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WHEN DOUBTING TELLEGEN MATERIAL
GIVE HER THE BENEFIT OF THE DOUBT
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Abstract– In two recentarticles in the InternationalJournalof Infrared
andMillimeter Waves,Lakhtakia[1994a,b]hasquestionedthesoundness
of the investigationsof magnetoelectricmaterials,andof Tellegenmedia
(nonreciprocalbi-isotropicmedia)in particular. This communicationis an
attemptto standin defenceof Tellegen.

Intr oduction

To describethemostgeneralbianisotropiclinearmaterial,take thefollow-
ing constitutiverelations:
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Underthischaracterizationwecanfindseveralmaterialsthatexhibit special
electromagneticeffects: chiral, nonreciprocal,bi-isotropic,andgyrotropic



areexamples.Theselabelsarepopularin today’s electromagneticslitera-
ture, and it is hardly necessaryto emphasizethat novel nonisotropicma-
terialscould,at leasttheoretically, beusedfor exciting applicationsin mi-
crowaveandmillimeterwave technology.

How generalcanthesematerialsbe? Whatarethe limits of themediaef-
fectsin termsof constitutivecharacterization?Thesequestionshavestirred
controversyamongstudentsof bianisotropicandmagnetoelectricmateri-
als.1

Sincea full dyadicin the three-dimensionalspacepossessesninecompo-
nents,the generalbianisotropicdescriptionincludes36 materialparame-
ters. Recently, it hasbeenclaimedthat this descriptionis loosesinceit
allows too many degreesof freedom[LAKHTAKIA AND WEIGLHOFER

1994]. In particular, if we restrict the discussionto bi-isotropic media,
wherethefour coefficientsarescalars,2
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Thentheclaim of [LAKHTAKIA AND WEIGLHOFER 1994]standsas:
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To interpret(5), a usefulway of rewriting (3)–(4) comesfrom [L INDELL

ET AL . 1994]with thechirality parameter andnonreciprocityparameter! , ��"��� �����# !%$'&  )(+* �-,.�/, �� (6)���	� �����# ! � &  )( * �-,.�0, �� (7)

wheretheconstants
�-,1�.�/,

have beenextractedfor dimensionalityreasons,
and & emphasizesthe frequency-domainnatureof the relations3. Material

1See,for examplethe recentelectronicdiscussionsin the list chiral-l of list-
serv@listserv.earn.net

2Sometimestheconstitutive relationsof theform (1)–(2)go underthenameof Telle-
gen. Anotherimportantrepresentationis thePost form, where 23 and 24 areexpressedas
functionsof 25 and 26 .

3Theconvention 798;:=<?>A@)BDC is implied.



with  �E���
hasbeencalledPasteurmedium, andthatwith ! E���

follows
thelabelTellegenmedium.4

Now, condition(5) is easilyseento require ! �F�
, andtheconclusionof

[LAKHTAKIA AND WEIGLHOFER 1994]canbethereforeparaphrasedwith
thefollowing sentence:“Tellegenmediacannotexist.”

SinceI haveelsewhere[SIHVOLA 1994]repliedto theuniversalityclaimof
theconjecture(5), I shallnotdwell in its implicationshere.Rather, I would
like to examinecritically two otherattacksagainstTellegenmediawhich
haverecentlyappearedonthepagesof this journal[LAKHTAKIA 1994a,b].

[LAKHTAKIA 1994a]focuseson thepropertiesof theconstitutiverelations
that thoseinvestigatorswereusingwho first predictedandexperimentally
studiedthenonreciprocityin magneticsubstances.Thiscastigationof 60’s’
magnetoelectricscholarswasfollowedby thehilarioustravestyaboutTel-
legenmediumbeing“a Boojum,you see”[LAKHTAKIA 1994b].

Let ussee,then,whatthereis inside[LAKHTAKIA 1994a,b].

Approximativeconstitutive relations

A considerabletheoreticalandexperimentalresearcheffort wasexpended
in theendof 1950’sandearly1960’son the“magnetoelectriceffect,” with
which term it is meantthat in certainmaterialswe mayobserve magnetic
polarizationasthesampleis exposedto anelectricfield (ME G effect), or,
correspondingly, anexternalmagneticfieldcreateselectricpolarizationinto
this medium(ME H effect).

Early magnetoelectricstudies–Themagnetoelectriceffectdependsonthe
crystalstructureof the magneticmaterialclasses5 Following Landauand
Lifshitz, Dzyaloshinskii [1960] was able to show that amongthe well-
known antiferromagneticsubstancesthereis one, namelychromiumox-
ide,wherethemagnetoelectriceffect shouldoccurfrom symmetryconsid-
erations. Soon,Astrov [1961] experimentallyconfirmedthis prediction,
ashe measuredthe finite magneticmomentof a sampleof single-crystal

4SinceTellegenmediumis bothnonreciprocalandbi-isotropic,it is sometimescalled
NRBI medium.

5Seethe comprehensive tablesin the systematictext on symmetryand magnetism
[BIRSS 1964].



chromiumoxide,placedin an electricfield. Themeasurementswerecar-
riedoutat thefrequency of 10kHz. O’Dell spentseveralyearsstudyingthe
theoreticalbaseof themagnetoelectriceffect, performedmeasurementsof
theeffectasit canbeobservedin CrI OJ , anddiscussedtheuseof theeffect
for magneticmemories[O’ DELL 1965a,1965b,1966,1970].

The targetof thecritique in [LAKHTAKIA 1994a]is theway thesepeople
(mostly DzyaloshinskiiandO’Dell) useconstitutive relations. The main
objectionis thattheserelationsstrictlyapplyonly to fieldswith notemporal
variation,andsincestaticconditionsdo not exist, andno known material
mediumhasinstantaneousresponse,this startingpoint is nonphysical.

Static analysis– Indeed,sincetheearly investigatorswerenot microwave
engineerslooking for optical activity phenomenain materialsbut rather
foundinterestin staticandlow-frequency fields,their constitutiverelations
alsoreflectedthisstartingpoint. Moreprecisely, they usedrelations(1)–(2)
where


K� �
. Beforeconnectingthis conditionwith time variation,let us

makeanoteof theusefulnessof staticfield analysis.

Staticfield solutionsoftencanbe successfullyusedin quasistaticanddy-
namicproblems.Consider, for example,thecalculationof attenuationdue
to rain. Evenat themicrowave frequency of 3 GHz onecanusethestatic
solutionto calculatetheinternalfield anddipolemomentof a raindropbe-
causethesizeof thedropis muchsmallerthanthewavelengthof theradio
wave. In thesamevein, alsothebianisotropicrelationswith assumptions
of frozentime-dependencearevalid up to certainfrequenciesof the field
variation.Sure,onecanraisethereasonablequestionwhetherthefrequen-
ciesof the measurementaresmall enoughfor the quasistaticassumption
to bevalid. Thenormalfrequency rangesof themagnetoelectricmeasure-
mentsare aroundkilohertz region. The correspondingwavelengthis so
large that definitely no significantspatialvariation in the field amplitude
canbeobservedacrossthesamplecrosssection.If thequantitativity of this
comparisondoesnot soundconvincing, onemay refer to Figures4a,bof
[CLIN ET AL . 1990]wherethestaticanddynamic6 magnetoelectriceffects
of cobalt-iodineboracitehave beenmeasured,and the curvesarealmost
indistuingishable.

Dispersionin magnetoelectricparameters– The frequency dependence
6Usingana.c.magneticfield of amplitude10Oe(1mT), andfrequency of 160Hz.



of themagnetoelectricparametersis actuallydifferentfor thechirality pa-
rameter andthenonreciprocityparameter! . Considerthe“Drude–Born–
Fedorov” representationof reciprocalchiral media[LAKHTAKIA ET AL .
1989] ��"���1# �����LNMPO �� ( (8)�����Q# ����RLNMPO �� ( (9)

where
L

is againthechirality parameter, proportionalto  [SIHVOLA AND

L INDELL 1991]. This representationshows that, sincein staticsthe field
is curl-free,chirality doesnot have effect. The low-frequency dependence
of thechirality parameter is proportionalto frequency, vanishingat zero
frequency. On the otherhand,the nonreciprocityparameter! canbe ob-
servedin staticssinceit contributesto thethermodynamicpotential,linear
in boththeelectricandmagneticfield whichcanbeindependent[LANDAU

AND L IFSHITZ 1984,p. 176].

Exclusionof RBI–ThesecondinvestigativenoteraisedbyLakhtakiaagainst
theconstitutiverelationsis theirnegationof RBI media.RBI refershereto
reciprocallybi-isotropic materials,especiallychiral, optically active me-
dia.7 Lakhtakia’s statementis true: setting


�� �
in theconstitutive rela-

tionsforces ��� in thebi-isotropiccase,asis easilyseen.This is actually
aconsequenceof thestaticassumption,whilst theelectromagneticchirality
effectonly becomesvisibleasthefrequency is highenough.

But thisfactwasclearlyarticulatedin themagnetoelectricanalyses.O’Dell
explicitly stateshis assumptionsof “nongyrotropic, linear, lossless,homo-
geneous,andtime-independentmedia” [O’ DELL 1970,p. 43]. Gyrotropy
exhibits itself in therotationof thepolarizationplane,like in optically ac-
tive materials.8 Hencenongyrotropicassumptionalsoexcludeschirality.
Little wonderthenthattheO’Dell andDzyaloshinskiiformulationscanbe
logically manipulatedtowardscontradictionwith RBI. They wereoutruled
in thefirst place.

Incompletemeasurements?– AnotherobjectionLakhtakiaraisesagainst
the early experimentalistsis the fact that they only measuredone of the

7Mediawith SUTVXWZY\[]VXW .
8It maybeworth noting thatsometimesthe terms“chirality” and“gyrotropy” arere-

servedto separateeffects[BARRON 1982,p. 127]. But oftenopticalactivity is asubsetof
gyrotropicphenomena,especiallyin theformer–USSRliterature(see,for example,[LAN-
DAU AND L IFSHITZ 1984,p. 348]).



magnetoelectricfactors,i.e., either



or
�

in relations(1)–(2)but not both.
Thenaturalreasonfor thishasbeenthefactthatdifferentmeasurementse-
tupswererequiredfor electricallyinducedandmagneticallyinducedmag-
netoelectriceffects. But in fact it is not needed. This is sinceherethe
closenessto statics— so heavily denouncedby Lakhtakia— is a virtue:
the lower the frequency of the operatingsystem,the moreaccurateis the
nonreciprocityeffect in the measuredmagnetoelectricphenomenonsince
chirality effect vanishesin statics(cf. relations(6)–(7)).

Finally, O’Dell’ sactualmeasurements[1966]onbothmagnetoelectriccross-
components— althoughsubjectto measurementuncertainties— present
usevidenceonthefactthatthemagnetoelectriceffectis dueto nonreciproc-
ity (



and

�
of thesamesign)andnot to chirality (



and

�
of theopposite

sign). O’Dell’ s measurementsyield thefollowing resultsfor thesetwo pa-
rameters: $_^a`b^ �c�)d;�=egfh#jihd;�lk ( and $ d `?mln �od;�=egfU#j� ^ �lkp� $ d;�lk ( . This
speaksquite strongly for the fact that that the measuredeffect is due to
nonreciprocityratherthanchirality9.

Outcomefr om [LAKHTAKIA 1994a]– In conclusionof thisreinvestigation
of theearlystudiesof themagnetoelectriceffect, I claim thatthethen-used
constitutive relationshave beenconsistentboth in staticsandat thoselow
frequenciesof the 1960’s. Furthermore,referencesto RBI mediaarenot
relevantsinceopticalactivity effectsareof second-orderat thesefrequen-
cies.10

9Notethatherewe aretalking abouttheaxial componentof theanisotropicmagneto-
electriceffectof chromiumoxide.

10Regardingthefinal “troublesomeissue”(Section5dof [LAKHTAKIA 1994a]),namely
theattenuationanalysis;thisproblemarosefrom asignerrorin anearlierstudyby O’Dell.
Theissuewasclearedalreadyin 1965by [FUCHS], resultingin theconsensusthat“[p]lane
wavescan qrqrq propagatewithoutattenuationfor any valueof themagnetoelectriccoupling
constant,” andconfirmedby O’Dell [1966].



A Snark, a Boojum, or just NRBI?

A beautifullycomposedallegoryassuch,“The Tellegenmediumis ‘a Boo-
jum, you see’” ([LAKHTAKIA 1994b]) searchesmetaphorsfor Tellegen
medium.In thispursuit,Lakhtakiais moresuccessfulthanthesailorsseek-
ing Snark: fiction provideshim plenty of nonexistentobjectsto construct
thestory.11 But whatis thescientificmessagetherein?

Summarizing[LAKHTAKIA 1994b]ontheTellegenmedium,it isfirst shown
that for homogeneousTellegenmaterialoutsidesources,the electricand
magneticfields behave just like in a mediumwhere the Tellegen pseu-
doscalarvanishes.12 Also, whenfieldsareanalyzedwithin electricsource
region, theNRBI materialremainsindistuingishablefrom thecorrespond-
ing isotropicmaterial.Only if wemeasurethefieldswithin magneticsource
region,wecanfeelthedifference,buteventhere,equivalentelectricsources
canbeconstructedfor which thedifferencevanishes.

Thefirst responseto thesefindingsis to askwhy fearequivalence.Wehave
severalexamplesof sourcesthatareequivalentto eachotherandmediafor
which theeigenwavesdonot feelcertaindifferencesin thematerialparam-
eters[L INDELL 1992,Chapter6]. But perhapsa moreconspiciousweak-
nessof [LAKHTAKIA 1994b] is the assumptionof materialhomogeneity
throughoutthe article. Indeed,if our universewerecomposedof homo-
geneousTellegenmedium,we would not beableto tell apartwhetherour
mediumis Tellegenmediumor dielectric. Anyway, comparedto thedull-
nessof suchaworld, I would ratethis is asasmallproblem.

But assoonastherearerealobjects,we have inhomogeneitiesandbound-
aries.Consequentlytherearereflectionsandscatteringof theelectromag-
netic waves. Then,what doesit mean“to see,” which is what the title of
[LAKHTAKIA 1994b]asksusto do?

Seeinganobjectis theactof receiving wavesreflectedfrom andscattered
by it.13 Symptomaticor not, it is especiallyin reflectionthat theTellegen

11Nonexistent?ListedareBoojum’s five unmistakablemarks[CARROLL 1876]: taste,
thehabitof gettinguplate,theslownessin takingajest,thefondnessof bathing-machines,
andits ambition.Coulda nonexistentbeingcarrypropertieslike these?

12Strictly speaking,this is valid for thePostconstitutive relations.Using the relations
(3)–(4),thesituationis not thatsimple.

13For our Tellegenpurposes,we maysetasidethephysiologicalandmentalaspectsof
theprocess.



parameter! (cf. relations(6)–(7)) haseffect.14 Thereforealso reflection
measurementsaremostsuitablefor the determinationof the Tellegenpa-
rameterof NRBI media.SeeChapter7 of [L INDELL ET AL . 1994]. Boo-
jumsdisappearfrom sight.

Finally, of falsificationism and existencetheorems

Thetext abovehasnotproventheexistenceof theTellegenmedium.It is a
trial to disprovesomeattemptsto proveTellegenmediumnonexistent.The
caseis still open.

Scienceprogressesthrough bold hypothesesand fierce efforts to refute
theseconjectures.Thehypothesiscannotbeconfirmedby referingto failed
attacksit haswithstood,nor on experimentalevidencewhich agreeswith
its predictions. We only can falsify wrong hypotheses.This is the idea
behindPopper’s falsificationism[1963].

It may look paradoxicalto supportboth falsificationismandthe possible
existenceof Tellegenmedia.(Existencetheoremscannotbefalsified.)But
perhapsboth are valid in their own domains. Along with this hope,be
the presentstudy dedicatedto the memoryof Karl R. Popper, who, last
Saturday, passedaway.

Acknowledgement–I am grateful to Alice Martin for educatingme on Lewis Carroll’s
life andwork.
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