defining a natural polarizatio
axis. As a consequence, for a photon absorbed along tz
direction l z511 means a helicityl 511 in the photon’s
own reference frame, on the other hand for a photon
sorbed along the2z direction l z511 implies a helicityl
521 in the photon’s own reference frame. In addition, fo
photon with angles of incidenceu f measured from thez axis
and f f measured from thex axis, the light must be ellipti-
cally polarized is its own reference frame in order to ca
one unit of angular momentum projected along thez axis.

B. Resonance conditions

Let us now turn our attention to the resonance conditio
and the frequency match between the photon and the vo
core transitions. A substantial scattering force can only
achieved near resonance, therefore it is important to kn
how large the lifetimest1 andt2 are. Since we are not con
sidering in our interaction HamiltonianHint given Eq.~13!
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any other scattering process like phonons or impurities,
lifetime t j are intrinsically given by the spontaneous lif
timest j sp

of the excited states. In order to estimate the me

lifetimest j sp
we must recall that they are equal to the sum

the transition probabilities due to spontaneous emission
all possible final states allowed by the selection rules
energy conservation. These considerations lead to

1

t1sp
~n,n8!

5
2

3

ahv3

c2 uRuu~n8,n!2Rvv~n,n8!u2, ~45!

1

t2sp
~n,n8!

5
1

3

ahv3

c2 uRuv~n8,n!u2, ~46!

where ah51/137 is the hyperfine constant,v is the fre-
quency of the spontaneously emitted photon, andc is the
speed of light, while

Ruu~n8,n!5E
0

`

r2gn8
(1)* ~r!gn

(1)~r!dr, ~47!

Rvv~n,n8!5E
0

`

r2gn
(2)~r!gn8

(2)* ~r!dr, ~48!

and

Ruv~n8,n!5E
0

`

r2gn8
(2)

~r!gn
(1)~r!dr. ~49!

From Eqs.~45! and ~46! we can estimate

t1sp
~21/2,1/2!'

3

2
~kFj0!2kF

2F c2

ahv3G , ~50!

with v5(E1/22E21/2)/\ and

t2sp
~1/2,1/2!'3~kFj0!2kF

2F c2

ahv3G , ~51!

with v5(E1/21E1/2)/\. Notice the dependence onkFj0,
which in the limit kFj0@1 enhances the spontaneous lif
times by a large factor, in addition recall thatv here depends
on j0 throughE1/2 andE21/2.

For a particle density n2D'1.631017 cm2 (kF
5109 cm21) and j0'30 Å we get lifetimest1sp

'107 sec

andt2sp
'23107 sec which are extremely large in compa

son to the lifetime of the 2p→1s transition in the hydrogen
atom:tsp(2p→1s)'1.631029 sec. As a consequence, th
broadenings\/t j sp

are extremely small and the resonan
enhancement can be much larger than in typical atoms,
vided that the effects of phonons and impurities are ignor
In a real system, though, we must consider the effects
impurities and phonons. Thus, when the inverse lifetim
due to impurities (1/t j im

) and phonon (1/t j ph
) scattering are

also taken into account, the total inverse lifetime 1t j
51/t j sp

11/t j im
11/t j ph

. We shall return to this point, whe
we analyze the scattering acceleration in Sec. IV.

Due to this resonance aspect the scattering forceFs

5Fs
(1)1Fs

(2) may be extremely large despite the smallness
the incoming photon momentum\k. To estimate the
e

n

f
to
d

o-
d.
of
s

f

strength of such a force consider the incident photon at
angleu f with the magnetic field and elliptic polarization i
the photon reference frame with major axis vector poten
given byA(1) such that the projected helicityl z561 satis-
fies the angular momentum selection rule. As a result,
absorption rates on resonance are given by

G15
4

\2
@ uM1~1/2↑,21/2↑ !u2t1~21/2,1/2!#, ~52!

G25
4

\2
@ uM2~1/2↑,1/2↓ !u2t2~1/2,1/2!#, ~53!

where

uM j u5e3ua j u3ucosu f u, ~54!

with

e5
1

A2C
ueu

vb

c
uA(1)uj0 ~55!

being the characteristic strength of the matrix elementuM j u,
vb5\C/mj0

2 being the frequency associated with the tra
sition in the vortex core, anda j being a numerical factor o
O(1) which depends on the details of the quasiparticle w
functions. Notice thatuM j u is proportional toucosufu. This
proportionality is a consequence of the fact that the ellip
cally polarized light in the photon’s own reference fram
must be circularly polarized when projected along thexy
plane, perpendicular to the magnetic field axis (z direction!
in order to satisfy the angular momentum dipole select
rules previously discussed. The factor cosuf is the geometri-
cal factor that accounts for this projection, a remanent of
Malus law. Notice in addition thatuM j u vanishes atu f
5p/2, since the angular momentum carried by the photo
now perpendicular to the magnetic field and has zero co
ponent along thez axis, thus not satisfying the dipole sele
tion rules. This leads to vanishing absorption ratesG j and
vanishing scattering forcesFs

( j ) , whenu f5p/2.
Before estimating the absorption rates and the scatte

force, it is important to put bounds to the intensities of t
electromagnetic field that can be used to obtain such a fo
using perturbation theory. The perturbative approach is v
when uM j u/\vb!1, thus limiting

uA(1)u3ua j u3ucosu f u!
\c

ueu
A2C

j0
~56!

which gives uA(1)u3ua j u3ucosufu!@1/j0#32.6431033V
3Å, when j0 is given in Å.

Within the bounds of the perturbative approach, now
are ready to estimate the strength of the scattering force.
j0530 Å, n2D51.631017 cm2, uA(1)u5l3V and consid-
ering only the spontaneous lifetimest j sp

the absorption rates

areG j.l23ua j u23cos2 uf32(j21)37.1310293photons/sec.
These absorption rates can be used to estimate the scatt
force Fs[(Fsx

,Fsy
,Fsz

) providing the following lower
bounds for the maximal scattering force

uFsx

( j )umax5uFs
( j )umax3sinu f3cosf f , ~57!
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uFsy

( j )umax5uFs
( j )umax3sinu f3sinf f , ~58!

uFsz

( j )umax5uFs
( j )umax3cosu f , ~59!

where uFs
( j )umax.l23ua j u23cos2 uf32(j21)33.03105 dyn.

Depending on the angles (u f ,f f) and l the maximal scat-
tering force here can be much larger than the character
scattering force for the (3s→2p) transition in sodium,
whereuFsumax'10215 dyn.

The possible large scattering force acting on the vor
core immediately raises the questions: how large is the
celeration imposed on the vortex core by the scatter
force? Can it be used to cool or heat a single vortex, i.e., h
does this acceleration affects the dynamics of a single
tex? To answer these final questions we must study how
scattering force modifies the equation of motion of a sin
vortex, which we shall discuss next.

IV. EQUATION OF MOTION

We shall consider a vortex initially at rest, but with fre
dom to move with velocityvl in the plane of the film (xy
plane! and in a superfluid background with velocityvs . Also
assume the incident photon with momentum\k thathits the
vortex core at angles (u f ,f f). The photon is assumed t
have elliptic polarization in its own reference frame, su
that the light field is circularly polarized when the polariz
tion vectors are projected in thexy plane. The vortex is
considered to move at velocitiesuvl u/c!1 such that the ex-
isting scattering forceFs probes the vortex core essential
with zero Doppler shift. In addition, due to the constrain
motion of the vortex to thexy plane, thez component ofFs
does not affect the vortex motion.

Under these considerations the presence ofFs generalizes
the de Gennes-Matricon-Hsu25,22 equation of motion atT
50 to

d

dt
vl~ t !5

d

dt
vs~ t !1am~ t !2

1

t
vl~ t !1as , ~60!

which describes the motion of a single vortex in the pr
ences of the superfluid background and of the scatte
force. In Eq. ~60! dvs(t)/dt is the acceleration due to th
superfluid background;am(t)5vb@vl(t)2vs(t)#` ẑ, is the
magnus acceleration, withvb5\C/mj0

2 being the frequency
associated with the characteristic core energyEb

5\2C/mj0
2; 2vl(t)/t is the damping acceleration, wheret

represents the average characteristic lifetime of the quas
ticle states inside the vortex core; andas5Fs'

/M v is the

scattering acceleration in thexy plane, with M v
5(kFj0)2m/C being the kinetic vortex mass. HereFs'

[(Fsx
,Fsy

) andas[(asx
,asy

) given by

asx
5as~v!3sinu f3cosf f , ~61!

asy
5as~v!3sinu f3sinf f , ~62!

whereas(v)5( jas
( j )(v) with
tic

x
c-
g
w
r-
he
e

-
g

ar-

as
( j )~v!5

2p

M v

v

c
uM j u2Nj~v!, ~63!

where uM j u is defined in Eq. ~54!, N1(v)[
N1(21/2,1/2,v), N2(v)[N2(1/2,1/2,v) and as(v) is the
magnitude of the acceleration imposed by the scatte
force on the vortex motion andv is the frequency of the
incoming photon.

Now we can estimate the lower bound of the maxim
accelerationsuas

( j )umax for kF5109 cm21 and j0530 Å
leading to uas

( j )umax.l23ua j u23cos2uf32(j21)33.5
31024 cm/sec2, which may be enormous'l23ua j u2
3cos2uf32(j21)33.531021g! Therefore it is expected tha
the scattering force contributes significantly to the dynam
of a single vortex~cooling or heating!, i.e., to the total dis-
sipation and induced voltages produced by the vortex m
tion. It is important to emphasize that such large scatter
accelerations~forces! occur only in highly idealized system
where the energy broadenings\/t j include only the sponta-
neous lifetimest j sp

of the quasiparticle states. In real sy
tems, the effects of impurity and phonon scattering have
be taken into account, i.e., 1/t j51/t j sp

11/t j im
11/t j ph

. This

procedure for 1/t151029 sec reducesuFs
( j )umax5l23ua j u2

3cos2uf32(j21)33.0310211 dyn and leads to a maxima
acceleration uas

( j )umax.l23ua j u23cos2uf32(j21)33.5
3108 cm/sec2, which is still very large ('l23ua j u2
3cos2uf32(j21)33.53105g), whereg is the acceleration due
to gravity. These values are comparable to the maximal
celeration achieved in the (3s→2p) transition for sodium
atomsuasumax'108 cm/sec2, i.e., '105g!

Notice, though, that when the incoming photon mome
tum \k is along the magnetic fieldHi ẑ direction (u f
50,p), the scattering force is either parallel (u f50) or an-
tiparallel (u f5p) to ẑ. In this case,Fs (Fs'

50) does not
contribute to the equation of motion~60! since the vortex is
constrained to move in thexy plane, i.e., along the thin film
As a consequence we can putas50 in Eq. ~60! and the
resulting expression describes the classical dynamics
single vortex. On the other hand, when the incoming pho
momentum\k is not alongH (u fÞ0,p) and when the ma-
trix elementuM j u does not vanish identically (u fÞp/2) the
scattering forceFs (Fs'

Þ0) does affect the vortex dynam

ics. As a consequence,Fs may contribute strongly to dissi
pation and induced voltages, thus producing vortex cool
~decreased dissipation! or heating ~increased dissipation!.
Hence for the existence of such effects it is fundamenta
have the incoming light to be at an angleu f with the external
magnetic fieldHi ẑ. It is also important to emphasize aga
that the scattering force considered here isquantumin na-
ture, in the sense that it results from the absorption spo
neous emission of photons by the vortex core~recall that
spontaneous emission is aquantumprocess due to vacuum
fluctuations in the quantized electromagnetic field!.

A. Solutions of the equation of motion

Now we turn our attention to the solution of Eq.~60! in
the presence of the scattering force. This solution will
used~as we shall see! to calculate the total dissipation an
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induced voltages in order to characterize the proposed c
ing or heating effects. For a given superfluid velocityvs
[(vsx

,vsy
), we can calculatevl[(v l x

,v l y
). The superfluid

velocity has the form

vs~ t !5vsc
1vsext

~ t !, ~64!

wherevsc
is caused by a uniform and time independent~dc!

current applied along the xy plane and vsext
(t)

5vs(0)exp@ivt# is the contribution to the total superfluid ve
locity caused by the incident light, which can be used
obtain

vl~ t !5vl
(0)~ t !1dvl~ t !, ~65!

wherevl
(0)(t) is the solution of Eq.~60! without the scatter-

ing accelerationas .
Equation~60! become more transparent when we rewr

it as

d

dt
v l ,a~ t !5vav l~ t !1

d

dt
vs,a~ t !1 iavbvs,a~ t !1as,a ,

~66!

where va52( iavb11/t), the vortex velocityv l ,a5v l x
1 iav l y

, the superfluid velocityvs,a5vsx
1 iavsy

, and the

scattering accelerationas,a5asx
1 iaasy

, with a56. Under

the assumption that the vortex is initially at rest@vl(0)50
→vl ,a(0)50# the solution of Eq.~66! is

v l ,a~ t !5v l ,a
(0)~ t !1dv l ,a~ t !. ~67!

The first contribution tov l ,a(t) is independent of the scatte
ing force,

v l ,a
(0)~ t !5La~v,t !vs,a~0!1La~0,t !vsc ,a , ~68!

where the function

La~v,t !5Ka~v!@exp~ ivt !2exp~2 iavbt2t/t!#
~69!

contains the time dependent terms with the prefactor

Ka~v!5
iv1 iavb

iv1 iavb11/t
. ~70!

Notice in Eq.~67! the steady-state behavior (t→`) where
v l ,a

(0)(t→`) has a purely oscillatory part associated w
vs,a(0), which is the amplitude of the superfluid veloci
induced by the light field, and a constant part associated w
vsc

, which is due to the to the dc current applied in thexy

plane. Whenvsc
50, the light field component of the supe

fluid velocity vsext
(t) induces a circular motion of the vorte

with a definite handness, thus transferring some angular
mentum to the vortex center of mass. On the other ha
whenvsext(t)50 the constant part of the superfluid veloci

vsc
provides a constant steady-state velocity for the vor

center of mass, thus transferring linear momentum to
vortex center of mass. When bothvsc

andvsext
are nonzero,

the resulting vortex motion is a two-dimensional spiral.
l-

o

th

o-
d,

x
e

The second contribution tov l ,a(t) is the additional
change in the vortex velocity,

dv l ,a~ t !5
as,a~v!

iavb11/t
@12exp~2 iavbt2t/t!#, ~71!

due to the presence of the scattering force. Notice that in
steady-state limit (t→`), dv l ,a(t→`) has no oscillatory
part. As a result, the scattering force transfers linear mom
tum to the vortex center of mass.

To characterize vortex cooling or heating, let us recall t
in atomic physics the cooling and heating processes are i
tified with the change in the average kinetic energy of
atom: when the average kinetic energy is increased we h
heating of the atom and when it is decreased we have c
ing. Such situations occur when the scattering acceleratio
antiparallel~cooling! or parallel~heating! to the atom’s ve-
locity. Hence as a measure of the vortex cooling or heat
effects let us look at the time-averaged vortex velocity in
steady-state limit̂v l ,a(t→`)&, which has two contributions
the first one beinĝ v l ,a

(0)(t→`)&5La(0,t→`)vsc
and the

second one beinĝ dv l ,a(t→`)&5as,a(v)/(1avb11/t).
Thus to characterize vortex cooling or heating we can mo
tor the total average vortex velocity^v l ,a(t→`)& as a func-
tion of the direction of the incoming scattering acceleratio
when the total average velocity is reduced, we have coo
~reduction of the vortex kinetic energy!, when the total aver-
age velocity is increased, we have heating~increase of the
vortex kinetic energy!. Now it is important to turn our atten
tion to how the scattering force affects the dissipation due
vortex motion, and thus vortex cooling or vortex heating.

B. Dissipation effects: Cooling versus heating

To characterize the cooling or heating effect for vortices
is useful to calculate directly measurable quantities. For
stance, it is important to compare the total dissipation w
and without the scattering force. To calculate the total dis
pation Wt(v,t)[Re@J* (t)•E(t)# we need to make use o
the expression for the total current,

J~ t !5nsevs~ t !1Nv

\kF
2

2v*
e

m
@vl~ t !2vs~ t !#, ~72!

wherev* 5bvb ,24 and for the total electric field,

E~ t !5
m

e

d

dt
vs~ t !2Nv

h

2e
vl~ t !` ẑ, ~73!

where the superfluid acceleration is

d

dt
vs52

e

mc

d

dt
Aext~ t ! ~74!

andAext(t) is the vector potential due to the light field pro
jected in thexy plane.

In calculating the total dissipationWt(v,t) we will not be
concerned with transient effects, instead we look at
steady-state (t→`) time averagê Wt(v,t→`)&[Wt(v),
which can be separated in two contributions,

Wt~v!5Ws~v!1Wv~v!, ~75!



f

it
th

rc
he

l

in

w

-

g

a
nt

r

x-
es-

n
all

u-

in

fi-

PRB 60 10 431VORTEX CORE SPECTROSCOPY AND VORTEX . . .
the first coming from the supercurrent density

Ws52Nv~p\ns!@12g#Rê vs* ~ t !•@vl~ t !` ẑ#& ~76!

and the other coming from the vortex motion

Wv5Nv

\kF
2

2v*
ReK vl* ~ t !•

d

dt
vs~ t !L , ~77!

whereg5(Nv /ns)@\kF
2/2mv* #. Notice also that in the limit

kFj0@1 considered here the superfluid densityns can be
approximated by the total particle densityn2D5kF

2/2p, thus
allowing us to writeg5v0 /v* , with v05Nvh/2m. The nu-
merical value of the dimensionless constantg is very small
and can be estimated as follows. First we identifyv0 with
the cyclotron frequencyvc5eH/mc and consider fields
such thatHc1

'H!Hc2
. Further, consider the thin film o

thicknessd to have a disc geometry with radiusR. Thus
usingHc1

5(f0 /4pl2)ln@l/j0#(d/R), wherel is the London

penetration depth andf0 is the flux quantum, we may finally
write g'(1/4bC)(j0 /l)2 ln@l/j0#(d/R). Since we have
made the assumption of extreme type-II superconductiv
j0 /l!1 and that the film thickness is much smaller than
disc radius,d/R!1, the resultg!1 immediately follows.

To compare the total dissipation with the scattering fo
and without the scattering force it is useful to rewrite t
total dissipation

Wt~v!5Wt
(0)~v!1DWt~v!, ~78!

whereWt
(0)(v) is the dissipation due tovl

(0) alone, i.e., with-
out the contribution of the scattering force andDWt(v) is
the additional contribution due todvl alone, i.e., due to the
scattering force alone. Notice that whenDWt(v),0 we
have vortex cooling ~decreased dissipation! and when
DWt(v).0 we have vortex heating~increased dissipation!.
Notice, in addition, thatWt

(0)(v) has the same functiona
form asWt(v) with the replacementvl→vl

(0) and so does
DWt(v) with the replacementvl→dvl . This is a conse-
quence of the linear dependence ofWt(v) on the vortex
velocity vl .

To calculateWt
(0) andDWt explicitly we need to use the

expression for the superfluid velocityvs in Eq. ~64!. We first
analyze the contribution to dissipation without the scatter
force, which results in

Wt
(0)~v!5Ws

(0)~v!1Wv
(0)~v!. ~79!

The superfluid contribution may be further separated in t
parts,

Ws
(0)~v!5Wsc

(0)~v!1Wsext

(0) ~v!, ~80!

with the part due to static field (vsc
) being

Wsc

(0)~v!52P Re@vsc
* •^vl

(0)~ t→`!&` ẑ#, ~81!

and with the part due to the light field (vsext
) being

Wsext

(0) ~v!52P Rê vsext
* ~ t→`!•vl

(0)~ t→`!` ẑ&, ~82!
y,
e

e

g

o

where P5Nv(p\ns)@12g#. Analogously, the vortex con
tribution Wv

(0) can be further separated in two parts,

Wv
(0)~v!5Wvc

(0)~v!1Wvext

(0) ~v!, ~83!

with the part due to static field (vsc
) being

Wvc

(0)~v!50, ~84!

and with the part due to the light field (vsext
) being

Wvext

(0) ~v!5D ReK vl
(0)* ~ t→`!•

d

dt
vsext

~ t→`!L , ~85!

whereD5Nv(\kF
2/2v* ). As a result of the time averagin

in the steady-state limit we may finally write

Wt
(0)5Wsc

(0)1Wsext

(0) 1Wvext

(0) . ~86!

Notice thatWt
(0)(v) depends on the light polarization vi

vsext
and has in addition a contribution, which is independe

of the light polarization viavsc
. Some analysis ofWt

(0)(v)

without the static field (vsc
) may be found in Ref. 22. Ou

results forWt
(0)(v), on the other hand, generalize Hsu’s e

pressions in two important ways: the first one being the pr
ence of the uniform and static~dc! current that createsvsc

and the second one being thatvsext
is generated by ellipti-

cally polarized light, which is circularly polarized whe
viewed along the direction of the magnetic field. We sh
further discuss these results below.

For the moment, let us turn our attention to the contrib
tions toDWt(v), which can be further described by

DWt~v!5DWs~v!1DWv~v!. ~87!

The superfluid contribution may, in addition, be separated
two parts,

DWs~v!5DWsc
~v!1DWsext

~v!, ~88!

with the part due to the static field (vsc
) being

DWsc
~v!52P Re@vsc

* •^dvl~ t→`!&` ẑ#, ~89!

and with the part due to the light field (vsext
) being

DWsext
~v!50. ~90!

Analogously, the vortex contributionDWv can be further
separated in two parts,

DWv~v!5DWvc
~v!1DWvext

~v!, ~91!

with the part due to the static field (vsc
) being

DWvc
~v!50, ~92!

and with the part due to the light field (vsext
) being

DWvext
~v!50. ~93!

SinceDWv(v)50 due to steady-state averages, we may
nally write
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DWt~v!5DWsc
~v!. ~94!

As a consequence, the cooling (DWt,0) or heating
(DWt.0) effects are caused only bydvl andvsc

, i.e., when

both ^dvl(t→`)&Þ0 andvsc
Þ0.

Hence we may finally write

Wt
(0)5Wsext

(0) 1Wvext

(0) 1Wsc

(0)1DWsc
. ~95!

A direct comparison ofWsc

(0)(v) andDWsc
(v) leads to the

following picture in the steady-state limit: when the chan
in the vortex velocitŷ dvl(t→`)& is antiparallel to the vor-
tex velocity in the absence of the scattering force^vl

(0)(t
→`)& there is a reduction in the total dissipation and hen
vortex cooling, when̂ dvl(t→`)& is parallel ^vl

(0)(t→`)&
there is an increase in the total dissipation and hence vo
heating. These conclusions follow from the fact that the
erage electric field felt by the vortex core in the absence
the scattering force ^Ev

(0)(t→`)&52Nv(h/2e)^vl
(0)(t

→`)&` ẑ is reduced~cooling! or enhanced~heating! by the
action of the scattering force viâdvl(t→`)&, while the cor-
responding current contribution to the total dissipation is
affected by the scattering force. In particular, notice t
when ^dvl(t→`)&52^vl

(0)(t→`)& the contribution to the
total dissipation fromDWt exactly cancels the contributio
from Wt

(0) , given that the total average electric field felt b

the vortex ^Ev(t→`)&52Nv(h/2e)^vl(t→`)&` ẑ van-
ishes! In this case the electric field created by the scatte
force exactly cancels the electric field caused by the app
dc current, thus bringing the vortex total average cente
mass velocitŷ vl(t→`)& to zero. The cooling effect, on the
other hand, is not perfect (WtÞ0), i.e., Wt5Wsext

(0) 1Wvext

(0) ,

despite the vanishing of̂vl(t→`)&, the reason being tha
the vortex still performs a circular motionvl(t→`)Þ0
which is in phase with the velocity field due to lightvsext

(t

→`) and thus produces dissipation through the termsWsext

(0)

and Wvext

(0) . From this we conclude that the scattering for

considered here~under the assumptions of this paragrap!
cannot completely stop the vortex motion since it only
fects its center of mass average velocity!

Let us now turn our attention to the explicit evaluation
DWt(v) in order to elucidate its dependence on the f
quency (v) and on the angles (u f ,f f) that the incoming
photon momentum makes with thexyz laboratory reference
frame. Since the film is considered to be isotropic in thexy
plane we can choose the direction of the applied velocityvsc

to be along thex axis, i.e.,vsc
5vsc

x̂. In this case,DWt5

2Pvsc
^dv l y

(t→`)&, which can be rewritten as

DWt~v!52PK~vb!vsc
t@asy

~v!2vbtasx
~v!#, ~96!

where

K~vb!5
1

~vb
2t211!

. ~97!

Notice in Eq. ~96! that whenasy
(v).vbtasx

(v) (tanf f

.vbt), DWt(v),0, i.e., we have vortex cooling and whe
e

ex
-
f

-
t

g
d
f

-

-

asy
(v),vbtasx

(v) (tanf f,vbt), DWt(v).0, i.e., we
have vortex heating. The cooling and heating effects
strongly dependent upon the angles (u f ,f f) that the scatter-
ing force makes with the fixed lab reference frame. T
angular dependence appears in Eq.~96! through the accelera
tionsasx

andasy
defined in Eqs.~61! and~62!. To emphasize

the angular dependences we may writeDWt(v) in the di-
mensionless form

DWt~v!

Q
52S~v!@sinf f2vbt cosf f #cos2u f sinu f ,

~98!

where the coefficientQ is given by Q5Pvsc
ve f f , where

ve f f5@p/(kFj0)2#@ ueu2uA(1)u2/m2c3# and the functionS(v)
is defined as

S~v!5vbtK~vb!U~v!, ~99!

with U(v)5( j ua j u2Nj (v)\v leading to

U~v!5(
j

ua j u2
1

p

vt j

~vt j2vbt j !
211

. ~100!

In Eq. ~98! many symmetry properties become evide
For instance, the cos2uf appearing in Eq.~98! comes from the
matrix elementuM j u2 and is a remanent of the Malus law a
previously discussed, while the terms sinuf , sinff , and
cosff come from the projections of the photon momentu
\k along the labxyz reference frame. Also notice that th
symmetry propertyDWf(v,u f ,f f)52DWf(v,u f ,p2f f)
holds, which means that by changing the azimuthal direct
of the incoming photons~changingf f with fixed u f) by a
180° the dissipation due to the scattering force alone chan
sign. In addition, for fixedf f the dissipationDWt(v) is

maximal when sinuf51/A3, i.e., u f'35.26° or u f
'144.74°, and vanishes whenu f50,90°,180°.

In Fig. 2, the results forDWf(v) expressed in Eq.~98!
are presented. The dissipationDWf(v) is given in units of
Q, for vbt53.0, for afixed angle of incidenceu f545° but

FIG. 2. The contribution to the total dissipation due to the sc
tering force alone, forvbt53.0 andu f545°. Notice the resonan
effect for vt'3.0.
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for a varying azimuthal (xy) angle f f . The dissipation
DWf(v) is also a function of the parametersua j u andt j that
depend on the detailed structure of the quasiparticle w
functions defined in Eqs.~6! and~7!. Here, in order of mag-
nitude, ua j u'1, t1't, t2't/2, andb'1/2. The frequen-
cies v are expressed in units oft21. Notice in Fig. 2, in
particular, the regions in frequency space for various a
muthal anglesf f where there is vortex cooling, i.e
DWt(v),0. In addition notice the resonant effect whenv
'vb . This resonant effect is much more pronounced wh
vbt@1, i.e., when the maximal energy broadening due
impurities or phonons max@\/tim ,\/tph#!\vb .

C. Photovoltaic effect

Now we move on to the calculation of the total induc
voltage and of the induced voltage change due to the p
ence of the scattering force. Consider two points at positi
d1 and d2 in the labxyz reference frame and defined5d2
2d1. Since the total electric fieldE(t) is spatially uniform,
the total induced voltage isV(d,t)5E(t)•d, which can be
further separated in two parts,

V~d,t !5V(0)~d,t !1DV~d,t !, ~101!

in analogy to the calculation of the total dissipationW(t).
The voltage

V(0)~d,t !5
m

e

d

dt
vs~ t !•d2Nv

h

2e
vl

(0)~ t !` ẑ•d ~102!

is the voltage in the absence of the scattering force, whi

DV~d,t !52Nv

p\m

e2 Re@dvl~ t !` ẑ#•d ~103!

is the additional contribution due to the scattering force.
Again, we are not interested in transient effects, inst

we look at the steady-state (t→`) time averageŝ V(d,t
→`)&5V(v). Notice that the contributions toV(v) coming
from vsext

, which are linear in the photon vector potenti

Aext , vanish. HenceV(v) can be further expressed as a su
of the voltages measured along thex axis (Vx) and along the
y axis (Vy),

V~v!5Vx~v!1Vy~v!, ~104!

where

Vx~v!52Nv

p\m

e2 dx Re@^v l y
~ t→`!&#, ~105!

Vy~v!51Nv

p\m

e2 dy Re@^v l x
~ t→`!&#. ~106!

Notice here that when̂v l y
(t→`)&50 the voltageVx50

and analogously when̂v l x
(t→`)&50 the voltageVy50.

Using the decomposition of velocitiesvl5vl
(0)1dvl we can

write Vn(v)5Vn
(0)(v)1DVn(v), where n5x,y, from

which we immediately realize thatVx50 occurs whendv l y

52v l y
(0) and thatVy50 occurs whendv l x

52v l x
(0) .
ve

i-

n
o

s-
s

d

To establish explicitly the conditions under which th
voltagesVn vanish we must compareVn

(0) with DVn . For

vsc
5vsc

x̂, we may write

Vx
(0)~v!52Bx0

vbtK~vb!vsc
, ~107!

Vy
(0)~v!51By0

vb
2t2K~vb!vsc

, ~108!

where Bn0
5Nvdn(p\m/e2), with n5x,y. On the other

hand, we write

DVx52Bx0
tK~vb!@asy

2vbtasx
#, ~109!

DVy51By0
tK~vb!@asx

1vbtasy
#. ~110!

Using the expressions forasx
andasy

in Eqs.~61! and~62!, it

is easy to establish thatVx50 occurs when

tas~v!sinu f@sinu f2vbt cosf f #52vbtvsc ~111!

and thatVy50 occurs when

tas~v!sinu f@cosf f1vbt sinu f #52vb
2t2vsc .

~112!

Notice in addition that the simultaneous vanishing of t
voltagesVn can occur only whenf f52p/2, i.e., when the
scattering acceleration is applied along the2 ŷ direction.
Here, the scattering acceleration is perpendicular both to
applied dc current (i x̂) and to the applied magnetic fiel
(i ẑ). Only under these conditions the total average elec
field felt by the vortex core, vanishes, i.e., the average e
tric field induced by the dc current on the vortex core can
exactly canceled by the electric field produced by the sc
tering acceleration.

Since in the steady-state limit the time averaged contri
tions to Vn coming from vext vanish, the measurement o
voltagesVx andVy is a direct evidence of the effects of th
scattering force. The measurements forVn can be performed
using a crossed four point contact: two leads along thx

direction, i.e., aligned with the applied dc currentJsc
5Jxx̂,

whereJx5nsevsc
can be used to determineVx , while two

leads along they direction, i.e., perpendicular toJsc
can be

used to determineVy .
Since the voltagesVn0

(0) due to the dc current are indepe

dent ofv, we shall concentrate on the contributionDVn(v),
due to the scattering acceleration, which can be written in
dimensionless forms

DVx~v!

Vx0

52S~v!@sinf f2vbt cosf f #cos2u f sinu f ,

~113!

DVy~v!

Vy0

51S~v!@cosf f1vbt sinf f #cos2u f sinu f ,

~114!

whereVn0
[Bn0

ve f f , with n5x,y.
Notice the interesting symmetry property
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DVx~v,u f ,f f1p/2!/Vx0
5DVy~v,u f ,f f !/Vy0

,
~115!

which relates the measured voltages along the dc currenx
direction! and perpendicular to the dc current (y direction!.
Notice also thatDVn(v,u f ,f f)52DVn(v,u f ,p2f f), for
n5x,y, which means that the induced voltage due to
scattering force alone changes sign when the azimutha
rection of the incoming photons is rotated by 180°. In ad
tion, for a fixedf f , DVtn

is maximal when sinuf51/A3 just

like DWt . In Fig. 3 we plot the results forDVx andDVy for
the same set of parameters of Fig. 2.

V. EXPERIMENTAL CONSIDERATIONS

Several experimental systems are potential candidate
the observation of vortex cooling~decreased dissipation! and
heating ~increased dissipation! and the photovoltaic effec
proposed here. Among many possible systems, let us m
tion s-wave systems where vortex core states have been
ready experimentally observed: NbSe2,

9 Nb12xTaxSe2.10 The
theory developed here may be applicable to these syst
but it may be applicable also the ton-type high-temperature
superconductor Nd22xCexCu O4,11 where to the best of ou
knowledge no one has yet attempted to observe vortex
states. Furthermore, it is important to mention that vor
core states have also been observed in YBa2 Cu3 O72d ,12

which is believed to be ad-wave superconductor. Althoug
in this manuscript we have not discussed the vortex coo
and the photovoltaic effect for thed-wave case, it is quite
natural to explore this possibility in the immediate future.

The theoretical suggestions presented here rely on the
that experiments must be performed at low temperatures
in clean systems. The meaning of low temperatures her

FIG. 3. Contributions to induced voltages due to the scatte
force alone. It is shown in~a! the contribution along thex direction,
while it is shown in ~b! the contribution along they direction.
Curves are plotted forvbt53.0 andu f545°. Notice the resonan
effect for vt'3.0.
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defined byT!min@En#, where min@En#5CRy(a0 /j0)
2 is the

energy of the lowest-lying vortex core state. For instance,
j0530 Å this meansT!46.4 K and forj052000 Å it im-
plies T!10 mK. Thus large coherence lengths impose
much more stringent requirement on the meaning of the lo
temperature limit. In addition, the cooling effect relies o
resonant momentum transfer from photons to the vor
core. Thus it is quite important that the energy broadeni
due to disorder~impurities!, for instance, are small, i.e., it i
important that\/t imp!2E1/2, wheret imp5 l /vF , and E1/2
5C\vF /@(2kFj0)j0# is the energy of the lowest-lying vor
tex core state. This condition is equivalent to say that
system must be in the clean limitl @(kFj0)j0, wherel is the
electronic mean free path.

Studies performed in Nb12xTaxSe2 ~Ref. 10! have indi-
cated that increasing disorder~x! leads to a broadening an
suppression of the STM conductance peak associated
vortex core states. Thus good experimental candidates m
satisfy both the low-temperature and the low disorder con
tions. These conditions seem to be satisfied in the short
herence length superconductor YBa2Cu3O72d , where vortex
core states were recently observed.12 As result of that, it also
possible that the effects discussed here may be observab
this system, which is believed to be ad-wave supercon-
ductor. Lastly we would like to propose another possib
candidate for the experimental observations of vortex co
ing and the photovoltaic effect. The candidate is thes-wave
short coherence length superconductors Nd22xCexCuO4,11

where the low-temperature and low disorder conditions se
to be satisfied.

VI. SUMMARY

In summary, we have considered a thin film of ans-wave
short coherence length superconductor. The supercondu
was assumed to be type II, isotropic, and under an app
magnetic field slightly over the lower upper critical field
where a single vortex approximation is meaningful. We co
sidered a single vortex with a characteristic core size gi
by the superconducting coherence lengthj0 and the corre-
sponding vortex core states. We have proposed the exist
of the scattering force acting on a vortex core due to
absorption spontaneous emission of photons involving v
tex core states. This process resulted in a net momen
transfer to the vortex core and affected the vortex dynam
Despite the smallness of the photon momentum a large r
nant enhancement provided the possibility of enormous s
tering forces. The absorption spontaneous emission pro
considered is quantum in nature since there is no spont
ous emission when the electromagnetic field is treated c
sically.

We have proposed a vortex cooling or heating effect si
lar to the case in atomic physics, where atoms can be co
or heated via the scattering force. We emphasized, thou
that due to the presence of the superfluid background,
dynamics of a vortex core in the presence of the scatte
force is very different than that of a moving atom in th
presence of the same force. In addition, we emphasized
cases where the scattering force is absent in a t
dimensional vortex core. For instance, one such a case

g
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curs when the net momentum transfer to the core is perp
dicular to the vortex motionxy plane, i.e., when the
incoming photon is along thez axis. To characterize the
cases where the scattering force was present and its co
or heating effects, we have calculated the additional diss
tion due to the presence of the scattering force. When
additional dissipation was negative, we had vortex cool
and when it was positive, vortex heating. Furthermore,
have analyzed the induced voltages due the scattering f
in order to fully characterize this interesting photovoltaic
fect. And finally we have proposed Nd22xCexCu O4 as a
tio

wo

-

ev
n-

ing
a-
e

g
e
ce
-

possible s-wave short coherence length superconduc
where the effects proposed here may be experimentally
served.
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7C. A. R. Sáde Melo, Phys. Rev. Lett.73, 1978~1994!.
8Here we also neglect the long-range interactions for the t

dimensional vortices.
9H. F. Hess, R. B. Robinson, R. C. Dynes, J. M. Valle´s, Jr., and J.

V. Waszczak, Phys. Rev. Lett.62, 214 ~1989!.
10Ch. Renner, A. D. Kent, Ph. Niedermann, O” . Fischer, and F.
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