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�
A microscopictheoryof dichroismin the magneto-opticalpropertiesof superconductorsis presented.

Four distinct mechanismsfor dichroism in superconductorsare identified. Two are modificationsof
mechanismsknown from the normal state,and two are novel effects found in superconductorsonly.
The
�

theory is illustratedby numericalcalculationsfor a simple model system. The interplaybetween
relativistic symmetrybreakingandsuperconductingcoherenceis 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 said to exhibit dichroismif the absorption
of� light dependson its polarization[1]. Usuallydichroism
occurs� if time reversalsymmetryis brokenthroughexter-
nal or internal(“exchange”)magneticfields. The former
case	 correspondsto the Faradayor Kerr effect,while the
latter



caseis referredto asspontaneousdichroism. In nor-
mal� metalsandferromagnetsthesephenomenahavebeen
the
�

subjectof many theoreticalandexperimentalinvesti-
gations
 [1]. For superconductors,on theotherhand,very
little



is known about mechanismsand consequencesof
dichroism.
�

The objective of this Letter is to developa
systematictheoryof dichroismin superconductors.

We
�

usetheBogoliubov–de Gennes(BdG) approachto
inhomogeneoussuperconductorsin magneticfields [2],
including relativistic effects [3], and employ perturba-
tion
�

theory to incorporatea variety of potential sources
for dichroism. As a measureof dichroism we use the
difference,
� ��������������� �"!$#�%

, in the power absorp-
tion
�

of light with left-handedpolarization (LHP) and
right-handed& polarization(RHP). Using first-ordertime-
dependent
�

perturbationtheory,theabsorbedpoweris')(+*-,./ 021 354 6879;:=< >2?A@CB;DFEAGFH"IKJMLONQPSRCT2UQVXWMYAZC[;\^]`_aXbdcfe
(1)
�

whereg hAiCjlkAm�nCoqpsr"t isu theenergydifferencebetween
final and initial states,and v�wFxzy is the Fermi function.
Note
{

that |A} is proportionalto ~����M���=�����d�M� , the imagi-
nary part of theoff-diagonalelementsof the conductivity
tensor
�

[1] which governall magneto-opticalphenomena.
Thematrix element���;� in (1) is
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�

whereg Ë is the ÌÎÍ Ï unitÐ matrix. The term in square
brackets
Ñ

is the vector potential of the external light
source,expressedin termsof its electricfield ÒCÓ andÔ the
polarizationÕ vector Ö . Thelatteris givenby ×Ø Ù�ÚÜÛ2ÝßÞ5àâáÜã2äÃå

for LHP andRHP,respectively. Theunperturbedsystem
is describedby thespin-dependent(four-component)BdG
equationæ (SBdGE)[2],çè-é ê�ëì�í$îï5ð�ñò�óõôzö ÷ùøúfûÃü ý�þ ÿ ��������
	���
�� ������� ���
�

�����
���
�� �!�" # (3)

�
Here $�%
&('*)�+-,�.0/2143 , 56 is thesingle-particleHamil-
tonian
� 798:<;>=@?ACBED*FHG�I�JLK*MONQPRTSVU2WYX , and Z\[�]�^ is the
pairÕ potential. _a`�b andÔ c�d
e areÔ two-componentspinors
withg entries fag�hji�k�l�m andÔ n�o
pjq@r>sVt . For spatially constant
pairÕ potential uv , theSBdGEeigenfunctionsare[2]

wax�yjza{>|V}0~ �� ���������� �T�j���\�����������T���V���j���\�j���� �¡
(4)
¢
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¢

Here
Ñ ÒÓ�ÔÖÕ0× andØ Ù\Ú is

Û
a normal-stateeigenfunction.

Of
Ü

course,if we usethesolutions(4) and(5) for theinitial
andØ final statesin (1), Ý2Þ vanishesß identically. Indeed,
asØ in thenormalstate,oneobtainsdichroismif in (3) one
includestermswhich breakchiral symmetry,suchasspin-
orbità couplingin thepresenceof magneticfields.

Recentlythe SBdGEweregeneralizedto include rela-
tivistic
á

effectson the single-particlelevel [3]. From this
generalization,â the full form of the spin-orbit operatorin
superconductorsis known to haveoff-diagonalelements
involving thepair potential,in additionto thewell-known
diagonal
ã

spin-orbit terms which contain the lattice po-
tential.
á

In the presenceof an external magnetic field
there
á

will also be a coupling of this field to the orbital
currents,ä in addition to the Zeemancoupling which is
alreadyØ includedin (3). In short-coherence-lengthsuper-
conductors,ä the inhomogeneityof the pair potentialwill
alsoØ be important. We take this into accountby writing

0031
å

-9007æ 97
ç è

78(19)
é ê

3753(4)
ë

$10.00 © 1997 TheAmericanPhysicalSociety 3753



V
ì

OLUME 78,
é

NUMBER 19 P HY S I CA L REV I E W L E T T ER S 12 MAY 1997

í\î>ïVð0ñóòô®õ÷öø\ù�ú�û
, where üý is

Û
the averageof þ\ÿ�� � overà

oneà unit cell and ������
	 the
á

deviationfrom this average.
We
�

include theseeffectsusing stationaryperturbation
theory.
á

The unperturbedsystemis takento be a super-
conductorä with spatiallyconstantpair potential,described
by
�

the SBdGE(3). We now employ the first-ordersta-
tionary
á

perturbationtheory,with theperturbation


���� ��������������� � �!#"%$&('*)+,.-0/#1324650798 :;�<>=�?A@�BC6DFEHG I
JKL%MON%PRQ
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(6)
¢

where� � , the vectorpotentialof the staticmagneticfield,
shouldnot beconfusedwith that of the light wave. Note
that
á

the first term, of zeroth and first order in � �%¡ , de-
scribestheeffectsof normalcurrentsandorderparameter
inhomogeneities,while the second,of order ¢¤£3¥R¦ , is due
to
á

spin-orbitcoupling. Thetermwhich appearsasanoff-
diagonal
ã

elementof the latter will be referredto as the
“anomalousspin-orbitcoupling” (ASOC) to distinguishit
from
§

the conventionalspin-orbit coupling (SOC), which
appearsØ asa diagonalelement. Clearly, ASOC is dueto
the
á

combinedeffectsof superconductivityand spin-orbit
couplingä [3]. The perturbedstatesconstructedfrom (3)
andØ (6) are then used,in a secondstep,as unperturbed¨
stateswith respectto the time-dependentperturbation(2).
The sameprocedurewas usedsuccessfullyin studiesof
dichroism
ã

in the normal state[1], although,in that case,
onlyà the conventionalSOC and the diamagneticeffects
contribute.ä In what follows we study absorptiondue to
pair© breakingonly, and neglectscatteringfrom unpaired
electronsª [4]. For thedifference«­¬ in thepowerabsorp-
tion,
á

this procedureyields theexpression[5],

®­¯±°�²�³R´.µ·¶j¸�¹»º½¼R¾�¿­ÀÁÂOÃ%Ä ÅhÆwÇÈÊÉÌËÎÍÐÏ>Ñ
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where� M�N denotes
ã

the realpart. Furthermore,OIPQ.RTSVUXWYUXZ\[ W Z]^]�_a`cbed\f\gih fjlkm�npo\qsrXt\uwv"xzy{l|}
~a�\���\�z�l� � ���l����

����.�����c�e�\�\�w�Y�������¡ X¢� c£¥¤ ¢§¦¨©lª«�¬a­\®s¯�°¥±w²e³´¥µ¶l·¸
¹aº\»�¼c½¥¾l¿ À ÁÂÃ�ÄÅ(Æ

andØ ÇÉÈËÊÍÌÏÎ�ÐÒÑÔÓ�ÕXÖs×�ØÚÙÜÛaÝ\Þ�ßcÞÚà andØ á3â�ãÍäÏå�æÒçÔè�écê�écêÚëÜì
í\îsï\ð"ñ areØ coherencefactors[4], with theBCSamplitudes,òXó andØ ô�õ , from (4) and(5). We alsodefined

öi÷ øùlúûýü þ
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�����	��
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+,	- .#/10 (8)
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(10)
£

¤1¥7¦9§¨E¨ª©¬«®­5¯9°±E±�² (11)
£

and³
´�µ¶9¶¸·º¹¼»¾½À¿ÀÁÃÂÄÅÄ¸ÆÇ�ÈNÉ¾ÊË¸ÌÍ ÎÐÏÃÑÒÓÒ7ÔÕ�ÖN×¾ØÙ¸ÚÛÝÜ (12)

£
withÞ normal-statematrix elementsof Cartesiancompo-
nents of the momentumoperator. We have used the
particle-holeß conventionfor thesignsof theenergy,hence
all³ sumsare restrictedto positive energies. An index àá
standsfor the time reversedwave function â`ãäæå�ç�è	éê .
In thenonsuperconductinglimit this formulacorrectlyre-
duces
ë

to the correspondingnormal-stateresult. We now
identify andinterpretfour distinctmechanismswhich can
giveì rise to a nonvanishingíïî .

Mechanism
ð

1.—The conventionalSOC, which enters
(7)
ñ

through ò�óõôÐò , can, just as in normal metals,
produceß dichroism, provided that a magnetic field is
present.ß It follows from (7)–(12) that, in the absenceof
magneticö fields,spin-orbitcouplingalonewill not suffice.

Mechanism2.—Anomalousspin-orbit coupling, pro-
duced
÷

by the term ø�ù�ú�ø , too, cangive rise to dichro-
ism if magneticfieldsarepresent. Interestingly,this term
hasa different temperaturebehaviorcomparedto conven-
tional
û

SOC.
Mechanism3.—Orbital currents,producedby ü , such

asý screeningcurrents,can lead to a finite þïÿ , without
SOC.
�

In normal metalsthis is usually smaller than the
effects� dueto SOC.

Mechanism
ð

4.—Evenin theabsenceof magneticfields
andý SOC,the term containingthe pair potential

������	�
is



a
possibleß sourceof dichroismif �� is



complex. This makes

dichroism
÷

apotentialtool for investigatingunconventional
order
 parameters.

What
�

all four mechanismshavein commonis that time
reversal� symmetryis broken,eitherby magneticfields or
by
�

the pair potential. Mechanisms1 and 3, which were
investigatedthoroughlyfor normalmetals,areseento be
presentß in superconductorsas well. However, they are
stronglymodified by the superconductingcoherencefac-
tors.
û

Mechanisms2 and4 arespecialto superconductors
andý not presentat all in the normalstate. Thosemecha-
nisms� which requiremagneticfields in the superconduc-
tor,
û

namely,1, 2, and3, cannottakeplacein the bulk of
the
û

materialaslong asit is in the Meissnerphase. They
can� be active in threedifferent situations:(a) at surfaces,
withinÞ the penetrationdepth,(b) in the vortex phase,and
(c)
ñ

in superconductorsdisplayingthecoexistenceof mag-
netism� and superconductivity. Mechanisms1 and 2 are
of
 relativistic origin. In particular,mechanism2 consti-
tutes
û

the first potentially observableconsequenceof the
ASOC term,predictedin [3]. Mechanisms3 and4 were
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previouslyß notedandanalyzed[6]. Thespin-orbitrelated
mechanisms,ö althoughknown to be dominantin normal
conductors,� havenotbeeninvestigatedin superconductors.

In
�

the following, we calculate ��� from
�

(7)–(12) for
aý simplemodel. This model describesa superconductor
withÞ spatiallyconstantpairpotentialandsufficientlyheavy
elements� in thelatticesothatmechanism1 becomesdomi-
nant. In this case,we canneglectthe otherthreemecha-
nisms. We thenproceedin a mannersimilar to theway in
whichÞ nuclearmagneticresonance[7] andopticalabsorp-
tion
û

[8] aretreatedwithin BCStheory[4]. Thesumsover
indiceslabeledenergyeigenstatesare convertedinto en-
ergy� integrals,and the matrix elementsareapproximated
by
�

averagesover surfacesof constantenergy and then
taken
û

out of the integrals. As a consequenceof (4) and
(5),
ñ

all thesematrix elementsarenormal-state� matrixö ele-
ments.ö Thesignatureof superconductivityis, asusual,the
presenceß of thecoherencefactors,which remainunderthe
integrals.



Formingtheratio of ��� in



thesuperconductor
to
û ���

in



thenormalconductor,�! #"%$'&!(�) , thematrixele-
mentscancel. We thenassumea densityof states(DOS),
whichÞ modelstheBCS-DOSbutsmoothsout thesingular-
ity at *,+.- , usingaproceduresimilarto thatof Hebeland
Slichter
�

[7]. Theintegralscanthenbeperformednumeri-
cally.� To bespecific,weconsiderasuperconductorwith a/1032

pairß potential 4�57698;:	<#=?>#@BA	C , a critical tem-
peratureß of DFEHGJILK INM , nearthatof lead,anda BCS-type
temperature
û

dependenceof the energygap. Thesevalues
andý relationscaneasilybemodified,without changingour
qualitativeO conclusions.

In
�

Fig. 1 we plot P�Q#R%S%T�U!V versusW the appliedmag-
netic� field. At temperaturesnot too closeto zero,thesu-
perconductorß displaysstrongerdichroismthanthenormal
conductor.� However,repeatingthe calculationat X9YJZ ,
weÞ find no dichroismfor thefieldsin Fig. 1. This is phys-

FIG. 1. Dichroism ratio vs magnetic field at []\_^#` foracb_d#e#fhg ,i andan energygapat j]k_l ofm n#o#prq .s

ically reasonablebecauseat tvu3w aý magneticfield will
not� producespin polarizationin a superconductor,since
allý electronsare paired. On the other hand,it is known
from
�

normal-statecalculationsthat a finite spin magneti-
zationx is anecessaryconditionfor SOCto producedichro-
ism.



An alternativepoint of view is that, at yvz3{ , all
pairedß electronsoccupy mutually time conjugatestates,
so that the groundstateis invariant undertime reversal.
Breakingthis invariance,however,is mandatoryfor SOC-
induceddichroism.

In Fig. 2 we keep the field fixed and vary the tem-
perature.ß Above |F} the

û
ratio is unity. Right below ~F�

weÞ find a drastic increasein dichroismin the supercon-
ductor
÷

[9]. This increasecan be tracedback partly to a
Hebel-Slichter-like
�

effect, due to a novel combinationof
coherence� factors. However,this mechanismalonecan-
not� accountfor thesizeof thepeak. A secondamplifying
mechanismö is due to the presenceof the superconduct-
ing



gap. A spin-dependentgapin the bandstructurecan
stronglyenhanceSOC-induceddichroismbecause,in the
presenceß of a magneticfield, transitionsacrossthe gap
become
�

energeticallyimpossiblefor somequasiparticles
(QP)
ñ

of onespindirection,while theyarestill possiblefor
the
û

correspondingQP of the other spin. Becauseof the
SOC,
�

this differencebetweentransitionsof spin-up and
spin-downQPresultsin a correspondingdifferencein the
absorptioný of polarizedlight, in the sameway as in the
normalstate[1]. Hencean additionalincreasein dichro-
ism



resultsfrom thegap[10]. Both mechanismstogether,
the
û

Hebel-Slichterenhancementandthegapenhancement,
accountý for thefull peakin Fig. 2.

The
�

secondgraph in Fig. 2 is for � close� to � . The
peakß below �F� is



not affectedmuch, but at �9�3� the

û
curve� approachesafinite value. WhentheZeemanenergy

FIG. 2. Dichroism ratio vs temperaturefor �c�v�����r� and���_�����!�
(dots) and �������¡ £¢#¤ (crosses). ¥%¦ is at §¡¨£§#© .s

Hebel-Slichterandgapenhancementareseen.
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of
 the electronspinsis comparableto the energygap,the
magneticö field can breakCooperpairs paramagnetically.
Once
ª

there are unpaired electrons, the magnetic field
immediately



producesa net spin magnetization(hence,
breaks
�

time reversalinvariance),and dichroism results.
Interestingly,
�

this effect could lead to a very direct
experimental� identificationof paramagneticlimiting asthe
cause� of theuppercritical field.

In Fig. 3, finally, we display the frequency depen-
dence
÷

of the absorption. Thereis an absorptionedgeat«?¬J­¯®B°	± , which correspondsto theenergygap. This
edge� occurs becausewe consideredonly pair breaking
processesß [11]. Thebehaviorright abovetheedgeis usu-
allyý classifiedphenomenologicallyaccordingto theshape
of
 the peak to be type-I or type-II [4], a classification
whichÞ reflects the symmetryunder time reversalof the
perturbationß (type-I: odd;type-II: even). Theshapeof the
peakß in Fig. 3 is of a mixed type, reflectingthe fact that
our
 modelcontainstwo perturbations,theelectron-photon
interaction



Hamiltonian(which is odd under time rever-
sal)andtheSOC(which is even).

The
�

variousplots demonstratethat evenin the simple
modelö many characteristicsof the physicsof dichroism
andý of superconductivitycanbe found. The quantitative
details
÷

depend,of course,on theparametersof themodel.
However, we believe that the qualitative behavior is
generic,ì and constitutesa definite signatureof the SOC
mechanism. For experimentalinvestigationsof the SOC
mechanismö wesuggest²L³ because

�
its materialparameters

areý 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 ´¶µ!·	¸h¹�·»º½¼¿¾�ÀÂÁ films
Ã

has
been
�

studiedexperimentallyby Wu etÄ al. [12] and Lihn

FIG. 3. Dichroism ratio vs frequency at ÅÇÆ_È K and forÉ�ÊvË¡ÌÎÍ
T. A mixed type-I–type-II absorptionedgeat the gap

energyof 2 meV is present.

etÄ al. [13]. Our model calculationsare not directly ap-
plicableß to theseexperimentswhich, at low temperatures,
appearý to probe the orbital currentsin the vortex state
[12,13]. Evidently, to explain these,we would have to
invoke



our mechanism3, which involvesorbital currents.
It
�

follows from Eq. (7) that lim ÏrÐÒÑ!ÓÕÔ×ÖÙØÚÜÛ½Ý�Þ is



finite for
the
û

orbital mechanism,while, as demonstratedabove,it
is zerofor the SOCmechanism.This supportsthe claim
of
 Wu etÄ al. that

û
they areseeingcyclotronresonance,be-

cause� their resultsdo indeedextrapolateto a finite value
atý ß1à3á . Furthermore,the analysisof the experiments
suggeststhat orbital currentsalonedo not provide a full
explanation� of the dataand leadsto the conclusionthat
there
û

may be somemissing “chiral resonances”[13] at
work.Þ Evidently,our spin-orbiteffects,SOCandASOC,
could� play therole of suchresonances.
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