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Abstract— In two recentarticlesin the InternationalJournalof Infrared
andMillimeter Waves, Lakhtakia[1994a,b]hasquestionedhe soundness
of the investigationsof magnetoelectrienaterials,and of Tellegen media
(nonreciprocabi-isotropicmedia)in particular This communicatioris an
attemptto standin defenceof Tellegen.

Intr oduction

To describethe mostgenerabianisotropidinear material take the follow-
ing constitutive relations:

D=%t- E+¢&-H (1)

B=7-H+( E (2)
where the four material dyadics, permittvity €, permeabilityzz, and the

magnetoelectriones,¢ and Z_ transmitthe relation betweenthe electric
andmagnetidield quantitiest’, H andtheflux quantitiesD, B.

Underthischaracterizatiowe canfind severalmaterialghatexhibit special
electromagnetieffects: chiral, nonreciprocalbi-isotropic,andgyrotropic



areexamples.Theselabelsare popularin today’s electromagnetichtera-
ture, andit is hardly necessaryo emphasizéhat novel nonisotropicma-
terialscould, at leasttheoretically be usedfor exciting applicationsn mi-
crowave andmillimeter wave technology

How generalcanthesematerialsbe? Whatarethe limits of the mediaef-
fectsin termsof constitutve characterizationTheseguestiondave stirred
controversy amongstudentsof bianisotropicand magnetoelectrienateri-
als?

Sincea full dyadicin thethree-dimensionadpacepossessesine compo-
nents,the generalbianisotropicdescriptionincludes36 materialparame-
ters. Recently it hasbeenclaimedthat this descriptionis loosesinceit

allows too mary degreesof freedom[LAKHTAKIA AND WEIGLHOFER

1994]. In particular if we restrictthe discussionto bi-isotropic media,
wherethefour coeficientsarescalars;

D=¢E+¢H (3)
B=uH+(E (4)

Thentheclaim of [LAKHTAKIA AND WEIGLHOFER 1994]standsas:

£+(¢=0 (5)

To interpret(5), a usefulway of rewriting (3)—(4) comesfrom [LINDELL
ET AL. 1994]with the chirality parametek andnonreciprocityparameter

X

D = ¢E + (x — jr)/iocoH (6)
B = puH + (x + jk)iEo B 7)

wherethe constants., ¢, have beenextractedfor dimensionalityreasons,
andj emphasizethe frequeng-domainnatureof therelations. Material

1See,for examplethe recentelectronicdiscussionsn thelist chiral -1 of | i st -
serv@i stserv. earn. net

2Sometimesghe constitutie relationsof the form (1)—(2) go underthe nameof Telle-
gen. Anotherimportantrepresentatiois the Postform, whereD and H areexpresseds
functionsof £ andB.

3The conventionexp(jwt) is implied.



with x # 0 hasbeencalledPasteurmedium andthatwith x # 0 follows
thelabel Tellegenmediunt

Now, condition(5) is easilyseento requirex = 0, andthe conclusionof
[LAKHTAKIA AND WEIGLHOFER 1994]canbethereforgparaphrasedith
thefollowing sentence?T ellegenmediacannotexist”

Sincel have elsavhere[SIHVOLA 1994]repliedto theuniversalityclaim of
theconjecturg5), | shallnotdwellin its implicationshere.Rathey | would
like to examinecritically two otherattacksagainstTellegenmediawhich
have recentlyappeare@nthe pageof thisjournal[LAKHTAKIA 1994a,b].

[LAKHTAKIA 1994alfocusesonthepropertiesof the constitutve relations
thatthoseinvestigatorsvere usingwho first predictedandexperimentally
studiedthenonreciprocityin magneticsubstancesrl his castigatiorof 60’s’
magnetoelectrischolarsvasfollowed by the hilarioustravestyaboutTel-
legenmediumbeing“a Boojum,you see”[LAKHTAKIA 1994b].

Let usseethen,whatthereis inside[LAKHTAKIA 1994a,b].

Approximative constitutive relations

A considerableheoreticaland experimentalresearcteffort wasexpended
in theendof 1950s andearly 1960 on the “magnetoelectrieffect; with
which termit is meantthatin certainmaterialswe may obsene magnetic
polarizationasthe sampleis exposedto an electricfield (MEy effect), or,
correspondinglyanexternalmagnetidield create®lectricpolarizationinto
thismedium(ME 4 effect).

Early magnetoelectricstudies- Themagnetoelectrieffectdependsnthe
crystal structureof the magneticmaterialclasse3 Following Landauand
Lifshitz, Dzyaloshinskii[1960] was able to shav that amongthe well-
known antiferromagneticsubstanceshereis one, namely chromiumox-
ide, wherethe magnetoelectrieffect shouldoccurfrom symmetryconsid-
erations. Soon, Astrov [1961] experimentallyconfirmedthis prediction,
as he measuredhe finite magneticmomentof a sampleof single-crystal

4SinceTellegenmediumis both nonreciprocahndbi-isotropic, it is sometimesalled
NRBI medium.

>Seethe comprehensie tablesin the systematictext on symmetryand magnetism
[BIRsS 1964].



chromiumoxide, placedin anelectricfield. The measurement&erecar
ried outatthefrequeng of 10kHz. O’Dell spentseveralyearsstudyingthe
theoreticabaseof the magnetoelectrieffect, performedmeasurementsf
theeffectasit canbeobsenredin Cr,O3, anddiscussedhe useof theeffect
for magnetionemorie O’ DELL 1965a,1965b,1966,1970].

The target of the critiquein [LAKHTAKIA 1994alis the way thesepeople
(mostly Dzyaloshinskiiand O’Dell) useconstitutive relations. The main
objectionis thattheserelationsstrictly applyonly to fieldswith notemporal
variation,andsincestatic conditionsdo not exist, andno known material
mediumhasinstantaneougesponsethis startingpointis nonphysical.

Static analysis- Indeed,sincethe early investigatorsvere not microwave
engineerdooking for optical actvity phenomenan materialsbut rather
foundinterestin staticandlow-frequeng fields,their constitutverelations
alsoreflectedhis startingpoint. More preciselythey usedrelations(1)—(2)
whereé = (. Beforeconnectingthis conditionwith time variation, let us
make a noteof the usefulnes®f staticfield analysis.

Staticfield solutionsoften canbe successfullyusedin quasistatianddy-
namicproblems.Consideffor example,the calculationof attenuatiordue
to rain. Evenat the microwave frequeng of 3 GHz onecanusethe static
solutionto calculatetheinternalfield anddipole momentof araindropbe-
causethesizeof thedropis muchsmallerthanthe wavelengthof theradio
wave. In the samevein, alsothe bianisotropicrelationswith assumptions
of frozentime-dependencarevalid up to certainfrequenciesf the field
variation.Sure,onecanraisethereasonablguestionrwhetherthefrequen-
ciesof the measuremenare small enoughfor the quasistaticassumption
to bevalid. The normalfrequeng rangesof the magnetoelectricneasure-
mentsare aroundkilohertz region. The correspondingvavelengthis so
large that definitely no significantspatialvariationin the field amplitude
canbeobseredacrosghesamplecrosssection.If thequantitatvity of this
comparisordoesnot soundcorvincing, one may refer to Figures4a,b of
[CLIN ET AL. 1990]wherethe staticanddynami® magnetoelectrieffects
of cobalt-iodineboracitehave beenmeasuredand the curves are almost
indistuingishable.

Dispersionin magnetoelectricparameters- The frequeny dependence

6Usingana.c.magnetidield of amplitude100e (1 mT), andfrequeng of 160Hz.



of the magnetoelectriparameterss actuallydifferentfor the chirality pa-
rameterx andthenonreciprocityparameter. Considethe“Drude—Born—
Fedora” representatiomf reciprocalchiral media[LAKHTAKIA ET AL.
1989]

D=¢E+ BV xE) (8)

B = u(A + BV x H) 9)

whereg is againthe chirality parametermproportionalto x [SIHVOLA AND
LINDELL 1991]. This representatioishows that, sincein staticsthe field
is curl-free, chirality doesnot have effect. The low-frequeng dependence
of the chirality parametek is proportionalto frequeng, vanishingat zero
frequeng. On the otherhand,the nonreciprocityparametery canbe ob-
senedin staticssinceit contritutesto thethermodynamigotential,linear
in boththeelectricandmagnetidield which canbeindependenL ANDAU
AND LIFSHITZ 1984,p. 176].

Exclusion of RBI-Thesecondnvestigatvenoteraisedby Lakhtakiaagainst
the constitutve relationsis their negationof RBI media.RBI refershereto
reciprocally bi-isotropic materials,especiallychiral, optically actve me-
dia’ Lakhtakias statements true: settingé = ( in the constitutive rela-
tionsforcesk = 0 in thebi-isotropiccaseasis easilyseen.Thisis actually
aconsequencef thestaticassumptionwhilst theelectromagnetichirality
effectonly becomewisible asthefrequeny is high enough.

Butthisfactwasclearlyarticulatedn themagnetoelectrianalysesO’Dell
explicitly stateshis assumption®f “nongyotropic, linear, losslesshomo-
geneousandtime-independentedia”’[O’ DELL 1970,p. 43]. Gyrotrop/
exhibits itself in the rotationof the polarizationplane,like in optically ac-
tive material$$ Hencenongyrotropicassumptioralso excludeschirality.
Little wonderthenthatthe O’Dell andDzyaloshinskiiformulationscanbe
logically manipulatedowardscontradictionwith RBI. They wereoutruled
in thefirst place.

Incomplete measurements®— AnotherobjectionLakhtakiaraisesagainst
the early experimentalistgs the fact that they only measurecdne of the

"Mediawith & # 0,x = 0.

8t may be worth noting that sometimeghe terms“chirality” and“gyrotropy” arere-
senedto separateffects| BARRON 1982,p. 127]. But oftenopticalactiity is a subsebf
gyrotropicphenomenagspeciallyin theformerUSSRIiterature(see for example [LAN-
DAU AND LIFSHITZ 1984,p. 348]).



magnetoelectriactors,i.e., eitheré or ¢ in relations(1)—(2) but not both.
Thenaturalreasorfor this hasbeenthefactthatdifferentmeasuremerse-
tupswererequiredfor electricallyinducedandmagneticallyinducedmag-
netoelectriceffects. But in factit is not needed. This is since herethe
closenesgo statics— so heavily denouncedy Lakhtakia— is a virtue:
the lower the frequeng of the operatingsystem,the moreaccurates the
nonreciprocityeffect in the measurednagnetoelectriphenomenorsince
chirality effect vanishesn statics(cf. relations(6)—(7)).

Finally, O’'Dell’ sactualmeasuremen{d 966]on bothmagnetoelectricross-
components— althoughsubjectto measuremeniincertainties— present
usevidenceonthefactthatthemagnetoelectrieffectis dueto nonreciproc-
ity (¢ and( of the samesign) andnot to chirality (¢ and( of the opposite
sign). O’Dell's measurementgield the following resultsfor thesetwo pa-
rameters:—2.20 - 10~* (£10%) and —1.85 - 10~* (+20%, —10%). This
speaksguite strongly for the fact that that the measuredeffect is dueto
nonreciprocityratherthanchirality?.

Outcomefrom [LAKHTAKIA 19948 In conclusiorof thisreinvestigation
of the early studiesof the magnetoelectrieffect, | claimthatthethen-used
constitutve relationshave beenconsistenbothin staticsandat thoselow
frequenciesof the 1960s. Furthermorefeferenceso RBI mediaare not
relevantsinceoptical actvity effectsareof second-orderatthesefrequen-
cies?0

9Note that herewe aretalking aboutthe axial componenbf the anisotropicmagneto-
electriceffect of chromiumoxide.

ORegardingthefinal “troublesoméssue’(Sectionsd of [LAKHTAKIA 1994a]),namely
theattenuatioranalysisthis problemarosefrom asignerrorin anearlierstudyby O'Dell.
Theissuewasclearedalreadyin 1965by [FucHS], resultingin theconsensuthat“[p]lane
wavescan- - - propagatavithout attenuatiorfor ary valueof the magnetoelectricoupling
constant, andconfirmedby O’Dell [1966].



A Snark, a Boojum, or just NRBI?

A beautifullycomposedllegoryassuch, The Tellegenmediumis ‘a Boo-
jum, you see” ([LAKHTAKIA 1994b]) searchesnetaphordor Tellegen
medium.In this pursuit,Lakhtakiais moresuccessfulhanthe sailorsseek-
ing Snark: fiction provideshim plenty of noneistentobjectsto construct
thestory!! But whatis the scientificmessagéherein?

SummarizingLAKHTAKIA 1994blontheTellegenmediumiit isfirstshavn
that for homogeneou3ellegen materialoutsidesourcesthe electricand
magneticfields behae just like in a mediumwhere the Tellegen pseu-
doscalavanishes? Also, whenfields areanalyzedwithin electricsource
region, the NRBI materialremainsindistuingishabldrom the correspond-
ing isotropicmaterial.Only if we measureghefieldswithin magneticsource
region,we canfeelthedifferenceput eventhere equivalentelectricsources
canbe constructedor which the differencevanishes.

Thefirst responséeo thesefindingsis to askwhy fearequivalence We have
severalexamplesof sourceghatareequialentto eachotherandmediafor
whichtheeigenvwavesdo not feel certaindifferencesn thematerialparam-
eters[LINDELL 1992,Chapter6]. But perhapsa more conspiciousveak-
nessof [LAKHTAKIA 1994b]is the assumptiorof materialhomogeneity
throughoutthe article. Indeed,if our universewere composedf homo-
geneoudlellegenmedium,we would not be ableto tell apartwhetherour
mediumis Tellegenmediumor dielectric. Anyway, comparedo the dull-
nessof suchaworld, | would ratethisis asa smallproblem.

But assoonastherearereal objects,we have inhomogeneitieandbound-
aries. Consequentlyherearereflectionsandscatteringof the electromag-
netic waves. Then,what doesit mean“to se€, which is whatthetitle of
[LAKHTAKIA 1994blasksusto do?

Seeinganobjectis the actof receving wavesreflectedfrom andscattered
by it.1* Symptomaticor not, it is especiallyin reflectionthatthe Tellegen

UNonexistent?Listed are Boojum’s five unmistakablenarks| CARROLL 1876]: taste,
thehabitof gettingup late,theslownessn takingajest,thefondnes®of bathing-machines,
andits ambition. Coulda nonexistentbeingcarry propertiedik e these?

L2strictly speakingthis is valid for the Postconstitutive relations. Using the relations
(3)—(4),thesituationis notthatsimple.

BFor our Tellegenpurposeswe may setasidethe physiologicalandmentalaspectf
theprocess.



parametery (cf. relations(6)—(7)) haseffect!* Thereforealsoreflection
measurementare mostsuitablefor the determinatiorof the Tellegenpa-
rameterof NRBI media. SeeChapter7 of [LINDELL ET AL. 1994]. Boo-
jumsdisappeafrom sight.

Finally, of falsificationism and existencetheorems

Thetext above hasnot proventhe existenceof the Tellegenmedium.lIt is a
trial to disprove someattemptdo prove Tellegenmediumnoneistent. The
caseis still open.

Scienceprogresseshrough bold hypothesesand fierce efforts to refute
theseconjecturesThehypothesisannotbe confirmedby referingto failed
attacksit haswithstood,nor on experimentalevidencewhich agreeswith
its predictions. We only can falsify wrong hypotheses.This is the idea
behindPoppers falsificationism1963].

It may look paradoxicalto supportboth falsificationismand the possible
existenceof Tellegenmedia.(Existencegheoremscannotbe falsified.) But
perhapsboth are valid in their own domains. Along with this hope, be
the presentstudy dedicatedio the memoryof Karl R. Popper who, last
Saturdaypasseaway.

Acknowledgement—I am gratefulto Alice Martin for educatingme on Lewis Carroll's
life andwork.
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