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The absorptionof polarizedlight in superconductors studiedwithin the frameworkof the Bogolubow-de
Gennesapproachto inhomogeneousuperconductorgr magneticfields. Severalmechanismsvhich give rise
to a polarization-dependerbsorption(i.e., dichroisnm in superconductorareanalyzedn detail. The relation
to the absorptionof unpolarizedlight in superconductorandto the absorptionof polarizedlight in normal
conductorss investigatedand severaleffects,not known from eitherof thesecasesare found. Theseeffects
arise from the interplay of broken chiral symmetry, which producesdichroism, with the superconducting
coherenceOne potentialsourcefor dichroism,namely spin-orbitcoupling, is investigatednumericallyfor a

simple model superconductof.S0163-182698)01122-9

I. INTRODUCTION

In this paperwe presenta systematicapproachto the
polarization-dependerabsorptionof light in superconduct-
ors. The phenomenorthat left-handedcircularly polarized
light andright-handectircularly polarizedlight areabsorbed
differently by many substancess commonly known as di-
chroism.Dichroismin the presenceof an externalmagnetic
field is usuallyreferredto asthe Faradayeffect or the Kerr
effect, dependingon the geometryof the experiment.Di-
chroismin the absenceof externalmagneticfields is often
referredto asspontaneousdichroism.lt is foundin magneti-
cally orderedsystems,such as iron, but also in systems
which break inversion symmetry, such as sugar. In the
presentpaperwe usethe term dichroismto referto all situ-
ationsin which the absorptionof light dependn its polar-
ization.

In normal(i.e., not superconductingandmagneticallyor-
deredmetalstheseeffects have beenthe subjectof intense
studyfor manyyears.(SeeRefs.1 and2 for recentreviews)
It is by now unanimouslyacceptedhat dichroismin these
systemsarises mainly from the simultaneouspresenceof
spin-orbitcouplingandthe spin magnetizationModern cal-
culationsof the optical responséo polarizedlight arethere-
fore usually performedin a relativistic framework*?

However,similar calculationsfor superconductordo not
existyet. It is the purposeof the presentwork to provide a
basisfor suchcalculationsandto presentsomefirst results.

The motivation for this investigationarisespartly from
the fact that severalrecentexperimentseport the observa-
tion of dichroicphenomenin superconductor$;® andpartly
from the fundamentalinterestin the role of the spin-orbit
couplingin superconductors.™ Spin-orbitcoupling,beinga
relativistic effect of secondorderin v/c, becomesnoreim-
portantin systemswith heavy elements(atomic numberZ
=40) in thelattice 1> Many interestingsuperconductor.g.,
the heavy-fermioncompoundsand the high-temperatureu-
perconductorsdo indeedcontainvery heavyelementssuch
as mercury (Z=280), uranium (Z=92), bismuth (Z=83),
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lanthanum(Z=57), platinum(Z=78), etc.

In view of the fact that a qualitativeand quantitativeun-
derstandingf dichroismin normalandmagneticallyordered
metalsnecessarilyequiresa relativistic theory, it is of obvi-
ousrelevancdor the preseninvestigationgo employarela-
tivistic theory of superconductivity.Such a theory has re-
centlybeenconstructed ™ Fromthis theorythefull form of
the spin-orbitoperatorin superconductorgs known to con-
tain not only gradientsof the lattice potential(asis the case
for the conventionalspin-orbit operatoy, but also gradients
of the pair potentialof the superconductoiThe latter type of
spin-orbitcouplingis referredto asthe anomalousspin-orbit
coupling (ASOQ).

In the presenttheory of dichroismwe take both typesof
spin-orbit coupling into account. Several other potential
sourcedor dichroismin superconductorarealsoconsidered
in detail. To this endwe usea perturbativeapproachpased
on the Bogolubov-de Gennesquationsn the presencef a
magneticfield. The various sourcesfor dichroism are in-
cluded via first-order stationaryperturbationtheory for the
quasiparticlewave function. The resulting perturbedsingle-
particlestatesarethen,in a secondstep,usedasunperturbed
statesbetweenwhich the transitionscauseddy the polarized
light take place.The absorptionof light is treatedby a gen-
eralizationof the standardgolden rule of first-order time-
dependenperturbationtheory. First resultsfrom this inves-
tigation were alreadypresentedn a recentpaper>

The presentpaperis organizedasfollows: Sec.ll A con-
tains an outline of the perturbativeapproachwhich we em-
ploy for the calculations.The unperturbedsystemis de-
scribedby the spin-Bogolubowde Gennesquationswhich
are a generalizationof the conventional Bogolubowde
Gennesquationsdesignedo treatspin-dependerpthenom-
ena.Sinceperturbatiortheoryhasup to now beendeveloped
only for the conventionalBogolubovwde Gennesequations,
we presentthe correspondinggeneralizationdor the spin-
Bogolubowde Gennesequationsn somedetail. The result-
ing expressionganbe usedfor any type of perturbativecal-
culation for the spin-Bogolubovde Gennesequations,not

473 © 1998 The AmericanPhysicalSociety



474

only for investigationsof dichroism. Next, we explicitly
specify the perturbationgo be includedin our approachto
dichroism. These include the above-mentionedspin-orbit
terms,the effect of orbital currentsand,if necessaryorder-
parameteinhomogeneities.

In Sec.ll B we employ the perturbativeexpressiondo
derivea formulafor the powerabsorptiorin superconductors
as a function of the polarizationof the light. In Sec.ll C
severaldistinct mechanismdor dichroismin superconduct-
ors areidentified. A detailedanalysisof the physicsbehind
the variousmechanismss performedandthe circumstances
underwhich they canproducedichroismin superconductors
arediscussed.

Sectionlll containsmodel calculationsfor one of these
mechanismsnamely the conventionalspin-orbit coupling.
Using simple approximationsfor the relevant matrix ele-
mentsandthe densityof stateswhich arediscussedn Secs.
[l A andlll C, respectivelywe draw further analyticalcon-
clusions about the physicsbehind this mechanismin Sec.
lll B, and evaluatethe formulas numericallyin Sec.lll D.
The numericalresultsare analyzedasfunctionsof tempera-
ture, frequency,and magnetic-fieldstrength.

We emphasizethat thesecalculationsare not meantas
guantitativepredictionsfor experimentsbut ratherasmodel
calculationsillustrating the analyticalresultsof the previous
sectionsand exhibiting surprisingqualitative featuresof di-
chroismin superconductors he paperendswith a brief dis-
cussionof somerecentexperimentsn light of our theoryin
Sec.lV anda summaryin Sec.V.

II. PERTURBATIVE APPROACH TO DICHROISM
IN SUPERCONDUCTORS
A. Perturbation theory
1. The spin-Bogolubov—de Gennes equations

Thepropermicroscopicdescriptionof inhomogeneousu-
perconductorsis provided by the Bogolubow-de Gennes

equationgBdGE)
o A(r) Un(f))_ (un(r)>
(A*(r) —hg)(vn(r) =Enl o0/ (1)
where
2
hozp—+v(r)—,u 2)

2m

is the normal-statesingle-particleHamiltonian, A(r) is the
pair potential,andthe u,(r) andv,(r) areparticleandhole
amplitudesTher dependencef the pair potential A(r) de-
scribesthe center-of-massnotion of the Cooperpair. The
internal degrees-of-freedorof the pair would be described
by the dependencef the pair potentialon the relative coor-
dinateof the two electronsThis would requirethe useof the
nonlocal version of the Bogolubowde Gennes
equations**° In the presentpaperwe limit our attentionto
the local versionof the Bogolubov-de Gennesequation,as
specifiedabove.This meanghatwe cannot adequatelyreat
the effects of the internal degreesof freedom,such as the
difference between s-wave and d-wave superconductors.
The local Bogolubov-de Gennesequationshave beenthe
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startingpoint for many microscopicinvestigationsof super-
conductors(Refs. 14-25 amongothers. However, for the
presentpurposetheir form is too restrictivebecauseve need
to incorporatethe spin degreef freedomof the quasiparti-
clesandspin-orbitcouplingterms.Thereexistsa generaliza-
tion of the BAGE in which thesecan be included properly,
the spin-Bogolubowde Gennesequations(SBAGB. They

read_4,16,26,27
h 0 0 A
! uTnU(r)
hl —A 0 ulmr(r)
0 —A* - h? 0 v qo-(r)
A 0 0 —hr| \UinelD)
uTnU(r)
_ ulno(r)
_'Eno anU(r) ' (3)
% ﬂa(r)
where
hT:ho+ T,(LBB. (4)

7=+1for h; and7=—1 for h; . We havealreadyincluded
the Zeemancoupling of the spinsto the externalmagnetic
field B (which is assumedo be spatially constantand to

point alongthe z direction, but not yet the coupling of the

orbital degreesof freedomto the vector potentialand spin-

orbit coupling. The latter two effectsareincludedas pertur-
bations,in Sec.Il A 3.

We take theseequationsto describethe unperturbedsu-
perconductorThey can be obtainedfrom a spin-dependent
Bogolubov-Valatin transformatiort*16:26:27 Alternatively,
they are found as the nonrelativisticlimit of the relativistic
Bogolubovw-de Gennesquations™ ™ Theyrelateto the con-
ventional BAGE in exactlythe sameway asthe Pauli equa-
tion relatesto the Schralinger equation.

We now summarizea numberof propertiesof the SBAGE
which are essentiafor the following considerationsTo ev-
ery eigenvector

uTnU(r)

ulno(r)

UTno(r)

Ulmr(r)
of the SBAGE with eigenvalueE,,>0 belongsa second
eigenvector

(5)

Usng(r) Ving(r)\ *

Unt) | _ [ 01nolD) .
UTE(f) uTno‘(r)

U noll) Ujne(r)

with eigenvalueE, ;= — E,,,. The negativeenergysolutions

describeboundstatesof the Bogolubovquasiparticlegbogo-

lons), or, equivalently,electronscondensedn Cooperpairs.

Below we considerpair-breakingprocessessthe dominant
sourcefor absorptionat low temperaturesTheseprocesses
can simply be describedas transitionsfrom a negativeen-

ergy stateof the form (6) to a positive energystateof the

form (5).
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In the absenceof all spin-dependeninteractions the
SBdGErigorouslyreduceto the BAGE. Therelationbetween
the respectiveeigenfunctionsis simply u?no(r)z Sy Un(r)
andv?, (r)=o8,50,(r), whereo and 7 are+ 1. Theinclu-
sion of the Zeemanterm in Eqg. (3) doesnot changethese
relations,aslong asB is spatiallyconstant!f the pairfield A
is spatially constantas well, the spatial dependencef the
eigenfunctionsof the SBAGE is governedby the normal-
state Hamiltonian hy. The eigenfunctionsare thus propor-
tional to normal-stateeigenfunctionsp,,, which are defined
throughhg¢,= €,¢,. The constantsof proportionality are
given by the BCS amplituded* u,:=1/2(1+ ¢,/E,) and
Un:=V1/2(1— €,/E,). The full form of the eigenfunctions
of the SBAGEunderthesecircumstanceshusis

0 _ _ /1 €n
urng(r)_un507¢n(r)_ E 1+E_ 5ar¢n(r)l (7)

n

0 (N=0v,d,7 = ! 1- s
U,mo_(r)—O'Un 'rad)n(r)_a- E E_ ng)n(r),

n

(8
andthe correspondingigenvalues given by
Eno=En+ougB=e>+ A%+ ougB. (9)

If the pair potentialis not spatially constant the spatialde-
pendencef the SBAdGEeigenfunctionss not determinedoy
the normal-stateHamiltoniananymore.In this casethe par-
ticle and hole amplitudesare not proportionalto ¢,(r), but
haveto be determinecdby solvingthe full SBAGE.Equations
(3)-(9) definethe unperturbedsuperconductorln the next
stepwe developperturbationtheory for suchsuperconduct-
ors.

2. Perturbation theory for the spin-Bogolubov—de Gennes
equations

Perturbationtheory for the conventionalBAGE hasbeen
developecby de Genne$* and,in a slightly differentformu-
lation, by Kimmeland co-workers?®2° While beingequiva-
lent to the former approachon the exact level, the latter
approachhasthe advantagehat in every order of approxi-
mationthe formulasare of the samestructureasin conven-
tional perturbationtheory for the Schralinger equation.In
the following, we generalizethe latter approachto the
SBAGE,wherewe allow for perturbationsf the normaland
of the pair potential and discussboth stationaryand time-
dependenperturbationsSincethe derivationof the formulas
is very similar to that of perturbationtheory for the Schro
dinger equationand to that for the conventionalBdGE, we
only presentthe final resultsand point out the main differ-
encesto the conventionalcase.

The wavefunctionsin the presencef a stationarypertur-
bation §H are,to first orderin §H, given by
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5 Mma,no
Udma(T)

0
Urna(r):urng(r)+ 2 ™Mo
(ma)
#(no)

ma,no

0
o Um0
Ena_EH e ‘|

Eno_ Ema

Vimo(D=U0(N+ X

(ma)

#(no)

N 5Hma,na' vog(r)
Eno-_Ea TMa

ma,no
0
v Tma(r)
noe

ma

(11)

with correspondingquationdor u,,; andv ;. 6H canbe
any perturbing4 X 4 matrix and may thus containperturba-
tions of the lattice potential and of the pair potential. All
labels (mea) refer to positive energystatesof the form (5).

The barredlabels, suchas (ma), refer to negativeenergy
statesof the form (6). For notationalsimplicity we havesup-
pressedan upperindex 0 on the energiesalthoughthey are,
of course,unperturbecenergiesThe changeof the energies
is, to first order, given by the usualresult SE,,,= SH"™"7.

A time-dependenperturbationgives rise to transitions
from onestateof the systemto another.We takethe pertur-
bationto be

oh(t,r)l 0

HILD=\ o snn*):

(12)
wherewe condensed 4 X4 matrix in 2X2 form (1 is the
2X2 unit matrix) and assumedthat there is no time-
dependenperturbingpair potential (sucha potentialwould
appearoff the diagonalin Eq. (12) and could, if necessary,
be included without difficulties). sh(t,r) is of the general
form

Sh(t,r)=6h(r)e''+ sh(r)Te et (13

The transitionprobability per unit time for a transitionfrom
the single-particlestate(no) to (n'o') is then

2T o~
eriran’o" = 7|5Hna,n 7 |25(En’o"_ Eno'+hw)a
(14)
2w .-
W':o'—m’tr’: 7|5HTnU’n 7 |25<En’o" - Ena'_hw)v
(15)

wherethe first expressiordescribeemissionandthe second
absorption.The labelsno,n’ o’ refer to arbitrary solutions
of the SBAGE.Thereis oneimportantdifferenceto the con-

ventionalgoldenrule: the matrix elementsin Egs. (14) and
(15) are not simply those of the perturbation(12) and its

Hermitian conjugate put thoseof

[ sh(n1 0
Lo —sh(r)"1

(16)

and
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sh(r)™ 0

Tt —
M=l —sh(r)*1)’ 17

which differ in the location of the conjugateoperatorsThe
reasorfor this is thatthe coefficientof '“! which givesrise
to emissionandthatof e '“* which producesabsorptionare
mixed alreadyin Eq. (12).

The aboveformulascanof coursebe usedfor anykind of
perturbationof the SBAGE and should thereforebe useful
not only for investigationsof dichroism,but for a large va-
riety of calculations.

3. Explicit form of the perturbations

In specifyingthe SBdGEeigenfunctionsccordingto Eqs.
(7) and (8), we assumedhe pair potentialto be spatially
constant.While this is a good approximationfor supercon-
ductorswith a large coherencdength, it is inadequatefor
thosewith a shortcoherencdengthandfor superconducting
heterostructuredn orderto take this into accountwe write
the full pair potentialas

A(r)=A+A(r), (18

whereA is asuitableaverageof A(r) (e.g.,takenovera unit
cell) andA(r) isthelocal deviationfrom thataverageln the

SBdGEframeworkit is includedby replacingA(r) by A in
the unperturbedSBdGEandaddingthe term
0 ioyA

(ioy)TA* 0 19

5H(0):(

To simplify the notationwe haveemployedthe Pauli matrix
(}y to write the 4 X4 equation(19) as a 2x2 equation.For
small A(r), H©® can be treatedas a small perturbation.

[The caseof large A(r) is discussedelow Eq. (22).]

In Sec.Il A 1 we alsoassumedhat the magneticfield B
is spatially constantandactsonly on the electronspins.We
do not considerthe caseof aninhomogeneousxternalmag-
neticfield. However,evenfor constanffields, thereis a cou-
pling of the orbital degreeof freedomof the electrongo the
vector potential. To first order in the vector potential this
couplingis describedby the term

(A-p)l 0
0 —(A-p*1

5H(1)=—i
mcC

) , (20

whereB=(VXA), and f) is the momentumoperator.We
chooseA in the Coulombgauge,sothatV-A=0. sH®) is
considereda small perturbationas well. For realistic vector
potentialsthis is certainly justified. In the caseof the con-
ventional BAGE this is the standardway to treatvector po-
tentials,for instancein deriving the Meissnereffect*
Finally, we also considerthe spin-orbit coupling as a
small  perturbation. The relativistic theory of
superconductivity ' predicts that there are two distinct
typesof spin-orbitcoupling (SOQ in superconductorOne,
the conventional SOC, appearson the diagonal of the
SBdGE and containsgradientsof the lattice potentialwv (r).
The other, the anomalousSOC (ASOC), appearff the di-
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agonaland containsgradientsof the pair potentialwith re-
spect to the center-of-massand relative coordinates(C-
ASOC andR-ASOQ. In thefollowing calculationsonly the
C-ASOC term is included. This amountsto neglectingthe
internaldegreeof freedomof the two electronsin the Coo-
per pair andretainingonly the spin-orbitcouplingdueto the
center-of massmotion. The perturbationcorrespondingto
the SOCand C-ASOCtermsis given by

h
2.2

SH® =

(o Vo(r)xp)l
[(o-VA(r)Xp)(iay)]"

(o VA(r)xp)(iay)

—(o-Vo(r)xp)*1
(21)

Furthertermscould be includedin sH(?, e.g.,the conven-
tional and anomalous Darwin terms®'! and the
(g2/2mc?) nA? term which goesalongwith Eq. (20) to sec-
ond orderof (v/c). Both of theseare known not to produce
dichroismin the normal stateand are thereforenot included
here among the relevant perturbations.We return to this
point in the discussiorof existencecriteriain Sec.Il C 2.

The full (stationary perturbationto be consideredn this
paperis the sumof all threeterms

SH=6HO+ sHD + sH?), (22)

The upperindex, k, of eachterm sH® refersto the orderin
1/c of the respectiveterm. The relative magnitudeof the
threetermsdepend®n the particularsystemunderstudyand
doesnot necessarilycorrelatewith this order.

If the pair potentialinhomogeneityA(r) is smallenough,
the ASOC term, which also containsA(r), canbe dropped.

If it is large, A(r) mustbe included alreadyin the unper-
turbed Hamiltonian. The latter situation arises,e.g., for su-
perconductingheterostructureandin the vortex phaseof a
type-1l superconductofThe pair potentialA(r) nearthe vor-
ticesis stronglyinhomogeneouandthe deviationsfrom its

averageA aresolargethatA(r) cannotbe consideredasa
small perturbation With the full pair potentialin the unper-
turbedHamiltonian,the spatialdependencef its eigenfunc-
tions is, of course,not determinedby normal-stateeigen-
functionsanymore.As a consequencehe particle and hole
amplitudesin Egs.(7) and(8) mustbe found by solving the
SBAGE. The ASOC term thenis a first-order perturbation,
just as the conventionalSOC. Indeed,the vortex lattice is
amongthe situationsin which this term is expectedto be
mostimportant.

In orderto facilitate the treatmentof stronglyandweakly

inhomogeneousituations,we will keepboth A(r) andthe
ASOC termin the expressiorfor the perturbation.Depend-
ing on the particular systemunder study, one of the two
termscanbe droppedin the final result, Eq. (34).

The time-dependenperturbationis given by the interac-
tion of the polarizedlight with the quasiparticlesilt is of the
sameform as the stationaryperturbationsH®, but with a
time-dependentwector potential A (t,r). The electromag-
netic radiationis specifiedby its electric-fieldamplitudeE,,
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the frequencyw, the wave vector g, and the polarization
vector g, leadingto the vector potential

icEy . .
A(t,r)=—= —ee'® It cc. (23
2 o

In the Coulombgauge(V - A =0), h(r), asneededn Egs.
(13), (16), and(17), is given by

Eo

e -
oh(r)=—5-+ - e 'Tep, (24)

where — e is the chargeon the electron.We assumeperpen-
dicularincidenceof thelight, sothatq is parallelto the static
magneticfield B and perpendicularto the samplesurface,
while € is a unit vector in the plane of the surface.This

geometrycorrespondso very commonexperimentaketups.

B. Absorption of polarized light in superconductors

The quantity we useto describethe interactionof light
with a superconductois the power absorptionP. It canbe
calculatedwithin the above perturbationtheoreticalframe-
work by evaluating

P=;(Ef—Ei>f<Ei>[1—f<Ef>]w{:f, (25)

wherei andf denotethe initial andthe final single-particle
states, respectively,w” ; is given by Eq. (15) and f(E)

standsfor the Fermi function. The power emissioncan be
calculatedin a similar way from wiE_,f . In the following we
will consideronly powerabsorption.The emitted(scattereg

power, being diluted over the entire solid angle,is usually
not measuredexperimentally.Furthermore,as long as we

considerthe groundstateor situationsin which only a few

excited single-particlestatesare occupied,absorptionis by

far the dominantprocess.

At sufficiently low temperatureglmostall electronsare
condensedn Cooperpairs. The mostimportantmechanism
for absorptionunder these circumstancess pair breaking.
Scatteringfrom unpairedelectrons(i.e., from thermally ex-
cited quasiparticlescansafelybe neglectedat low tempera-
tures. The inclusion of single-particle scatteringnormally
producesonly someadditionalabsorptionbelow the absorp-
tion edge®® Thereforewe will limit ourselveso considering
only pair breaking(i.e., bogoloncreation asthe mechanism
for absorptionlt shouldbe stressedhat neglectingemission
processesandscatteringirom brokenpairsis physicallyjus-
tified, but in no way necessaryor the further development.

Within the linear-responseegime,the absorptionof light

is generallydescribecby the conductivitytensora. Expres-
sions for the conductivity tensor in superconductorsare
knownin a numberof different approximations®—*

For any systemthe elementsof the conductivity tensor
canberelatedin a simplefashionto the powerabsorptiorfor
various polarization directions®* For systemswith cubic
symmetryonefinds within the dipole approximationg=_0,
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1
lm[o'xy(w)]:E[P(W:GL)_P(‘”'GR)] (26)
0
and
1
Re oy (w)]= E[P(W’GL)"' P(w,e)], (27)

0

whereV is the samplevolume,P(w,€) is the powerabsorp-
tion for polarization € and frequency w, and E, is the
electric-field strengthof the light. In the frequencyrange
relevantfor pair breaking,the dipole approximationis gen-
erally valid andwill be usedexclusively.For light with left-
handedpolarization(LHP) we have

11

=— 1
6|_ \/E 0 1

while light with right-handedpolarization(RHP) hasa po-
larization vector

(28

1t
—i|. (29

ER=——=
2\ o

Equations(26) and (27) hold regardlesof whetherthe sys-
tem is superconductingmagnetic,or in the normal state,
becausdhe microscopicpropertiesof the systemdo not en-
ter the derivation®* Similar formulascanalsobe derivedfor
noncubic  crystal®®® or beyond the dipole
approximatiorf-36-37

Equation(26) showsthat the imaginary part of the off-
diagonalelementof the conductivitytensoris nonzeroonly
if light with left- andright-handecdpolarizationis absorbedn
a different way. Theseelementsthus provide a direct mea-
surefor dichroismwhich canbe usedto relateexperimental
resultsto theoreticalcalculations.For the caseof magnetic
and normal metalsthey are routinely usedfor this purpose.
(SeethereviewRef. 2 andthe proceedingvolumeRef. 1 for
further discussiorand applications.

By substitutingEgs. (24) and (17) in Eq. (15) and the
resultin Eq. (25), we arrive at

me?E2
P(e=———2 f(—Enf(—En)l(unle*plo,)
2m @ NN’

+(vn| € pluy) [PS(En+EN —fiw). (30)

Here we employedthe particle-holeconvention,i.e., all en-

ergiesare positive, the sumsare limited to positive energy
single-particlestatesand the explicit form of the negative
energystates,as given by Eq. (6) was used.In writing Eq.

(30) we useda short-handhotationfor the matrix elements.
Written out in completedetail, the first matrix elementis

given by

uwna(r))Tﬁ % (UTn’o’(r)>*
U] T€ V0 o)
(31)

(e plog) = [ ar|

andthe secondonereads
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UTnU(r))Té* (uTn’U'(r))*
0ine)] T€ Vil uprg(n)]
(32

If we now substitute the unperturbed solutions to the
SBAGE,u?,, andv?,,, as givenby Egs.(7) and(8), in Egs.
(31) and(32), we cancalculatethe power absorptionin the
superconductoas a function of polarization.Evaluatingthe
resultoncefor e given by Eq. (28) andoncefor e given by
Eq. (29), thenleadsto a direct measureor dichroism,and,
accordingto Eq. (26), an expressiorfor the off-diagonalel-
ementsof theimaginarypart of the conductivitytensor.Pro-
ceedingin this way it is immediatelyfound from Eqg. (30)
that

aleplu= [ |

AP [pi™ (pi™)* —pi™ (pI")*1=0, (33
nn’

i.e., thereis no dichroism.The pX' in Eq. (33) are normal-
state matrix elementsof Cartesiancomponentsof the mo-
mentum operator.A barred index standsfor the complex
conjugate normal-state wave function ¢n(r):= ¢,(r)*
= ¢,(—r). The latter equality holdsif the original normal-
stateHamiltonian, hy, doesnot breaktime-reversaland in-
versionsymmetry*®~9 As a consequencall momentunma-
trix elementsarereal, evenif the individual wave functions
are not, and AP vanishesidentically. This result, which
holdsindependentlyof the explicit form of the normal-state
wave functions,was of courseto be expectedindeed,it is
well known from normal and magneticallyorderedmetals
that to find dichroism one needsto include mechanisms
which break chiral symmetry,so that the systembecomes
susceptiblgo the differencebetweenleft- and right-handed
polarization®?34

In the nextstepwe includeall the stationaryperturbations
whichwerediscussedbovein orderto find outif, andunder
which circumstancestheseproducedichroismin supercon-
ductors.To this endwe substituteEgs.(19), (20), and(21) in
Eq. (22). Equation(22) is thenused,togetherwith Egs.(7)
and (8), in Egs.(10) and(11) to determinethe form of the
perturbedwave functions. Thesewave functions are, in a
next step,usedas unperturbed single-particlestateswith re-
spectto the time-dependenperturbationin Egs. (30)—(32).
Multiplying out all termsto first orderin H we find

AP::P(GL)_P(GR)
e2E2
0SS b (= Eng) f(— Eni3)

m?w nn’ o

X 8(Epg+Epa—t o)
p(m,n’)Cc", I(m,n’)Ca,
X2 R T ot T |
m n_ Em En"'Em
(34

where Re denotesthe real part. All sumsare restrictedto
single-particle states with positive energies (particle-hole
convention. The first term underthe sumon m represents
the contribution of the broken pairs (for this term the case
E,=E, is excludedfrom the sum), while the secondrepre-
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sentsthat of the condensedjuasiparticlesThe matrix ele-
ments of the stationary perturbationsare containedin the
quantities

TrJrrw': UnUmhm"‘ unv mdz%"" % I’IUmd:-?n_ Unv mh%m
(395
and
Tr;w': u,v mhr;E_ Unumdzrg-" Unv md:—?n-’_ Unumh%m !
(36)
where
nm ? Iqﬁ
7= g3z (MIIVo X VEm) + Tl A- Vm),
(37
hi o™= —h37, (39
2
nm A
ve= gz (MIVAXVEIm)+(n|A|m), (39

2

" N
—ﬁ(n[VA*XV]Z|m)+<n|A*|m). (40)

*nm__
oo

A is the vector potential of the static magneticfield B, and
should not be confusedwith that of the light wave, A, .
[Normally, A (t,r)<<A(r).] The matrix elementsof the
time-dependenperturbationenterthrough
Cm=2i[py" ™ —pi py], (41)
which generalizeghe term foundin Eq. (33). The combina-
tion of momentummatrix elementsn Eq. (41) is typical of
dichroismandalsoappearsn manyapproacheto dichroism

in the normal state and in magnetically ordered
materials?343540

p(n,n")=upv, — v, Uy (42
and

I(n,n")=unUy +v,0y (43

arecoherencédactors,with the BCS amplitudesu, andv,, as
definedin Egs.(7) and(8). Thesearethe coherencdactors
normally found in treatmentsof optical absorption in
superconductor®*! The additional factors u,v,,, etc., in
Egs.(35) and(36) resultfrom the effect of the coherencen
the stationaryperturbations.

We can rewrite Eq. (34) in a more compactform, by
noting that, dueto the ansatz(7), (8), the amplitudesu, and
v, are solutionsof the BAGE (not the SBAGH. They have
the propertythat if

Un(r)) _ [Un
o :(vn)¢“(“) 44
is a solutionwith eigenvaluekg,, then
A R T e S
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is a solution with eigenvalue—E,,. [This is a well-known
propertyof the BAGE, which is the counterparto Eq. (6) for
the SBAGE]

Hencethe secondterm underthe sumon m in Eq. (34)
canbe written in the sameform asthe first term, with every
index m replacedby m. It representshe contributionof the
negativeenergystates We canthereforeallow X, to range
over all m, not just over thosewith positive energiesand
find, after slight rearrangements,

7T€2ES

AP= p(n,n")p(m,n’)

En_Em
Xf(—Eng) f(=Eny) 8(Eng T Enrg— fiw),

Rq:cnmn’TrT”lo]

m’w nn’g M
(46)

wherethe sumson n andn’ are still restrictedto positive
energiesin orderto obtainthis convenientandcompactver-
sionof Eq. (34), the particle-holeconventionis usedonly for
E, andE,, butnot for E,,.

The argumentf the § and Fermi functions,in Egs.(34)
or (46) imply that two quasiparticlespne with spin up, the
otherwith spin down, are createdby the absorptionprocess.
This expresseshe fact that absorptionof light doesnot in-
ducespinflips, sothatthe original spin directionof the par-
ticlesin the Cooperpair is not affectedby breakingthe pair.
(This is in contrastto the paramagnetigair breakingdis-
cussedbelow)

C. Analytical results

Before explicitly evaluatingthe aboveformulas numeri-
cally for a simple modelwe first wantto demonstratehat a
number of general conclusionsfollow already from their
structure.

1. Mechanisms for dichroism in superconductors

On the basisof Eqgs.(34) or (46) we canidentify several
distinct mechanismdor dichroismin superconductors.

Mechanism 1 is the conventional spin-orbit coupling
(SOC) producedby gradientsof the lattice potential Vo (r).
The relevantmatrix elementfor this mechanisnis

2

(n|[Vo X V] m), 47

4im?c?

which contributesto ™ andh* ™ in Egs.(37) and (39).

This mechanisnis easyto interpretphysically: the mag-
netic field breakstime-reversainvarianceand leadsto a fi-
nite spinmagnetizationSincetheinitial single-particlestates
areoccupiedin pairswith total spin zero,the main contribu-
tion to this magnetizationarisesfrom the final states.The
spin-orbitcouplingconvertsthe brokenorientationakymme-
try in spinspacento a brokenchiral symmetryin real space.
The polarizationof the light is sensitiveto the chiral sym-
metry of the system,hencedichroismarises.

This mechanisnis known from normaland magnetically
orderedmetalsto give rise to the Faradayand Kerr effects
and to x-ray magneticdichroism, respectively?> We thus
find that the samemechanisnis operativein superconduct-
orsaswell, stronglymodified,though,by the presence®f the
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energygapandthe coherencdactors.We presentumerical
resultsfor this mechanisnin Sec.lll D.

From the above physical explanationit is seenthat the
presenceof an (externalor interna) magneticfield is a nec-
essarycondition for the mechanismto work. This is easily
verified from the equations.In the absenceof any type of
magneticfield, the energiesn Eq. (34) do not dependon the
spin. Theonly spindependencthencomesfrom thefactoro
in front of the matrix elements47). The sumoverthe spins
thenreducego

(48)

Hence,to havedichroismfrom the spin-orbit coupling, the
presencef magneticfields andthusof brokentime-reversal
invarianceis mandatory This is confirmedby manyinvesti-
gationson normaland magneticmaterialst?

Mechanism 2 is the anomalous spin-orbit coupling
(ASOC) producedby gradientsof the pair potential VA(r).
The relevantmatrix elementdor this mechanismare

2

o nVAX VY 49
prcyetul 1./m) (49
andthe correspondinderm containingA* appearingn Egs.
(39 and (40). The ASOC term producesdichroismfor the
samereasonasthe SOCterm andalsorequiresthe presence
of magneticfields. The temperaturédehaviorof this termis
very different from that of the SOC term becausethe pair
potentialitself is stronglytemperaturalependentMoreover,
the coherenceactorsfor this mechanismjn Egs. (35 and
(36), aredifferent from thosefor the SOC mechanism.

Sinceboththe SOCandthe ASOC mechanismdependon
gradientsof the respectivepotentialsthey do not operatein
homogeneousystemsOn the otherhand,the moreinhomo-
geneoushe system,the more importantthey become.The
ASOCterm,for instancepeingproducedoy gradientsof the
pair potential,becomedargein the vortex stateof a type-Il
superconductoand for superconductorwith a short coher-
encelength.

Mechanism 3 is provided by orbital currents, which flow
in the presencef the magneticfield B=V X A. Therelevant
matrix elementis

igh
v (n|A-V|m). (50)
The physicalinterpretationis that thesecurrentscirculating
in the plane perpendicularto the magneticfield, give the
materiala definitehandednesandhenceresultin dichroism.
This mechanisnis known alsofrom the normalstate where
it is usually much smaller than the SOC mechanismand
thereforeneglectedn mostcalculations.n superconductors
the screeningcurrentswhich give rise to the Meissnereffect
arestrongerthantypical screeningcurrentsin normalmetals.
Current-induceddichroism may thus be strongerin super-
conductorsthan in normal conductors.Indeed,this type of
dichroismin superconductorsvas alreadyobservedexperi-
mentally. We discusstheseexperimentsn Sec.IV.

Sinceall of theabovemechanismsequirethe presencef
amagneticfield, we concludethatdichroismin the Meissner
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phaseis a surfaceeffect becausen the bulk the magnetic
field doesnot coexistwith superconductivityThe regionin
which coexistencés founddepend®n the penetratiordepth.
The largerthe penetrationdepth,the largerthe region of the
samplein which dichroismis produced.n the vortex phase
the field penetratesnto the bulk of the superconductoand
coexistswith the order parametemear the vortices. Every
vortexis thusa sourcefor dichroismdueto eachof thethree
abovemechanisms.

Mechanism 4 is caused by inhomogeneities of the super-
conducting order parameter itself. The relevantmatrix ele-
mentsare

(n|A|m) and (n|A*|m). (51)

To seehow the orderparametecanleadto a finite resultfor
AP we first look at the quantity C\,, as definedby Eq.
(41). As mentioned above, if the original normal-state
Hamiltoniandoesnot breaktime-reversabndinversionsym-
metry all momentummatrix elementsare real. Under these
circumstanceslnmn, is purely imaginary. Sincein Eq. (34)
the real part of the expressiorunderthe sumon m is taken,
Cnmn, mustbe multiplied by a quantitywith a finite imaginary
partin orderto leadto afinite AP. Sincethe matrix elements
for the SOC,ASOC, and orbital mechanismsxplicitly con-
tain a factor i, this condition is normally satisfiedin these
cases.The matrix elementsof the pair potential are easily
seento be purelyreal (andthusnot to producedichroismn if

A*(r)=A(-r). (52

The condition (52) is violated if A(r) is real and breaks

inversionsymmetry(mechanismta), or if A(r) is symmetric
underinversion,but complex,in which caseit breakstime-
reversalsymmetry(mechanisndb).

Orderparametersvhich breakinversionsymmetry,while
the underlying normal-stateHamiltonian does not, are ex-
amplesof “unconventionalorder parameters”in the sense
that the superconductingphasehasdifferent spatialsymme-
tries from the normalphase'? The fact that brokeninversion
symmetrycangive rise to dichroismis well known, e.g.,in
chemistry wheremoleculeswithout a centerof inversionare
called “optically active” since their optical propertiesde-
pendon the polarizationof the light. In principle, inversion
symmetryis alsobrokenat every surface.However,aslong
asthe light penetratesufficiently deeplyinto the materialto
samplethe bulk properties,this contributionis expectedto
be very small. This expectationis corroboratedoy detailed
investigationsof dichroismin the normal state,where this
type of surface-inducedlichroismwasnot found to play an
appreciablerole in explainingexperimentabbservations.

A complexorder parameteris found in the presenceof
externalmagneticfields, wherethe gradientof its phasecor-
respondgo supercurrent$? This aspectof mechanismib is
thus closelyrelatedto mechanisnB. Complexorder param-
etersare also possiblein the absenceof magneticfields, if
the superconductinghaseitself breakstime-reversalsym-
metry. Thisis the case for examplefor the* d+is” typeof
orderparametediscussedn connectionwith the heavyfer-
mions, the high-temperaturesuperconductorsand anionic
superconductivity?~#
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Dichroism producedby order parameterswhich break
inversion- or time-reversalsymmetrywas discussedprevi-
ously by severalauthors.In Ref. 45, a phenomenological
analysisof this mechanisnfor the high-temperaturesuper-
conductords performed.Our analysisprovidespossiblemi-
croscopic mechanismsunderlying the phenomenological
treatmentof Ref. 45. In Ref. 46, the breakingof thesesym-
metriesis discussedn the contextof collectivemodesof the
order parameter(an effect we do not discussin the present
papej. In Ref. 47, the effect of brokenchiral symmetryin
the normal stateof superconductoris analyzed.This effect
follows in our frameworkif for the wave functions ¢,(r)
one usesthe eigenstate®f a normal-stateHamiltonianwith
brokenchiral symmetry.In this casethe momentummatrix
elementsarecomplex,anddichroismis found from Eq. (33)
alreadyin zerothorder,i.e., evenin the absencef theabove
four mechanisms.

Mechanism 5 is therefore provided by a normal state
which already displays dichroism. In the presentpaperwe
focuson the superconductingtateanddo not discussfurther
this type of normal-state-inducedichroism.

In conclusionwe haveidentifiedfive distinctmechanisms
for dichroismin the superconductingphase.Two of these
mechanisms(1) and(3), arealreadyknown from the normal
state,strongly modified, though, by the presenceof the su-
perconductingorder parameter Mechanisms(2), (4a), and
(4b) on the other hand, exist only in superconductorsOne
mechanisnof eachtype,namely(1) and(2), is of relativistic
origin, arising from the interplay betweenrelativistic sym-
metry breakingand superconductingoherenceMechanism
(5) operatesonly in superconductorsn which the normal
statealreadybreakstime-reversabr inversionsymmetry.

2. Existence criteria

We can extract from the generalformula a number of
“existence criteria” which determineunderwhich circum-
stancesone canexpectdichroismat all. Fromthe abovedis-
cussionof the mechanismsve alreadyhave

Existence criterium 1: Thereis no dichroismdueto spin-
orbit couplingin the absenceof magneticfields.

Existence criterium 2: Thereis no dichroismdueto BCS-
type order parametersi.e., order parametersvhich arereal
and spatially constant.

Existence criterium 3: Any perturbationwhosecontribu-
tion to Eqs. (37)—(40) is purely real doesnot give rise to
dichroism.

Thethird criterium appliesin particularto the normaland
anomalouDarwin terms,containingV2u (r) andV2A(r). If
the potentialsv (r) andA(r) arereal andinversionsymmet-
ric, these terms lead only to real contributions under
Rdi ...] in Eq. (34) andthereforedo not producedichro-
ism.If v(r) andA(r) breakinversionsymmetryor arecom-
plex, dichroism already arises from the zero-orderwave
functions[in the caseof v(r)] or from the matrix elements

of A in Egs. (37)—(40). In this case,the Darwin termsare
small additional correctionswhich do not breakany further
symmetries Hence,the Darwin termsthemselvesare not a
sourceof dichroism.A similar argumentappliesto the nA2

couplingof the externalvectorpotentialto thedensity. These
conclusionshad beenanticipated,in discussingthe relevant
perturbationselow Eqg. (21).
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A numberof further criteria canbe found from the vari-
ous ingredientsof Eq. (34). Sincethe minimum value the

unperturbecenergiecantakeis A, it follows from the argu-
mentsof the § function that thereis an absorptionedgeat

hw=2A. This edgeis a consequenc®f the fact that we
limited ourselvesto the consideratiorof pair-breakingpro-
cesseskor sufficiently low temperaturesywhere pair break-
ing is the only absorptionprocesswe thushave

Existence criterium 4. At low temperatureghereis no
dichroismfor frequenciedelow the absorptionedge.

The SOCand ASOC mechanismsequirethe presencef
gradientsof the lattice- and pair potentials.However, not
every gradientproducedichroism.In both caseswve havea
term of the form

[ i(ryxv],=20 2 MO 7 g

wheref(r) isv(r) or A(r), respectivelyObviously,thegra-
dientsin the z direction, i.e., the direction of the magnetic
field andthe incidentlight, do not enter.This leadsto

Existence criterium 5: In the polar geometry(B|q) di-
chroismarisesentirely from the lateral (in-plane inhomoge-
neity, not from the perpendiculainhomogeneity.

This observations particularlyrelevantfor surfacegeom-
etries.As long aslight incidenceand magneticfield are per-
pendicularto the surfacethe surfacegradientshemselvesio
not producedichroismdueto mechanismd or 2 (SOCand
ASOC), only the muchsmallerlateralgradientsdo. Mecha-
nism 4b (brokeninversionsymmetry, on the other hand,is
operativeat surfacesas inversion symmetryis necessarily
broken. However, as mentionedabove, this mechanismis
expectedo yield only a very small contribution,aslong as
inversionsymmetryis not brokenin the bulk of the material
aswell.

Finally, we note that all the energiesin Eq. (34) are un-
perturbedenergies.The stationaryperturbationsenter only
throughtheir effect on the wavefunctions,asdeterminecby
Eqgs.(7) and(8). Thereasorfor thisis thatin calculatingA P
to first orderin the perturbationsthe coefficientof the terms
containingthe energyshift is, of course the differenceof the
zero-order matrix elementsThis difference,specifiedin Eq.
(33), is zero. Thusthesecontributionsvanishidentically. In
secondorderin the stationaryperturbationghe energyshifts
reappearThis givesus

Existence criterium 6: For sufficiently small perturbations
(such that a first-order treatmentis justified) perturbations
leavingthe zero-ordemavefunctionsunchangedio not give
rise to dichroism.

This existencecriterium also providesa different point of
view of the above discussedfact that the Zeeman(m-B)
coupling of a constantmagneticfield to the electronspins
doesnot producedichroismwithout the simultaneouspres-
enceof SOC,while thej-A couplingdoes:Namely, unlike
the coupling to the orbital currents,the Zeemanterm alone
doesnot changethe form of the wave functions.

3. The normal-state limit

In the normalstate the pair potentialA(r) vanishedden-
tically. Thereforethe matrix elementof the ASOCtermand
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of A are zero, while C?n, is unaffected.The transitionwe
consideris from an occupiedstaten’ (which in the normal
statelies below the Fermi surface to an unoccupiedstaten
(lying abovethe Fermi surfacein the normal statg. In the
particle-hole conventionthe energiesof statesbelow the
Fermisurfaceareinterpretedashole energiesandtakento be
positive. It is only the quantumnumbern which distin-
guishesbetweenoccupiedand unoccupiedstates.

Using this convention,the A—0 limit of the coherence
factors can be evaluatedstraightforwardly. Explicitly we
have

p(n,n")=uUpvn —vpUpy

|
N -
—
[ERN
|
I'I'Ilm
=} p=l
S
N -
e
[ERN
|
I'I'I|:m
N

—1. (54)
Similarly we find
’ 1if |m) is aboveer
p(m.n)— 0 if |m) is below e¢’ 69
I , 0 if |m) is aboveer
(mnH— 1if |m) is below e . 56)
As A—0, Eq. (34) thereforebecomes
WezEg
APN=——3 f(—€no) {(— €n) 8 €not €nig—fiw)
M~ nn’o
hnm _ hna
x> ReCh, —"—+Cp, ——|. (57)
m €~ €n €nt€en

Similar to the superconductingase,the secondtermin the
sumon m representghe contributionof the single-particle
statedelowthe Fermisurface while thefirst termrepresents
that of statesaboveit. This formula describeglichroismdue
to the creation of particle-hole excitationsin the normal
metal.lt is readily verified thatthe sameresultis obtainedin
a normal-statecalculation:if the unperturbedHamiltonianis
takento be Eq. (4), simple first-order perturbationtheory
leadsto Eq. (57). The A—0 limit of our formula thus cor-
rectly reproduceghe correspondingiormal-stateesult. Re-
sultsfor nonsuperconductingnaterialswhich areof thetype
of Eq. (57), were derived previously by several
authors’s:4,40,48,49

Many of the above-mentionedonclusionsaboutmecha-
nismsandexistencecriteriaarevalid alsoin the normalstate
(wherethey aremostly well known). We just mentiona few:
(i) Thereis no effectto zero orderin the stationarypertur-
bations,evenin the presenceof polarizedlight andZeeman
splitting. (ii) The constraintson the geometryof the experi-
mentarethe same (iii ) SOCalone,without Zeemarsplitting
of the energiesdoesnot lead to dichroism.(iv) The argu-
mentthat the Darwin term andthe A2 term do not, on their
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own, produce dichroism, remains valid. (v) The above-
mentionedresultthatthe effectarisesto first orderonly from
the changeof the wavefunctionsdueto the perturbationand
not from the changein the energiesstill holds. (In higher-
order perturbationtheory, of course,the energyshifts reap-
pear) Conclusions(i)—(iv) arewell known in the theory of
dichroismin normal and magneticallyorderedmetals, but
areusuallyarrived at usingmore complicatedmethods.The
dominanceof the changeof the wave function over that of
the energied conclusion(v)] was noted by severalauthors,
who arrivedat this or very similar conclusionsn avariety of

Waysf10,48,59—52

II1. MODEL CALCULATIONS
A. A modédl for the SOC mechanism

After discussinggeneralconsequencesf the resultswe
now turn to their approximatenumericalevaluation.A full
evaluationof Eq. (34) requiresself-consistentsolutions of
the SBAGEin the presencef magneticfields andremainsa
projectfor the future. Herewe only look for a simple model
which illustratesthe main physicalaspectof the theory. To
this endwe specializeto mechanisiml.

By imposinga numberof physicalconditionson the su-
perconductounderstudy we can makesurethat the contri-
butionsof the remainingmechanismsresmall. Mechanisms
(2) and (4) do not contributeif the pair potentialis real and
spatially constantj.e., for order parameter®f the type con-
sideredin the original BCS model. Moreover,in materials
with heavyelements(high atomic numberZ) in the lattice,
the SOC (which increasesroughly as Z*) is strongly en-
hancedascomparedo low Z materials.

For superconductorsvith constant pair potential and
heavy elementsin the lattice, in sufficiently weak external
fields, we canthereforelimit ourselvesfor the purposeof a
model calculation,to the SOC mechanism(1). We thusne-
glectthe matrix elementgor the othermechanismandkeep
only

hg?: oM pmlv] (58

with

Munlv]:= (n|[Vv><V]Z|m) (59

4im?3c?

in the equations(In this sectionwe setf=1.) The various
coherencdactorscanall be expressedn termsof the func-

tion
A \/| € \/ ’
p(E,E ).— = 1+ — - 1+—’

1 € 1 €'

-\/=l1-= - 1-—/, (60
2 E 2 E’

which in the respectiveenergyintervalsreducesto the ap-
propriatecoherencdactors.e is definedthrough

€= JEP=R2

(61)
Finally, we define
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F(E,E',H):=f(—E)f(—E))—f(—E)f(—E}).
(62

By introducingthe densityof statesN(E), in the supercon-
ductingstate(SDOS, we canconvertthe sumsin Eq. (46) in
integrals.Oneof theintegralscanimmediatelybe performed
dueto the § function. Utilizing the abovedefinedquantities,
Eq. (46) is written as

7T€2E(2)
AP=0(w—2A)(CM)¢

m2w
w—A
><J' dE,
A

—A %
f dE2+f dE,
— A

Xp(E;,w—E1)p(E1,Ex)p(Ez,0—Ey)
XN(E1)N(Ex)N(0—E,),

F(El,w—El,H)
Ei—E;

(63

wherethe E; integrationarisesfrom the sumon n andtheE,
integrationfrom the sumon m. The signatureof supercon-
ductivity in this equationis the appearancef the coherence
functions and the SDOS. The matrix elementsM,,, and
Cr1.,, on the other hand, are normal-state matrix elements.
We have approximatedheseby their average{CM )¢ over
the Fermi surface.Since superconductivityhappensessen-
tially within a few meV aroundthe Fermi surface,this is a
very reasonablapproximationThe aboveprocedurehasthe
advantagehat the remainingtwo integralscan be evaluated
numerically,oncea modelfor the SDOSis chosenBy form-
ing theratio of the superconductingesultto its normal-state
limit,

APS AP
APN" limy AP’

(64)

the averagematrix elementscanceland we obtain a direct
measurefor the interplay betweenthe superconductingo-

herenceand spin-orbit coupling. The samestrategyis also
appliedin a large numberof similar model calculationsfor

other propertiesof superconductorss.g.,for the absorption
of sound®®*! the nuclear-spirrelaxationrate>® the thermal
conductivity>* the spin susceptibility>® the absorptiorof un-

polarizedlight,®! etc.

B. Qualitative analysis of the SOC mechanism

The simple form of Eqg. (63) allows us to draw some
further conclusionsaboutthe natureof SOC-inducedichro-
ism in superconductorshefore proceedingto its numerical
evaluation.Closeto T=0 we canreplacethe pair potential
A(T) by its zero-temperaturealue A(0), and the Fermi
functionsin F(E,,»— E,H) by stepfunctions,accordingio
f(—Eng)=f(—E,—ougH)—0O(E,+ougH). These step
functionsimposerestrictionson the integrationlimits of the
E, integral,which cansymbolically be written as
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w—A
J dElF(Elaw_ElyH)"'
A

Minfo—A,w—ugH] w—A
_>f dEl..._f dE,- -
A Max[A, ugH]

(65)

In the (usua) casethat ugH <A we immediatelyseethatthe
two integralson the right-handside of Eq. (65) canceleach
otherexactly.If ugH exceedsA thereis no suchcancella-
tion. Thereis thusno SOC-induceddichroismin supercon-
ductorsat T=0, unlessthe magneticfield is of the order of
magnitudeof the energygap. Physically,this canbe under-
stoodasfollows: at T=0 all electronsarecondensedh pairs
with net spin zero. The systemis thus not spin polarized,
evenfor finite magneticfields. In this casethe symmetryin
spin spaceis not brokenand henceSOC cannotinducebro-
ken chiral symmetry.Hence,no dichroismresults.A more
generalviewpoint is that time-reversalinvariancemust be
brokento havedichroismfrom the SOC mechanismSince,
by construction,the ground stateof a superconductoat T
=0 consistsof pairs of mutually time-conjugatestatesit is
invariantundertime reversal,evenin the presenceof finite
fields, so that no dichroismcanarise.If, on the otherhand,
the magneticfield is strongenoughto break Cooperpairs
paramagneticallythere exist unpairedelectronsevenat T
=0. In this caseone finds a finite spin polarization(i.e., a
ground-statebreakingtime reversal at T=0 and dichroism
results.Thus,for T=0 and ugH <A thereis no dichroism,
while for T=0 and ugH=A thereis a finite amount of
dichroism,in accordancavith the aboveanalyticalfindings.
This is a direct manifestatiorof paramagnetipair breaking,
a phenomenorwhich is hardto observeexperimentallyby
other means.Of course,the details of the phasetransition
inducedby paramagnetigair breakingcannotbe described
with our simple model for the unperturbedsuperconductor
and our approximatetreatmentof the matrix elements.In
particular, real superconductorsglisplay paramagnetidimit-
ing alreadyatH = A/+/2 andnotatH = A .*° Thefactorof 2
follows from a comparisorof total ground-statenergiesand
is not containedn our single-particlemodel. The merefact,
however,that thereis no spin-orbit-induceddichroismat T
=0 until thefield is of the orderof magnitudeof the gap,is
a very definite consequencef our results.

Interestingly if we performthe correspondingnalysisfor
the orbital currentmechanisn(3), we find thatthe two inte-
gralsin Eq. (65) arenot subtractedbut added henceleading
to afinite resultevenfor T=0 andugH<<A. Physically,this
canbeinterpretedby noting that eventhe smallestmagnetic
field givesrise to orbital currentsin the superconductome-
gardlessof temperatureThe difference between the orbital
and the spin response of a superconductor thus has a deci-
sive influence on the low-temperature behavior of dichroism
in superconductors.

We now return to the caseof finite temperatureand in-
vestigatethe behaviorof AP asafunctionof the (externalor
interna) magnetic field. The field enters only through
F(E,E’,H), which can be expandedfor sufficiently small
H, aboutH=0. Onefinds
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APaH[f'(—=E)f(E-w)—f'(E- )f(—E)]+O(H?),
(66)

wheref’(E) standsfor the derivativeof the Fermifunction.
Hence,for small fields, AP, andthe imaginary part of the
off-diagonal elementsof the conductivity tensorfor super-
conductors,are linear functions of H. The absenceof the
zero-orderterm meansthat the SOC mechanismalone will
not give riseto dichroismwithout magnetidields. Thisis the
sameconclusionwe alreadyarrivedat in Sec.ll C 1 by fol-
lowing a somewhadifferentline of reasoning.

C. A BCS superconductor in the Meissner phase

Now we turn to the numericalevaluationof Eq. (63). For
this purposewe have to assumea particular form for the
SDOS.The simplestchoice,the BCS form

E

Ngcs(E) =Ny Syl (67)
whereNy, is the DOS of the normalmetal,leadsto unphysi-
cal singularitiesat E=A. In everyreal superconductothese
singularitiesare smoothedby a large numberof processes,
suchas gap anisotropy,residualinteractionswith phonons,
strong-couplingeffects,inelastic scatteringfrom impurities,
etc3953°65/Many parametrizationsf the SDOSwhich take
these effects into account have been suggestedin the
literature?:53:56-58

In the following, we modelthe SDOSin a way similar to
that of Hebeland Slichterin their seminalwork on NMR in
superconductors®"%8 The SDOSis written as a weighted
averageover the BCS-DOS,

+
N(E):=Re dE'Ngc E")W(E,E’). (68)
Theweightingfunctionw(E,E") cantakea variety of forms,
butin the caseof NMR experimentn BCS superconduct-
orsthe simple squareform

w(E,E")= %@(E’—(E— 8))O((E+8)—E"), (69

which makesw constantfor E’ betweenE— & and E+ 6,

and zero everywhereelse, already leads to quantitative
agreementwith experiments®°%% The broadening s is

typically chosento be §~0.1A(T). Equations(68) and (69)

convertthe singularityinto a peak.In the caseof NMR this

peak,in conjunctionwith the coherencdactors,givesriseto

the well-known Hebel-Slichterpeakin the nuclear-spinre-

laxation rate395357-%8The form, Egs. (68) and (69), of the

SDOScanbe physically justified in termsof the anisotropy
of the gap>3°%®8 but for the presentpurposeit canalsobe
regardedas just a simple phenomenologicamodel. Apart
from this simple form we also consideredseveralmore so-
phisticatedexpressiondor the SDOS, but it turnedout that
its detailedform doesnot qualitatively (and quantitatively
only up to within 5-10%) affect our results,aslong asthe
singularity is smoothedout in whateverfashion. We have
thereforechosernto work with Egs.(68) and(69) for numeri-
cal simplicity.
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In orderto investigatedichroismasa function of tempera-
ture, we alsoneedto specifythe temperaturalependencef
the pair potential.For BCS superconductorthis is found by
interpolatingbetweentwo analyticallyknown limiting cases.
Closeto T=0 we usetheformuladerivedin Ref.59in terms
of Besselfunctions, while closeto T=T, we employ the
parametrizatiorof Ref. 56 which very closeto T=T, re-
ducesto the standardBCS squareroot form. (More details
canbe foundin thesereferences.

In the actualcalculationwe needto assignphysicallyrea-
sonablevaluesto the parameterenteringEq. (63). For the
zero-temperatur@air potential we choosea value of A(T
=0)=1 meV. Assuminga BCS-typerelation betweenthe
pair potentialat T=0 andthe critical temperaturehis leads
to T.=6.6 K, which is closeto that of Pb. The normal-state
DOS (NDOS) is assumedo be constantbetween—0.3 and
+0.3 eV and zero everywhereelse. This correspondgo a
square-shapedDOS centeredaroundthe Fermienergy.The
absolutevalueof the NDOS doesnot enterbecausdt cancels
when forming the ratio (64). Of course,all thesenumbers
canbe modified easily, without changingany of our conclu-
sionsin an essentialway.

The assumptionsnadeand the numericalvalueschosen,
specifythe superconductounderconsideratiorio bea BCS-
type s-wavesuperconductoin the Meissnemphase Thusthe
dichroismwe discussin the following is inducedin the re-
gion wherethe magneticfield penetratesThe morethis su-
perconductors typell (i.e.,thelargertheratio of penetration
depthto coherencdength, the larger is the region of the
samplewhere the magneticfield and the order parameter
coexist and dichroism results. We therefore assumethe
modelsuperconductoto be a strongtype-Il superconductor.
[Note that this assumptiondoes not underly the general
theoryleadingto Eq. (34)]. Sinceunderthesecircumstances
the penetratiordepthis muchlargerthanboththe coherence
length and the lattice constant,the light probesthe bulk of
the superconductorAt this point we thereforeneglectany
surface-specifisourcesfor dichroismand use typical bulk
valuesfor the energygap, the SDOS, etc.

In concludingthis sectionwe stressthat our calculations
are meantonly to illustrate the physicsof the SOC mecha-
nism and not to provide quantitativepredictionsfor real su-
perconductorskor the latter purpose a self-consistensolu-
tion of the SBAGEis required.

D. Numerical results

Theintegrationsn Eq. (63) areperformednumerically.In
thefollowing subsectionsve displaythe resultsof thesecal-
culationsas a function of temperaturemagneticfield, and
frequency.

For eachof thesewe first presenthe resultfor a normal
conductor.Although the correspondingcalculationscan be
donefor a normal conductorin a self-consistentand fully
relativistic manner? we perform them using the sameap-
proximationsas discussedabovefor the superconductorin
order to facilitate the comparisonwith the resultsfor the
superconductorStrictly speaking the calculationfor a nor-
mal conductorlosesits meaningbelow T.. However, as
comparedo the superconductotthe responsef the normal
conductordoesnot vary significantly with temperatureln
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FIG. 1. Dichroismin the normal statevs temperaturel. This
andall otherfiguresdisplay only the contributionof SOC-induced
dichroism. The other mechanismsare excludedfrom the calcula-
tion, as discussedn the main text. The numerical valuesof the
parameterspecifyingthe systemare givenin the main text.

any case,it constitutesa convenientnormalization.We dis-
play the resultin arbitrary units, becausehe prefactorsare
determinedby the absolutevaluesof the matrix elements
M,m andCl , andthe NDOS at the Fermi surface noneof
which can be calculatedwithin the simple model of the
presentsection.

We also showthe ratio of the superconductingesultsto
thosefor the normal conductor.Here the matrix elements
cancelandno ambiguityis left. We thenhavea directillus-
tration of thechangen theresponsef the metalto polarized
light dueto the presenceof the superconductingoherence.
This strategy,of course,is standardandwas usedsuccess-
fully in many similar calculationg|cf. the referenceselow
Eq. (64)].

1. Dependence on temperature

Figure 1 showsthat dichroismin the normal conductor
increaseswith decreasingemperatureFigure 2 showsthe
correspondingalculationfor the superconductodivided by
the valuesfor the normal conductor.The calculationswere

40.0
.*
30.0 | Ol
. *
L]
. L ]
L]
L]
Z& .0.
< 200}
@ .
5 o
®
..'
100 }
..
o"...
0.0 e . _sowesessseeses
0.0 2.0 4.0 6.0 8.0

T(Kelvin)

FIG. 2. Dichroismratio vs T at small magneticfields. A strong
coherencepeakis seencloseto T., while near T=0 the curve
approache$.
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FIG. 3. Dichroismratiovs T atlargemagneticfields. Paramag-
netic pair breakingleadsto a finite valueat T=0.

donefor afrequencyof 4.5 meV anda magneticfield of 0.05
T. Figure 3 repeatsFig. 2, but for a magneticfield closeto

the paramagnetidimit of superconductivity(This plot cor-

respondgto a superconductoin which the critical field for

orbital pair breakingH ., is high enoughthat the paramag-
netic limit is actuallyreached.

SinceT.=6.6K, the datapointsbetween6.6 and 8 K are
the samein Figs. 1 and 2. The above statementthat the
responseof the normal conductor does not changevery
much,if comparedvith the superconductingesponseis im-
mediatelyverified.

Clearly, the dominatingfeatureof Fig. 2 is the hugepeak
justbelowT.. Similar peaksin otherobservablesrisefrom
the peakin the SDOS in conjunctionwith the coherence
factors. Thesepeaksare known as Hebel-Slichteror coher-
ence peaks>®*! However, the conventionalHebel-Slichter
peak,as seen,e.g.,in NMR experiments3°"%880ypically
reachesvaluesin the range(1-5), while the peakin Fig. 2
goesup to almost33.

Somepart of this additionalenhancementnay be dueto
the oversimplified approximationsfor the matrix elements,
the NDOS and the SDOS. On the other hand, the approxi-
mationsfor the matrix elementsare the samein the super-
conductorand in the normal conductorand do not lead to
peaksin thelattercase Furthermoregifferentmodelsfor the
SDOSleadto enhancementsf the sameorderof magnitude.

This suggestghat thereis a secondmechanismat work
which is responsiblefor the additionalenhancemenof the
peak.Numerically, this effect arisesfrom the regionsof in-
tegrationin Eq. (63) which are excludeddue to the energy
gapin the superconductout contributeto the integralsfor
the normal conductor.Performinga numericalexperiment,
we can integratethe normal conductorwith the integration
limits of the superconductodt turnsout thatit is mainly the
limits of the inner integration(over E,) which in this case
lead to a strongenhancemenof the normal-conductinge-
sultsaswell.

This effect is independenbf the form of the DOS and
thusnot the sameasthe conventionaHebel-Slichtemecha-
nism. It canbeinterpretedby notingthat, apartfrom produc-
ing the peakin the SDOS,the gapalsoactsasanabsorption
edgewhich is presentin the superconductobut not in the
normal conductor.Experimentsand theoreticalcalculations
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FIG. 4. Dichroismin the normal statevs magneticfield H at
finite temperatureA P risesalmostexactly linearly with H.

for magneticallyordered materialsshow that dichroismis
alwaysgreatlyenhancedearabsorptioredges-? The above
numericalexperimentandthe additionalenhancemenf di-
chroismin superconductorgeenin Fig. 2, indicatethat this
is the casefor superconductoraswell.

We canthusidentify two independentvaysin which di-
chroismin superconductoris enhancedis comparedo the
normalconductor:The pileup in the densityof statesgiving
rise to the Hebel-Slichter-typeenhancemenand the gap it-
self, producingan absorptionedge.Both the original Hebel-
Slichter mechanismand the additional “gap-enhancement”
crucially dependon the existenceof an energygap. For su-
perconductorén which the energygapis zeroon someparts
of the Fermi surface,such as in d-wave superconductors,
they will be stronglyreducedor evennot presentat all.5*

The physicsat low temperaturess very different from
that at higher temperatures.By comparing the low-
temperaturéoehaviorof Figs. 1, 2, and 3 we canverify the
analyticalresultsobtainedin Sec.lll B. In the normal con-
ductorandthe superconductoin the realmof paramagnetic
pair breakingthereis a finite amountof SOC-induceddi-
chroismat T=0, while in the superconductoat lower fields
dichroismis quenchedat T=0.

2. Dependence on the magnetic field

Figure4 displaysthe behaviorof dichroismin the normal
conductorasa function of the magneticfield. In accordance
with the discussionin Sec.lll B it startsfrom zeroatH=0
andrisesalmostlinearly. (For fields about10 timesaslarge
asin the figure a slight deviationfrom linearity is found)
Figure 5 illustratesthat, althoughboth the normal and the
superconductoare approximatelyproportionalto H, their
ratio is not constantThis is dueto the higher-ordertermsin
H. Both figures are for a temperatureof 2.5 K and a fre-
quencyof 4 meV.

Figure6 displaystheratio for the caseof zerotemperature
andvery large magneticfields. All datapointsatH<17.5T
arezero,while abovel7.5T suddenlyfinite valuesshowup.
This reflectsthe paramagnetidimit, asdiscussedbove.In-
deed,H=17.5T correspondso an energyof 1 meV, which
is just the valuechoserfor the pair potentialat T=0. Super-
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FIG. 5. Dichroismratio vs H at finite temperatureThe super-
conductordisplaysa strongervariation with the magneticfield as
comparedo the normalconductor.

conductorswhere the upper critical field is thoughtto be
influencedby paramagnetidimiting are, e.g.%? the heavy-
fermion compoundsJBe,; and CeCuySi,, the Chevrelphase
material Gd, ,PbMa;S;, the A-15 superconductor
Nb; Al 755G &, »5 and thin films of, e.g., Al or Sn%®*While
plausible,this is not supportedby direct experimentalevi-
dence Clearly, undersuchcircumstancegshe observatiorof
dichroismat H~H,, asin Fig. 6, could be decisive.

3. Dependence on frequency

Figure 7 shows AP in a normal conductorversusfre-
guency.At =0 thereis, of course,no dichroismbecause
no transitionscantake place.At higherfrequenciesAP ap-
proachesan almostconstantvalue. This reflectsthe feature-
lessNDOS which was usedin the calculations(namelyits
averagevalue at the Fermi surface.

The correspondingplot for the ratio, Fig. 8, displaysan
absorptioredgeat w=2A. This edgeis dueto our limitation
to pair-breakingprocessesAt low temperaturesvery few
excited quasiparticlesare presentand pair breakingis the
only availablemechanismfor absorption.The inclusion of

30.0 ®
.
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20.0 |
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A
<
~
E
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.
0.0 " —o—o—o—o
12.0 17.0 22.0
H(Tesla)

FIG. 6. Dichroismratio vs H at zerotemperatureA finite-spin
polarizationis not produceduntil the magneticfield is comparable
to the energygap.
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FIG. 7. Dichroismin the normalstatevs frequencyw.

scatteringrom excitations(i.e., brokenpairs is knownfrom
investigationsof the absorptionof unpolarizedlight,®° to
give rise to some additional absorptionbelow the edge,
which doesnot significantly affect the part of the curvedue
to pair breaking.

The shapeof the peakdirectly abovethe edgereflectsthe
behavior of the perturbation,acting on the system,under
time reversal(cf. the discussionn Ref. 30, in particularFig.
2-9). The curvein Fig. 8 is of a mixed type, which reflects
that we have two perturbationsacting on the system:the
spin-orbit coupling, which is evenundertime reversal,and
the magneticfield, which is odd.

Both plots were donefor a temperatureof 3 K (well be-
low the strongpeakseenin Fig. 1) anda (relatively strong
magneticfield of 0.1 T.

IV. EXPERIMENTAL ASPECTS

A numberof experimentalresults on dichroismin the
vortex state of high-temperature superconductorsare
available®>* Below we offer somespeculativaemarkson the
interpretatiorof theseexperiment®n the basisof the present
theory.

First, we notethatthe differenceLHP-RHP,which canbe

5.0

40 ‘e

0.0
0.0

10.0
w(meV)

5.0 15.0
FIG. 8. Dichroismratio vs w. The absorptionedgeat w=2A

hasa mixed type I-1l characterreflectingthe behaviorof the per-
turbationsundertime reversal.
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readoff from Fig. 3 of Ref. 4, displaysa strongenhancement
betweenT~T. and T~T,./2, which is consistentwith our
generalpredictionof enhancedlichroismbelow T .

This differencewastheoreticallyanalyzedon the basisof
the cyclotron motion of the orbital currents circulating
around the vortex core?®® In our framework this corre-
spondgo mechanism3). The orbital mechanisntanbe dis-
tinguished experimentally from the SOC mechanismbe-
causeasexplainedin Sec.lll B, it leadsto afinite valuefor

AP and Im[c}xy] at T=0. By contrast,the SOC-induced
dichroismvanishesat T=0, asdemonstrate@nalyticallyin

Sec.lll B andnumericallyin Sec.lll D 1. Thedataof Ref. 4

do indeedextrapolateto a finite valueat T=0. The present
analysis thus supportsthe assumptionsmade, as to the

mechanisnresponsiblefor the dichroism,in evaluatingthe

above-mentione@xperiments.

Thereareat leasttwo featuresof theseexperimentsvhich
suggestthat the spin-orbit mechanismsre presentas well.
First, the observedlifferenceLHP-RHP displayschangeof
sigre* betweenT=T, and T=0. Sucha behaviorfinds a
natural explanationin the presenceof two distinct mecha-
nismsfor dichroismwhich havea differenttemperatureoe-
havior, but areoperativefor roughly the samevaluesof tem-
peraturemagnetidield, andfrequency This interpretatioris
further supportedby the fact that, in orderto phenomeno-
logically fit their measuredlata,the authorsof Refs.3 and4
hadto assumewo independent.orentzianoscillators.Evi-
dently, coexistencenf the SOCor the ASOC mechanism(1)
and(2), with the orbital mechanism(3), providesa possible
explanationfor theseobservations.

Second,as statedin Ref. 3, the orbital mechanisnalone
doesnot fully explainthe observationdecausdherearein-
dicationsfor “other (electronlike chiral resonances addi-
tion to the simple cyclotronresonance.? Clearly, the spin-
orbit mechanism$&OCandASOC canplay therole of these
electronlikechiral resonances.

In adifferentsetof experiment$™’ spontaneoudichroism
in high-temperaturesuperconductordyoth aboveand below
T., wasobservedto exist at frequenciesnuch higherthan
thoseconsideredn the presentpaper.In view of this differ-
encein frequencyit is unlikely that theseeffects are pro-
ducedby the pair-breakingcontributionto the SOC,ASOC,
or orbital mechanismsliscussedbove.The fact thatdichro-
ism is observedalso above T, points to mechanism5
(normal-statadichroismwhich continuego be presentbelow
T.), in which casethe energyscaleis not setby the energy
gap, but by normal-state parameters. More recent
experimentdindeedsuggesthat this is the correctexplana-
tion.

Although the resultsobtainedin this paperare thus con-
sistentwith all availableexperimentsmore detailedexperi-
mentalandtheoreticalinvestigationsare called for, in order
to identify the variousmechanismsnalyzedn this paperin
an unequivocalway.

The SOC mechanisnmay be easiesto identify in super-
conductorswhich satisfyasmanyof thefollowing criteriaas
possible:(i) heavyatomsin the lattice (this favorsthe con-
ventional SOC, which rises approximatelyas Z%), (ii) no
zerosof the energygap (suchzeroscaneliminatethe coher-
encepeak), (iii) shortcoherencdengthandlargepenetration
depth(to maximizethe regionin which the order parameter
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andthe magnetidfield arepresensimultaneously; (iv) weak
shielding currents(to minimize the influenceof the orbital
mechanism Theseconditions are approximatelysatisfied,
e.g.,by lead.

For the ASOC mechanisnto be observedwve suggesti)
light atomsin the lattice (to minimize the effect of the SOC
term), (ii) large gradientof the pair potential(i.e., large en-
ergy gapandshortcoherencdength), (iii ) alargepenetration
depth, (iv) weak shieldingcurrents,as for the SOC mecha-
nism. It shouldbe stressedhatthe observatiorof the ASOC
mechanisnwould be of generakignificancebecausét could
confirm or reject the form of the relativistic BCS Hamil-
tonianwhich hasbeenproposedbnly recently~™ andis not
yet experimentallyverified.

The pair potentialmechanisn{4) is uniquein thatit does
not dependon the existenceof an (externalor interna) mag-
netic field. The observationof dichroism below T, in the
absenceof suchfields would be a stronghint at mechanism

(4.

V. CONCLUSION AND OUTLOOK

We havepresented perturbativeapproachto the absorp-
tion of polarizedlight in superconductorsSeveraldistinct
mechanismdor dichroismin superconductorsvere identi-
fied andinterpreted Theseare(1) the conventionakpin-orbit
coupling, (2) the anomalousspin-orbit coupling, (3) orbital
currents, (4a) complex order parameters,(4b) inversion
symmetry-breakingrder parametersand (5) a normalstate
which alreadydisplaysdichroism.

Using perturbation theory for the spin-Bogolubow-de
Gennesquationswe deriveda generalformulawhich con-
tainsthe contributionsof all thesemechanismsOn the basis
of this resultseveralanalyticalconclusionsconcerninghese
mechanismsvere drawn. Theseinclude an investigationof
the circumstancesinderwhich the variousmechanismgan
be operativeand an analysisof their behavioras a function
of temperatureand magneticfield.

The importantrole playedby time-reversalsymmetryis
pointed out. While a Cooperpair consistsof two mutually
time conjugatesingle-particlestatesandthe groundstateof a
superconductois thusinvariantundertime reversal several
mechanismdor dichroismrequirethe breakingof this sym-
metry.

For moredetailedillustrationswe havechoserthe mecha-
nism basedon the conventionalspin-orbit coupling because
it is known to be the dominantmechanismin the normal
state.Numerical calculationsfor a simple model supercon-
ductorconfirmthe analyticalresultsand providefirst hints at
experimentakignaturef SOC-inducedlichroismin super-
conductors.

The influence of paramagnetidimiting on dichroism at
low temperaturesnd high fields, unconventionabrder pa-
rametersas a sourcefor dichroism,the quenchingof spin-
orbit-induceddichroismat T=0, and an additionalenhance-
ment of the coherencepeaksare definite predictionsof our
theorywhich can be verified experimentally None of these
phenomenahowup in the absorptiorof unpolarizedight in
superconductorsr in dichroismin the normal state.
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