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Vortex core spectroscopy and vortex cooling: A photovoltaic effect
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Resonant optical-absorption spontaneous emission of photons by quasiparticles inside of a vortex core in
type-ll superconductors results in a net momentum transfer to the @takering forcg Similar to the case
of atomic physicglaser cooling, this scattering force iguantumin nature, nonlinear in the vector potential of
the photon, and can be useddool 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 illustredelthgs
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 NbSeNb, ,TaSe, and Ng_,CeCuQ, are also made.
[S0163-182699)02138-4

[. INTRODUCTION quency to the Doppler shifted atomic transition or by keep-

For a few years it has been known both theoretidafly ing the laser frequency fixed and tuning the atomic transition
and experimentalff that atoms can be cooled and manipu-to the laser frequency via the dynamical Zeeman effect. On
lated by electromagnetic radiation. It is simple to understandhe other hand, whejv|/c<1, the Doppler shift is not so
why. An atom of mas#/ traveling through a medium at rest jmportant and a reasonable change in the atoms kinetic en-
(air or vacuun, with a given velocityv and an atomic tran- ergy can still be achieved. In any case, the reduction or in-
sition frequencywye between the ground statg) and an  crease of the atoms kinetic energy is strongest at perfect
excited statée) can absorb photons with energyand mo-  resonance.
mentum?k, provided that the selection rules for absorption  Thus it is natural to ask the question: is it possible to cool
are right. The photon absorption is therefore directional angr put into motion a single vortex in a superconductor via a
along thek vector. Since the atom is moving, the atomic resonant optical absorption and spontaneous emission pro-
transition seen by the photon is Doppler shifted by ancess? It is the purpose of this paper to provide a more de-
amount equal to- k. Therefore, following the absorption of tailed answer to this question, which was first outlined a few
a photon with frequency= wge+V-k, the atom changes its years agd. The proposed cooling or heating effects have
velocity fromv to v+ Av, whereAv=7%k/2M. The sponta- some analogies with the atomic physics picture, but also
neously emitted photon, on the other hand, has frequencyome striking differences. Among the analogies, vortices
o' =wg.tK'-(v—Av) and a momentunik’. In the spon-  have core states that may couple with light and a resonant
taneous emission process, the photon is emitted with equabsorption spontaneous emission process may take place.
probabilities in all directions, therefore no average momenAmong the differences, a vortex is a self-consistent object
tum change is felt by the atom. As a consequence there isthat moves on a superfluid background, hence its dynamics is
net scattering force ofjluantumnature acting on the atom, quite different than that of a moving atom in free space. It is
which accounts for a net momentum transfer from the abour purpose here to show that vortices may be cooled or
sorption spontaneous emission procestlight is treated  heated by the presence of a quantum light field, despite the
classically there is no such effect, since there is no spontaadditional complications in the vortex motion caused by the
neous emission in a classical theory. The existence of thisuperfluid background. This quantum light field may reso-
scattering force may dramatically change the atoms kinetimantly excite vortex core states in an absorption spontaneous
energy because the frequency of the emitted lights dif-  emission process, thus transferring a net momentum to the
ferent from that of the absorbed light: the atom may be vortex core due to the existence of a scattering force. In
cooledwhenw’> w by losing its kinetic energy to radiation addition, the scattering force is nonlinear in the vector poten-
field or heatedwhen w’ <w by gaining kinetic energy from tial of the photon and may be used to cool or heat vortices.
the radiation field. Notice that when the photon beam and thé&o illustrate this cooling or heating effect proposed here, we
atoms are counterpropagating is always larger thanw, calculate the frequency dependence of the total dissipation
hencecooling takes place. and the total voltage changes due to the presence of the scat-

It is important to emphasize that a large reduction or in-tering force.
crease in the atoms kinetic energy is only possible at reso- In order to provide a meaningful answer to the proposed
nance. To achieve resonant conditions when the speed of tlygiestion we organize the rest of this paper as follows. In Sec.
atom|v| is an appreciable fraction of the speed of lighitis I, we choose a physical system, establish the existence of
necessary to take into account the effects of the Doppler shiftortex core states, describe the quasiparticle wave functions,
in the atomic transition. In this case, an appreciable reductioand analyze the coupling of core states to photons. In Sec.
(cooling or increase(heating of the atoms kinetic energy I, we discuss the nature of the scattering force due to light,
can be achieved either by tuning continuously the laser frethe selection rules, and the resonance condition. In Sec. IV,
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z Photons Having made the choice of aswave system with the
] assumptions described above, we are ready to move on to the

/ v ‘// analysis of core states, which shall be discussed next.
: A. Vortex core states

For theswave system in consideration, under all the pre-
Vortex . . . . . .
vious assumptions, the eigenenergies and eigenfunctions for
[ the core states of a static vortex are obtained from the
] T Magnetic Field ] ] Bogoliubov-deGennef8dG) equation.”'*When¢,=>d, the
gap function is essentially uniform along thelirection and
the BdG equation is separable in cylindrical coordinates
(p,#,2). When the quasiparticles are confined within the
film (0=<z=<d), the eigenfunctions along ttedirection are
a{En(z)= V(2/d)sin(h7z/d), wheren is an integer. Exploring
the azimuthal symmetry of the problem we can write the
BdG equation in polar coordinates=(p, ¢), with the eigen-

_

FIG. 1. The geometry is indicated in this figure. The magnetic
field H||z and the vortex moves along the plane.

we describe the effects of the scattering force on the dissip
tion (cooling and heatingand induced voltage@hotovolta-
ic effect caused by the vortex maotion. In Sec. V, we make

experimental connections to NbSeNb; ,TaSe, and functions
Nd,_,CeCuQy. Finally, in Sec. VI, we summarize our main u(r)
results. n=l " 1
Yulr) (w)), @
Il. CHOICE OF SYSTEM whereu,(r) andv,(r) are the Bogoliubov quasiparticle am-

We begin then with the choice of a system. We Considepl'tu(fjfis' It is best, though, to expressj,(r)
the situation corresponding to a superconducting thin film of= R, * (p)exdi(v—a,¢/2)]. With this decomposition the ra-
thicknessd (z direction and infinite dimensions in they  dial part of the BdG equation becomes
plane. We further assume that the superconductor is in the R (o) (o)
clean limit, that the superconducting states isave, and that H.(p)R, “(p)=E,R,“(p), (2
a weak-coupling theory is valid. The electrons are considered ith
to have effective massesalong thexy planesm, along the Wi
z direction, and coherence lengtég along thexy plane and A 22 1 9 9
¢, along thez direction. In addition, we consider this system H,(p)= 022—{ B ( pa—) +N,(p)
to be at zero temperaturel €0) for magnetic fields(H) m.pop\ dp

perpendicular to thety plane Q—|||i). The superconductor is where Ay(p)=,8§(p)/p2—k,2) and B,(p)=v—o,Aseplhc.

assumed to be of extreme type Il, where the penetratiofhe indexv is an angular momentum quantum number that

depth A>max{ &,.&]. We also assume thatl is slightly  takes half integer values. The matricegs and o, are Pauli

above the lower critical fieldH. , i.e, H, ~H<H; such matrices and k, is given by k§=2m/J,,:/ﬁ2

that the single vortex approximation is justifiéth addition, ~ —(n/d)?(m/m,), whereu is the chemical potential.

we neglect the quantization effects of the magnetic field and In order to find out the eigenvalues and eigenfunctions of

treatH in the semiclassical regimeikonal approximation  the states inside the vortex core we choose a gauge where the

The penetration depth is assumed to be much larger then gap functionA(p) is real. We also take the explicit form

the film thicknesgl, such that the current distribution is uni-

form along thez direction. An illustration of the geometry _ P _Pa

considered can be seen in Fig. 1. Alp)=A. &o 1 §0>(p )
The choices made here are perhaps closer to experiments L . )

performed in theswave superconductors NbsgRef. 9 and as.an approximation of the gap function ng'mﬁvfpmx

Nb, _,TaSe,° where the existence of vortex core states isbeing the usual coherenqe length from weak-coupling theory,

well established. This means that it may be possible for théuch thake &>1. The eigenenergids, ,=E,+ E, are de-

scattering force to act on these core states. Another systefined relative to the chemical potentiak . In the limit ||

which can be potentially studied are thetype high- <kg &, the eigenenergiel, are given by

temperature superconductors NdCeCuO, (Ref. 1) ’

which are believed to bewave. Although we are interested v

here ins-wave superconductors, it is important to mention E,~ F&)ch, ®)

recent experimental studies in YR2u,0;_ 5, which is be-

lieved to be a-wave superconductor and where vortex corewhereC=0.9451, whileE, = (#.%/2m,)(n=/d)?. Notice that

states have been obsern/&dThese experimental findings the vortex core spectruii, , is symmetric as a consequence

motivated several theoretical papers dealing wdtwave  of particle-hole symmetry in weak coupling. Notice in addi-

vortex core state$ 1 It is thus possible that the effects tion that the energies in E¢5) can also be written in a very

proposed here fos-wave superconductors may also be en-simple form depending only oiy, i.e., E,= yﬁZC/mgg.

countered in the cuprate oxides like Yf8a,0,_ 5, but that ~ This expression is qualitatively similar #,,, and its form

remains to be investigated. could have been guessed by considering a simple quantum-

+toyA(p), (3

+ 4
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mechanical estimate, i.e., the energy of a quasiparticle oivhere A, is the normalization constant antj(z) is the

massm in a box of characteristic lengtfy,. The eigenener- Bessel function of order and argument. The correspond-
gies then become ing radial wave functions fop>py, , are

E,,=E,[1+(n2722vC) X (m/m,) X (£ /d)?]. 0\ (p)=B, F.(p)exd —A(p)Ix“2(p), (7

From now on we will focus on the limit where//m,<<1, WhereBgz is a normalization constant and

such that the correction to the enerBy is small even for

- 2 Q(p)
largen, i.e., such that () ()= mo_mr e
X (P) CO{ ka+ 2ka 2 2 ! (8)
In|<[(2lv]C)¥m)(m, /m)¥A(d/&). 2w Qp)
()(p)=si £ 4
) X' (p)=sin kgp+ + } (9
For instance, whefw|=1/2, d/£,=3 andm,/m=10%, |n| PP 2kep 2 2
19
<942 _ o - The auxiliary functions appearing in E(/) are
Hence in the limitm/m,—0, the characteristic low-
energy spectrum of quasiparticles inside of a vortex core is 2 12
governed by E,, which can be rewritten askg, F.(p)=2| —F/—/——| , (10
=2vCR(a9/&y)? given in eV. HereR,=13.61 eV is the m\kip® =7’

Rydberg anda,=0.529 A is the Bohr radius. For large co- with 72= 12+ 1/4

herence length superconductggs= 2000 A the quasiparticle 7 '

excitation spectrum lies on the microwave rangg 1 [»

~0.9x eV and can be accessible by a maser. On the other A(p)= Wf A(p")dp’, (11
hand, for short coherence length superconducigts30 A, F-J0

E.,~4.0<X meV, so that the spectrum may be explored bygnd

far-infrared spectroscopy. Throughout this paper we will be

interested only in the low-temperature limit where the posi- Qp) J 2E
p)=

“ex 2A(p)—2A(p")]

tive energy levelsk,>0) have essentially no thermal occu- )

14 v ’
} . AR . hVF+kFP’}dp .
pation. This low-temperature limit is defined by (12)
<min[E,], where mir[jEV]=CF§,(aOI§O)2. For instance, for ) ) )
£,=30 A this meansT<46.4 K and for¢,=2000 A it im- ~ The wave functions defined by Ed$) and(7) are going to
plies T<10 mK. Thus large coherence lengths impose &P€ used to estimate matrix elements, as we shall see soon,
much more Stringent requirement on the meaning of the |0then an additional electromagnetic field that Couples with

temperature limit. the quasiparticles is introduced.
Vortex core states irs-wave systems were observed at
low temperatures, first in NbSe(Ref. 9 and later in C. Coupling of core states to photons

Nb,_,TaSe, (R.Ef' 10 using scanning tunneling MICTOSCOPY e theory of optical properties of vortex core states was
(STM). In addition, vortex core states were also observed in

the cuprate oxide YB&£u;0;_ s using two different spectro- explored a few years agzé',zzwhere.the incoming light was .
scopic techniques: far-infr7a_rgd spectroscpgnd STML2 treated as classical electromagnetic waves. For us, though, it

The work on far-infrared spectroscopy by Karetial 2 re- is important to establish the existence of a scattering force of

newed the theoretical interest in the optical properties of Vorguantum hature acting on a vortex core, thus the quantization

tex core statedh? Vortex core states fos-wave supercon- of the electromagnetic field is indispensable. We consider the

ductors were first studied many years §& where it was ~ 9EOMetry ilustrated in Fig. 1 and assume the vortex is ini-
noticed that the physical propertiés.g., optical absorption tl?)I.l,)iltiizrZIS(;(r\]NIt?h;e?i[I)riCt'IEﬁethfﬁrLa?s?rsaLtjoryofstzgq?;abg“ill(lal:]mi-
associated with vortex core states are not sensitive only t8 9 : pp

the quasiparticle energies but also sensitive to the quasipat'P)-"ﬂeOI with light of frequencys, momenturrvik, and an ar-

ticle wave functions, which we shall briefly study next. itrary polarization. The angle that the photon momeAntum
forms with respect to the direction of the magnetic fieltz
is defined to beys.
We also assume the highly anisotropic limib/m,
Following the pioneering work of Caroli, Matricon, and <1 (m/m,—0) and that the photon electromagnetic field
de Genne¥ now identify the radial wave functions corre- Wavelength is much larger than the film thickness, i.e.,
sponding to the energies defined in ). with the choice of ~ (|k|d<<1). In this case, the quantum electromagnetic field
A(p) given in Eq.(4). The radial wave functionR(V"Z)(p) couples to electronfirst order in the vector potentiaas

Egsj"z)(p) have a characteristic spatial extension given by : R
the parameterp, ,<&,, provided that|v|<kg&,. For p Hint:f dr'(r,o)O(r,t)¥(r,o), 13
<py,,, the radial wave functions are

B. Quasiparticle wave functions

where W (r,o) is the electron annihilation operator at posi-
@Dy~ A K 5 tion r=(p,¢) and spino, which is related to the quasipar-
9, “(P)~Asd—o ol Kep), ©®  ticle operators by the Bogoliubov transformatidn(r, o)
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=Ey[uy(r)y,,,(,—sgn(a)vj(r)yI’,o]. In addition, the cou-
pling to the electrons is mediated by the operator
N ihe
O(rt)=5— 2 [ALUrD-V+V-AL(r D],

2mc 4 (14)

and the vector potential
AL(r 1) = k[a(0)eexpik-r—iot)+H.c] (15

corresponds to a monochromatic light of photon enérgy
and momentunfik, where k=c+\#%/2wV. Here,a,, is the
annihilation operator of a photon with momentutk and
polarization component, while (%) is the« component of
the polarization vector.

In the quasiparticle representatibh,; can be separate

in two parts. The first one involves quasiparticle-quasihole

excitations,

T
H,= 2 [HUU’yV"U"YV,(T_FHVV‘YV’,(T’YI,(T]’ (16)

’
vy o

where the matrix elementH,,=H,,(v',v) and H,,
=H,,(v',v) are given by

Huu(v’,v)If dru’,(r)O(r,tu,(r), 17

Hw(u',y)=f drv,, (N O(r,t)v(r). (18

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

+
H2= - 2 Sgr(o-)[HVU’)/V’,*O"}/V,(T—i_HUV’yV"U’y‘]r/,*lT]’
(19

where the matrix elementH, ,=H,,(v',v) and H,,
=H,u(v',v) are given by

Hvu(u',v)Zj drv, (nO(r,t)u,(r), (20)

HUV(V',V)=J dru’,(nO(r,Hvi(r). (21)
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wherel ,, is the absorption transition rateumber of pho-

tons absorbed per unit timand I, is the emission transi-

tion rate (number of photons emitted per unit timerhe

averages involving the momentuik are over the directions

of absorbed and emitted photons. The momentum of the

emitted photon has no preferred direction, heré&)qn,

=0. As a consequence, the scattering force is determined

solely by the absorption. Therefore to calculB&teexplicitly

we need only to determinB,,, which is given by
Fap=T1+15, (23

where I'; is the absorption rate due td; (quasiparticle-

guasihole processgsandI’, is the absorption rate due kb,

d (quasiparticle-quasiparticle, quasihole-quasihole processes

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

27T ! 2 ’

Fi=— 2 [Mi(vo,v' o) *i(n,7")Ny(w), (24)
whereM (vo, v’ ¢') is just the matrix element for absorp-
tion due toH,

Mi(vo,v'o")=(H (v, v) —Hy(v,7))ap, (25
where thg(- - - ),p involves the absorption of a photon, while
fi=f(E,)[1-f(E, )] wheref({) is the Fermi function of
energy argumend andN;(w)=N4(v,v’',w) given by

N ( , ) 1 ﬁ/Tl
v,v ,w)=—
! T (E, —E,—hw)?+(film)?

. (26)

with 7;=7(v,v") being the lifetime associated with the
transition.
Now let us turn our attention tb,, which is given by

2

7 2 IMa(vo, v = o) fo(v, 0" )No(w), (27)

’
vy o

F2:

whereM,(vo,v' — o) is just the matrix element for absorp-
tion due toH,,

Ma(vo,v'—o)==sgno)(Hy (v, ¥))an, (28

The termsH; and H, of the interaction Hamiltonian are where the(- - -),;, involves the absorption of a photon, while
responsible for the existence of the scattering force, which,=[1—f(E,)][1—f(E,/)] wheref({) is the Fermi func-

we shall discuss next.

Ill. SCATTERING FORCE

The general procedure to calculate the scattering force is
quite standardand it is based on the density-matrix ap-

tion of energy argumenf and N,(w)=Ny(v,v’,w) given
by

ﬁ/’Tz
(E, +E,—hw)2+ (k)2

(29

No(v, v, w)=—

3

proach. Here, only the scattering force due to absorption

spontaneous emission will be studfedor which we just

with 7= 715(v,v") being the lifetime associated with the

quote the final result obtained using perturbation theory. Fotransition.

an incoming photon with energyo and momentuntk, the

As can be seen from Eq$24) and (27), the scattering

scattering force acting on the vortex core is uniform over thgorce depends strongly on three factors: on the matrix ele-

film thicknessd and is simply given by

Fszrab<ﬁk>ab+rem<ﬁk>emr (22

ment of the transition and its selection rules, on the occupa-
tions of the quasiparticle states, and finally on the frequency
match between the photon and the transifi@sonance
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A. Selection rules The matrix elemenM, is obtained from

Let us concentrate for the moment on the selection rules ihe
for the matrix elementd/; and M,, although they are not (Hop (v, 0))ap=o—[ T+ T (40)
the main subject of our discussion they are necessary to the 2me
existence of the scattering force. The short presentatiof;i the coefficients
given here parallels and complements previous wotkge

will establish the selectiqn rules_and the ma_gnitl_Jde of _the TOI=A6, , [Ti—(v+1/2)T,], (41)
matrix elements at the simple dipole approximation which
takesk=0, i.e., the photon wavelength is much larger than TH=A*S,, _ [T+ (v +12)T,], (42)
the characteristic size of the vortek|&,<1.% _ N
The matrix elemenM, is obtained from via Eq.(28). The coefficientsT; and T, are
if * J
(Huo ¥ ) an= mec[l ()41 (30) T,= fo gl >(p)$gg Y(p)dp, (43
with the coefficients -
— (+) (=)
O=R8,0 ,alli+ (1= 172)15], (31 T o ogl o 49
[ (F) = A% 8y pialli—(v=12)1,]; (32)  Again, only the circularly polarized components of light are
absorbed and we have a simple dipole selection rule:
and from —v=1, where the incoming photon transfers a single unit of
i%e angu!ar momentum to create two quasiparticles in the ab-
(Huw(v,v"))ap= Z_C[KH+ K9] (33)  sorption process. _ _
m Now let us turn our attention to the occupation factbys
with the coefficients and f,. Here we focus only in thé'=0 limit, where f;
=[1-0(E,)]®(E,/) and f,=0O(E,)®(E, ). This indi-
K(‘)=A5V,,V_1[K1—(v’+1/2)K2], (34 cates that absorption is only possible for the processes
whenE,,>0 andE <0, i.e.,»' >0 andv<0, thus creating
K =A* 8, e[ Kit+ (v +112)K,], (35 a quasiparticle-quasihole excitation. This condition com-

. . . . bined with the selection rule’ =v*x1, restricts the absorp-
- () (a) ) ,
via Eg. (25. A=X [A’+iA{"] contains the polarized tion at T=0 only to »'=1/2 and»=—1/2 and only the

componepts:@ index of the incoming Iight pr.ojecte'd in Fhe circularly polarized component of light with projected helic-
lab coordinate systenx{/2), with the polarization axis being ity 1,=+1 is absorbed. On the other hand, for #he pro-
z . ’

defined by the direction of the magnetic fidiﬂli, while cesses, absorption is only possible when>0 andg,>0,
. p ie., v>0 and »>0, thus creating quasiparticle-
|1:J pgfj)*(p)—g(f)(p)dp, (36) quaS|part|cIe e’xcnatmn. Comblmmg this condmon with the

0 ap selection rulev’=—v+*1, restricts the absorption d=0

only to v'=1/2 andv= +1/2 and only the circularly polar-
* ized component of light with projected helicity=+1 is
l,= fo oS (gl (p)dp, (31 psorbed. g Prol ¥
It is important here to elucidate the meaning of the pro-
w I (e jected helicityl ,. Recall first that the applied magnetic field
Klzf p9 ) (p) =g\, " (p)dp, (38 is parallel to thez axis, thus defining a natural polarization
0 ap !
axis. As a consequence, for a photon absorbed along the
. direction|,= +1 means a helicity=+1 in the photon’'s
Kzzf g§,+)(p)g(VT)*(p)dp. (39  own reference frame, on the other hand for a photon ab-
0 sorbed along the-z directionl,=+1 implies a helicityl

) ... =—1inthe photon’s own reference frame. In addition, for a
From Egs(30) and(33) we can see that despite the initial o100 with angles of incidenogy measured from the axis

c_hoice of an inci-dent photon with a given a*rbitrary polariza- 5,4 #; measured from the axis, the light must be ellipti-
tion, only the circular componentd and A* can be ab-  cq)y polarized is its own reference frame in order to carry

sorbed. These selection rules are just a manifestation of thea unit of angular momentum projected along zHexis.
conservation of angular momentum in the dipole approxima-

tion: »'=v=*1, which describes the process by which an
incoming photon transfers a single unit of angular momen-
tum to the vortex core causing a transition between different Let us now turn our attention to the resonance conditions
states which are compatible with the selection rule. Thesand the frequency match between the photon and the vortex
selection rules belong to the class of the so calibdal core transitions. A substantial scattering force can only be
selection rules, so common in atomic physics when a magachieved near resonance, therefore it is important to know
netic field is present, due to the breaking of time-reversahow large the lifetimes,; and r, are. Since we are not con-
symmetry, e.g., Zeeman effect. sidering in our interaction HamiltoniaH,,,; given Eq.(13)

B. Resonance conditions



10428 C. A. R. SAde MELO PRB 60

any other scattering process like phonons or impurities, thetrength of such a force consider the incident photon at an
lifetime 7; are intrinsically given by the spontaneous life- angle 6; with the magnetic field and elliptic polarization in
times Tiep of the excited states. In order to estimate the mearhe photon reference frame with major axis vector potential
lifetimes 7;_ we must recall that they are equal to the sum ofgiven byA+) such that the projected helicity=*1 satis-

the transition probabilities due to spontaneous emission intggs th(?[. angutlar momentum selectlon ruIE. As a result, the
all possible final states allowed by the selection rules an@PsSorption rates on resonance are given by

energy conservation. These considerations lead to

4
= — — 2 —
L 24 Fy=IMa(12], - 12)Pry(- 12.072], (52)

= — | , . 2
Tlsp(V’V,) 3 ¢? |Ruu(V,v) va(y,y )|' (45)

4
To=—[IMy(1/2],1/2])|?m5(1/2,112], (53
3 hZ
1 _ 1 apw R , |2 (46)
T (v,v')_3 ¢ (VI where
sp
where a,,=1/137 is the hyperfine constany is the fre- IMj| = ex|aj| X|cosb], (54)
qguency of the spontaneously emitted photon, and the with
speed of light, while
- SR 55
Rur' 0= | e (00l (e, @D = e ol ¢ Amlé 59
being the characteristic strength of the matrix elemjhf,
* _ _ _ 2 s . . i
RW(V,V,):J ngf, )(p)g(y, )*(p)dp, (48 @p ﬁ_C/mg0 being the frequency assomated_ with the tran
0 sition in the vortex core, and; being a numerical factor of
and O(1) which depends on the details of the quasiparticle wave
functions. Notice thatM;| is proportional to|cosé|. This
(5 . proportionality is a consequence of the fact that the ellipti-
Ruv(V',V)=J %9}, (p)g' ) (p)dp. (49 cally polarized light in the photon’s own reference frame
0 must be circularly polarized when projected along e
From Egs.(45) and(46) we can estimate plane, perpendicular to the magnetic field axdsd{rection
3 ) in order to satisfy the angular momentum dipole selection
c ) 4 X ;
B 2 2.2 rules previously discussed. The factor @pss the geometri-
Tlsp( 12,12 2(kF§°) ke ahwé}' (50 cal factor that accounts for this projection, a remanent of the

Malus law. Notice in addition thatM;| vanishes ato;
= /2, since the angular momentum carried by the photon is
2 } now perpendicular to the magnetic field and has zero com-

W|th (,():(Ellz_ E,l/z)/h and

Tzsp( 1/2,1/3%3(k;§0)2k§ (51) ponent along the axis, thus not satisfying the dipole selec-
tion rules. This leads to vanishing absorption rafgsand
with w=(Ey,+Ey)/%. Notice the dependence ckpé,,  vanishing scattering force&!), when 6;= /2.
which in the limit ke&,>1 enhances the spontaneous life- Before estimating the absorption rates and the scattering
times by a large factor, in addition recall thathere depends force, it is important to put bounds to the intensities of the
on &y throughEq, andE_ 4. electromagnetic field that can be used to obtain such a force
For a particle density n,p~1.6x107 cn? (ke  using perturbation theory. The perturbative approach is valid

=10° cm™1) and &~30 A we get lifetimesr;_~ 10’ sec  when|M|/hw,<1, thus limiting

ahw3

and rzsp~2>< 10’ sec which are extremely large in compari- hc \2
son to the lifetime of the @— 1s transition in the hydrogen |A ] X ] aj| X |c056f|<|? . (56)
atom: 75,(2p— 1)~ 1.6X 10 ° sec. As a consequence, the 0

broadenings;ﬁ/rjSp are extremely small and the resonancewhich gives |A )| X|a;|X|cosé|<[1/£]X2.64% 10°xV
enhancement can be much larger than in typical atoms, pros A, when &, is given in A,
vided that the effects of phonons and impurities are ignored. Within the bounds of the perturbative approach, now we
In a real system, though, we must consider the effects ofire ready to estimate the strength of the scattering force. For
impurities and phonons. Thus, when the inverse lifetime€o=30 A, np=1.6x10"" cn?, |A)|=\XV and consid-
due to impurities (jg/jim) and phonon (:b/jph) scattering are  ering only the spontaneous Ii_fetimegpthe absorption rates
also taken into account, the total inverse lifetimer;1/ afefj>7\2><|aj;|2>< cos’ g x 207 Dx7.1x 1029?< photons/sec.
= 1/Tjsp+ 1/Tjim+ 1/ijh. We shall return to this point, when These absorption rates can bg_used to estlmat.e the scattering
we analyze the scattering acceleration in Sec. IV. force Fs=(FsFs,Fs) providing the following lower

Due to this resonance aspect the scattering fdfge bounds for the maximal scattering force
=FM+F® may be extremely large despite the smallness of

() — g i
the incoming photon momentunik. To estimate the |st|max [F&’lmaxx sin X cosey, (57)
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FO|__ =|FW| __ Xsin;xsin¢;, 58 . 27 o
| sy|max | s |max f ¢f ( ) a(SJ)(w):M_E|Mj|2Nj(w)Y (63)
v

IR
[P Imax=|F< Imax cosot, ©9 where |M;| is defined in Eqg. (54), Ny(o)=

| . Ny(—1/2,1720), Ny(w)=Ny(1/2,120) and ay(w) is the
() 2 |2 (i-1) 1 2 2 s

where cljFS |max>h)‘ ><|‘|“J| X cos ‘9f>;2 h><3.0><'105|dyn. magnitude of the acceleration imposed by the scattering

Depending on the angles){, ¢r) and\ the maximal scat- {500 on the vortex motion and is the frequency of the

tering force here can be much larger than the CharaCte”St'ﬁlcoming photon

scattering force for the (8-2p) transition in sodium, Now we can estimate the lower bound of the maximal

1015 .
Wh%z' Fsl)ns]gﬁ;olar gy;éatterin force acting on the vorte accelerations|a(5”|max for ke=10° cm™* and €o=30 A
P 9 9 9 eading  to  [al|nac>N2X]a;|?X coghx 20" Vx3.5

core immediately raises the questions: how large is the ac-

4 : 2 12
celeration imposed on the vortex core by the scatterin ><102§ cm/(??g, wh|ch02mlay hbe fenorm.ouge)\ ><|“J|h
force? Can it be used to cool or heat a single vortex, i.e., ho cos';x 20 Dx3.5x107%g! Therefore it is expected that

does this acceleration affects the dynamics of a single VOrt_he scattering force contributes significantly to the dynamics

tex? To answer these final questions we must study how th%f a single vortex(cooling or heating i.e., to the total dis-

scattering force modifies the equation of motion of a single?'pat'lct’n and |n<t:luctefl voltaﬁes. prot?]ui:ed bhylthe vortet>t< mo-

vortex, which we shall discuss next. ion. 1L1S important 1o emphasize that such jarge scattering
accelerationgforceg occur only in highly idealized systems
where the energy broadeninfjér; include only the sponta-

IV. EQUATION OF MOTION neous IifetimeSTJ-sp of the quasiparticle states. In real sys-

We shall consider a vortex initially at rest, but with free- t€ms, the effects of impurity and phonon scattering have to
dom to move with velocity, in the plane of the film xy  Pe taken into account, i.e., A~ 1/r_+1/7y, +1/7 . This
plang and in a superfluid background with velocity. Also  procedure for #,=10"2 sec reduce$F§j)|maX=)\2><|aj|2
assume the incident photon with momentfitnthathitsthe  x co29,x20-Yx3.0x107 ! dyn and leads to a maximal
vortex core at angleség,¢;). The photon is assumed t0 zcceleration |a§”|max>)\2><|aj|2><co§0f><2(j‘1)><3.5
have elliptic polarization in its own reference frame, suchy 8 cm/seé, which is still very large €\2X|a;|?
that the light field is circularly polarized when the polariza- X co6;x 207 D% 3.5x 10°g), whereg is the accelerationjdue

tion vectors are projected in they plane. The vortex is {5 gravity. These values are comparable to the maximal ac-
considered to move at velociti¢g|/c<1 such that the ex- celeration achieved in the §3-2p) transition for sodium
isting scattering forcd-5 probes the vortex core essentially atoms|ag ma~10° cm/sed, i.e., ~10°g!

with zero Doppler shift. In addition, due to the constrained  Ntice, though, that when the incoming photon momen-
motion of the vortex to thety plane, thez component ot

. tum %k is along the magnetic fielH|z direction (6;
does not affect the vortex motion. N . AR
. . . =0,m), the scattering force is either paralled;&0) or an-
Under these considerations the presencEsajeneralizes 2 .
the de Gennes-Matricon-H&#2 equation of motion aff ~ tParallel (9;=m) to z In this caseFs (Fs =0) does not
=0 to contribute to the equation of motigB0) since the vortex is
constrained to move in they plane, i.e., along the thin film.
d 1 As a consequence we can pag=0 in Eqg. (60) and the
av|(t)=avs(t)+am(t)—;v|(t)+as, (60)  resulting expression describes the classical dynamics of a
single vortex. On the other hand, when the incoming photon

which describes the motion of a single vortex in the presMomentumik is not alongH (6;#0,m) and when the ma-

ences of the superfluid background and of the scattering* element|M;| does not vanish identicallyé¢ # /2) the
force. In Eq.(60) dvg(t)/dt is the acceleration due to the >cattering forces (Fs #0) does affect the vortex dynam-

superfluid backgroundan(t)=wb[v|(t)—vs(t)]/\2, is the ics._ As a co_nsequencE5 may contribute st_rongly to dissi-_
magnus acceleration, wimb=ﬁC/m§§ being the frequency pation and induced voltages, thus producing vortex cooling

associated with the characteristic core enerds, (decreased dissipatipror heating (increased dissipation
=/2CIméZ; —v(t)/ 7 is the damping acceleration, where Hence for the existence of such effects it is fundamental to
= 0 [ ;

represents the average characteristic lifetime of the quasiparr]—a ve the incoming light to be at an anglewith the external

ticle states inside the vortex core; aag=F, /M, is the magnetic fieldH“E. It is also important to e_mphasi;e again
. . . L that the scattering force considered herejigntumin na-
scattering acceleration in thexy plane, with M,

. N ture, in the sense that it results from the absorption sponta-
p— 2 L
= (kpgo)"m/C being the k|n§t|c vortex mass. Here neous emission of photons by the vortex cérecall that
=(Fs,Fs) anda;=(as,as ) given by spontaneous emission iscuiantumprocess due to vacuum
fluctuations in the quantized electromagnetic field
as,=as(w) X sinf¢ X cosey, (61
A. Solutions of the equation of motion

as,=as(w) Xsinfrxsin gy, (62 Now we turn our attention to the solution of E@O) in
. the presence of the scattering force. This solution will be
whereas(w)=2ja§”(w) with used(as we shall seeto calculate the total dissipation and
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induced voltages in order to characterize the proposed cool- The second contribution to ,(t) is the additional
ing or heating effects. For a given superfluid velocity change in the vortex velocity,
E(vsx,vsy), we can calculate/|z(v|x,v|y). The superfluid ()
i ag (@ .
velocity has the form vy ()= iaZbJrl/r[l_eXp(_'awbt_t/T)]’ (71)
vs(t) = Vs, + Vsext(t) ) (64) . . .
due to the presence of the scattering force. Notice that in the

wherevs_is caused by a uniform and time independest steady-state limit t(—=), dv, ,(t—) has no oscillatory
current applied along thexy plane and v (t) part. As a result, the scattering force transfers linear momen-
ext

=vg(0)exdiwt] is the contribution to the total superfluid ve- tum to the vortex center of mass.

locitv caused by the incident liaht. which can be used to To characterize vortex cooling or heating, let us recall that
obta)iln y gnt, in atomic physics the cooling and heating processes are iden-

tified with the change in the average kinetic energy of the
V(1) =vO(t) + dvi(1), 65 atom: when the average k|net|c_ energy is increased we have
=V 10 (65 heating of the atom and when it is decreased we have cool-
wherev(%(t) is the solution of Eq(60) without the scatter- ing. Such situations occur when the scattering acceleration is

ing acceleratiora . antiparallel(cooling or parallel(heating to the atom’s ve-
Equation(60) become more transparent when we rewritelocity. Hence as a measure of the vortex cooling or heating
it as effects let us look at the time-averaged vortex velocity in the

steady-state limitv, ,(t—)), which has two contributions,
the first one being(v{%)(t—))=L,(0t—)vs and the
second one being év| ,(t—*))=as (w)/(lawy+1/7).

(66) Thus to characterize vortex cooling or heating we can moni-
. . _ tor the total average vortex velocify, ,(t—)) as a func-
where o, == (iawp+1/7), the vortex veloCityvi,«=Vi,  jon of the direction of the incoming scattering acceleration,
+iav, , the superfluid velocitys ,=vs +iavs, and the  when the total average velocity is reduced, we have cooling
scattering acceleratiofy ,= as + i aas, with @==. Under  (reduction of the vortex kinetic energywhen the total aver-
the assumption that the vortex is initially at résf(0)=0  age velocity is increased, we have heatiigrease of the

d d .
avl,a(t) = wavl(t) + avs,a(t) +1 awbvs,a(t) + as,af '

—v, ,(0)=0] the solution of Eq(66) is vortex kinetic energy Now it is important to turn our atten-
’ tion to how the scattering force affects the dissipation due to
Vi (D) =VO(t)+ 8v, (1). (67)  vortex motion, and thus vortex cooling or vortex heating.
I‘gefgii;contribution tor) ,(t) is independent of the scatter- B. Dissipation effects: Cooling versus heating
' To characterize the cooling or heating effect for vortices it
Vfogz(t)ZLa(w,t)Vs A0 +L(0)Vs (69) is useful to calculate directly measurable quantities. For in-
' ’ ¢ stance, it is important to compare the total dissipation with
where the function and without the scattering force. To calculate the total dissi-
_ _ pation W;(w,t)=Rg J*(t) - E(t)] we need to make use of
Lay(w,0) =K, (w)[expiot) —exp(—iawpt—t/7)] 69 the expression for the total current,
69
contains the time dependent terms with the prefactor hkE e
P P I =ngev(t) +Ny 5% v —v(1)], (72
io+i L
K (w - oTa% (700  wherew* =Bwy,,?* and for the total electric field,
« io+iaw,+ 1T
P : ; m d h -
N(<(3)§|ce in EQ.(67) the steady s_tate behawor—éoc)_ where _ E(t)=— d—Vs(t)— sz—v,(t)/\z, (73)
Vi 4(t—=) has a purely oscillatory part associated with e dt €

Vs,(0), which is the amplitude of the superfluid velocity . S
induced by the light field, and a constant part associated witHvhere the superfiuid acceleration is
Vs, which is due to the to the dc current applied in the d d

e
plane. Whenvs =0, the light field component of the super- tVs= " megifedt) (74
fluid velocity v (t) induces a circular motion of the vortex

with a definite handness, thus transferring some angular m&"dAex(t) is the vector potential due to the light field pro-
mentum to the vortex center of mass. On the other handected in thexy plane.

Whenvsext(t) =0 the constant part of the superfluid velocity In calculating the total dissipatioW,(w,t) we will not be

Ve provides a constant steady-state velocity for the vortext®CMed With transient effects, instead we look at the
s P Y y Steady-state t(~=) time average(W,(w,t—=))=W,(v),

center of mass, thus transferring linear momentum to thenich can be separated in two contributions
vortex center of mass. When bolrlgC andvSexl are nonzero,

the resulting vortex motion is a two-dimensional spiral. Wi(w)=Wyw)+W, (o), (75
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the first coming from the supercurrent density where P=N, (7Aing)[1— v]. Analogously, the vortex con-
A tribution W\(,O) can be further separated in two parts,
We=—N,(7hin)[1— y]ReVE (t)-[vi(t)A\zZ]) (76)
s Y, s [ 7] q S [ | ]> W\(,O)(w)=W\(,O)(a))+W\(,o)t(w), (83)
and the other coming from the vortex motion ¢ &
with the part due to static field\/gc) being

ikg | d
W, =N, 5—Rel y (t).mvs(t)>, (77) WPl(w)=0, (84)

wherey= (N, /ng)[#k2/2me* ]. Notice also that in the limit and with the part due to the light field ) being
keéo>1 considered here the superfluid dengity can be

apprqximated by'the total particlle densityD=kE/27r, thus W\(IO) (0)=D Re< VI(O)*(,[HOO). EVS (t—o0)), (85)
allowing us to writey= wqy/w*, with wy=N,h/2m. The nu- ext dt ext

merical value of the dimensionless constanis very small
and can be estimated as follows. First we identify with
the cyclotron frequencyw.=eH/mc and consider fields
such thatH, ~H<H_ . Further, consider the thin film of WO = WO+ WO 4+ WO (86)
thicknessd to have a disc geometry with raditl® Thus ¢ ext e
usingH., = (¢bo/4m\?)IN[M&](/R), where is the London  Notice thatW{”(w) depends on the light polarization via
penetration depth and, is the flux quantum, we may finally Vs,,, @nd has in addition a contribution, which is independent
write y~(1/4BC)(&,/\)? IN[M&](A/R). Since we have of the light polarization via/SC. Some analysis ow§°>(w)

made the assumption of extreme type-Il superconductivitywithout the static field \s,) may be found in Ref. 22. Our

/N<1 and that the film thickness is much smaller than the : ,
(gj(i)sc radiusd/R<1, the resulty<1 immediately follows. results forWﬁO)(w), on the other hand, generalize Hsu's ex-

To compare the total dissipation with the scattering forcd ' co>ions In twc_J Important ways. the first one being the pres-
; . o ; ence of the uniform and statiglc) current that createg,
and without the scattering force it is useful to rewrite the c

whereD =N, (%k2/2w*). As a result of the time averaging
in the steady-state limit we may finally write

total dissipation and the second one being thzg'gxt is generated by ellipti-
cally polarized light, which is circularly polarized when
Wi(@) =W (w)+AW,(w), (78)  viewed along the direction of the magnetic field. We shall
further discuss these results below.
whereW”(w) is the dissipation due to® alone, i.e., with- For the moment, let us turn our attention to the contribu-

out the contribution of the scattering force andV,(w) is tions to AW,(w), which can be further described by
the additional contribution due tév, alone, i.e., due to the
scattering force alone. Notice that wher\W,(w)<0 we AW (0)=AW () + AW, (o). (87)
have vortex cooling(decreased dissipatibnand when
AW,(w)>0 we have vortex heatin@increased dissipation
Notice, in addition, thatW{®)(w) has the same functional
form asW,(w) with the replacemeny,—v(®) and so does AW 0) =AW, (0)+AW, (), (89)
AW,(w) with the replacement;— dv,. This is a conse- ¢ et
quence of the linear dependence Wf(w) on the vortex With the part due to the static field’{) being
velocity v, . .

To calculatew(®) and AW, explicitly we need to use the AW, (0)=—P RV - (avi(t—=))A\Z], (89
expression for the superfluid velocity in Eq. (64). We first ) ] ] ]
analyze the contribution to dissipation without the scattering®"d With the part due to the light fieldrd ) being
force, which results in

(w)=0. (90)

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

AW,

Sext
O 1) = WO ( ) + WO
Wi (@) =Ws () M’ (@). (79 Analogously, the vortex contributiod W, can be further

The superfluid contribution may be further separated in twdgseparated in two parts,
arts,
P AW,(@) =AW, (0)+AW, (), (91)
(0) —w(0) (0)
Ws (@) =Ws (@) + W (), B0 with the part due to the static field/{) being

with the part due to static fielo\/gc) being AW, (0)=0 (92)
Ve -

wg§>(w): -P Re[vg‘c‘(vl(o)(taoo»/\i], (81)  and with the part due to the light fielo/{ ) being
and with the part due to the light fie|d/s(ex) being AWVext(w)zo' (93

SinceAW, (w) =0 due to steady-state averages, we may fi-

W) ()= —P Re(V3 (t—=) v(At—=)A\2), (82 nally write
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AWy (@) =AWq (). (94) 04 —— 11—

As a consequence, the coolingA\(,<0) or heating
(AW,>0) effects are caused only By, andvsc, i.e., when

both (8v|(t—=))#0 andvs #0.
Hence we may finally write

WO =W + W + WO+ AW | (95)

AW (0)/Q

A direct comparison owg§>(w) and AW, () leads to the

following picture in the steady-state limit: when the change -0.2
in the vortex velocity dv,(t— o)) is antiparallel to the vor- \ y
tex velocity in the absence of the scattering fo(@éo)(t
—m)) there is a reduction in the total dissipation and hence o4 ) \ ) . ) . . \
vortex cooling, when(8v,(t—=)) is parallel(v{®)(t—)) 0.0 20 4.0 6.0 8.0
there is an increase in the total dissipation and hence vortex Wt

heating. These conclusions follow from the fact that the av-  FiG_ 2. The contribution to the total dissipation due to the scat-
erage electric field felt by the vortex core in the absence Ofering force alone, for,r=3.0 andd;=45°. Notice the resonant
the scattering force (E(t—o))=—N,(h/2e)(V(O(t  effect for wr~3.0.

—))/\z is reducedcooling or enhancedheating by the
action of the scattering force viav,(t—)), while the cor- a5 (0)<wp7as (0) (tangi<w,7), AW (w)>0, ie., we
responding current contribution to the total dissipation is unhayve vortex heating. The cooling and heating effects are
affected by the scattering force. In particular, notice thatstrongly dependent upon the angle (¢;) that the scatter-
when (8v;(t—=))=—(v(?(t—)) the contribution to the ing force makes with the fixed lab reference frame. This
total dissipation fromAW, exactly cancels the contribution angular dependence appears in @§) through the accelera-
from W), given that the total average electric field felt by tionsas andaSy defined in Eqs(61) and(62). To emphasize
the vortex (E,(t—))=—N,(h/2€)(v/(t—=))/A\z van- the angular dependences we may wit@/,(w) in the di-
ishes! In this case the electric field created by the scatteringnensionless form

force exactly cancels the electric field caused by the applied

dc current, thus bringing the vortex total average center of AWy(w)

T

—
A
1

—S(w)[Sin ¢ — w7 COSh;]cOSL b; Sinbs,

mass velocity v|(t—=)) to zera The cooling effect, on the Q
other hand, is not perfect,#0), i.e.,Wt=W§21t+Wf,2)xt, (98)

despite the vanishing dfv,(t—=)), the reason being that \yhere the coefficien
the vortex still performs a circular motiom;(t—o)+#0
which is in phase with the velocity field due to Iigh;ext(t

—) and thus produces dissipation through the tewifi¥

Q is given by Q=Pvg Vert, where

Verr=[ 7/ (ke&o) ?1[| €| ?| A+)|?/m?c®] and the functiorS( )
is defined as

andW{> . From this we conclude that the scattering force S(w) = wpmK(wp)U(w), (99)
considered heréunder the assumptions of this paragraph with U(w)22j|aj|2Nj(w)hw leading to
cannot completely stop the vortex motion since it only af-
fects its center of mass average velocity! ,1 T
Let us now turn our attention to the explicit evaluation of U(w)=; i * = (100

AW,(w) in order to elucidate its dependence on the fre-
guency ) and on the anglesé¢,¢;) that the incoming

T (w'rj—waj)z-l-l'

In Eqg. (98) many symmetry properties become evident.

photon momentum makes with the/z laboratory reference o instance, the 86 appearing in Eq(98) comes from the

frame. Since the film is considered to be isotropic in xlye
plane we can choose the direction of the applied velotg'cty

matrix elementM;|? and is a remanent of the Malus law as
previously discussed, while the terms 8jn sin¢;, and

to be along thex axis, i.e.,vsczvsci. In this case AW, =

- vac<6v|y(t—>00)), which can be rewritten as

AW((w)=—-P K(wb)VsCT[asy(w) - waasX(U))], (96)

where

e oy

97

Notice in Eq.(96) that whenasy(w)>wbrasx(w) (tan ¢+
>wp7), AW (0)<0, i.e., we have vortex cooling and when Q, for w,7=3.0, for afixed angle of incidenc#;=45° but

cos¢; come from the projections of the photon momentum
hk along the labxyz reference frame. Also notice that the
symmetry propertyAWs(w, 0 ,d¢) = — AWi(w, O; ,m— ¢p+)
holds, which means that by changing the azimuthal direction
of the incoming photongchanging¢; with fixed 6;) by a
180° the dissipation due to the scattering force alone changes
sign. In addition, for fixed¢; the dissipationAW,(w) is
maximal when si=1/\/3, i.e., 6;~35.26° or 6
~144.74°, and vanishes wheh=0,90°,180°.

In Fig. 2, the results foA W;(w) expressed in E¢(98)
are presented. The dissipatiatW;(w) is given in units of
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for a varying azimuthal Xy) angle ¢;. The dissipation To establish explicitly the conditions under which the
AW;¢(w) is also a function of the parametéﬁﬂ andrj that  voltagesV, vanish we must compam‘go) with AV,. For
depend on the detailed structure of the quasiparticle wavg_—, % we may write

functions defined in Eqg6) and (7). Here, in order of mag- ¢ ¢

njtude,laj|~1, T~T, T~ 112, anoll,8~1{2. The frequen- VO (w)= =B, wp7K(wp)Vs , (107)
cies w are expressed in units af *. Notice in Fig. 2, in 0 c

particular, the regions in frequency space for various azi-
muthal angles ¢; where there is vortex cooling, i.e.,
AW, (w)<0. In addition notice the resonant effect when
~wy. This resonant effect is much more pronounced whe
w71, i.e., when the maximal energy broadening due t

impurities or phonons m@#/ 7, il 7| <frawy, . AV, =— BXOTK(wb)[aSy_ waasx]’ (109

Vi(w)=+By wp ™K (wp)Vs,, (108)

where Bn0=Nvdn(7rhm/ez), with n=x,y. On the other
and, we write

C. Photovoltaic effect AV,=+ ByOTK(wb)[as +wprag . (110
Now we move on to the calculation of the total induced i !
voltage and of the induced voltage change due to the pre$/sing the expressions fa, andas in Egs.(61) and(62), it
ence of the scattering force. Consider two points at positiongs easy to establish that,=0 occurs when
d, andd, in the labxyz reference frame and defirte=d,
—d,. Since the total electric fielé(t) is spatially uniform, Tag(w)Sin G¢[Sin s — wp7 COSP1]= — wpTvse (111
the total induced voltage i¥(d,t)=E(t)-d, which can be

further separated in two parts, and thatv, =0 occurs when

a4 ®)Sin 0 COSh; + wy 7 SiN ;] = — WE TV e

V(d,t)=VvO(d,t)+AV(d,t), (101 (112

in analogy to the calculation of the total dissipatia(t). L - . _—_
9y pata(t) Notice in addition that the simultaneous vanishing of the

The voltage .
9 voltagesV,, can occur only whemp;=— /2, i.e., when the
© m d h ©) . scattering acceleration is applied along thé/ direction.
V(=2 g Vs -d=Ny 5 v ()/Az-d (102  Here, the scattering acceleration is perpendicular both to the

applied dc current|k) and to the applied magnetic field

is the voltage in the absence of the scattering force, while (I2). Only under these conditions the total average electric
field felt by the vortex core, vanishes, i.e., the average elec-
AV(d,t)=— Nvisze[ b\n(t)/\i] d (103 tric field induced by the dc curr_en§ on the vortex core can be
e exactly canceled by the electric field produced by the scat-
tering acceleration.
Since in the steady-state limit the time averaged contribu-
ns toV, coming fromyvg,; vanish, the measurement of
voltagesV, andV, is a direct evidence of the effects of the
scattering force. The measurements\grcan be performed
using a crossed four point contact: two leads along xhe

direction, i.e., aligned with the applied dc curre1g§=Jx>A<,

is the additional contribution due to the scattering force.
Again, we are not interested in transient effects, instea({!i o
we look at the steady-stateé—{) time averagegV(d,t
—m))=V(w). Notice that the contributions t%(w) coming
from Vs,,o which are linear in the photon vector potential

Acyt, Vanish. Henc&/(w) can be further expressed as a sum
of the voltages measured along thaxis (V) and along the

y axis (V,), WhereJX:nSevSC can be used to determing , while two
leads along the direction, i.e., perpendicular l;d)sC can be
V(w)=V(@)+Vy(w), (104 used to determiny, .
where Since the voltagevff;) due to the dc current are indepen-

dent ofw, we shall concentrate on the contributiav ,(w),
mhm due to the scattering acceleration, which can be written in the
V(w)=— Nv?dx Re{(v,y(t—>oc)>], (1095 dimensionless forms

h 2D Sw)lsing $(lcog; sing
ahm = —S(w)[Sin¢;— w7 COSP;]COS O; Sin bs,
Vy(@)=+N, —z=dy Re[(v (t—=))]. (106 Vo
(113

Notice here that wherv, (t—=))=0 the voltageV,=0

Y AVy(("’) . .
and analogously whe(1v|x(t—>oo)>=0 the voltageV,=0. —~ - + S(w)[ COSP+ w7 SiN ¢¢|cOS b; sin b;,
Using the decomposition of velocitiag=v(”+ 5v, we can Yo

write V(@) =VO(w)+AV,(w), where n=xy, from (114

which we immediately realize that,=0 occurs whenSv|y whereVnOEBnoveff, with n=x,y.
= —v,(S) and thatV,=0 occurs whensv, = —vff). Notice the interesting symmetry property
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sk 7 7T 7 T ] defined byT<min[E,], where mirﬁE,,]=CF§,(a0/§O)2 is the
- 1 energy of the lowest-lying vortex core state. For instance, for
£,=30 A this meansr<46.4 K and foré&,=2000 A it im-
plies T<10 mK. Thus large coherence lengths impose a
much more stringent requirement on the meaning of the low-
temperature limit. In addition, the cooling effect relies on
resonant momentum transfer from photons to the vortex
core. Thus it is quite important that the energy broadenings
due to disordefimpurities, for instance, are small, i.e., it is
important thatfi/ 7j,,<2Ey;;, where 7i,,=I/veg, andEyj,
=Chvel[(2kp&p) &o] is the energy of the lowest-lying vor-
tex core state. This condition is equivalent to say that the
system must be in the clean limhit- (kg &) &q, wherel is the
electronic mean free path.
Studies performed in Nb,Ta,Se, (Ref. 10 have indi-
cated that increasing disordég leads to a broadening and
) ) ) ) suppression of the STM conductance peak associated with
0.0 20 4.0 6.0 8.0 vortex core states. Thus good experimental candidates must
ot satisfy both the low-temperature and the low disorder condi-
FIG. 3. Contributions to induced voltages due to the scatteringions. These conditions seem to be satisfied in the short co-
force alone. It is shown ifg) the contribution along the direction,  herence length superconductor YBai30; _ ;, where vortex
while it is shown in(b) the contribution along the direction.  core states were recently obsentéds result of that, it also
Curves are plotted fow,7=3.0 andé;=45°. Notice the resonant possible that the effects discussed here may be observable in

effect for o 7~3.0. this system, which is believed to be cawave supercon-
ductor. Lastly we would like to propose another possible
AV (@,60;, ¢+ ml2)IV, =AV(w,0 ,¢1)IVy candidate for the experimental observations of vortex cool-
1 1 0 ) L) 0!

(115 ing and the photovoltaic effect. The candidate is sheave
short coherence length superconductors, N&e,CuQ,,**
which relates the measured voltages along the dc current (Where the low-temperature and low disorder conditions seem
direction and perpendicular to the dc current direction.  to be satisfied.
Notice also thatAV,(w, 0;,¢¢) = — AV, (w, s , 77— ¢5), for
n=x,y, which means that the induced voltage due to the

scattering force alone changes sign when the azimuthal di- VI. SUMMARY
rection of the incoming photons is rotated by 180°. In addi- ' o
tion, for a fixedd; Ath is maximal when si=1/,/3 just In summary, we have considered a thin film ofawave

like AW, . In Fig. 3 we plot the results fokV, andAV, for short coherence length superconductor. The superconductor
the samté set of'parameters of Fig. 2. X y was assumed to be type Il, isotropic, and under an applied

magnetic field slightly over the lower upper critical field,
where a single vortex approximation is meaningful. We con-
sidered a single vortex with a characteristic core size given
V. EXPERIMENTAL CONSIDERATIONS by the. superconducting coherence lengghand the corre-
sponding vortex core states. We have proposed the existence
Several experimental systems are potential candidates faf the scattering force acting on a vortex core due to the
the observation of vortex coolinglecreased dissipatipand  absorption spontaneous emission of photons involving vor-
heating (increased dissipationand the photovoltaic effect tex core states. This process resulted in a net momentum
proposed here. Among many possible systems, let us metransfer to the vortex core and affected the vortex dynamics.
tion sswave systems where vortex core states have been abespite the smallness of the photon momentum a large reso-
ready experimentally observed: NbSeNb, _,Ta,Se,.2° The  nant enhancement provided the possibility of enormous scat-
theory developed here may be applicable to these systemigring forces. The absorption spontaneous emission process
but it may be applicable also the tstype high-temperature considered is quantum in nature since there is no spontane-
superconductor Nd ,CeCu O,,'! where to the best of our ous emission when the electromagnetic field is treated clas-
knowledge no one has yet attempted to observe vortex corgcally.
states. Furthermore, it is important to mention that vortex We have proposed a vortex cooling or heating effect simi-
core states have also been observed in XBa O,_5,'?  lar to the case in atomic physics, where atoms can be cooled
which is believed to be d-wave superconductor. Although or heated via the scattering force. We emphasized, though,
in this manuscript we have not discussed the vortex coolinghat due to the presence of the superfluid background, the
and the photovoltaic effect for the-wave case, it is quite dynamics of a vortex core in the presence of the scattering
natural to explore this possibility in the immediate future. force is very different than that of a moving atom in the
The theoretical suggestions presented here rely on the faptesence of the same force. In addition, we emphasized the
that experiments must be performed at low temperatures anzhses where the scattering force is absent in a two-
in clean systems. The meaning of low temperatures here @dimensional vortex core. For instance, one such a case oc-
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curs when the net momentum transfer to the core is perperpossible sswave short coherence length superconductor
dicular to the vortex motionxy plane, i.e., when the where the effects proposed here may be experimentally ob-
incoming photon is along the axis. To characterize the served.

cases where the scattering force was present and its cooling

or heating effects, we have calculated the additional dissipa-

tion due to the presence of the scattering force. When the ACKNOWLEDGMENTS
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