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A microscopictheoryof dichroismin the magneto-opticapropertiesof superconductors presented.
Four distinct mechanismdor dichroismin superconductorsre identified. Two are modificationsof
mechanism&known from the normal state,and two are novel effectsfound in superconductorsnly.
The theoryis illustratedby numericalcalculationsfor a simple model system. The interplay between
relativistic symmetrybreakingand superconductingoherences found to give rise to a variety of new
effects,not known from dichroismin the normalstate. [S0031-9007(97)03073-1]
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A systemis saidto exhibit dichroismif the absorption
of light depend®nits polarization[1]. Usuallydichroism
occursif time reversalsymmetryis brokenthroughexter-
nal or internal (“exchange”)magneticfields. The former
casecorrespondso the Faradayor Kerr effect, while the
lattercaseis referredto asspontaneoudichroism. In nor-
mal metalsandferromagnetshesephenomendavebeen
the subjectof manytheoreticaland experimentainvesti-
gations[1]. For superconductor®n the otherhand,very
little is known about mechanismsand consequencesf
dichroism. The objective of this Letter is to developa
systematidheoryof dichroismin superconductors.

We usethe Bogoliubow-de GenneqBdG) approacho
inhomogeneousuperconductorgn magneticfields [2],
including relativistic effects [3], and employ perturba-
tion theory to incorporatea variety of potential sources
for dichroism. As a measureof dichroismwe use the
difference,AP = P yp — Prup, in the power absorp-
tion of light with left-handed polarization (LHP) and
right-handedpolarization(RHP). Using first-ordertime-
dependenperturbatiortheory,the absorbedoweris

P = 2% Z lM}ileEfif(Ei)f(_Ef)5(AEf; — hw).

I (1)

whereAEys; = E; — E; is theenergydifferencebetween
final and initial states,and f(E) is the Fermi function.
Note that AP is proportionalto Im[o,,(w)], the imagi-
nary part of the off-diagonalelementsof the conductivity

tensor[1] which governall magneto-opticaphenomena.

Thematrix elementM; in (1) is
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where [ is the 2 X 2 unit matrix. The term in square
bracketsis the vector potential of the external light
sourceexpressedn termsof its electricfield Ey andthe
polarizationvectore. Thelatteris givenby % (1, =i,0)7
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for LHP andRHP, respectively. The unperturbedsystem
is describedy the spin-dependern(four-componentBdG
equation(SBAGE)[2],

hI iy A\ tpe(r) ) Un o (T)
(—i&yA* —5*1><v,,g<r>)_E"”(vmm)' )

HereE,, = E, + ougB, h is the single-particleHamil-
tonian — H‘Z“ + v(r) — u + 6.upB, and A(r) is the
pair potential. u,, andv,, aretwo-componenispinors
with entriesu,,,-(r) andv,,-(r). For spatially constant

pair potentialA, the SBAGEeigenfunctionsare[2]

1 €,
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Unor =0 2 En 76 Pn\l) = OV, 075 @QulI).
5)
Here & = —o and ¢, is a normal-stateeigenfunction.

Of course|jf we usethe solutions(4) and(5) for theinitial
andfinal statesin (1), AP vanishesidentically. Indeed,
asin the normalstate,one obtainsdichroismif in (3) one
includestermswhich breakchiral symmetry,suchasspin-
orbit couplingin the presencef magneticfields.
Recentlythe SBAGEwere generalizedo includerela-
tivistic effectson the single-particlelevel [3]. From this
generalizationthe full form of the spin-orbitoperatorin
superconductorss known to have off-diagonal elements
involving the pair potential,in additionto the well-known
diagonal spin-orbit terms which contain the lattice po-
tential. In the presenceof an external magneticfield
there will also be a coupling of this field to the orbital
currents,in addition to the Zeemancoupling which is
alreadyincludedin (3). In short-coherence-lengtuper-
conductorsthe inhomogeneityof the pair potential will
also be important. We take this into accountby writing
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A(r) = A + A(r), whereA is the averageof A(r) over
oneunit cell andA(r) the deviationfrom this average.

We include theseeffects using stationaryperturbation
theory. The unperturbedsystemis takento be a super-
conductorwith spatially constantair potential,described
by the SBAGE(3). We now employ the first-order sta-
tionary perturbationtheory,with the perturbation

—-LA-p1 Aoy Ji
H, = mc y . +
: ( Aot L(A-p)I)  4m2c?

mc

(- Vv Xp)I

y (o - VA X p)(id,)
[( - VA X p)(idr, )]t

—(o - W XPp)*I
(6)

where A, the vectorpotentialof the staticmagneticfield,
shouldnot be confusedwith that of the light wave. Note
that the first term, of zeroth and first orderin 1/c, de-
scribesthe effectsof normalcurrentsandorderparameter
inhomogeneitieswhile the second,of order1/c?, is due
to spin-orbitcoupling. Thetermwhich appearsasan off-
diagonalelementof the latter will be referredto asthe
“anomalousspin-orbitcoupling” (ASOC) to distinguishit
from the conventionalspin-orbit coupling (SOC), which
appearsasa diagonalelement. Clearly, ASOC is dueto
the combinedeffects of superconductivityand spin-orbit
coupling [3]. The perturbedstatesconstructedrom (3)
and (6) are then used,in a secondstep, as unperturbed
stateswith respecto thetime-dependenperturbation(2).
The sameprocedurewas usedsuccessfullyin studiesof
dichroismin the normal state[1], although,in that case,
only the conventionalSOC and the diamagneticeffects
contribute. In what follows we study absorptiondue to
pair breakingonly, and neglectscatteringfrom unpaired
electrond4]. ForthedifferenceAP in the powerabsorp-
tion, this procedureyields the expressior}5],

0(hw —24) Z p(n,n") f(=Epng)
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whereRe denotegherealpart. Furthermore,
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v, v, arecoherencdactors[4], with the BCSamplitudes,
u, andv,, from (4) and(5). We alsodefined

o h?
Aim2c?

dun = (IIVA X V1.Im) + (nllm),  (8)
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with normal-statematrix elementsof Cartesiancompo-
nents of the momentumoperator. We have used the
particle-holeconventionfor the signsof the energy hence
all sumsarerestrictedto positive energies. An index m

standsfor the time reversedwave function ¢z = ¢,,.

In the nonsuperconductinmit this formulacorrectlyre-
ducesto the correspondingiormal-stateaesult. We now
identify andinterpretfour distinct mechanismsvhich can
give riseto a nonvanishingAP.

Mechanisml.—The conventionalSOC, which enters
(7) through Vv X V, can, just as in normal metals,
produce dichroism, provided that a magnetic field is
present. It follows from (7)—(12) that, in the absenceof
magneticfields, spin-orbitcouplingalonewill not suffice.

Mechanism2.— Anomalous spin-orbit coupling, pro-
ducedby theterm VA X V, too, cangive rise to dichro-
ismif magneticfields arepresent. Interestingly this term
hasa differenttemperaturdoehaviorcomparedo conven-
tional SOC.

Mechanism3.— Orbital currents,producedby A, such
as screeningcurrents,can lead to a finite AP, without
SOC. In normal metalsthis is usually smallerthan the
effectsdueto SOC.

Mechanism#.—Evenin the absencef magneticfields
and SOC, the term containingthe pair potential A(r) is a
possiblesourceof dichroismif A is complex. This makes
dichroisma potentialtool for investigatingunconventional
orderparameters.

Whatall four mechanism$iavein commonis thattime
reversalsymmetryis broken,eitherby magneticfields or
by the pair potential. Mechanismsl and 3, which were
investigatedhoroughlyfor normal metals,are seento be
presentin superconductoras well. However, they are
strongly modified by the superconductingoherencdac-
tors. Mechanisms and4 are specialto superconductors
and not presentat all in the normal state. Thosemecha-
nismswhich require magneticfields in the superconduc-
tor, namely,1, 2, and 3, cannottake placein the bulk of
the materialaslong asit is in the Meissnerphase. They
canbe activein threedifferent situations:(a) at surfaces,
within the penetrationdepth,(b) in the vortex phaseand
(c) in superconductordisplayingthe coexistencef mag-
netismand superconductivity. Mechanismsl and 2 are
of relativistic origin. In particular,mechanisn2 consti-
tutesthe first potentially observableconsequencef the
ASOC term, predictedin [3]. Mechanisms3 and4 were
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previouslynotedandanalyzed6]. The spin-orbitrelated
mechanismsalthoughknown to be dominantin normal
conductorshavenotbeeninvestigatedn superconductors.

In the following, we calculate AP from (7)—(12) for
a simple model. This model describesa superconductor
with spatiallyconstanpair potentialandsufficientlyheavy
elementsn thelatticesothatmechanisni becomeslomi-
nant. In this case we canneglectthe otherthreemecha-
nisms. Wethenproceedn a mannersimilarto theway in
which nuclearmagneticresonancé7] andoptical absorp-
tion [8] aretreatedwithin BCStheory[4]. Thesumsover
indiceslabeledenergyeigenstatesire convertedinto en-
ergy integrals,and the matrix elementsare approximated
by averagesover surfacesof constantenergy and then
takenout of the integrals. As a consequencef (4) and
(5), all thesematrix elementsare normal-statematrix ele-
ments. Thesignatureof superconductivitys, asusual the
presencef the coherencdactors,which remainunderthe
integrals. Formingtheratio of AP in the superconductor
to AP in thenormalconductorAPS /APY , thematrix ele-
mentscancel. We thenassumea densityof stategDOS),
which modelsthe BCS-DOSbut smoothsout the singular-
ity atE = A, usingaproceduresimilarto thatof Hebeland
Slichter[7]. Theintegralscanthenbe performednumeri-
cally. Tobespecific,we considera superconductowith a
T = 0 pair potential A(T = 0) = 1 meV, acritical tem-
peratureof 7. = 6.6 K, nearthatof lead,anda BCS-type
temperaturalependencef the energygap. Thesevalues
andrelationscaneasilybe modified,without changingour
qualitativeconclusions.

In Fig. 1 we plot APS/APY versusthe applied mag-
neticfield. At temperaturesottoo closeto zero,the su-
perconductodisplaysstrongerdichroismthanthe normal
conductor. However,repeatingthe calculationat 7 = 0,
we find no dichroismfor thefieldsin Fig. 1. Thisis phys-
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FIG. 1. Dichroism ratio vs magneticfield at 7 = 3 K for
o = 3 meV, andanenergygapat7 = 0 of 2 meV.

ically reasonabldecauseat T = 0 a magneticfield will
not producespin polarizationin a superconductorsince
all electronsare paired. On the otherhand, it is known
from normal-statecalculationsthat a finite spin magneti-
zationis anecessargonditionfor SOCto producedichro-
ism. An alternativepoint of view is that,at 7 = 0, all
paired electronsoccupy mutually time conjugatestates,
so that the ground stateis invariant undertime reversal.
Breakingthis invariance however is mandatoryfor SOC-
induceddichroism.

In Fig. 2 we keep the field fixed and vary the tem-
perature. Above T, the ratio is unity. Right below T
we find a drasticincreasein dichroismin the supercon-
ductor[9]. This increasecan be tracedback partly to a
Hebel-Slichter-likeeffect, due to a novel combinationof
coherencdactors. However,this mechanismalone can-
not accountfor the sizeof thepeak. A secondamplifying
mechanismis due to the presenceof the superconduct-
ing gap. A spin-dependemgapin the bandstructurecan
strongly enhanceSOC-inducedlichroismbecausein the
presenceof a magneticfield, transitionsacrossthe gap
becomeenergeticallyimpossiblefor somequasiparticles
(QP) of onespindirection,while theyarestill possiblefor
the correspondingQP of the other spin. Becauseof the
SOC, this difference betweentransitionsof spin-up and
spin-downQP resultsin a correspondinglifferencein the
absorptionof polarizedlight, in the sameway asin the
normalstate[1]. Henceanadditionalincreasan dichro-
ismresultsfrom thegap[10]. Both mechanismsogether,
theHebel-Slichteenhancemerandthe gapenhancement,
accountfor the full peakin Fig. 2.

The secondgraphin Fig. 2 is for B closeto A. The
peak below T, is not affectedmuch, but at 7 = 0 the
curveapproacheafinite value. Whenthe Zeemarenergy
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FIG. 2. Dichroismratio vs temperaturdor @ = 4 meV and
B =0.1T (dots)and B = 17.5 T (crosses). T, is at 6.6 K.
Hebel-Slichterand gap enhancemerare seen.
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of the electronspinsis comparabldo the energygap,the
magneticfield can break Cooperpairs paramagnetically.
Once there are unpaired electrons,the magnetic field
immediately producesa net spin magnetization(hence,
breakstime reversalinvariance),and dichroism results.
Interestingly, this effect could lead to a very direct
experimentaldentificationof paramagnetitimiting asthe
causeof the uppercritical field.

In Fig. 3, finally, we display the frequency depen-
denceof the absorption. Thereis an absorptionedgeat
o = 2 meV, which correspondso the energygap. This
edge occurs becausewe consideredonly pair breaking
processefll]. Thebehaviorright abovethe edgeis usu-
ally classifiedphenomenologicallaccordingto the shape
of the peakto be type-l or type-Il [4], a classification
which reflectsthe symmetryundertime reversalof the
perturbation(type-I: odd;type-II: even). The shapeof the
peakin Fig. 3 is of a mixed type, reflectingthe fact that
our modelcontainstwo perturbationsthe electron-photon
interactionHamiltonian (which is odd undertime rever-
sal)andthe SOC(which is even).

The various plots demonstratéhat evenin the simple
model many characteristicof the physicsof dichroism
and of superconductivitycanbe found. The quantitative
detailsdependpf courseon the parametersf the model.
However, we believe that the qualitative behavior is
generic,and constitutesa definite signatureof the SOC
mechanism. For experimentainvestigationsof the SOC
mechanisnwe suggesPb becauséts materialparameters
are similar to thoseusedin our model calculationsand
its high atomic numberof 82 implies strong spin-orbit
coupling.

We end this Letter by noting that dichroism in the
far-infrared absorption by YBa,;Caz0;-5 films has
beenstudiedexperimentallyby Wu etal. [12] and Lihn
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FIG. 3. Dichroism ratio vs frequencyat T = 3 K and for

B = 0.1 T. A mixedtype-I-type-ll absorptionedgeat the gap
energyof 2 meV is present.
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etal. [13]. Our model calculationsare not directly ap-
plicableto theseexperimentsvhich, at low temperatures,
appearto probe the orbital currentsin the vortex state
[12,13]. Evidently, to explain these,we would haveto
invoke our mechanisn8, which involvesorbital currents.
It follows from Eq. (7) thatlimr_o Im[ &, ] is finite for
the orbital mechanismwhile, as demonstratedbove, it
is zerofor the SOC mechanism. This supportsthe claim
of Wu et al. thatthey are seeingcyclotronresonancebe-
causetheir resultsdo indeedextrapolateto a finite value
at T = 0. Furthermorethe analysisof the experiments
suggestghat orbital currentsalonedo not provide a full
explanationof the dataand leadsto the conclusionthat
there may be some missing “chiral resonances|13] at
work. Evidently, our spin-orbiteffects,SOCandASOC,
couldplay therole of suchresonances.
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