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1.1.1. INTRODUCTION
INTRODUCTIONINTRODUCTION

ClaimsClaimsClaims forforfor thethethe biologicalbiologicalbiological effectseffectseffects ofofof magnetismmagnetismmagnetism datedatedate fromfromfrom thethethe discoverydiscoverydiscovery ofofof magnetismmagnetismmagnetism ininin 
rocksrocksrocks bybyby thethethe ancientancientancient Greeks,Greeks,Greeks, Chinese,Chinese,Chinese, andandand CentralCentralCentral AmericanAmericanAmerican Olmecs.Olmecs.Olmecs. I1·\1·\.

1 TheTheThe pre-Homericpre-Homericpre-Homeric 
GreeksGreeksGreeks minedminedmined FeFeFe,,,000 444 ininin thethethe provinceprovinceprovince ofofof MagnesiaMagnesiaMagnesia ininin AsiaAsiaAsia Minor,Minor,Minor, whencewhencewhence comescomescomes thethethe namesnamesnames 
magnetmagnetmagnet andandand magnetite.magnetite.magnetite. ExplanationsExplanationsExplanations forforfor thethethe powerspowerspowers ofofof allractionallractionallraction exertedexertedexerted bybyby piecespiecespieces ofofof magmagmag
netitenetitenetite ononon eacheacheach otherotherother andandand ononon ironironiron metalmetalmetal includedincludedincluded thethethe notion,notion,notion, thoughtthoughtthought tototo originateoriginateoriginate withwithwith ThalesThalesThales 

allractedofofof Miletus,Miletus,Miletus, thatthatthat magnetsmagnetsmagnets werewerewere alivealivealive andandand attractedattracted ironironiron metalmetalmetal bybyby animatinganimatinganimating it.it.it. BothBothBoth magnetitemagnetitemagnetite 
a-Feex-Feandandand thethethe moremoremore weaklyweaklyweakly magneticmagneticmagnetic hematitehematitehematite oe-FecccOOO,,, werewerewere thoughtthoughtthought tototo havehavehave medicinalmedicinalmedicinal qualities,qualities,qualities, 

EIandandand werewerewere eveneveneven prescribedprescribedprescribed forforfor QueenQueenQueen ElEl izabethizabethizabeth III ofofof EnglandEnglandEngland bybyby herherher physicianphysicianphysician WilliamWilliamWilliam GilbertGilbertGilbert 
ofofof Colchester.Colchester.Colchester. 

Magnele MagInInIn 160016001600 thisthisthis samesamesame WilliamWilliamWilliam GilbertGilbertGilbert publishedpublishedpublished hishishis monumentalmonumentalmonumental treatise,treatise,treatise, DeDeDe IIIagneleIIIagnele MogMog
nelicislillenelicislille CorporihusCorporihus elel dedede MagnoMagnoMagno MagneleMagnele Tel/lireTel/lireTel/lire (On(On(On thethethe MagnetMagnetMagnet andandand MagneticMagneticMagnetic BodiesBodiesBodies 
andandand ononon thethethe GreatGreatGreat MagnetMagnetMagnet thethethe Earth).Earth).Earth). InInIn additionadditionaddition tototo comparingcomparingcomparing magneticmagneticmagnetic forcesforcesforces withwithwith lifelifelife 
forces,forces,forces, hehehe proclaimedproclaimedproclaimed thatthatthat thethethe earthearthearth itselfitselfitself isisis aaa giantgiantgiant magnet.magnet.magnet. TheTheThe publicationpublicationpublication summarizedsummarizedsummarized 
hishishis 161616 yearsyearsyears ofofof studystudystudy ofofof thethethe interactionsinteractionsinteractions ofofof smallsmallsmall ironironiron needlesneedlesneedles withwithwith spheresspheresspheres ofofof magnetitemagnetitemagnetite 

nelicisqlle Corporibus 1'1 Magnl'le 

calledcalledcalled terrellas,terrellas,terrellas, ororor "lillie"lillie"lillie earths".earths".earths". InInIn II570,570, RobertRobertRobert Norman,Norman,Norman, aaa LondonLondonLondon compasscompasscompass maker,maker,maker, hadhadhad 
discovereddiscovereddiscovered thatthatthat magnetizedmagnetizedmagnetized needlesneedlesneedles mademademade neutrallyneutrallyneutrally bouyantbouyantbouyant withwithwith piecespiecespieces ofofof corkcorkcork orientedorientedoriented 

1570, 

Gilbertdownwarddownwarddownward atatat thethethe angleangleangle ofofof 70°70°70° asasas wellwellwell asasas northwardnorthwardnorthward whenwhenwhen suspendedsuspendedsuspended ininin water.water.water. GilbcrtGilbcrt reachedreachedreached 
hishishis conclusionconclusionconclusion aboutaboutabout thethethe magnetismmagnetismmagnetism ofofof earthearthearth bybyby comparingcomparingcomparing thethethe magneticmagneticmagnetic inclinationinclinationinclination ofofof thcthc 
needleneedleneedle withwithwith hishishis observationsobservationsobservations thatthatthat thethethe ironironiron needlesneedlesneedles ononon thethethe surfacesurfacesurface ofofof thethethe terrellaterrellaterrella areareare inclinedinclinedinclined 

the 

fromfromfrom thethethe horizontalhorizontalhorizontal atatat anglesanglesangles thatthatthat increaseincreaseincrease fromfromfrom 000 tototo 90°90°90° asasas OneOne passespassespasses fromfromfrom thethethe equatorequatorequator tototo 
thethethe poles.poles.poles. 

one 

rorGilbert'sGilbert'sGilbert's workworkwork waswaswas aaa triumphtriumphtriumph ofofof experimentalexperimentalexperimental sciencesciencescience andandand providedprovidedprovided aaa mechanismmechanismmechanism forfor thethethe 
operationoperationoperation ofofof thethethe magneticmagneticmagnetic compass.compass.compass. TheTheThe factfactfact thatthatthat magnetizedmagnetizedmagnetized piecespiecespieces ofofof magnetitemagnetitemagnetite wouldwouldwould 
orientorientorient ininin astronomicallyastronomicallyastronomically significantsignificantsignificant directionsdirectionsdirections hadhadhad longlonglong beenbeenbeen used,used,used, atatat leastleastleast bybyby thethethe ChineseChineseChinese 

divination,andandand possiblypossiblypossibly bybyby thethethe Olmecs,Olmecs,Olmecs, forforfor geomancygeomancygeomancy andandand divination.divination. butbutbut waswaswas apparentlyapparentlyapparently notnotnot usedusedused forforfor 
navigationalnavigationalnavigational purposespurposespurposes untiluntiluntil thethethe 11th11th centurycenturycentury A.D.A.D.A.D. TheTheThe firstfirstfirst westernwesternwestern accountsaccountsaccounts ofofof thisthisthis useuseuse arcarc 
bybyby AlexanderAlexanderAlexander NeckamNeckamNeckam andandand PetrusPetrusPetrus PeregrinusPeregrinusPeregrinus dedede MaricourtMaricourtMaricourt ininin thethethe 13th13th13th century.century.century. FromFromFrom thisthisthis 
useuseuse ofofof magnetitemagnetitemagnetite camecamecame thethethe name"name"name" lodestone"lodestone"lodestone" becausebecausebecause ititit indicatedindicatedindicated thethethe directiondirectiondirection ofofof thethethe polepolepole 

11 th are 

ororor lodestar.lodestar.lodestar. IronIronIron needlesneedlesneedles magnetizedmagnetizedmagnetized bybyby strokingstrokingstroking withwithwith magnetitemagnetitemagnetite werewerewere subsequentlysubsequentlysubsequently employed.employed. 
TheTheThe inventioninventioninvention andandand developmentdevelopmentdevelopment ofofof thethethe magneticmagneticmagnetic compasscompasscompass waswaswas oneoneone ofofof thethethe technologicaltechnologicaltechnological 

employed 

ordevelopmentsdevelopmentsdevelopments thatthatthat allowedallowedallowed navigationnavigationnavigation ofofof thethethe oceansoceansoceans andandand usheredusheredushered ininin thethethe greatgreatgreat AgeAgeAge ofof ExploExploExplo
declination, namely,ration.ration.ration. ChristopherChristopherChristopher Columbus,Columbus,Columbus, ininin fact,fact,fact, discovereddiscovereddiscovered magneticmagneticmagnetic declination.declination. namely.namely. thatthatthat magmagmag

neticneticnetic northnorthnorth andandand geographicgeographicgeographic northnorthnorth dododo notnotnot coincide,coincide,coincide, andandand thethethe differencedifferencedifference variesvariesvaries withwithwith longitude.longitude.longitude. 
AnAnAn inversioninversioninversion ofofof thethethe GreekGreekGreek notionnotionnotion thatthatthat magnetsmagnetsmagnets areareare animateanimateanimate waswaswas popularizedpopularizedpopularized bybyby FranzFranzFranz 

AntonAntonAnton Mesmer,Mesmer,Mesmer, ananan AustrianAustrianAustrian physician,physician,physician, whowhowho arrivedarrivedarrived ininin ParisParisParis ininin thethethe 1770s1770s1770s withwithwith aaa radicalradicalradical 
theorytheorytheory ofofof humanhumanhuman health'"health'"health'" ThisThisThis theory,theory,theory, referredreferredreferred tototo asasas "animal"animal"animal magnetism",magnetism",magnetism", waswaswas basedbasedbased ononon 
thethethe samesamesame medievalmedievalmedieval HermeticHermeticHermetic philosophyphilosophyphilosophy thatthatthat underlunderlunderl iesiesies astrology,astrology,astrology, alchemy,alchemy,alchemy, andandand magic.magic.magic. TheTheThe 
theorytheorytheory envisionsenvisionsenvisions aaa humanhumanhuman beingbeingbeing asasas aaa microcosmmicrocosm correspondingcorrespondingcorrespondingmierocosm tototo thethethe worldworldworld macrocosm.macrocosm.macrocosm. 
MesmerMesmerMesmer believedbelievedbelieved thatthatthat thethethe humanhumanhuman bodybodybody hadhadhad magneticmagneticmagnetic polespolespoles thatthatthat correspondcorrespondcorrespond tototo thosethosethose ofofof thethethe 
earthearthearth ororor cosmic,cosmic,cosmic, magneticmagneticmagnetic polespolespoles proclaimedproclaimedproclaimed bybyby Gilbert.Gilbert.Gilbert. HeHeHe postulatedpostulatedpostulated aaa subtlesubtlesubtle ororor imperimperimper
ceptibleceptibleceptible fluidfluidfluid thatthatthat flowedflowedflowed fromfromfrom thethethe cosmiccosmiccosmic magneticmagneticmagnetic polespolespoles throughthroughthrough thethethe body.body.body. Smooth,Smooth.Smooth. 
uninterrupteduninterrupteduninterrupted flowflowflow constitutesconstitutesconstitutes health.health.health. BlockageBlockageBlockage ofofof thethethe flowflowflow resultsresultsresults ininin disease.disease.disease. HealthHealthHealth cancancan 
bebebe restoredrestoredrestored bybyby removingremovingremoving blockagesblockagesblockages andandand restoringrestoringrestoring smoothsmoothsmooth flow.flow.flow. ThisThisThis waswaswas accomplishedaccomplishedaccomplished bybyby 
rubbingrubbingrubbing variousvariousvarious partspartsparts ofofof thethethe bodybodybody withwithwith magnets.magnets.magnets. ThisThisThis treatmenttreatmenttreatment waswaswas apparentlyapparentlyapparently efficaciousefficaciousefficacious 
becausebecausebecause MesmerMesmerMesmer becamebecamebecame famousfamousfamous andandand waswaswas eveneveneven immortalizedimmortalizedimmortalized ininin Mozart'sMozart'sMozart's operaoperaopera "Cosi"Cosi"Cosi FanFanFan 
Tu tl i". disci piesTutti".Tutti". AlongAlongAlong thethethe way,way,way, hehehe andandand hishishis disciplesdisciples inventedinventedinvented groupgroupgroup therapy,therapy,therapy, andandand bybyby discoveringdiscoveringdiscovering thatthatthat 
paintedpaintedpainted piecespiecespieces ofofof woodwoodwood workedworkedworked asasas wellwellwell asasas magnets,magnets,magnets, thethethe placebo.placebo.placebo. AsAsAs Mesmer'sMesmer'sMesmer's famefamefame andandand 
fortunefortunefortune increased,increased,increased, thethethe animosityanimosityanimosity ofofof thethethe FrenchFrenchFrench medicalmedicalmedical establishmentestablishmentestablishment increasedincreasedincreased untiluntiluntil thethethe 
FrenchFrenchFrench RoyalRoyalRoyal AcademyAcademyAcademy ofofof SciencesSciencesSciences appointedappointedappointed aaa commission,commission,commission, includingincludingincluding BenjaminBenjaminBenjamin FranklinFranklinFranklin 




 

(then(then(then thethethe AmericanAmericanAmerican ambassadorambassadorambassador tototo France)France)France) andandand Lavoisier,Lavoisier,Lavoisier, tototo investigateinvestigateinvestigate him.him.him. TheTheThe commissioncommissioncommission 

declareddeclareddeclared himhimhim tototo bebebe aaa quackquackquack andandand aaa fraud.fraud.fraud. ThusThusThus aaa cloudcloudcloud waswaswas castcastcast overoverover animalanimalanimal magnetismmagnetismmagnetism thatthatthat 

persistspersistspersists tototo thisthisthis day.day.day. ThisThisThis isisis ininin contrastcontrastcontrast withwithwith thethethe brilliantbrilliantbrilliant successsuccesssuccess ofofof "animal"animal"animal electricity",electricity",electricity", 

namelynamelynamely thethethe experimentsexperimentsexperiments ofofof GalvaniGalvaniGalvani andandand VoltaVoltaVolta ofofof thethethe samesamesame eraeraera thatthatthat underlayunderlayunderlay thethethe developmentdevelopmentdevelopment 

ofofof thethethe understandingunderstandingunderstanding ofofof electricalelectricalelectrical phenomena.phenomena.phenomena. 

However,However,However, significantsignificantsignificant discoveriesdiscoveriesdiscoveries ininin thethethe lastlastlast fewfewfew yearsyearsyears requirerequirerequire aaa reevaluationreevaluationreevaluation ofofof animalanimalanimal 

magnetism,magnetism,magnetism, althoughalthoughalthough notnotnot Mesmer'sMesmer'sMesmer's version.version.version. ItItIt isisis nownownow knownknownknown thatthatthat manymanymany organismsorganismsorganisms precipitateprecipitateprecipitate 

material.inclusionsinclusionsinclusions ofofof magneticmagneticmagnetic materiaLmateriaL ThisThisThis phenomenonphenomenonphenomenon willwillwill bebebe aaa chiefchiefchief focusfocusfocus ofofof thisthisthis review.review.review. 

BiologicalBiologicalBiological effectseffectseffects ofofof magneticmagneticmagnetic fieldsfieldsfields isisis aaa subjectsubjectsubject thatthatthat includesincludesincludes manymanymany differentdifferentdifferent topics.topics.topics. InInIn 
orderorderorder tototo makemakemake thethethe treatmenttreatmenttreatment tractable,tractable,tractable, wewewe havehavehave arbitrarilyarbitrarilyarbitrarily separatedseparatedseparated time-varyingtime-varyingtime-varying fromfromfrom staticstaticstatic 

fjeldfieldfield effects.effects.effects. StaticStaticStatic fieldfieldfield effectseffectseffects willwillwill bebebe coveredcoveredcovered here;here;here; time-varyingtime-varyingtime-varying fieldfieldfield phenomenaphenomenaphenomena includingincludingincluding 

magneto-phosphenesmagneto-phosphenesmagneto-phosphenes andandand effectseffectseffects ofofof inducedinducedinduced currentscurrentscurrents willwillwill bebebe coveredcoveredcovered ininin aaa companioncompanioncompanion chapter.chapter.chapter. 

EvenEvenEven thethethe subjectsubjectsubject ofofof staticstaticstatic fieldfieldfield effectseffectseffects coverscoverscovers manymanymany topics.topics.topics. TheseTheseThese includeincludeinclude thethethe useuseuse ofofof 

ficlds inc ludingmagneticmagneticmagnetic fieldsfields ininin spectroscopiesspectroscopiesspectroscopies ofofof biologicalbiologicalbiological material,material,material, inclincl udinguding nuclearnuclearnuclear magneticmagneticmagnetic resonanceresonanceresonance 

(NMR),(NMR),(NMR), electronelectronelectron paramagneticparamagneticparamagnetic resonanceresonanceresonance (EPR),(EPR),(EPR), andandand recoillessrecoillessrecoilless nuclearnuclearnuclear gammagammagamma resonanceresonanceresonance it;;it;;it;; 

I,I,I, 

(M()ssbauer(M()ssbauer(M()ssbauer effect),effect),effect), andandand magneticmagneticmagnetic susceptibilitysusceptibilitysusceptibility andandand magnetizationmagnetizationmagnetization measurement.measurement.measurement. MagneticMagneticMagnetic 

fieldsfieldsfields havehavehave alsoalsoalso beenbeenbeen usedusedused tototo orientorientorient cellscellscells ororor cellcellcell fragmentsfragmentsfragments ininin suspension.suspension.suspension. ApplicationsApplicationsApplications ofofof 

magnetismmagnetismmagnetism ininin physiologyphysiologyphysiology andandand clinicalclinicalclinical medicinemedicinemedicine includeincludeinclude NMRNMRNMR imaging,imaging,imaging, magneticmagneticmagnetic targetingtargetingtargeting 

amIandand modulationmodulationmodulation ofofof drugdrugdrug delivery,delivery,delivery, magneticmagneticmagnetic separationseparationseparation ofofof biologicalbiologicalbiological materials,materials,materials, useuseuse ofofof magmagmag

netismnetismnetism ininin surgicalsurgicalsurgical procedures,procedures,procedures, andandand noninvasivenoninvasivenoninvasive measurementmeasurementmeasurement ofofof bloodbloodblood now.now.now. AAA rapidlyrapidlyrapidly 
growinggrowinggrowing areaareaarea spanningspanningspanning ACACAC andandand DCDCDC regimesregimesregimes isisis thethethe measurementmeasurementmeasurement ofofof magneticmagneticmagnetic fieldsfieldsfields generatedgeneratedgenerated 

bybyby thethethe humanhumanhuman body,body,body, andandand thethethe useuseuse ofofof thosethosethose measurementsmeasurementsmeasurements ininin medicinemedicinemedicine andandand physiology.physiology.physiology. AAA largelargelarge 

mitogenic,areaareaarea involvesinvolvesinvolves mutagenic,mutagenic,mutagenic, mitogenic.mitogenic. metabolic,metabolic,metabolic, morphological,morphological,morphological, andandand developmentaldevelopmentaldevelopmental effectseffectseffects 

ofofof exposureexposureexposure ofofof organismsorganismsorganisms ororor biologicalbiologicalbiological materialsmaterialsmaterials tototo intenseintenseintense DCDCDC magneticmagneticmagnetic fieldsfieldsfields ororor tototo nullnullnull 

fieldfieldfield conditions.conditions.conditions. AnotherAnotherAnother importantimportantimportant areaareaarea includesincludesincludes behavioralbehavioralbehavioral effectseffectseffects ofofof magneticmagneticmagnetic fields,fields,fields, 

includingincludingincluding effectseffectseffects ononon orientation,orientation,orientation, migration,migration,migration, andandand hominghominghoming andandand thethethe involvementinvolvementinvolvement ofofof thethethe geogeogeo

magneticmagneticmagneticmagneticmagnetic fieldfieldfield ininin thethethe activitiesactivitiesactivities ofofof organisms.organisms.organisms. BiomineralizationBiomineralizationBiomineralization ofofof magnctic materialsmaterialsmaterials isisis 

especiallyespeciallyespecially significantsignificantsignificant forforfor thisthisthis latterlatterlatter topic,topic,topic, butbutbut couldcouldcould alsoalsoalso playaplayaplaya rolerolerole ininin otherotherother interactionsinteractionsinteractions ofofof 

organismsorganismsorganisms withwithwith electromagneticelectromagneticelectromagnetic fields.fields.fields. 

II.11.11. PHYSIOLOGICALPHYSIOLOGICALPHYSIOLOGICAL ANDANDAND MEDICALMEDICALMEDICAL APPLICATIONSAPPLICATIONSAPPLICATIONS OFOFOF MAGNETISMMAGNETISMMAGNETISM 

MagneticMagneticMagnetic propertiespropertiesproperties andandand spectroscopyspectroscopyspectroscopy ofofof biologicalbiologicalbiological materialsmaterialsmaterials havehavehave beenbeenbeen extensivelyextensivelyextensively studstudstud

ied.ied.ied. EspeciallyEspeciallyEspecially significantsignificantsignificant advancesadvancesadvances ininin NMRNMRNMR havehavehave beenbeenbeen mademademade ininin thethethe lastlastlast fewfewfew years."years."years." TheseTheseThese 

includeincludeinclude increasedincreasedincreased resolutionresolutionresolution andandand sensitivity,sensitivity,sensitivity, pulsedpulsedpulsed programming,programming,programming, FourierFourierFourier decompositiondecompositiondecomposition ofofof 

pcrfusedcomplexcomplexcomplex spectraspectraspectra allowingallowingallowing studystudystudy ofofof wholewholewhole organismsorganismsorganisms ororor perfusedperfused organs.organs.organs. andandand observationobservationobservation ofofof 

thethethe timetimetime developmentdevelopmentdevelopment ofofof chemicalchemicalchemical intermediates,intermediates,intermediates, e.g.,e.g.,e.g., metabolitesmetabolitesmetabolites containingcontainingcontaining phosphorus,phosphorus,phosphorus, 

pathways'""ininin metabolicmetabolicmetabolic pathpath waysways 7'J7'J 

SupereonductingSuperconductingSuperconducting magnetsmagnetsmagnets withwithwith boresboresbores largelargelarge enoughenoughenough tototo accommodateaccommodateaccommodate humanhumanhuman bodiesbodiesbodies havehavehave 
of NMR imagingim~lgingallowedallowedallowed developmentdevelopmentdevelopment ofNMRofNMR im~lging systemssystemssystems withwithwith resolutionresolutionresolution comparablecomparablecomparable andandand eveneveneven superiorsuperiorsuperior 

tototo X-rayX-rayX-ray andandand positronpositronpositron computerizedcomputerizedcomputerized tomographytomographytomography andandand ultrasoundultrasoundultrasound techniques.techniques.techniques. [0.11[0.11[0.11 TheTheThe basisbasisbasis 

ofofof thethethe methodmethodmethod isisis thatthatthat whenwhenwhen aaa magneticmagneticmagnetic fieldfieldfield gradientgradientgradient isisis superposedsuperposedsuperposed ononon aaa static,static,static, homogeneoushomogeneoushomogeneous 

magneticmagneticmagnetic field,field,field, nucleinucleinuclei suchsuchsuch asasas protonsprotonsprotons willwillwill resonateresonateresonate atatat differentdifferentdifferent frequenciesfrequenciesfrequencies atatat eacheacheach pointpointpoint 

alongalongalong thethethe gradient.gradient.gradient. TheTheThe magnitudemagnitudemagnitude ofofof thethethe signalssignalssignals atatat eacheacheach frequencyfrequencyfrequency isisis proportionalproportionalproportional tototo thethethe 

numbernumbernumber ofofof protonsprotonsprotons atatat thatthatthat point.point.point. ByByBy switchingswitchingswitching thethethe gradientgradientgradient tototo differentdifferentdifferent directionsdirectionsdirections andandand recordingrecordingrecording 

thrcethethethe frequencyfrequencyfrequency spectra,spectra,spectra, thethethe three-three- ororor two-dimensionaltwo-dimensionaltwo-dimensional protonprotonproton densitydensitydensity mapmapmap ininin anyanyany planeplaneplane cancancan 

bebebe reconstructedreconstructedreconstructed bybyby computer.computer.computer. MeasurementMeasurementMeasurement ofofof relaxationrelaxationrelaxation timestimestimes alsoalsoalso allowsallowsallows discriminationdiscriminationdiscrimination 

or e.g., tissue. 10eofof chemicalchemicalchemical differences,differences,differences, e.e. g.,g., differentdifferentdifferent typestypestypes ofofof tissuetissue __ FieldsFieldsFields ofofof thethethe orderorderorder ofofof 555 xxx 1010 22 tototo 

or Cor lie1.51.51.5 TTT withwithwith gradientsgradientsgradients ofofof thethethe orderorderorder ofof 101010 222 TimTimTim areareare usedusedused forfor periodsperiodsperiods ofofof thethethe orderorderorder ofofof '/'/ 22 hr.hr.hr. 

T/sec.SwitchingSwitchingSwitching ofofof thethethe gradientsgradientsgradients willwillwill involveinvolveinvolve changingchangingchanging magneticmagneticmagnetic fieldsfieldsfields asasas highhighhigh asasas 222 Tlsec.Tlsec. ConConCon

sideringsideringsidering thethethe rapidrapidrapid developmentdevelopmentdevelopment ofofof thisthisthis diagnosticdiagnosticdiagnostic methodmethodmethod andandand itsitsits enthusiasticenthusiasticenthusiastic receptionreceptionreception bybyby 



(0(0thethethe medicalmedicalmedical community,community,community, ititit willwillwill shortlyshortlyshortly bebebe thethethe majormajormajor causecausecause ofofof humanhumanhuman exposureexposureexposure to intenseintenseintense 
magneticmagneticmagnetic fieldsfieldsfields (above(above(above IT).IT).IT). 

TheTheThe developmentdevelopmentdevelopment ofofof superconductingsuperconductingsuperconducting quantumquantumquantum interferenceinterferenceinterference devicesdevicesdevices (SQUIDS)(SQUIDS)(SQUIDS) withwithwith veryveryvery 
highhighhigh sensitivitysensitivitysensitivity hashashas spurredspurredspurred thethethe studystudystudy ofofof thethethe veryveryvery weakweakweak magneticmagneticmagnetic fieldsfieldsfields generatedgeneratedgenerated bybyby electricalelectricalelectrical 
processesprocessesprocesses ininin thethethe humanhumanhuman body.body.body. 121-1121-1121-1 ApplicationsApplicationsApplications includeincludeinclude magnetocardiography,magnetocardiography,magnetocardiography, magnetomagnetomagneto
encephalography,encephalography,encephalography, me,lsurementme,lsurementme,lsurement ofofof pulmonarypulmonarypulmonary activity,activity,activity, andandand detectiondetectiondetection ofofof bodybodybody ironironiron storesstoresstores dueduedue 
tototo asbestosasbestosasbestos inhalationinhalationinhalation ororor diseasesdiseasesdiseases suchsuchsuch asasas Thalassemia,Thalassemia,Thalassemia, whichwhichwhich resultresultresult ininin hemochromatosis.hemochromatosis.hemochromatosis. I)I)I) 

M<lgnetic rep,lirM,lgneticM,lgnetic devicesdevicesdevices havehavehave beenbeenbeen usedusedused ininin severalseveralseveral surgicalsurgicalsurgical proceduresproceduresprocedures includingincludingincluding repairrepair ofofof giantgiantgiant 
retinalretinalretinal tears,tears,tears, I"I"I" bougienagebougienagebougienage ofofof esophogealesophogealesophogeal atresiaatresiaatresia ininin infants,17infants,17infants,17 andandand ininin thethethe treatmenttreatmenttreatment ofofof aneuaneuaneu
rysms.rysms.rysms. ISISIS MagneticMagneticMagnetic agitationagitationagitation hashashas beenbeenbeen usedusedused tototo modulatemodulatemodulate thethethe releasereleaserelease ofofof macromoleculesmacromoleculesmacromolecules suchsuchsuch 
asasas I"insulininsulininsulin fromfromfrom polymerspolymerspolymers withwithwith magneticmagneticmagnetic inclusionsinclusionsinclusions whichwhichwhich arcarcarc implantedimplantedimplanted ininin thethethe body.body.body. I')I') 

TheTheThe voltagevoltagevoltage inducedinducedinduced whenwhenwhen ananan electrolyteelectrolyteelectrolyte flowsflowsflows perpendicularperpendicularperpendicular tototo aaa magneticmagneticmagnetic field,field,field, knownknownknown 
asasas thethethe magnetohydrodynamicmagnetohydrodynamicmagnetohydrodynamic effect,effect,effect, hashashas beenbeenbeen usedusedused forforfor aaa numbernumbernumber ofofof yearsyearsyears tototo noninvasivelynoninvasivelynoninvasively 
metermetermeter bloodbloodblood flow.flow.flow. 20.2120.2120.21 TheTheThe voltagevoltagevoltage inducedinducedinduced acrossacrossacross aaa bloodbloodblood vesselvesselvessel ofofof diameterdiameterdiameter ddd isisis 

E(volts)E(volts)E(volts) === BvdBvdBvd ((( I)I)I) 

wherewherewhere BBB isisis thethethe magneticmagneticmagnetic fluxfluxflux densitydensitydensity ininin teslateslatesla andandand vvv isisis thethethe perpendicularperpendicularperpendicular flowflowflow velocity.velocity.velocity. ForForFor 
=== m/sec === ISvvv 0.60.60.6 mlsecmlsec andandand ddd 0.0250.0250.025 mmm (human(human(human aorta),aorta),aorta), 1515 mVmVmV wouldwouldwould bebebe generatedgeneratedgenerated ininin aaa I-TI-TI-T field.field.field. 

TheseTheseThese potentialpotentialpotential alsoalsoalso showshowshow upupup ininin electrocardiogramselectrocardiogramselectrocardiograms ofofof animalsanimalsanimals ininin magneticmagneticmagnetic fieldsfieldsfields (see(see(see SectionSectionSection 
IV).IV).IV). 

MagneticMagneticMagnetic microcarriersmicrocarriersmicrocarriers havehavehave beenbeenbeen usedusedused tototo targettargettarget drugsdrugsdrugs tototo specificspecificspecific locationslocationslocations ininin thethethe bodybodybody 
assays.2'.2'andandand ininin cellcellcell separationseparationseparation andandand assays.2'.21immunologicalimmunologicalimmunological assays.2'.21 TheseTheseThese applicationsapplicationsapplications areareare basedbasedbased ononon thethethe 

translationtranslationtranslation ofofof magneticmagneticmagnetic particlesparticlesparticles relativerelativerelative tototo thethethe diamagneticdiamagneticdiamagnetic fluidfluidfluid backgroundbackgroundbackground ininin magneticmagneticmagnetic 
rieldrieldrield gradients.gradients.gradients. TheTheThe potentialpotentialpotential energyenergyenergy ofofof aaa magneticmagneticmagnetic dipoledipoledipole ofofof momentmomentmoment mmm ininin aaa magneticmagneticmagnetic fieldfieldfield 
withwithwith fluxfluxflux densitydensitydensity BBB 

---,)---,)---,) ---,)---,)---,) 

=-m,8=-m,8EEE =--m,8 (2)(2)(2)
'"'"'" 

IfIfIf thethethe fieldfieldfield isisis homogeneous,homogeneous,homogeneous, thethethe dipoledipoledipole tendstendstends tototo alignalignalign ininin thethethe fieldfieldfield butbutbut nonono translationtranslationtranslation occurs.occurs.occurs. 
IrIrIf theretherethere isisis aaa magneticmagneticmagnetic fieldfieldfield gradientgradientgradient ininin thethethe xxx direction,direction,direction, thethethe dipoledipoledipole willwillwill experienceexperienceexperience aaa forceforceforce InInIn 
thethethe xxx directiondirectiondirection 

FFF === mmm dB/dxdB/dxdB/dx (3)(3)(3) 

If feITimagnetie,IIff thethethe magneticmagneticmagnetic materialmaterialmaterial isisis ferromagneticferromagneticferromagnetic ororor feITimagnetic,feITimagnetic, mmm isisis generallygenerallygenerally independentindependentindependent ofofof BBB 
forforfor fieldsfieldsfields greatergreatergreater thanthanthan aaa fewfewfew tenthstenthstenths ofofof aaa tesla.tesla.tesla. ForForFor paramagneticparamagneticparamagnetic materialsmaterialsmaterials atatat sufficientlysufficientlysufficiently highhighhigh 
temperaturestemperaturestemperatures thisthisthis isisis notnotnot thethethe casecasecase andandand 

mmm === XVHXVHXVH (4)(4)(4) 

wherewherewhere XXX isisis thethethe magneticmagneticmagnetic susceptibility,susceptibility,susceptibility, VVV isisis thethethe volume,volume,volume, andandand HHH isisis thethethe magneticmagneticmagnetic fieldfieldfield intensity.intensity.intensity. 
ThenThenThen EquationEquationEquation 333 becomesbecomesbecomes 

F,F,F, === XVHXVHXVH dB/dxdB/dxdB/dx (5)(5)(5) 

ignoringignoringignoring thethethe smallersmallersmaller susceptibilitysusceptibilitysusceptibility ofofof oppositeoppositeopposite signsignsign ofofof thethethe diamagneticdiamagneticdiamagnetic backgroundbackgroundbackground fluid.fluid.fluid. ForForFor 
smallsmallsmall particlesparticlesparticles ininin aaa viscousviscousviscous mediummediummedium (including(including(including waterwaterwater atatat ambientambientambient temperatures),temperatures),temperatures), viscousviscousviscous forcesforcesforces 
areareare moremoremore importantimportantimportant thanthanthan inertialinertialinertial forcesforcesforces andandand thethethe particleparticleparticle quicklyquicklyquickly reachesreachesreaches itsitsits terminalterminalterminal velocityvelocityvelocity 

vvv === F)61TTJrF)61TTJrF)61TTJr (6)(6)(6) 



---------------------

 

 

r isisis thethethe radiusradiusradius ofofof thethethe particleparticleparticle andandand TlTlTl isisis thethethe viscosityviscosityviscosity (10(10(10 -1-1-1 nsec/m"nsec/m"nsec/m" === 0.0 Iwherewherewhere I'I' 0.010.01 poisepoisepoise forforfor 
waterwaterwater atatat roomroomroom temperature).temperature).temperature). ThusThusThus thethethe velocityvelocityvelocity dueduedue tototo magneticmagneticmagnetic forcesforcesforces dependsdependsdepends ononon thethethe naturenaturenature 

fieldofofof thethethe material,material,material, thethethe magnitudemagnitudemagnitude ofofof thethethe freldfreld gradient,gradient,gradient, andandand thethethe sizesizesize ofofof thethethe particle.particle.particle. SinceSinceSince F,F,F, 
andandand mmm arcarcare proportionalproportionalproportional tototo volumevolumevolume ofofof thethethe magneticmagneticmagnetic materialmaterialmaterial andandand thereforethereforetherefore increaseincreaseincrease asasas 1",1",r'. vvv 

r". However,However,However, thethethe sizesizesize ofofof magneticmagneticmagnetic microcarriersmicrocarriersmicrocarriers isisis limitedlimitedlimited bybyby thethethe needneedneed forforfor aaaincreasesincreasesincreases asasas 1'".1'". 

ratio. duclargelargelarge surface-to-volumesurface-to-volumesurface-to-volume ratio,ratio, andandand bybyby thethethe tendencytendencytendency ofofof largelargelarge particlesparticlesparticles tototo coagulatecoagulatecoagulate duedue tototo 
interparticleinterparticleinterparticle forces.forces.forces. 

micrucarriers, ()utsideToToTo employemployemploy magneticmagneticmagnetic drugdrugdrug microcarriers,microcarriers, largelargelarge fieldfieldfield gradientsgradientsgradients mustmustmust bebebe generatedgeneratedgenerated outsideoutside 
procedures.thethethe bodybodybody bybyby suitablysuitablysuitably shaped,shaped,shaped, magnetizedmagnetizedmagnetized polepolepole pieces.pieces.pieces. InInIn thethethe immunologicalimmunologicalimmunological procedures,procedures, thethethe 

microcarriers,microcarriers,microcarriers, tototo whichwhichwhich specificspecificspecific antibodiesantibodiesantibodies ororor antigensantigensantigens arearcarc chemicallychemicallychemically attached,attached,attached, cancancan bebebe 
separatedseparatedseparated bybyby thethethe useuseuse ofofof highhighhigh gradientgradientgradient magneticmagneticmagnetic separationseparationseparation (HGMS)(HGMS)(HGMS) filtersfiltersfilters consistingconsistingconsisting ofofof finefinefine 
stainlessstainlessstainless steelsteelsteel wireswireswires ininin aaa magneticmagneticmagnetic fieldfieldfield strongstrongstrong enoughenoughenough tototo magnetizemagnetizemagnetize thethethe wires.wires.wires. GradientsGradientsGradients asasas 
highhighhigh asasas 10'10' tototo 10)10) TimTimTim cancancan bebebe generatedgeneratedgenerated withinwithinwithin aaa fewfewfew diametersdiametersdiameters ofofof thethethe wires.wires.wires. AsAsAs thethethe fluidfluidfluid 
flowsflowsflows throughthroughthrough thethethe filterfilterfilter thethethe magneticmagneticmagnetic particlesparticlesparticles andandand anythinganythinganything attachedattachedattached tototo themthemthem areareare trappedtrappedtrapped ononon 
thethethe wires.wires.wires. ThisThisThis methodmethodmethod hashashas beenbeenbeen appliedappliedapplied tototo thethethe separationseparationseparation ofofof cellscellscells andandand proteins")proteins")proteins") "'"'"' andandand tototo 
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removalremovalremoval ofofof microorgcmismsmicroorgcmisms fromfromfrom water.,')·30water.,')·30microorganisms water. "). '" 

Ill.Ill.Ill. ORIENTATIONORIENTATIONORIENTATION OFOFOF CELLSCELLSCELLS ANDANDAND BIOMOLECULESBIOMOLECULESBIOMOLECULES INININ INTENSE
INTENSEINTENSE
MAGNETICMAGNETICMAGNETIC FIELDSFIELDSFIELDS ANDANDAND MAGNETICMAGNETICMAGNETIC FIELDFIELDFIELD EFFECTSEFFECTSEFFECTS ONONON CHEMICAL
CHEMICALCHEMICAL

REACTIONS
REACTIONSREACTIONS

AlignmentAlignmentAlignment ofofof molecularmolecularmolecular aggregatesaggregatesaggregates withwithwith sufficientsufficientsufficient diamagneticdiamagneticdiamagnetic anisotropyanisotropyanisotropy willwillwill occuroccuroccur ininin 
intenseintenseintense magneticmagneticmagnetic fieldsfieldsfields (sec(sec(sec Appendix).Appendix).Appendix). TheTheThe energyenergyenergy ofofof cylindricallycylindricallycylindrically symmetricsymmetricsymmetric molecularmolecularmolecular 
aggregatesaggregatesaggregates ininin ananan externalexternalexternal magneticmagneticmagnetic fieldfieldfield BBB isisis givengivengiven bybyby 

:2:2:2
III

[XII[XII[XII +++ (XII(XII(XII --- xJxJxJ cos"8]cos"8]cos"8] YYY HHH ... BBB 

(XII --- ))) >>> O.O.O. 888 isisis thethethewherewherewhere YYY isisis thethethe volumevolumevolume andandand XI',XI',XI', isisis thethethe leastleastleast negativenegativenegative susceptibilitysusceptibilitysusceptibility (Xli(Xli XXX 

angleangleangle betweenbetweenbetween thethethe XliXliXli directiondirectiondirection andandand thethethe fieldfieldfield direction.direction.direction. XliXliXli isisis usuallyusuallyusually parallelparallelparallel ororor perpendicularperpendicularperpendicular 
tototo thethethe axisaxisaxis ofofof cylindricalcylindricalcylindrical symmetry.symmetry.symmetry. IfIfIf XIIXIIXII isisis parallelparallelparallel tototo thethethe axis,axis,axis, thethethe aggregateaggregateaggregate willwillwill alignalignalign withwithwith 
thethethe axisaxisaxis perpendicularperpendicularperpendicular tototo thethethe field.field.field. IfIfIf XIIXIIXII isisis perpendicularperpendicularperpendicular tototo thethethe axisaxisaxis thethethe aggregateaggregateaggregate willwillwill alignalignalign 
withwithwith thethethe axisaxisaxis parallelparallelparallel tototo thethethe field.field.field. SinceSinceSince thethethe alignmentalignmentalignment ininin thethethe fieldfieldfield isisis opposedopposedopposed bybyby thethethe 
randomizingrandomizingrandomizing forcesforcesforces dueduedue tototo thermalthermalthermal energy,energy,energy, thethethe averageaverageaverage alignmentalignmentalignment <cos<cos<cos2228>8>8> ofofof ananan ensembleensembleensemble 
ofofof rodsrodsrods ininin thethethe fieldfieldfield atatat ambientambientambient temperaturestemperaturestemperatures willwillwill bebebe ananan exponentialexponentialexponential functionfunctionfunction ofofof thethethe ratioratioratio ofofof 
magneticmagneticmagnetic tototo thermalthermalthermal energiesenergiesenergies 

JJJ coscos 2288 e-I'm'"]"e-I'm'"]" dYdYdY 
<cos"O> (8)(8)(8) 
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ExperimentalExperimentalExperimental resultsresultsresults havehavehave beenbeenbeen reviewedreviewedreviewed comprehensivelycomprehensivelycomprehensively bybyby MaretMaretMaret andandand Dransfeld.'u2Dransfeld.'u2Dransfeld.'u2 
fibers,1.1 chloroplasts,34 elements,3:"'" erythrocytes,'" b~lcteriophageMuscleMuscleMuscle fibers,'·'fibers,'·' chloroplasts,'4chloroplasts,'4 retinalretinalretinal elements,3)'"elements,3)'" sickledsickledsickled erythrocytes.'"erythrocytes.'" bacteriophagebacteriophage 

fibers, ", membranes,1<J,l1lfibers,'x,fibers,'x, membranes,'<lAomembranes,'<lAo andandand macromoleculesmacromoleculesmacromolecules includingincludingincluding nucleicnucleicnucleic acids"acids"acids" havehavehave diamagneticdiamagneticdiamagnetic 
intense,anisotropyanisotropyanisotropy andandand havehavehave beenbeenbeen alignedalignedaligned ininin intense.intense. homogeneoushomogeneoushomogeneous magneticmagneticmagnetic fields.fields.fields. HighlyHighlyHighly orientedorientedoriented 

structuresstructuresstructures cancancan resultresultresult fromfromfrom polymerizationpolymerizationpolymerization ininin ananan intenseintenseintense field.field.field. TorbetTorbetTorbet etetet aL"aL"aL" producedproducedproduced orientedorientedoriented 
fibrinfibrinfibrin gelsgelsgels fromfromfrom fibrinfibrinfibrin monomersmonomersmonomers ininin aaa fieldfieldfield ofofof 111111 T.T.T. TheTheThe fibrinfibrinfibrin monomersmonomersmonomers werewerewere producedproducedproduced 
bybyby enzymaticenzymaticenzymatic cleavagecleavagecleavage ofofof fibrinogen.fibrinogen.fibrinogen. MurthyMurthyMurthy andandand YannasYannasYannas424242 preparedpreparedprepared orientedorientedoriented collagencollagencollagen filmsfilmsfilms 
bybyby heatheatheat precipitationprecipitationprecipitation ininin aaa magneticmagneticmagnetic field.field.field. CollagenCollagenCollagen ininin solutionsolutionsolution dissociatesdissociatesdissociates intointointo monomersmonomersmonomers atatat 

temperaturestemperaturestemperatures andandand precipitatesprecipitatesprecipitates atatat (~ K).K).K). TheTheThe mOJlumcrslowlowlow higherhigherhigher temperaturetemperaturetemperature (-(- 373737 monomersmonomers areareare 
trimers, occursoccursoccurs asasas theytheythey formformform fromfromfrom monmonmonapparentlyapparentlyapparently notnotnot aligned.aligned.aligned. AlignmentAlignmentAlignment ofofof dimers,dimers,dimers, trimers.trimers. etc.etc.etc. 

omersomersomers withwithwith increasingincreasingincreasing temperaturetemperaturetemperature ininin thethethe field.field.field. 
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InInIn additionadditionaddition tototo polymerpolymerpolymer alignment,alignment,alignment, intenseintenseintense magneticmagneticmagnetic fieldsfieldsfields maymaymay interaclinteraclinteracl withwithwith biomaterialsbiomaterialsbiomaterials 

SperberSperberSperber etetet a1.."a1.a1. 4141 observedobservedobserved orientedorientedoriented growthgrowthgrowth ofofof p,ollenp,ollenp,ollen tubestubestubes Cieldsin	inin otherotherother ways.ways.ways. ininin intenseintenseintense rieldsrields 

andandand suggestssuggestssuggests redistributionredistributionredistribution ofofof membranemembranemembrane proteinsproteinsproteins thatthatthat regulateregulateregulate intercellularintercellularintercellular concentrationsconcentrationsconcentrations 
ofofof CaCaCa222 

''' ... Audus""")AudusAudus444444 :>:> hadhadhad previouslypreviouslypreviously observedobservedobserved orientedorientedoriented growth,growth,growth, ororor magnetotropism,magnetotropism,magnetotropism, ininin oatoatoat 

shootsshootsshoots andandand cresscresscress rootsrootsroots ininin inhomogeneousinhomogeneousinhomogeneous magneticmagneticmagnetic fields,fields,fields, withwithwith growthgrowthgrowth occurringoccurringoccurring ininin thethethe 
directiondirectiondirection ofofof decreasingdecreasingdecreasing fieldfieldfield intensity.intensity.intensity. Labes"h proposedproposedproposed interactioninteractioninteraction ofofofLabesLabes4h4h andandand AcetoAcetoAceto etetet a1.·a1.·a1.·171717 

magneticmagneticmagnetic fieldsfieldsfields withwithwith cellcellcell membranesmembranesmembranes asasas aaa plausibleplausibleplausible mechanismmechanismmechanism forforfor physiologicalphysiologicalphysiological effects.effects.effects. 
TheyTheyThey notednotednoted thatthatthat membranesmembranesmembranes havehavehave liquid,liquid,liquid, crystal-likecrystal-likecrystal-like propertiespropertiesproperties andandand areareare closecloseclose tototo phasephasephase 

transitionstransitionstransitions atatat physiologicalphysiologicalphysiological temperatures.temperatures.temperatures. MagneticMagneticMagnetic fieldfieldfield couldcouldcould affectaffectaffect membranemembranemembrane lluiditylluiditylluidity ororor 

otherotherother properties.properties.properties. MagneticMagneticMagnetic orientationorientationorientation ofofof diamagneticallydiamagneticallydiamagnetically anisotropicanisotropicanisotropic domainsdomainsdomains ininin artificialartificialartificial 
phospholipidphospholipidphospholipid bilayersbilayersbilayers hashashas beenbeenbeen reported.reported.reported. 4x4x4x MagneticMagneticMagnetic fieldsfieldsfields alsoalsoalso affectaffectaffect thethethe fluid-gelfluid-gelfluid-gel transitiontransitiontransition 

in	inin agaroseagaroseagarose gels,"'!gels,"'! possiblypossiblypossibly bybyby alignmentalignmentalignment ofofof thethethe monomersmonomersmonomers ininin thethethe lluidlluidlluid phase.phase.phase. 

MagneticMagneticMagnetic fieldsfieldsfields ofofof thethethe orderorderorder ofofof 101010 111 tototo 10-10-10- 222 TTT cancancan affectaffectaffect chemicalchemicalchemical reactionsreactionsreactions bybyby influencinginfluencinginfluencing 

thethethe electronicelectronicelectronic spinspinspin statesstatesstates ofofof reactionreactionreaction intermediatesintermediatesintermediates SllSllSll 'iJ'il'il TheseTheseThese effectseffectseffects cancancan havehavehave biologicalbiologicalbiological 

gels,"'; 

S4consequences.'i4:>'consequences.'i4:>' AAA relativelyrelativelyrelatively simplesimplesimple chemicalchemicalchemical illustrationillustrationillustration ofofof thethethe effecteffecteffect involvesinvolvesinvolves homolytiL'homolytiL'homolytiL' 

cleavagecleavagecleavage ofofof aaa chemicalchemicalchemical bondbondbond tototo produceproduceproduce twotwotwo radicals*radicals*radicals* SinceSinceSince thethethe electronselectronselectrons ininin thethethe chemicalchemicalchemical 
bondbondbond areareare spin-pairedspin-pairedspin-paired ininin ananan SSS === state,S'ia 

consequences ." 

000 ororor singletsingletsinglet state,'i'iastate,'i'ia thesethesethese electronselectronselectrons ononon thethethe nascentnascentnascent radicalsradicalsradicals 

willwillwill alsoalsoalso havehavehave overalloveralloverall singletsingletsinglet charactercharactercharacter asasas thethethe radicalsradicalsradicals separate.separate.separate. SeparationSeparationSeparation isisis aaa diffusiondiffusiondiffusion

controlledcontrolledcontrolled processprocessprocess andandand theretherethere isisis aaa highhighhigh probabilityprobabilityprobability thatthatthat thethethe twotwotwo radicalsradicalsradicals willwillwill reencounterreencounterreencounter eacheacheach 

reencounterother.other.other. IfIfIf thethethe electronselectronselectrons retainretainretain theirtheirtheir overalloveralloverall singletsingletsinglet character,character,character, aaa reeneounterreeneounter isisis likelylikelylikely tototo produceproduceproduce 

recombination.recombination.recombination. IfIfIf thethethe electronselectronselectrons havehavehave overalloveralloverall triplettriplettriplet (S(S(S === I)I)I) character,character,character, thethethe bondbondbond willwillwill notnotnot 

reformreformreform andandand thethethe radicalsradicalsradicals willwillwill eventuallyeventuallyeventually separateseparateseparate andandand perhapsperhapsperhaps participateparticipateparticipate ininin otherotherother chemicalchemicalchemical 

reaction.reaction.reaction. TheTheThe transitiontransitiontransition fromfromfrom singletsingletsinglet tototo triplettriplettriplet cancancan resultresultresult fromfromfrom thethethe interactioninteractioninteraction ofofof thethethe oddoddodd 

electronselectronselectrons ofofof thethethe radicalsradicalsradicals withwithwith thethethe nuclearnuclearnuclear magneticmagneticmagnetic moment(s)moment(s)moment(s) ofofof thethethe atom(s)atom(s)atom(s) ononon whichwhichwhich theytheythey 

interaction.havehavehave highhighhigh probabilityprobabilityprobability density.density.density. ThisThisThis interaction,interaction, thethethe magneticmagneticmagnetic hyperfinehyperfinehyperfine interaction,interaction,interaction, isisis equivequivequiv

alentalentalent tototo aaa locallocallocal magneticmagneticmagnetic fieldfieldfield atatat thethethe electronselectronselectrons producedproducedproduced bybyby thethethe nuclei.nuclei.nuclei. DifferentDifferentDifferent locallocallocal magneticmagneticmagnetic 

fieldsfieldsfields causecausecause thethethe electronselectronselectrons ononon thethethe radicalsradicalsradicals tototo precessprecessprecess atatat differentdifferentdifferent rates,rates,rates, whichwhichwhich destroysdestroysdestroys singletsingletsinglet 

However.phasingphasingphasing andandand resultsresultsresults ininin triplettriplettriplet formation.formation.formation. However,However, ananan appliedappliedapplied magneticmagneticmagnetic fieldfieldfield willwillwill decoupledecoupledecouple 

state,thethethe electronselectronselectrons andandand thethethe nuclei,nuclei,nuclei, suppressingsuppressingsuppressing formationformationformation ofofof thethethe triplettriplettriplet state.state. ThisThisThis enhancesenhancesenhances thethethe 

recombinationrecombinationrecombination rateraterate andandand suppressessuppressessuppresses thethethe otherotherother chemicalchemicalchemical reactions.reactions.reactions. TheTheThe decouplingdecouplingdecoupling ofofof thethethe 

electronselectronselectrons andandand thethethe nucleinucleinuclei willwillwill occuroccuroccur whenwhenwhen thethethe intensityintensityintensity ofofof thethethe appliedappliedapplied fieldfieldfield exceedsexceedsexceeds thethethe effectiveeffectiveeffective 

hyped'ine interaction.interaction.interaction. precessprecessprecess inininmagneticmagneticmagnetic fieldfieldfield producedproducedproduced bybyby thethethe hypert'inehypert'ine ThenThenThen thethethe electronselectronselectrons willwillwill 

phasephasephase aboutaboutabout thethethe appliedappliedapplied fieldfieldfield ratherratherrather thanthanthan atatat differentdifferentdifferent ratesratesrates aboutaboutabout thethethe locallocallocal field.field.field. ThisThisThis conditionconditioncondition 

isisis typicallytypicallytypically satisfiedsatisfiedsatisfied forforfor fieldsfieldsfields ofofof thethethe orderorderorder ofofof 10-10-10- ll tototo 101010J 222 T.T.T. 

AAA variationvariationvariation ofofof thisthisthis schemeschemescheme isisis proposedproposedproposed tototo accountaccountaccount forforfor thethethe effectseffectseffects ofofof magneticmagneticmagnetic fieldsfieldsfields ononon 
.55electronelectronelectron transporttransporttransport ininin photosynthetic,photosynthetic,photosynthetic, purplepurplepurple bacterialbacterialbacterial membranes."membranes."membranes." .'i'i.'i'i ......'<,'<,'<, TheTheThe effectseffectseffects areareare obobob

servedservedserved whenwhenwhen elementselementselements ofofof thethethe transporttransporttransport chainchainchain areareare electrochemicallyelectrochemicallyelectrochemically reduced,reduced,reduced, forcingforcingforcing backbackback 

transfertransfertransfer ofofof thethethe photoexcitedphotoexcitedphotoexcited electron.electron.electron. TheTheThe electronelectronelectron transporttransporttransport sequencesequencesequence cancancan bebebe summarizedsummarizedsummarized 

asasas follows:follows:follows: 

I.I.I. S(A)S(A)S(A) --7+++ photonphotonphoton ---7---7 S(A)*S(A)*S(A)* 
2.2.2. *** --7 +++ B-)B-)B-)S(A)S(A)S(A) +++ (B)(B)(B) ---7---7 S(AS(AS(A +++ 

S(AS(AS(A +++ +++ B')B-)B-) <=±<=±<=± T(AT(AT(A iii B')3.3.3. +++ B-)B-) 

4.4.4. B') --7 s(A)s(A)s(A) +++ (B)(B)(B)S(A'S(A'S(A' +++ BB -)-) ---7---7 

5.5.5. --7 +++ (B)(B)(B)T(AT(AT(A +++ B)B)B) ---7---7 T(A)T(A)T(A) 

(A)(A)(A) correspondscorrespondscorresponds tototo bacteriochlorophyllbacteriochlorophyllbacteriochlorophyll dimerdimerdimer andandand (B)(B)(B) correspondscorrespondscorresponds tototo bacteriopheophytin.bacteriopheophytin.bacteriopheophytin. SSS 

andandand TTT standstandstand forforfor singletsingletsinglet andandand triplet,triplet,triplet, respectively,respectively,respectively, andandand *** standsstandsstands forforfor thethethe photoexcitedphotoexcitedphotoexcited state.state.state. (I)(I)(I) 

BacteriochlorophyllBacteriochlorophyllBacteriochlorophyll absorbsabsorbsabsorbs aaa photonphotonphoton resultingresultingresulting ininin electronelectronelectron excitation.excitation.excitation. (2)(2)(2) ElectronElectronElectron transfertransfertransfer 

*	 HomolyticHomolyticHomolytic cleavagecleavagecleavage isisis thethethe breakingbreakingbreaking ofofof aaa covalent.covalent.covalent. slngleslngleslngle sosohondhond so thatthatthat oneoneone electronelectronelectron fromfromfrom thethethe bondbondbondbond isisis leftleftleft ononon** 
eacheacheach fragment.fragment.fragment. resultingresultingresulting ininin twotwotwo freefreefree radicalsradicalsradicals withwithwith single,single,single, unpairedunpairedunpaired electrons.electrons.electrons. 
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tototo bacteriopheophytinbacteriopheophytinbacteriopheophytin occurs,occurs,occurs, resultingresultingresulting ininin positivepositivepositive andandand negativenegativenegative chargeschargescharges ononon donordonordonor andandand acacac
respcctively. initialJy aaa singletsingletsinglet statestatestateceptor,ceptor,ceptor, respectively.respectively. (3)(3)(3) TheTheThe positivepositivepositive ion-negativeion-negativeion-negative ionionion pairpairpair areareare initiallyinitially ininin 

whichwhichwhich cancancan evolveevolveevolve intointointo aaa triplettriplettriplet statestatestate viaviavia thethethe hyperfinehyperfinehyperfine interactioninteractioninteraction mechanism.mechanism.mechanism. InInIn thethethe blockedblockedblocked 
transporttransporttransport chain,chain,chain, thethethe ionionion pairpairpair decaysdecaysdecays bybyby backbackback transfertransfertransfer ofofof thethethe electronelectronelectron tototo aaa lesslessless energeticenergeticenergetic statestatestate 

bacteriochlorophyll. (4)(4)(4) IfIfIf thethethe ionionion pairpairpair isisis ininin thethethe singletsingletsinglet state,state,state, backbackback transfertransfertransfer populatespopulatespopulates thethetheofofof bacteriochlorophyllbacteriochlorophyll 
singletsingletsinglet groundgroundground statestatestate ofofof bacteriochlorophyll.bacteriochlorophyll.bacteriochlorophyll. (5)(5)(5) IfIfIf thethethe ionionion pairpairpair isisis ininin thethethe triplettriplettriplet state,state,state, backbackback 
transfertransfertransfer populatespopulatespopulates ananan intermediateintermediateintermediate energyenergyenergy triplettriplettriplet statestatestate ofofof bacteriochlorophyllbacteriochlorophyllbacteriochlorophyll whichwhichwhich isisis detecteddetecteddetected 
bybyby aaa delayeddelayeddelayed fluorescencefluorescencefluorescence method.method.method. ItItIt isisis foundfoundfound thatthatthat thethethe amountamountamount ofofof bacteriochlorophyllbacteriochlorophyllbacteriochlorophyll triplettriplettriplet 
producedproducedproduced followingfollowingfollowing flashflashflash excitationexcitationexcitation isisis magneticmagneticmagnetic field-dependent.field-dependent.field-dependent. BecauseBecauseBecause thethethe photosyntheticphotosyntheticphotosynthetic 
apparatusapparatusapparatus isisis highlyhighlyhighly structuredstructuredstructured andandand membrane-bound,membrane-bound,membrane-bound, exchangeexchangeexchange interactionsinteractionsinteractions betweenbetweenbetween thethethe ionsionsions 

Althoughalsoalsoalso playaplayaplaya rolerolerole ininin thethethe formationformationformation ofofof thethethe triplettriplettriplet statestatestate ininin (3).(3).(3). AA IthoughIthough thethethe experimentalexperimentalexperimental conditionsconditionsconditions 
citedcitedcited aboveaboveabove areareare nonphysiological,nonphysiological,nonphysiological, mechanismsmechanismsmechanisms ofofof thisthisthis kindkindkind couldcouldcould conceivablyconceivablyconceivably playaplayaplaya rolerolerole ininin 
electronelectronelectron transporttransporttransport ininin viableviableviable biologicalbiologicalbiological systems.systems.systems. 

IV.	IV.IV. MUTAGENIC,MUTAGENIC,MUTAGENIC, MITOGENIC,MITOGENIC,MITOGENIC, MORPHOLOGICAL,MORPHOLOGICAL,MORPHOLOGICAL, AND
ANDAND
DEVELOPMENTALDEVELOPMENTALDEVELOPMENTAL EFFECTSEFFECTSEFFECTS OFOFOF MAGNETICMAGNETICMAGNETIC FIELDS
FIELDSFIELDS

AAA largelargelarge numbernumbernumber ofofof paperspaperspapers havehavehave beenbeenbeen publishedpublishedpublished ononon thisthisthis topictopictopic andandand aaa numbernumbernumber ofofof bibliographies,bibliographies,bibliographies, 
577reviews,reviews,reviews, andandand symposiasymposiasymposia havehavehave appearedappearedappeared 57755775 

'i Moreover,Moreover,Moreover, aaa numbernumbernumber ofofof interactioninteractioninteraction mechanismsmechanismsmechanisms 
5 77havehavehave beenbeenbeen proposedproposedproposed 55 

1.7('SC('.x:,('.x:, However,However,However, atatat thisthisthis timetimetime thisthisthis areaareaarea remainsremainsremains ananan empiricalempiricalempirical sciencesciencescience withwithwith1.1. 

littlelittlelittle elucidationelucidationelucidation ofofof effectseffectseffects ininin termstermsterms ofofof mechanism.mechanism.mechanism. OnlyOnlyOnly somesomesome ofofof thethethe moremoremore recentrecentrecent reportsreportsreports 
willwillwill bebebe citedcitedcited here.here.here. 

MutagenicMutagenicMutagenic effectseffectseffects ofofof chronicchronicchronic exposureexposureexposure tototo DCDCDC magneticmagneticmagnetic fieldsfieldsfields havehavehave beenbeenbeen invesllgated.investigated.investigated. 
S 

.1 exposedexposedexposed malemalemale micemicemice tototo aaa magneticmagneticmagnetic fieldfieldfield ofofof upupup tototo ITMahlumMahlumMahlum etetet al.al.al. S.1S.1 IITT forforfor 282828 days.days.days. TheTheThe micemicemice 

werewerewere subsequentlysubsequentlysubsequently matedmatedmated tototo twotwotwo femalesfemalesfemales perperper weekweekweek forforfor upupup tototo 888 weeksweeksweeks andandand thethethe resultingresultingresulting 

embryosembryosembryos werewerewere assayedassayedassayed fDrfDrfDr viabilityviabilityviability 101010 daysdaysdays later.later.later. NoNoNo significantsignificantsignificant differencesdifferencesdifferences werewerewere reportedreportedreported 
xl exposedexposedexposed fruittlyfruittlybetweenbetweenbetween exposedexposedexposed andandand sham-exposedsham-exposedsham-exposed (control)(control)(control) groups.groups.groups. KaleKaleKale andandand BaumBaumBaumx1x1 fruitfly 

melanogaster) :'.7(Drosophila(Drosophila(Drosophila lIlelanogaster)lIlelanogaster) malemalemale eggs,eggs,eggs, larvae,larvae,larvae, pupae,pupae,pupae, andandand adultsadultsadults tototo fieldsfieldsfields upupup tototo 3.73.7 TTT forforfor 
upupup tototo 777 days.days.days. AfterAfterAfter matingmatingmating withwithwith females,females,females, broodsbroodsbroods werewerewere testedtestedtested forforfor inductioninductioninduction ofofof geneticgeneticgenetic damagedamagedamage 
bybyby thethethe sex-linked,sex-linked,sex-linked, recessiverecessiverecessive lethallethallethal test.test.test. NoNoNo evidenceevidenceevidence forforfor inductioninductioninduction ofofof mutationsmutationsmutations underunderunder thethethe 
conditionsconditionsconditions ofofof exposureexposureexposure werewerewere reported.reported.reported. SkopekSkopekSkopek etetet X""al.al.al. ,".,,"., exposedexposedexposed SalmonellaSalmonellaSalmonella andandand culturedculturedcultured 

humanhumanhuman IymphoblastsIymphoblastsIymphoblasts tototo 10-T10-T10-T magneticmagneticmagnetic fieldsfieldsfields forforfor 444 hr.hr.hr. CellsCellsCells werewerewere surveyedsurveyedsurveyed forforfor toxictoxictoxic andandand 

mutagenicmutagenicmutagenic effectseffectseffects withwithwith aaa forwardforwardforward mutationmutationmutation assay.assay.assay. NoNoNo effectseffectseffects ofofof magneticmagneticmagnetic fieldfieldfield exposureexposureexposure 

werewerewere foundfoundfound forforfor eithereithereither cellcellcell typetypetype whenwhenwhen comparedcomparedcompared withwithwith sham-exposedsham-exposedsham-exposed controls.controls.controls. 

deve lopmental 	 a!. SoMorphologicalMorphologicalMorphological andandand developmentaldevelopmental effectseffectseffects havehavehave beenbeenbeen investigated.investigated.investigated. SikovSikovSikov etetet al.al. s<s< reportedreportedreported 

nonono effectseffectseffects ononon thethethe developmentdevelopmentdevelopment ofofof micemicemice afterafterafter intrauterineintrauterineintrauterine exposureexposureexposure tototo III TTT duringduringduring gestation.gestation.gestation. 
earl ier a!. K(, 	 0.12-TAnAnAn earlierearlier studystudystudy bybyby NahasNahasNahas etetet al.K<'al.K<' indicatedindicatedindicated thatthatthat exposureexposureexposure ofofof rodentsrodentsrodents tototo 0.02-0.02-0.02- tototo 0.12-T0.12-T fieldsfieldsfields 

s7forforfor III monthmonthmonth resultedresultedresulted ininin nonono toxictoxictoxic ororor histopathologicalhistopathologicalhistopathological effects.effects.effects. BrewerBrewerBrewerx7x7 studiedstudiedstudied guppiesguppiesguppies 

(Lebistes(Lebistes(Lebistes reticulatus)reticulatus)reticulatus) chronicallychronicallychronically exposedexposedexposed tototo aaa 0.05-T0.05-T0.05-T magneticmagneticmagnetic fieldfieldfield andandand reportedreportedreported reductionreductionreduction 

field. However,However,However,ininin spawnspawnspawn rateraterate andandand gestationgestationgestation periodperiodperiod ininin successivesuccessivesuccessive generationsgenerationsgenerations exposedexposedexposed tototo thethethe fieldfield 

fieldfieldfield effectseffectseffects werewerewere notnotnot permanent:,permanent:,permanent:, reproductionreproductionreproduction eventuallyeventuallyeventually returnedreturnedreturned tototo normalnormalnormal whenwhenwhen fishfishfish werewerewere 
a!. 	 lan'is)removedremovedremoved fromfromfrom thethethe magneticmagneticmagnetic field.field.field. MildMildMild etetet al.al. xxxxxx studiedstudiedstudied developmentdevelopmentdevelopment ofofof frogfrogfrog (Xenopus(Xenopus(Xenopus lon'is)lon'is) 

embryosembryosembryos exposedexposedexposed atatat 0.250.250.25 TTT forforfor periodsperiodsperiods upupup tototo III week,week,week, atatat temperaturestemperaturestemperatures justjustjust aboveaboveabove thethethe thresholdthresholdthreshold 

forforfor developmentdevelopmentdevelopment ininin thethethe embryos.embryos.embryos. IfIfIf thethethe effecteffecteffect ofofof thethethe magneticmagneticmagnetic fieldfieldfield isisis equivalentequivalentequivalent tototo aaa reductionreductionreduction 
ininin temperature,"7temperature,"7temperature,~7 exposedexposedexposed embryosembryosembryos shouldshouldshould notnotnot havehavehave developed.developed.developed. However, nononoHowever.However. differencesdifferencesdifferences 

reportedbetweenbetweenbetween developmentdevelopmentdevelopment ofofof exposedexposedexposed embryosembryosembryos andandand unexposedunexposedunexposed controlscontrolscontrols werewerewere reported.reported. PreviousPreviousPrevious 
embryos'""studiesstudiesstudies hadhadhad indicatedindicatedindicated effectseffectseffects ofofof magneticmagneticmagnetic fieldfieldfield exposureexposureexposure ononon developmentdevelopmentdevelopment ofofof frogfrogfrog embryos.'"embryos.'" 

StrandStrandStrand etetet alalal sss ',,,',,,',,, reportreportreport enhancementenhancementenhancement ofofof fertilizationfertilizationfertilization followingfollowingfollowing exposureexposureexposure ofofof trouttrouttrout sperm,sperm,sperm, ova.ova.ova. 

ororor bothbothboth tototo 1-l-Tl-TT magneticmagneticmagnetic fields.fields.fields. 
FrazierFrazierFrazier etetet al.al.al. ,,')'J')'J') investigatedinvestigatedinvestigated mammalianmammalianmammalian cellcellcell culturesculturescultures continuouslycontinuouslycontinuously exposedexposedexposed tototo magneticmagneticmagnetic 

0.1 throughthroughthrough 808080 cellcellcell doublings.doublings.doublings. werewerewerefieldsfieldsfields ofofof O.O. 11 ororor 0.30.30.3 TTT NoNoNo mitogenicmitogenicmitogenic effectseffectseffects ofofof thethethe fieldfieldfield 



 

 

cells were Ditlcrencesreportedreportedreported whenwhenwhen doublingdoublingdoubling timestimestimes ofofof exposedexposedexposed ccllscclls wcrewcre comparedcomparedcompared tototo controls.controls.controls. DitlerencesDitlerences ininin 
platingplatingplating efficienciesefficienciesefficiencies betweenbetweenbetween exposedexposedexposed cellscellscells andandand controlscontrolscontrols werewerewere citedcitedcited <llld<llld ascribedascribedascribed tototo ananan asasas yetyetyet 

0'1' III TTT diddiddid notnotnot 
and 

unexplainedunexplainedunexplained increasedincreasedincreased clumpingclumpingclumping ofofof exposedexposedexposed cells.cells.cells. ExposureExposureExposure o'fo'f frozenfrozenfrozen cellscellscells atatat 
result ininin cellcellcell morphology')(} asasas reportedreportedreported earlearlearl ier.ier.icr. 'II'II'II Culturedresuresu IItt ininin changeschangeschanges morphology'''}morphology'''} CUCU IItutu redred cellscellscells fromfromfrom humanhumanhuman 

bronchogenicbronchogenicbronchogenic carcinomacarcinomacarcinoma andandand fromfromfrom BurkittBurkittBurkitt lymphomalymphomalymphoma werewerewere exposedexposedexposed tototo DCDCDC magneticmagneticmagnetic fieldsfieldsfields 
Stefani."e unafrectedupupup tototo 1.151.151.15 TTT bybyby ChandraChandraChandra andandand Stefani. 'lc TheyTheyThey reportreportreport thatthatthat growthgrowthgrowth characteristicscharacteristicscharacteristics werewerewere unallectedunallected 

bybyby exposure.exposure.exposure. InInIn vivovivovivo exposureexposureexposure ofofof mousemousemouse tumorstumorstumors diddiddid notnotnot causecausecause retardationretardationretardation ofofof growthgrowthgrowth ofofof thethethe 
tumor.tumor.tumor. LeitmannovaLeitmannovaLeitmannova etetet al.al.al. ')1')1')1 reportedreportedreported changeschangeschanges ininin morphologymorphologymorphology ofofof agedagedaged redredred bloodbloodblood cellscellscells ininin 
magneticmagneticmagnetic fields.fields.fields. 

Stefani."c 

Moore"~Moore""Moore"" studiedstudiedstudied growthgrowthgrowth ofofof fivefivefive speciesspeciesspecies ofofof bacteriabacteriabacteria andandand aaa yeastyeastyeast ininin DCDCDC andandand slowlyslowlyslowly varyingvaryingvarying 
magneticmagneticmagnetic fieldsfieldsfields upupup tototo CJ.09CJ.09 T.T.T. HeHeHe reportsreportsreports stimulationstimulationstimulation ororor retardationretardationretardation ofofof growthgrowthgrowth dependingdependingdepending ononon 
thethethe fieldfieldfield strength,strength,strength, frequency,frequency,frequency, andandand organism.organism.organism. AAA numbernumbernumber ofofof previouspreviousprevious studiesstudiesstudies hadhadhad indicatedindicatedindicated 

0.09 

'I' ')7thatthatthat growthgrowthgrowth ofofof bacteriabacteriabacteria andandand yeastsyeastsyeasts couldcouldcould bebebe alteredalteredaltered bybyby staticstaticstatic magneticmagneticmagnetic fields.fields.fields. '"'" '17'17 

ElectrophysiologicalElectrophysiologicalElectrophysiological effectseffectseffects ofofof staticstaticstatic magneticmagneticmagnetic fieldsfieldsfields havehavehave beenbeenbeen investigated.investigated.investigated. BlattBlattBlatt andandand 
Kuo'lXKuo'" reportedreportedreported nonono changechangechange ininin thethethe actionactionaction potentialpotentialpotential ininin thethethe interpodalinterpodalinterpodal cellscellscells ofofof thethethe freshfreshfresh waterwaterwaterKUO'lX 

algaalgaalga NitellaNitella exposedexposedexposed tototo fieldsfieldsfields upupup tototo 222 T.T.T. TheseTheseThese cellscellscells havehavehave bioelectricalbioelectricalbioelectrical activityactivityactivity andandand previouspreviousprevious 
studies'lx" aaa magnctic ExtendedExtendedExtended 

Nitfila 
studies'!x"studies'!x" hadhadhad indicatedindicatedindicated reductionreductionreduction ofofof thethethe actionactionaction potentialpotentialpotential magneticininin magnetic fields.fields.fields. 

l.6l.6l.6 TTT a1.')') reportedreportedreported ananan timcexposureexposureexposure atatat waswaswas notnotnot toxictoxictoxic forforfor cells.cells.cells. EdelmanEdelmanEdelman etetet al.""al."" increaseincreaseincrease timewithwithwith time 
ininin thethethe amplitudeamplitudeamplitude ofofof thethethe compoundcompoundcompound actionactionaction potentialpotentialpotential ofofof stimulatedstimulatedstimulated frogfrogfrog sciaticsciaticsciatic nervenervenerve whenwhenwhen 
fieldsfieldsfields upupup tototo 0.710.710.71 TTT werewerewere appliedappliedapplied perpendicularperpendicularperpendicular tototo thethethe nerve.nerve.nerve. FieldsFieldsFields appliedappliedapplied parallelparallelparallel tototo thethethe 

lllilGaffcynervenervenerve producedproducedproduced nonono changes.changes.changes. However,However,However, GaffeyGaffey andandand TenfordeTenfordeTenforde looloo reportreportreport nonono changeschangeschanges ininin electricalelectricalelectrical 
conductionconductionconduction ininin frogfrogfrog sciaticsciaticsciatic nervenervenerve ininin fieldsfieldsfields upupup tototo 222 TTT andandand suggestsuggestsuggest thatthatthat resultsresultsresults ofofof EdelmanEdelmanEdelman etetet 
a1.al.al. areareare dueduedue tototo changeschangeschanges ininin temperature.temperature.temperature. SemmSemmSemm etetet al.al.a1. lollolIIlI reportedreportedreported electricalelectricalelectrical changcschangcs ininin cellscellscells inininchanges 

10 "T."T.~thethethe pinealpinealpineal glandsglandsglands ofofof guineaguineaguinea pigspigspigs whenwhenwhen exposedexposedexposed tototo magneticmagneticmagnetic fieldsfieldsfields ofofof thethethe orderorderorder ofofof 1010 T. 
IIlI" 10-10- 13 2_ electroretinographicRaybournRaybournRaybourn 101"101" reportsreportsreports thatthatthat 10 -, tototo 10-10-10- c_c_TTT fieldsfieldsfields acutelyacutelyacutely reducereducereduce electroretinographelectroretinograph icic responsesresponsesresponses 

ininin turtleturtleturtle retina,retina,retina, butbutbut dododo notnotnot reducereducereduce retina!retina!retina! sensitivity.sensitivity.sensitivity. TheTheThe effecteffecteffect mightmightmight involveinvolveinvolve magneticmagneticmagnetic fieldfieldfield 
III).effectseffectseffects ononon chemicalchemicalchemical reactionsreactionsreactions (see(see(see SectionSectionSection Ill).Ill). 

electrocardiograms mammals.22.11l2.10:1 AlterationsStatic,Static,Static, magneticmagneticmagnetic fieldsfieldsfields affectaffectaffect electrocardelectrocard iogramsiograms ininin mammals.mammals. C".IO".lmC".IO".lm AlAl terationsterations ininin thethethe 

TTT wavewavewave ofofof rats,rats,rats, rabbits,rabbits,rabbits, andandand baboonsbaboonsbaboons areareare reportedreportedreported atatat exposuresexposuresexposures aboveaboveabove 0.30.30.3 T,T,T, andandand areare dueduedue tototo 

thethethe potentialspotentialspotentials associatedassociatedassociated withwithwith thethethe flowflowflow ofofof bloodbloodblood ininin thethethe magneticmagneticmagnetic field.field.field. ThereThereThere areareare apparentlyapparentlyapparently 
nonono chronicchronicchronic physiologicalphysiologicalphysiological effectseffectseffects associatedassociatedassociated withwithwith thisthisthis phenomenon.phenomenon.phenomenon. 

fields.IIl-'.IIl' ForForFor 

arc 

ThereThereThere areareare reportsreportsreports ofofof alterationalterationalteration ofofof enzymeenzymeenzyme activityactivityactivity ininin vitrovitrovitro bybyby magneticmagneticmagnetic fields.fields. 10-'.1'"10-'.1'" 

l1l4example,example,example, HaberditzlHaberditzlHaberditzl l04l04 claimsclaimsclaims thatthatthat fieldsfieldsfields upupup tototo 7.87.87.8 TTT diminisheddiminisheddiminished thethethe activityactivityactivity ofofof glutamicglutamicglutamic 
dehydrogenase,dehydrogenase,dehydrogenase, whilewhilewhile aaa 6-T6-T6-T fieldfieldfield enhancedenhancedenhanced thethethe activityactivityactivity ofofof catalase.catalase.catalase. NonuniformNonuniformNonuniform fieldsfieldsfields 

l1l6producedproducedproduced largerlargerlarger effectseffectseffects thanthanthan uniformuniformuniform fields.fields.fields. WeissbluthWeissbluthWeissbluth andandand co-workersco-workersco-workers 10"10" reportedreportedreported nonono effectseffectseffects 

ofofof intenseintenseintense magneticmagneticmagnetic fieldsfieldsfields upupup tototo 222222 TTT ononon thethethe activitiesactivitiesactivities ofofof severalseveralseveral enzymes.enzymes.enzymes. 
RipamontiRipamontiRipamonti etetet alalal Ill?I07I07 studiedstudiedstudied thethethe effecteffecteffect ofofof magneticmagneticmagnetic fieldfieldfield exposuresexposuresexposures upupup tototo 12.512.512.5 TTT ononon thethethe 

Spirostol11ul11SpirOSlOl11lil11responsesresponsesresponses ofofof thethethe contractilecontractilecontractile protozoanprotozoanprotozoan SpirOSlOl11lim ambiguul11ambiguul11ambiguul11 tototo thethethe toxictoxictoxic substancesubstancesubstance 2,2'2,2'2,2'
dipyridyldisulfide.dipyridyldisulfide.dipyridyldisulfide. MagneticMagneticMagnetic fieldfieldfield exposureexposureexposure reportedlyreportedlyreportedly diminisheddiminisheddiminished thethethe abilityabilityability ofofof thethethe organismorganismorganism 
tototo survivesurvivesurvive thethethe drugdrugdrug andandand lengthenedlengthenedlengthened thethethe extensionextensionextension phasephasephase ofofof thethethe contractioncontractioncontraction cycle.cycle.cycle. ItItIt waswaswas 
hypothesizedhypothesizedhypothesized thatthatthat interactionsinteractionsinteractions ofofof thethethe magneticmagneticmagnetic fieldfieldfield withwithwith cellularcellularcellular membranesmembranesmembranes altersaltersalters thethethe 
regulationregulationregulation ofofof CaCa2+Ca2+2

+ transients.transients.transients. ThereThereThere werewerewere nonono toxictoxictoxic effectseffectseffects ofofof exposureexposureexposure tototo magneticmagneticmagnetic fieldsfieldsfields 
a1. IIlX hadhadhad previouslypreviouslypreviously reportedreportedreported thatthatthat magneticmagneticmagnetic fieldfieldfield exposureexposureexposurewithoutwithoutwithout thethethe drug.drug.drug. BlickingBlickingBlicking etetet al.al. lOXlOX 

affectedaffectedaffected thethethe forceforceforce ofofof contractioncontractioncontraction ofofof isolatedisolatedisolated muscle,muscle,muscle, whichwhichwhich alsoalsoalso involvesinvolvesinvolves regulationregulationregulation ofofof 
intracellularintracellularintracellular CaCaCa22T2T

T ... 

deLorge 10')dede LorgeLorge 10'110'1 reportsreportsreports thatthatthat low-intensitylow-intensitylow-intensity magneticmagneticmagnetic fieldsfieldsfields havehavehave nonono measurablemeasurablemeasurable effectseffectseffects ononon operantoperantoperant 
behaviorbehaviorbehavior ininin monkeys.monkeys.monkeys. However,However,However, experimentsexperimentsexperiments atatat highhighhigh magneticmagneticmagnetic fieldsfieldsfields showedshowedshowed aaa suppressionsuppressionsuppression 
ofofof aaa learnedlearnedlearned responseresponseresponse aboveaboveabove aaa thresholdthresholdthreshold betweenbetweenbetween 4.64.64.6 andandand 7.07.07.0 T.T.T. DavisDavisDavis etetet al.al.al. 10'la10'laIIl'l" reportreportreport nonono 

behavioralbehavioralbehavioral alterationsalterationsalterations ininin micemicemice exposedexposedexposed tototo 1.5-T1.5-T1.5-T magneticmagneticmagnetic fields.fields.fields. FurtherFurtherFurther datadatadata ononon thethethe effectseffectseffects 
ofofof veryveryvery intenseintenseintense magneticmagneticmagnetic fieldsfieldsfields comecomecome fromfromfrom NMRNMRNMR studiesstudiesstudies ononon perfused,perfused,perfused, wholewholewhole organisms.organisms.organisms. 
FossellFossellFossell etetet al.al.al. ')'J'J notenotenote thatthatthat exposureexposureexposure ofofof perfusedperfusedperfused ratratrat heartsheartshearts atatat 6.46.46.4 TTT doesdoesdoes notnotnot alteralteralter eithereithereither pressurepressurepressure 
developmentdevelopmentdevelopment ororor heartheartheart rate.rate.rate. 



 

   

"ilAAA surveysurveysurvey ofofof workersworkersworkers exposedexposedexposed tototo intenseintenseintense magneticmagneticmagnetic fieldsfieldsfields waswaswas conductedconductedconducted bybyby BeischerBeischerBeischer llollo 

whowhowho foundfoundfound nonono n.5adverseadverseadverse effectseffectseffects ofofof shortshortshort exposuresexposuresexposures tototo fieldsfieldsfields upupup tototo 0.50.5 T.T.T. EpidemiologicalEpidemiologicalEpidemiological 
studiesstudiesstudies ofofof magneticmagneticmagnetic fieldfieldfield effectseffectseffects ininin humanshumanshumans arcareare presentlypresentlypresently beingbeingbeing conductedconductedconducted bybyby BudingerBudingerBudinger etetet 
a!. U. K.al.al. IIIIIIIII andandand bybyby thethethe NationalNationalNational RadiologicalRadiologicalRadiological ProtectionProtectionProtection BoardBoardBoard ininin thethethe U.K.U.K. ReviewsReviewsReviews concernedconcernedconcerned 
especiallyespecial1yespecial1y withwithwith potentialpotentialpotential hazardshazardshazards ofofof magneticmagneticmagnetic fieldfieldfield exposureexposureexposure associatedassociatedassociated withwithwith NMRNMRNMR imagingimagingimaging

71 '12havehavehave beenbeenbeen published.published.published. nn InterimInterimInterim magneticmagneticmagnetic fieldfieldfield exposureexposureexposure guidelinesguidelinesguidelines havehavehave beenbeenbeen discussed.discussed.discussed. 112112 

Finally,Final1y,Final1y, naturenaturenature hashashas conductedconductedconducted ananan experimentexperimentexperiment overoverover geologicgeologicgeologic timestimestimes ononon lifelifelife ininin aaa substantialsubstantialsubstantial 
II, -dwellingmagneticmagneticmagnetic field.field.field. MagnetotacticMagnetotacticMagnetotactic bacteriabacteriabacteria II'II' areareare sedimentsedimentsediment -dwel1ing-dwel1ing bacteriabacteriabacteria thatthatthat containcontaincontain particlesparticlesparticles 

Fe,04 orientofofof FeFe110.j0.j thatthatthat mientmient themthemthem ininin thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield (see(see(see SectionSectionSection V).V).V). TheseTheseThese particlesparticlesparticles produceproduceproduce 
strongstrongstrong intracytoplasmicintracytoplasmicintracytoplasmic magneticmagneticmagnetic fieldsfieldsfields andandand fieldfieldfield gradientsgradientsgradients ininin thethethe bacterium.bacterium.bacterium. TheTheThe fieldsfieldsfields cancancan 

bebebe asasas largelargelarge asasas severalseveralseveral tenthstenthstenths ofofof aaa teslateslatesla nearnearnear thethethe surfacesurfacesurface ofofof thethethe particles.particles.particles. ThusThusThus thesethesethese bacteriabacteriabacteria 
OLlt all ofofof theirtheirtheir cellularcellularcellular andandand metabolicmetabolicmetabolic functionsfunctionsfunctions ininin intracellularlyintracellularlyintracellularly generatedgeneratedgenerated magneticmagneticmagneticcarrycarrycarry outout 21112111 

fields.fields.fields. 

V.V. MAGNETICMAGNETICMAGNETIC FIELDFIELDFIELD EFFECTSEFFECTSEFFECTS ONONON ORIENTATIONORIENTATIONORIENTATION ANDANDAND HOMINGHOMINGHOMINGY. 

AtAtAt thethethe endendend ofofof thethethe lastlastlast century,century,century, KreidlKreidlKreidl llllll .'.'' publishedpublishedpublished ananan experimentexperimentexperiment ononon magneticmagneticmagnetic fieldfieldfield effectseffectseffects 
,mdononon orientationorientationorientation ininin crabs.crabs.crabs. TheTheThe experimentalexperimentalexperimental designdesigndesign waswaswas contrivedcontrivedcontrived tototo produceproduceproduce ananan effecteffecteffect andand sososo 

doesdoesdoes notnotnot correspondcorrespondcorrespond tototo thethethe naturalnaturalnatural circumstancescircumstancescircumstances ofofof crabs,crabs,crabs, butbutbut providesprovidesprovides aaa paradigmparadigmparadigm forforfor effectseffectseffects 
ininin oiheroiheroiher organisms.organisms.organisms. CrabsCrabsCrabs periodicallyperiodicallyperiodically moltmoltmolt andandand subsequentlysubsequentlysubsequently formformform aaa newnewnew exoskeleton.exoskeleton.exoskeleton. InInIn 
thethethe processprocessprocess ofofof moltingmoltingmolting theytheythey alsoalsoalso loseloselose theirtheirtheir statoliths,statoliths,statoliths, densedensedense particlesparticlesparticles thatthatthat formformform partpartpart ofofof thethethe 
vestibularvestibularvestibular system.system.system. TheyTheyThey subsequentlysubsequentlysubsequently pickpickpick upupup particlesparticlesparticles ofofof sandsandsand tototo serveserveserve asasas newnewnew statoliths.statoliths.statoliths. 

,mdKreidlKreidlKreidl tooktooktook newlynewlynewly moltedmoltedmolted crabscrabscrabs andand placedplacedplaced themthemthem ininin ananan aquariumaquariumaquarium ininin whichwhichwhich thethethe onlyonlyonly availableavailableavailable 
particlesparticlesparticlcs werewerewere magnetic.magnetic.magnetic. TheTheThe crabscrabscrabs indeedindeedindeed placedplacedplaced magneticmagneticmagnetic particlesparticlesparticles ininin theirtheirtheir earearear labyrinths.labyrinths.labyrinths. 

crclbWhenWhenWhen KreidlKreidlKreidl approachedapproachedapproached aaa cnlbcnlb withwithwith magneticmagneticmagnetic statolithstatolithstatolith withwithwith aaa barbarbar magnetmagnetmagnet thethethe crabcrabcrab adoptedadoptedadopted 
correlatedananan orientationorientationorientation thatthatthat couldcouldcould bebebe cmrelatedcmrelated withwithwith thethethe resultantresultantresultant ofofof thethethe magneticmagneticmagnetic andandand gravitationalgravitationalgravitational 

forcesforcesforces ononon thethethe particles.particles.particles. ElectrophysiologicalElectrophysiologicalElectrophysiological responsesresponsesresponses fromfromfrom crayfishcrayfishcrayfish withwithwith ferriteferriteferrite statolithsstatolithsstatoliths 
stimulatedstimulatedstimulated bybyby magneticmagneticmagnetic fieldsfieldsfields havehavehave subsequentlysubsequentlysubsequently beenbeenbeen reported.reported. II l.j"l.j"reponed. 114" 

Kreidl'sSinceSinceSince Kreicll'sKreicll's experiment,experiment,experiment, magneticmagneticmagnetic fieldfieldfield effectseffectseffects havehavehave beenbeenbeen observedobservedobserved ininin thethethe orientingorientingorienting 
behaviorbehavior ofofof ;1;1 veryveryvery diversediversediverse groupgroupgroup ofofof normalnormalnormal organisms,organisms,organisms, includingincludingincluding bacteria,bacteria,bacteria, IIII ii algae,algae,algae, 110110 snails,snails,snails, III,III, 

planari,I,117 honeybees,I"honeybees,"xhoneybees,"x salmon,salmon,salmon, 11')11')11') salamanders,I'"salamanders,salamanders, ICOICO hominghominghoming pigeons,pigeons, 12!12! robins,robins, 1C21C2 mice,12.1mice,12.1 
beh'lvior a II, IJ) III, 

planari;l,planari;l, 117117 pigeons,l2! robins,'"c mice.'2' 
Ic) 12(.12(.Icl, tr,lining ononon skates,'cx tuna'""tunatuna l29l29andandand humans.humans.humans. 1212 '' InInIn addition,addition,addition, tr;liningtr;lining experimentsexperimentsexperiments pigeons,127pigeons,127pigeons,127 skates,12Xskates,12X andandand 

havehavehave demonstrateddemonstrateddemonstrated thethethe abilityabilityability ofofof thesethesethese organismsorganismsorganisms tototo sensesensesense magneticmagneticmagnetic fields.fields.fields. TwoTwoTwo interactioninteractioninteraction 
mcchanismsmcchanisms havehavehave beenbeenbeen elucidated:elucidated:elucidated: (I)(I)(I) detectiondetectiondetection bybyby thethethe organismorganismorganism ofofof thethethe electricelectricelectric fieldfieldfield inducedinducedinduced 
bybyby FaradayFaradayFaraday effecteffecteffect asasas thethethe organismorganismorganism movesmovesmoves throughthroughthrough thethethe magneticmagneticmagnetic field:field:field: (2)(2)(2) interactioninteractioninteraction ofofof thethethe 
magneticmagneticmagnetic fieldfieldfield withwithwith magneticmagneticmagnetic materialmaterialmaterial ininin thethethe organism.organism.organism. 

TheTheThe firstfirstfirst mechanismmechanismmechanism isisis apparentlyapparentlyapparently operativeoperativeoperative ininin marinemarinemarine sharks,sharks,sharks, skates,skates,skates, andandand raysraysrays whichwhichwhich areareare 
sensitivesensitivesensitive tototo electricelectricelectric fieldsfieldsfields asasas lowlowlow asasas 555 XXX 101010 ---7 Vim 1.,0 animals 

mechanisms 

77 VVJmJm ininin seaseasea water.water.water. liOliO TheTheThe anan imalsimals detectdetectdetect thethethe 
areelectricelectricelectric fieldsfieldsfields throughthroughthrough thethethe ampullaeampullaeampullae ofofof Lorenzini,Lorenzini,Lorenzini, whichwhichwhich arcarc long,long,long, conductiveconductiveconductive channelschannelschannels thatthatthat 

electrically snoutconnectconnectconnect clectricallyclectrically sensitivesensitivesensitive cellscellscells ininin thethethe snolltsnollt withwithwith poresporespores ononon thethethe skin.skin.skin. FlowingFlowingFlowing oceanoceanocean currentscurrentscurrents 
ororor motionmotionmotion ofofof thethethe animalanimalanimal throughthroughthrough thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield induceinduceinduce voltagevoltagevoltage gradientsgradientsgradients withwithwith signsignsign 
andandand magnitudemagnitudemagnitude dependingdependingdepending ononon orientation,orientation,orientation, whichwhichwhich areareare ininin generalgeneralgeneral aboveaboveabove thethethe sensitivitysensitivitysensitivity thresholdthresholdthreshold 
ofofof thethethe animal.animal.animal. KalmijnKalmijnKalmijn 12X12X demonstrateddemonstrateddemonstrated thatthatthat skatesskatesskates cOLtldcOLtld bebebe trained tototo useuseuse magneticmagneticmagnetic fieldsfieldsfieldsIc' could tr<linedtr<lined 

a!. ,I electroofofof thethethe orderorderorder ofofof thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield asasas ananan orientationalorientationalorientational cue.cue.cue. BrownBrownBrown etetet al.al. 717171 11 11 usedusedused eleetl'Oeleetl'O
physiologicalphysiological measurementsmeasurementsmeasurements tototo showshowshow thatthatthat thethethe ampullaeampullaeampullae ofofof LorenziniLorenziniLorenzini C;111C;111 detectdetectdetect variationsvariationsvariations ininin 

Rosenbluml havehavehave consideredconsideredconsidered thethethe possibilitypossibilitypossibility ofofof thethethe 
physiologie<I1 c<ln 
thethethe geomagneticgeomagneticgeomagnetic field.field.field. JungermanJungermanJungerman andandand RosenbluIlll 1212

magneticmagneticmagnctic inductioninductioninduction mechanismmechanismmechanism forforfor ananan circular. 
Rosenblum"c 
animalanimalanimal ininin air.air.air. TheyTheyThey concludedconcludedconcluded thatthatthat aaa circular,circular, elecelecelec

tricallytricallytrically conductingconductingconducting looplooploop millimetersmillimetersmillimeters ininin diameter,diameter,diameter, wouldwouldwould bebebe requiredrequiredrequired tototo overcomeovercomeovercome thermalthermalthermal 
magnetic l'h,lllge~noise,noise,noise, withwithwith voltagesvoltagesvoltages inducedinducedinduced bybyby changeschangeschanges ininin magnctil'magnctil' fluxfluxflux ininin thethethe looplooploop asasas thethethe animalanimalanimal changeschanges 

itsitsits heading.heading.heading. 
mec!l,mismEvidenceEvidenceEvidence forforfor orientationorientationorientation bybyby thethethe secondsecondsecond mechanismmechanism waswaswas obtainedobtainedobtained forforfor hominghominghoming pigeonspigeonspigeons ininin 



1.1,1thethethe classicalclassicalclassical experimentexperimentexperiment ofofof Keeton.Keeton.Keeton. I.','I.',' KeetonKeetonKeeton gluedgluedglued smallsmallsmall barbarbar magnetsmagnetsmagnets tototo thethethe backsbacksbacks ofofof thethethe 
headsheadsheads ofofof aaa groupgroupgroup ofofof hominghominghoming pigeonspigeonspigeons andandand comparedcomparedcompared theirtheirtheir homin,ghomin,ghomin,g abilityabilityability withwithwith thatthatthat ofofof aaa groupgroupgroup 
ofofof controlcontrolcontrol birdsbirdsbirds carryingcarryingcarrying brassbrassbrass weights.weights.weights. UnderUnderUnder sunnysunnysunny skiesskiesskies bothbothboth groupsgroupsgroups orientedorientedoriented andandand homedhomedhomed 
equallyequallyequally wellwellwell whenwhenwhen releasedreleasedreleased fromfromfrom unfamiliarunfamiliarunfamiliar sitessitessites manymanymany milesmilesmiles fromfromfrom thethethe homehomehome loft,loft,loft, butbutbut underunderunder 
overcastovercastovercast skiesskiesskies whenwhenwhen thethethe birdsbirdsbirds couldcouldcould notnotnot secseesee thethethe sun,sun,sun, thethethe orientationorientationorientation ofofof thethethe birdsbirdsbirds carryingcarryingcarrying 
magnetsmagnetsmagnets waswaswas disrupted,disrupted,disrupted, whereaswhereaswhereas controlcontrolcontrol birdsbirdsbirds orientedorientedoriented normally.normally.normally. Subsequently,Subsequently,Subsequently, WalcottWalcottWalcott andandand 

11.' lIsedGreenGreenGreen I'·'I'·' usedused HelmholtzHelmholtzHelmholtz coilscoilscoils attachedattachedattached tototo thethethe headsheadsheads ofofof pigeonspigeonspigeons tototo changechangechange thethethe orientationorientationorientation 01'01'01' 
thethethe birdsbirdsbirds underunderunder overcastovercastovercast conditions.conditions.conditions. TheTheThe orientationorientationorientation dependeddependeddepended ononon thethethe directiondirectiondirection ofofof thethethe magneticmagneticmagnetic 
field,field,field, asasas determineddetermineddetermined bybyby thethethe directiondirectiondirection ofofof currentcurrentcurrent ininin thethethe coils.coils.coils. PigeonPigeonPigeon orientationorientationorientation isisis alsoalsoalso affectedaffectedaffected 

storms.1.1S.11"bybyby magneticmagneticmagnetic anomaliesanomaliesanomalies andandand magneticmagneticmagnetic storms.I.'S.I",storms.I.'S.I", TheTheThe experimentalexperimentalexperimental resultsresultsresults suggestsuggestsuggest thatthatthat ininin 
additionadditionaddition tototo aaa magneticmagneticmagnetic compass,compass,compass, aaa hominghominghoming pigeonpigeonpigeon maymaymay havehavehave aaa magneticmagneticmagnetic "map"."map"."map". InInIn TheTheThe 
resultsresultsresults havehavehave beenbeenbeen reviewedreviewedreviewed bybyby Walcott,Walcott,Walcott,121 Gould,llx.117 Ablc,l1x121 Gould,II><.I'7Gould,II><.I'7 Able,Able, I1XI1X andandand Griffin.Griffin.Griffin. I."'"I."'"I."'" MagneticMagneticMagnetic121 
orientationorientationorientation ininin migratorymigratorymigratory birdsbirdsbirds hashashas beenbeenbeen reviewedreviewedreviewed bybyby AbleAbleAble lll'"'"'" IY)andandand bybyby Wiltschko.Wiltschko.Wiltschko. 13')13') AlthoughAlthoughAlthough 
attemptsattemptsattempts tototo observeobserveobserve magneticmagneticmagnetic sensitivitysensitivitysensitivity ininin pigeonspigeonspigeons bybyby cardiaccardiaccardiac responseresponseresponse havehavehave notnotnot beenbeenbeen 
successful,successful,successful, BookmanBookmanBookman l27l27l27 waswaswas ableableable tototo traintraintrain pigeonspigeonspigeons tototo detectdetectdetect thethethe presencepresencepresence ofofof magneticmagneticmagnetic fieldsfieldsfields 
ininin aaa !light!light!light cage.cage.cage. 

WalcottWalcottWalcott etetet al.al.al. Ill>Ill>Ill> dissecteddissecteddissected pigeonspigeonspigeons withwithwith nonmagneticnonmagneticnonmagnetic toolstoolstools andandand foundfoundfound magneticmagneticmagnetic materialmaterialmaterial 
ininin headheadhead andandand neckneckneck sections.sections.sections. MostMostMost ofofof thethethe magneticmagneticmagnetic materialmaterialmaterial waswaswas localizedlocalizedlocalized ininin aaa piecepiecepiece ofofof tissuetissuetissue 
betweenbetweenbetween thethethe duraduradura andandand thethethe skull.skull.skull. EachEachEach pigeonpigeonpigeon hadhadhad ananan inducible,inducible,inducible, remanentremanentremanent momen(';'moment''' ofofof xx101010 xmoment'!' 

Fe,O".tototo 10-')10-')10-') A'mA'mA'm222,,, whichwhichwhich disappeareddisappeareddisappeared atatat 575°C,575°C,575°C, indicatingindicatingindicating Fe,O".Fe,O". PrestiPrestiPresti andandand Pettigrewl.'1Pettigrewl.'1Pettigrewl.'1 foundfoundfound 
white-cl'Ownedmagneticmagneticmagnetic materialmaterialmaterial ininin thethethe neckneckneck musculaturemusculaturemusculature ofofof pigeonspigeonspigeons andandand migratory,migratory,migratory, white-crownedwhite-crowned sparrowssparrowssparrows 

betwecnbutbutbut diddiddid notnotnot findfindfind localizedlocalizedlocalized magneticmagneticmagnetic materialsmaterialsmaterials ininin thethethe heads.heads.heads. AlthoughAlthoughAlthough thethethe connectionconnectionconnection betweenbetween 
thethethe magneticmagneticmagnetic materialmaterialmaterial andandand magneticmagneticmagnetic sensitivitysensitivitysensitivity hashashas notnotnot beenbeenbeen establishedestablishedestablished definitely,definitely,definitely, ititit isisis 

Yorke, 1"2suggested.suggested.suggested. ElucidationElucidationElucidation ofofof anatomicalanatomicalanatomical structurestructurestructure isisis clearlyclearlyclearly required.required.required. Yorke,I"2Yorke,I"2 KirschvinkKirschvinkKirschvink andandand 
Gould,GOLdd,GOLdd, I'"I'"I'" andandand PrestiPrestiPresti andandand Pettigrew,Pettigrew,Pettigrew, 1·'11"11"1 havehavehave speculatedspeculatedspeculated ononon thethethe rolerolerole ofofof Fe,O"Fe,O" ininin aaa magneticmagneticmagneticFe10" 

sensor.sensor.sensor. YorkeYorkeYorke pointspointspoints outoutout thatthatthat ififif aaa pigeonpigeonpigeon cancancan somehowsomehowsomehow measuremeasuremeasure thethethe totaltotaltotal magnetizationmagnetizationmagnetization ofofof 
itsitsits ensembleensembleensemble ofofof magneticmagneticmagnetic particles,particles,particles, theretherethere isisis enoughenoughenough magneticmagneticmagnetic materialmaterialmaterial presentpresentpresent tototo indicateindicateindicate thethethe 
fieldfieldfield directiondirectiondirection withwithwith highhighhigh accuracy.accuracy.accuracy. 

Fe10"AAA possiblepossiblepossible connectionconnectionconnection betweenbetweenbetween FeoO"FeoO" andandand magneticmagneticmagnetic fieldfieldfield effectseffectseffects ononon behaviorbehaviorbehavior isisis alsoalsoalso foundfoundfound 
ininin honeybees.honeybees.honeybees. TheTheThe behavioralbehavioralbehavioral effectseffectseffects havehavehave beenbeenbeen reviewedreviewedreviewed bybyby MartinMartinMartin andandand LindauerLindauerLindauer lll.'.'.'.'.'.' andandand 
Gould.Gould.Gould. IIXIIXIIX HoneybeeHoneybeeHoneybee workersworkersworkers communicatecommunicatecommunicate thethethe locationlocationlocation ofofof aaa foodfoodfood sourcesourcesource tototo otherotherother workersworkersworkers 
ininin aaa hivehivehive bybyby meansmeansmeans ofofof aaa "waggle"waggle"waggle dance"dance"dance" ononon aaa verticalverticalvertical honeycomb.honeycomb.honeycomb. TheTheThe angleangleangle betweenbetweenbetween thethethe 
directiondirectiondirection ofofof thethethe dancedancedance andandand thethethe verticalverticalvertical directiondirectiondirection indicatesindicatesindicates thethethe angleangleangle betweenbetweenbetween thethethe foodfoodfood sourcesourcesource 
andandand thethethe sun.sun.sun. ConsistentConsistentConsistent errorserrorserrors ininin thethethe dancedancedance angleangleangle occuroccuroccur whichwhichwhich vanishvanishvanish whenwhenwhen thethethe magneticmagneticmagnetic 
fieldfieldfield ininin thethethe hivehivehive isisis nullednullednulled bybyby meansmeansmeans ofofof externalexternalexternal coils.coils.coils. [n[n[n anomalousanomalousanomalous situationssituationssituations wherewherewhere beesbeesbees 
areareare mademademade tototo dancedancedance ononon horizontalhorizontalhorizontal surfaces,surfaces,surfaces, afterafterafter ananan initialinitialinitial periodperiodperiod ofofof disorientationdisorientationdisorientation theytheythey dancedancedance 

etc.).' lx.I·'''.liSalongalongalong thethethe eighteighteight magneticmagneticmagnetic compasscompasscompass directionsdirectionsdirections (N,(N,(N, NE,NE,NE, E,E,E, SE,SE,SE, etc.)etc.) II lX.I·I".IISlX.I·I".liS [1'[1'[1' thethethe geomaggeomaggeomag
neticneticnetic fieldfieldfield isisis nulled,nulled,nulled, thethethe dancesdancesdances becomebecomebecome disorienteddisorienteddisoriented again.again.again. ThereThereThere isisis alsoalsoalso evidenceevidenceevidence thatthatthat beesbeesbees 
cancancan useuseuse thethethe dailydailydaily variationsvariationsvariations ininin thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield tototo setsetset theirtheirtheir circadiancircadiancircadian rhythms.rhythms.rhythms. 1·1"1·1"I·'" 

Fe10".GouldGouldGould etetet al.al.al. 1"61"61"6 havehavehave foundfoundfound thatthatthat honeybeeshoneybeeshoneybees alsoalsoalso containcontaincontain Fe,O".Fe,O". TheyTheyThey measuredmeasuredmeasured ananan average,average,average, 
inducedinducedinduced remanentremanentremanent momentmomentmoment ofofof aboutaboutabout 222 xxx 10-10-10- 999 A'mA'mA'm222 perperper bee,bee,bee, distributeddistributeddistributed betweenbetweenbetween singlesinglesingle
domaindomaindomain andandand superparamagnetic-sizedsuperparamagnetic-sizedsuperparamagnetic-sized particles,particles,particles, mostlymostlymostly localizedlocalizedlocalized tototo thethethe abdomen.abdomen.abdomen. Recently,Recently,Recently, 
KuterbachKuterbachKuterbach etetet al.al.al. 147147147 foundfoundfound bandsbandsbands ofofof cellscellscells aroundaroundaround thethethe abdominalabdominalabdominal segmentssegmentssegments thatthatthat containcontaincontain numemusnumemusnumemus 
iron-richiron-richiron-rich granules.granules.granules. TheTheThe granulesgranulesgranules areareare primarilyprimarilyprimarily aaa hydroushydroushydrous ironironiron oxide,oxide,oxide, whichwhichwhich cancancan bebebe aaa precursorprecursorprecursor 
ininin thethethe precipitationprecipitationprecipitation ofofof Fe,04Fe,04Fe,04 (see(see(see below).below).below). 

InInIn additionadditionaddition tototo pigeonspigeonspigeons andandand honeybees,honeybees,honeybees, Fe,O" thethetheFeoO"FeoO" appearsappearsappears tototo bebebe widelywidelywidely distributeddistributeddistributed ininin 
biologicalbiologicalbiological world.I"xworld.I"xworld.I"x MagneticMagneticMagnetic inclusionsinclusionsinclusions havehavehave beenbeenbeen foundfoundfound ininin organismsorganismsorganisms asasas diversediversediverse asasas doldoldol

tuna,ISItuna,ISI greengreengreen turtles,IS2 crustacea,IO' bacteria,154bacteria,154 andand huhuhuphins,phins,phins, I"')I"')I"') butterflies,butterflies,butterflies, ISOISOISO tuna,151 crustacea,I"turtles,152turtles,152 marinemarinemarine crustacea,"o bacteria,ls4 anc! 
mans.mans.mans. 155155155 TheTheThe firstfirstfirst identificationidentificationidentification ofofof Fe,O,Fe,O,Fe,O, ininin ananan organismorganismorganism waswaswas bybyby Lowenstam,Lowenstam,Lowenstam, 156156156 whowhowho foundfoundfound 

"", MagneticMagneticMagnetic dipoledipoleulpole fielu ReI'ercncemomentmomentmoment thatthatthat persistspersistspersists followingfollowingfollowing exposureexposureexposure tototo ananan intenseintenseintense magneticmagneticmagnetic fieldfield (sec(sec(sec 1(3).1(3).RderenceRderence 1(3). 
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ItIt InIn thethethe toothtoothtooth denticlesdenticlesdenticles ofofof aaa groupgroupgroup ofofof mollusks,mollusks,mollusks, calledcalledcalled "chitons"."chitons"."chitons". Fe,04Fe,04 isisis veryveryvery hardhardhard 

wellwellwell asasas magneticmagneticmagnetic andandand thisthisthis isisis advantageousadvantageousadvantageous tototo chitonschitonschitons asasas theytheythey scrapescrapescrape algaealgaealgae offoffoff rocks.rocks.rocks. ThisThisThis isisis 

ananan illustrationillustrationillustration ofofof thethethe factfactfact thatthatthat thethethe presencepresencepresence ofofof Fe,O.,Fe,04Fe,04 ininin ananan organismorganismorganism doesdoesdoes notnotnot necessarilynecessarilynecessarily 

meanmeanmean thatthatthat thethethe organismorganismorganism hashashas aaa magneticmagneticmagnetic detector.detector.detector. mldition 

it in Fe,O., asasas 

InInIn additionaddition tototo hardness,hardness,hardness, Fe,O"Fe,O"Fe,O" isisis alsoalsoalso 

apparentlyapparentlyapparently thethethe densestdensestdensest materialmaterialmaterial thatthatthat cancancan bebebe mineralizedmineralizedmineralized bybyby organisms,organisms,organisms, andandand thisthisthis mightmightmight rlayrlayplay 

cases.cases.aaa rolerolerole ininin certaincertaincertain cascs. 

TheTheThe bestbestbest documentationdocumentationdocumentation tototo datedatedate forforfor thethethe connectionconnectionconnection betweenbetweenbetween magneticallymagneticallymagnetically sensitivesensitivesensitive behaviorbehaviorbehavior 

andandand thethethe presencepresencepresence ofofof Fe,04Fe,04 isisis forforfor aquaticaquaticaquatic bacteriabacteriabacteria thatthatthat orientorientorient andandand swimswimswim alongalongalong magneticmagneticmagnetic fieldfieldfield 
lines.lines.lines. 11'.10711'.10711'.107 ThisThisThis behaviorbehaviorbehavior isisis termed'termed'termed' 'magnetotaxis.'magnetotaxis.'magnetotaxis. """ MagnetotacticMagnetotacticMagnetotactic bacteriabacteriabacteria werewerewere discovereddiscovereddiscovered 

serendipitouslyserendipitouslyserendipitously ininin thethethe earlyearlyearly 1970s1970s1970s bybyby RichardRichardRichard Blakemore.Blakemore.Blakemore. III.'II.'!.1 HeHeHe initiallyinitiallyinitially foundfoundfound bacteriabacteriabacteria fromfromfrom 

bothbothboth freshfreshfresh waterwaterwater andandand marinemarinemarine mudsmudsmuds thatthatthat accumulatedaccumulatedaccumulated atatat thethethe northnorthnorth sidesideside ofofof dropsdropsdrops ofofof waterwaterwater placedplacedplaced 

ononon aaa microscopemicroscopemicroscope slide.slide.slide. TheseTheseThese bacteriabacteriabacteria werewerewere attractedattractedattracted andandand repelledrepelledrepelled bybyby thethethe northnorthnorth andandand southsouthsouth 

Fe,O., 

lOXpolespolespoles ofofof aaa barbarbar magnet,magnet,magnet, respectively.respectively.respectively. Subsequently,Subsequently,Subsequently, BlakemoreBlakemoreBlakemore andandand KalmijnKalmijnKalmijn IIoXoX usedusedused homohomohomo

geneousgeneousgeneous magneticmagneticmagnetic fieldsfieldsfields producedproducedproduced bybyby HelmholtzHelmholtzHelmholtz coilscoilscoils tototo showshowshow thatthatthat NewNewNew EnglandEnglandEngland bacteriabacteriabacteria 

swimswimswim alongalongalong magneticmagneticmagnetic fieldfieldfield lineslineslines ininin thethethe fieldfieldfield direction,direction,direction, thatthatthat is,is,is, ininin thethethe directiondirectiondirection indicatedindicated bybyby 

thethethe north-seekingnorth-seekingnorth-seeking endendend ofofof aaa magneticmagneticmagnetic compasscompasscompass needle.needle.needle. WhenWhenWhen thethethe fieldfieldfield producedproducedproduced bybyby thethethe coilscoilscoils 
indic<tted 

now,isisis reversedreversedreversed bybyby reversingreversingreversing thethethe directiondirectiondirection ofofof currentcurrentcurrent flow,flow, thethethe bacteriabacteriabacteria respondrespondrespond immediatelyimmediatelyimmediately bybyby 

thethe KilledKilledKilled cellscellscells orientorientorient alongalongalongexecutingexecutingexecuting U-turnsU-turnsU-turns andandand continuingcontinuingcontinuing tototo swimswimswim ininin thc fieldfieldfield direction.direction.direction. 

thethethe fieldfieldfield lineslineslines andandand rotaterotaterotate whenwhenwhen thethethe fieldfieldfield directiondirectiondirection isisis reversed,reversed,reversed, butbutbut dododo notnotnot movemovemove alongalongalong thethethe 

fieldfieldfield lines.lines.lines. ThusThusThus magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria fromfromfrom NewNewNew EnglandEnglandEngland behavebehavebehave asasas self-propelledself-propelledself-propelled magneticmagneticmagnetic 
dipolesdipolesdipoles andandand areareare predominantlypredominantlypredominantly north-seeking.lo,;.IOYnorth-seeking.lo,;.IOYnorth-seeking.lo,;.IOY 

MagnetotacticMagnetotacticMagnetotactic bacteriabacteriabacteria areareare easyeasyeasy tototo findfindfind ininin thethethe sedimentssedimentssediments ofofof almostalmostalmost anyanyany aquaticaquaticaquatic environenvironenviron
ment.ment.ment. 107.1")107.1") InInIn additionadditionaddition tototo world-wideworld-wideworld-wide dispersion,dispersion,dispersion, thethethe diversitydiversitydiversity ofofof morphologicalmorphologicalmorphological typestypestypes sugsugsug

gestsgestsgests thatthatthat thethethe phenomenonphenomenonphenomenon isisis aaa featurefeaturefeature ofofof aaa numbernumbernumber ofofof bacterialbacterialbacterial species.species.species. TwoTwoTwo characteristicscharacteristicscharacteristics 

unifyunifyunify thesethesethese species.species.species. TheyTheyThey areareare apparentlyapparentlyapparently allallall anaerobicanaerobicanaerobic ororor microaerophillicmicroaerophillicmicroaerophillic l07l07l07 andandand theytheythey allallall 

containcontaincontain magnetosomes,I(,Cmagnetosomes,I(,Cmagnetosomes,I(,C whichwhichwhich areareare uniqueuniqueunique intracytoplasmicintracytoplasmicintracytoplasmic structuresstructuresstructures consistingconsistingconsisting ofofof enenen

velopedvelopedveloped Fe,O.jFe,04104.lblFe,04104.lbl10.,.lhl (Figure(Figure(Figure OneOneOne species, Aqllo.l'pirillum magnelolacliclim. beenbeenhashashas been 

107.10') 

I).I).I). species.species. Aqll{/.\pirillumAqll{/.\pirillum magnelOlUcticlim.magnelOlUcliclim. 

isolatedisolatedisolated andandand growngrowngrown ininin purepurepure culturecultureculture ininin aaa chemicallychemicallychemically defineddefineddefined medium,medium,medium, Ib1Ib1 InInIn thisthisthis speciesspeciesspecies theretherethereIh2 

areare A. particlesparticlesarc typicallytypicallytypically 202020 tototo 252525 cuboidalcuboidalcuboidal Fe,O,Fe,O,Fe,O, particlesparticlesparticles aboutaboutabout 500500500 AA ononon aaa sidesideside perperper cell.cell.cell. TheTheThe panicles 
areareare arrangedarrangedarranged ininin aaa chainchainchain whichwhichwhich isisis fixedfixedfixed alongalongalong thethethe axisaxisaxis ofofof motilitymotilitymotility ofofof thethethe bacterium.bacterium.bacterium. MagneMagneMagne

tosomestosomestosomes areareare arrangedarrangedarranged ininin oneoneone ororor twotwotwo chainschainschains ininin mostmostmost otherotherother bacterialbacterialbacterial speciesspeciesspecies asasas well.well.well. SinceSinceSince 

onlyonlyonly solublesolublesoluble ferricferricferric ironironiron isisis availableavailableavailable ininin thethethe growthgrowthgrowth medium,medium,medium, 1<"1<" thethethe presencepresencepresence ofofof intracytoplasmicintracytoplasmicintracytoplasmic 

lI/ognetowuiclIlI/lI/ognelO/(lCliclIlI/lI/ognelO/(lCliclIlI/ aaimpliesimpliesimplies a bacterialbacterialbacterial biomineralizationbiomineralizationbiomineralization process.process.process. fact, 

1(,2 

Fe,O,Fe,O,Fe,O, ininin A.A.A. InInIn sincesincefact.fact. since 

totaltotaltotal cellularcellularcellular ironironiron isisis aboutaboutabout 2%2%2% ofofof thethethe cellularcellularcellular drydrydry weight,weight,weight, thesethesethese bacteriabacteriabacteria areareare prodigiousprodigiousprodigious 

m,lnufacturersm,lnufacturers ofofof Fe,O.,.Fe,O.,.Fe,O.,. IfIfIf ironironiron isisis withheldwithheldwithheld fromfromfrom thethethe growthgrowthgrowth medium,medium,medium, thesethesethese bacteriabacteriabacteria growgrowgrowm,tnufacturers 
\vithout\vithout magnetosomes;magnetosomes;magnetosomes; thesethesethese cellscellscells areareare nonmagnetotactic.nonmagnetotactic.nonmagnetotactic. *** ThusThusThus thethethe magnetotacticmagnetotacticmagnetotactic responseresponseresponse 

isisis definitelydefinitelydefinitely correlatedcorrelatedcorrelated withwithwith thethethe presencepresencepresence ofofof thethethe magnetosomes.magnetosomes.magnetosomes. 

Fe,O.,Fe,O"Fe,O" hashashas ananan inverseinverseinverse spinelspinelspinel slructureslructureslructure andandand isisis ferrimagneticferrimagneticferrimagnetic withwithwith aaa CurieCurieCurie temperaturetemperaturetemperature ofofof 

1(" Fe,O.j SOO-A. areareare single,single,single, magneticmagneticmagnetic domainsdomainsdomains withwithwith aaa perperper

without 

580580580 0c.0c.0c. 1(,.'1(,.' Fe,O,Fe,O, particlesparticlesparticles ofofof 500-A500-A dimensionsdimensionsdimensions 

Fe,O.j' xxxmanentmanentmanent magneticmagneticmagnetic momentmomentmoment approachingapproachingapproaching thethethe saturationsaturationsaturation magnetizationmagnetizationmagnetization ofofof bulkbulkbulk Fe,04'Fe,04' 480480480 

feITimagneticfeni particles reducingreducing10'10' Aim.Aim.Aim. LargerLargerLarger feITi magneticmagnetic particpartic les formformform magneticmagnetic domains,domains,domains, reduci ng thethethe magnetostaticmagnetostaticmagnetostaticIes magnet ic 
energyenergy andandand thethethe remanentremanentremanent magneticmagneticmagnetic moment.moment.moment. TheTheThe upperupperupper sizesizesize limitlimitlimit forforfor singlesinglesingle magneticmagneticmagnetic domainsdomainsdomainscnergy 

isisis approximatelyapproximatelyapproximately thethethe widthwidthwidth ofofof aaa domaindomaindomain wallwallwall d".d". whichwhichwhich isisis aaa functionfunctionfunction ofofof thethethe exchangeexchangeexchange andandand 

anisotropyanisotropyanisotropy energyenergyenergy ofofof thethethe materialmaterialmaterial 
d", 

(9)(9)(9) 

Nono1agnelDtaeticNonolagnelntactic CcllLcll~ growgrowgrow asasas asas\1,,/('11\1,,/('11\1,,/('11 as magnctotacticl11agnctotacticl11agnctotactic cellscellscells ininin thethethe homngCI1C-UllShomngCI1C-UllS culturecultureculture mcdiulllmcdiulllmcdiulll whichwhichwhich pn.1\'idl':'pn.1\'idl':'pn.)\·idL~:)*** NonolagnelDtaetic Lcll~~ hlJlllOgCI1L'lltLS 
allallall essentialessentialessential nutrients.nutrients.nutrients. 
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III 
FIGUREFIGUREFIGURE I.I.I. MagnetotacticMagnetotacticMagnetotactic spirillumspirillumspirillum showingshowingshowing chainchainchain ofofof envelopedenvelopedenveloped Fe,O,Fe,O,Fe,O, 
particlesparticlesparticles (Left)(Left)(Left) wholewholewhole spirillum;spirillum;spirillum; (right)(right)(right) thinthinthin section.section.section. BarBarBar ininin eacheacheach photophotophoto isisis 
1-J-LI11.1-J-LI11.1-J-LI11. \67\67\67 

wherewherewhere kkk isisis Boltzman'sBoltzman'sBoltzman's constant,constant,constant, TTT ccc isisis thethethe CurieCurieCurie temperature,temperature,temperature, KKK isisis thethethe anisotropyanisotropyanisotropy energyenergyenergy perperper 
unitunitunit volume,volume,volume, andandand aaa isisis thethethe atomicatomicatomic spacing.spacing.spacing. SubstitutingSubstitutingSubstituting valuesvaluesvalues forforfor Fe]04Fe]04Fe]04 161616

]]] yieldsyieldsyields d"d"d" === 500500500 
A.A.A. MoreMoreMore precisepreciseprecise calculationscalculationscalculations bybyby ButlerButlerButler andandand BanerjeeBanerjeeBanerjee l64l64l64 forforfor cubiccubiccubic particlesparticlesparticles yieldyieldyield d"d"d" === 760760760 
A.A.A. OnOnOn thethethe otherotherother hand,hand,hand, ififif thethethe particleparticleparticle dimensiondimensiondimension isisis lesslessless thanthanthan aaa certaincertaincertain valuevaluevalue d"d"d" ititit willwillwill bebebe 
superparamagneticsuperparamagneticsuperparamagnetic atatat roomroomroom temperature;temperature;temperature; i.e.,i.e.,i.e., thermalthermalthermal energyenergyenergy willwillwill causecausecause transitionstransitionstransitions ofofof thethethe 
magneticmagneticmagnetic momentmomentmoment betweenbetweenbetween equivalent,equivalent,equivalent, easyeasyeasy magneticmagneticmagnetic axesaxesaxes ofofof thethethe particleparticleparticle withwithwith aaa consequentconsequentconsequent 
losslossloss ofofof thethethe time-averagedtime-averagedtime-averaged remanentremanentremanent moment.moment.moment. 165165165 TheTheThe transitiontransitiontransition probabilityprobabilityprobability isisis aaa functionfunctionfunction ofofof 
thethethe anisotropyanisotropyanisotropy energyenergyenergy andandand thethethe thermalthermalthermal energyenergyenergy andandand thethethe mostmostmost probableprobableprobable transitiontransitiontransition timetimetime betweenbetweenbetween 
orientationsorientationsorientations isisis 

'T rvrvrv 'To exp(KY/2kT)exp(KY/2kT)exp(KY/2kT) (10)(10)(10)TT TOTO 

'Towherewherewhere ToTo isisis aaa constantconstantconstant ofofof thethethe orderorderorder ofofof 10-10-10- 999 secsecsec andandand YYY (=(=(= d?)d?)d?) isisis thethethe particleparticleparticle volvolvol ume.ume.ume. ParticParticPartic leslesles 
ofofof dimensions>dimensions>dimensions> 350350350 AAA areareare stablestablestable forforfor times>times>times> 101010666 years;years;years; hencehencehence d,d,d, <<< 350350350 A.A.A. ThusThusThus particlesparticlesparticles 
ofofof Fe]04Fe]04Fe]04 withwithwith dimensionsdimensionsdimensions 350350350 AAA <<< ddd <<< 760760760 AAA areareare permanent,permanent,permanent, singlesinglesingle magneticmagneticmagnetic domainsdomainsdomains 
withwithwith remanentremanentremanent magnetizationmagnetizationmagnetization ofofof 4.84.84.8 XXX 101010555 Aim.Aim.Aim. WeWeWe cancancan assumeassumeassume thatthatthat eacheacheach 500-A500-A500-A particleparticleparticle 
producedproducedproduced bybyby aaa bacteriumbacteriumbacterium hashashas aaa momentmomentmoment ofofof 6.06.06.0 XXX 10-10-10- 171717 A-mA-mA-m 222 
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FIGFIGFIG URI::UREURE 222. lunCl;nn (E~uatinn plnltcd as a lune-linn nl(E~uationLangevinLangevinLangevin funclionfunclion (E~uation 14)14)14) plottedplotted asc,asc, runclionrunclion ofof 
mB/kT.mB/kT. ArrowArrow indicatesindicatesindicates thethethe valuevaluevalue ofof thethethe functionfunction l'Ofl'Of IyplcalIyplcal magmag1l18/kT. Arrnw nl lunctinn I'lf typicalll1ag
ndutacticndutactic bacteria.bacteria.bacteria.nctntactic 

arc magnclolocmagnelolacWhenWhenWhen thethethe single-domainsingle-domainsingle-domain areparticlesparticlesparticles are organizedorganizedorganized ininin aaa chainchainchain asasas theytheythey areareare ininin A.A.A. magnclolac

licum.licum,licum, thethethe interactionsinteractionsinteractions betweenbetweenbetween thethethe particleparticleparticle momentsmomentsmoments willwillwill causecausecause themthemthem tototo bebebe orientedorientedoriented parallelparallelparallel 
tototo eacheacheach otherotherother alongalongalong thethethe chainchainchain direction.direction.direction. 1(,(,1(,(, ThusThusThus thethethe momentmomentmoment ofofof thethethe entireentireentire chainchainchain willwillwill bebebe equalequalequal 
tototo thethethe sumsumsum ofofof thethethe individualindividualindividual particleparticleparticle moments.moments.moments. ForForFor chainschainschains ofofof 222222 particles,particles,particles, thisthisthis givesgivesgives aaa totaltotaltotal 

15 AA -m-m 222
... SinceSinceSince thethethe particlesparticlesparticles areareare fixedfixedfixed ininin thethethe bacteriumbacteriumbacterium 

1"6 

remanentremanentremanent momentmomentmoment mmm === 1.31.31.3 xxx 10-10-10- 1515 A'm 

cnvelope, is.bybyby thethethe envelope,magnetosomemagnetosomemagnetosome envelope, thethethe bacteriumbacteriumbacterium is,is, ininin effect,effect,effect, aaa swimmingswimmingswimming magneticmagneticmagnetic dipole.dipole.dipole. 
TheTheThe simplestsimplestsimplest hypothesishypothesishypothesis forforfor magnetotaxismagnetotaxismagnetotaxis isisis passipassi veve orientationorientationorientation ofofof thethethe swimmingswimmingswimming bacteriumbacteriumbacteriumpassive 

Ib7.1<>'alongalongalong thethethe magneticmagneticmagnetic fieldfieldfield lineslineslines bybyby thethethe torquetorquetorque exertedexertedexerted bybyby thethethe fieldfieldfield ononon thethethe magneticmagneticmagnetic moment.moment.moment. ](,7.I(,S](,7.I(,S 

encrgy.energy.ThermalThermalThermal energy. ononon thethethe otherotherother hand,hand,hand, willwillwill tendtendtend tototo disorientdisorientdisorient thethethe bacteriumbacteriumbacterium duringduringduring swimming.swimming.swimming. 
TheTheThe energyenergyenergy ofofof thethethe bacterialbacterialbacterial momentmomentmoment ininin aaa magneticmagneticmagnetic fieldfieldfield BBB isisis 

---> ---> 
Em m 'rrrrrr ..-?-? 

BBB 

mBmBmB cosHcosHcos8 ((( III III ))) 

---> 
wherewherewhere HHH isisis thethethe angleangleangle betweenbetweenbetween ~~~ andandand 

-?-? 

B.B.B. TheTheThe thermallythermallythermally averagedaveragedaveraged orientationorientationorientation ofofof ananan ensembleensembleensemble 
ofofof moments,moments,moments, ororor equivalently.equivalently.equivalently. thethethe time-averagedtime-averagedtime-averaged orientationorientationorientation ofofof aaa singlesinglesingle momentmomentmoment 

.r cos8 e- dYdYdYJJ cosHcosH e'e' l'm',1l'm',1l'm',1 

<cosO><cosH><cosH> L(a)L(o:)L(o:) ( 12)(12)(12)JJ eee --- En,lUEn,lU dYdYdY.r E",IlT 

L(o:)L(o:) isisis thethethe LangevinLangevinLangevin functionfunctionfunctionL(a) 

Ua) (a) --- a0:0: -= mB/kTmB/kTmB/kT (13(13(13 )))L(o:)L(o:) cothcothcoth (0:)(0:) 
a0:0: 

and magnclolacticulIlmagnelolacliculI/anc!anc! isisis plottedplottedplotted ininin FigureFigureFigure 2.2.2. IfIfIf wewewe considerconsiderconsider A.A.A. magnclolacliculI/ ininin thethethe earth'searth'searth's magneticmagneticmagnetic fieldfieldfield 
ofofof 0.50.50.5 xxx 10-10-10- 444 TTT atatat roomroomroom temperature,temperature.temperature. thenthenthen 0:0:a ~~~ 161616 andandand <cosH><cosH><cosH> >0.9.>0.9.>0.9. BecauseBecauseBecause thethethe 
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FIGUREFIGUREFIGURE 3.3.3. SchcmaticSchematicSchematic drawingsdrawingsdrawings ororor north-north-north- andandand south-seekingsouth-seekingsouth-seeking 
magnetotacticmagnetotacticmagnetotactic bacteria.bacteria.bacteria. TheTheThe arrowarrowarrow ininin thethethe cellcellcell representsrepresentsrepresents thethethe 
magneticmagneticmagnetic dipoledipoledipole momentmomentmoment ororor thethethe magnetosomemagnetosome chain,chain,chain, withwithwith IheIhemagnetosol11c the 

thcarrowheadarrowheadarrowhead indicatingindicatingindicating thethe north-seekingnorth-seekingnorth-seeking pole.pole.pole. 

LangevinLangevinLangevin functionfunctionfunction asymptoticallyasymptoticallyasymptotically approachesapproachesapproaches 1II asasas exexex increases,increases,increases, thethethe orientationorientationorientation wouldwouldwould notnotnot 
improveimproveimprove significantlysignificantlysignificantly ififif theretherethere werewerewere moremoremore particlesparticlesparticles andandand thethethe momentmomentmoment perperper bacteriumbacteriumbacterium werewerewere larger.larger.larger. 
ThusThusThus eacheacheach bacteriumbacteriumbacterium isisis ininin effecteffecteffect aaa biomagneticbiomagneticbiomagnetic compasscompasscompass optimizedoptimizedoptimized tototo thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield 

temperature." 1(,7atatat roomroomroom temperature.temperature. 61676167 

ForForFor passivelypassivelypassively orientedorientedoriented bacteria,bacteria,bacteria, thethethe migrationmigrationmigration velocityvelocityvelocity alongalongalong thethethe magneticmagneticmagnetic fieldfieldfield lineslineslines isisis 

vvvHHH === VVVooo <cos8><cos8><cos8> (14(14(14 ))) 

wherewherewhere VVVooo isisis thethethe forwardforwardforward velocityvelocityvelocity ofofof thethethe swimmingswimmingswimming bacteriumbacteriumbacterium andandand 880 isisis thethethe angleangleangle betweenbetweenbetween thethethe 
axisaxisaxis ofofof motilitymotilitymotility andandand thethethe magneticmagneticmagnetic field.field.field. IfIfIf VVVooo isisis independentindependentindependent ofofof BBB andandand thethethe magneticmagneticmagnetic momentmomentmoment 
isisis parallelparallelparallel tototo thethethe axisaxisaxis ofofof motilitymotilitymotility 

(15(15(15 ))) 

providingprovidingproviding thatthatthat thethethe velocityvelocityvelocity isisis averagedaveragedaveraged overoverover aaa timetimetime whichwhichwhich isisis longlonglong comparedcomparedcompared tototo thethethe rotationalrotationalrotational 
diffusiondiffusiondiffusion timetimetime (typically,(typically,(typically, III sec).sec).sec). ThisThisThis isisis thethethe basisbasisbasis ofofof aaa methodmethodmethod forforfor measuringmeasuringmeasuring thethethe magneticmagneticmagnetic 

1(,9momentmomentmoment ofofof individualindividualindividual bacteria.bacteria.bacteria. I""I"" DeterminationDeterminationDetermination ofofof thethethe widthwidthwidth ofofof thethethe U-turnsU-turnsU-turns executedexecutedexecuted bybyby 
swimmingswimmingswimming bacteriabacteriabacteria followingfollowingfollowing reversalreversalreversal ofofof thethethe magneticmagneticmagnetic fieldfieldfield directiondirectiondirection 170170170 alsoalsoalso gigigi vesvesves aaa measuremeasuremeasure 
ofofof thethethe magneticmagneticmagnetic moment.moment.moment. 171171171 StaticStaticStatic lightlightlight scatteringscatteringscattering l72l72l72 andandand magneticallymagneticallymagnetically inducedinducedinduced birefringencebirefringencebirefringence 

mtechniquestechniquestechniques InIn havehavehave beenbeenbeen usedusedused tototo determinedeterminedetermine thethethe averageaverageaverage momentmomentmoment perperper cellcellcell ininin suspensionssuspensionssuspensions ofofof 
live diverse tototo 555 xxx JO15 1.1IiIiveve ororor deaddeaddead bacteria.bacteria.bacteria. ForForFor didi verseverse typestypestypes ofofof cellscellscells thethethe momentsmomentsmoments rangerangerange fromfromfrom 10-10-10- ISIS 1010 l.1l.1 

A'mA'mA'm222 perperper cell.cell.cell. 
A.A.A. magnetotacticummagnetotacticummagnetotacticum isisis bipolarlybipolarlybipolarly flagellated,flagellated,flagellated, i.e.,i.e.,i.e., ititit hashashas aaa flagellumflagellumflagellum atatat eacheacheach endendend ofofof thethethe cellcellcell 

andandand cancancan swimswimswim ininin eithereithereither directiondirectiondirection alongalongalong thethethe magneticmagneticmagnetic fieldfieldfield lines.lines.lines. However,However,However, manymanymany otherotherother 
magnetotacticmagnetotacticmagnetotactic bacterialbacterialbacterial speciesspeciesspecies oneoneone observesobservesobserves ininin sedimentssedimentssediments areareare asymmetricallyasymmetricallyasymmetrically flagellatedflagellatedflagellated andandand 
havehavehave unidirectionalunidirectionalunidirectional motility.motility.motility. AsAsAs notednotednoted above,above,above, thesethesethese bacteriabacteriabacteria fromfromfrom NewNewNew EnglandEnglandEngland swimswimswim alongalongalong 
magneticmagneticmagnetic fieldfieldfield lineslineslines ininin thethethe fieldfieldfield direction.direction.direction. BasedBasedBased ononon thethethe passivepassivepassive orientationorientationorientation hypothesis,hypothesis,hypothesis, thisthisthis 
occursoccursoccurs ififif thethethe bacterialbacterialbacterial momentmomentmoment isisis orientedorientedoriented ininin thethethe cellcellcell forwardforwardforward withwithwith respectrespectrespect tototo thethethe flagellumflagellumflagellum 
(Figure(Figure(Figure 3).3).3). ThenThenThen thethethe bacteriumbacteriumbacterium willwillwill propelpropelpropel itselfitselfitself ininin thethethe fieldfieldfield directiondirectiondirection whenwhenwhen thethethe momentmomentmoment isisis 
orientedorientedoriented ininin thethethe field,field,field, andandand willwillwill bebebe north-seekingnorth-seekingnorth-seeking ininin thethethe geomagneticgeomagneticgeomagnetic field.field.field. IfIfIf thethethe bacterialbacterialbacterial 
momentmomentmoment werewerewere orientedorientedoriented ininin thethethe cellcellcell rearwardrearwardrearward withwithwith respectrespectrespect tototo thethethe flagellum,flagellum,flagellum, thethethe cellcellcell wouldwouldwould 
propelpropelpropel itselfitselfitself oppositeoppositeopposite tototo thethethe fieldfieldfield directiondirectiondirection whenwhenwhen thethethe momentmomentmoment waswaswas orientedorientedoriented ininin thethethe field,field,field, andandand 
hencehencehence wouldwouldwould bebebe south-seekingsouth-seekingsouth-seeking ininin thethethe geomagneticgeomagneticgeomagnetic field.field.field. 
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FIGURl::FIGURl::FIGURl:: 4.4.4. "ndSwimmingSwimmingSwimming directionsdirectionsdirections ofofof north-north-north- andand southsouthsouth
seekingseekingseeking bacteriabacteriabacteria alongalongalong thethethe gcom,tgnclicinclinedinclinedinclined geomagneticgeomagnetic fieldfieldfield 

lincs hcmispherc. ininin eacheacheach cellcellcell reprepreplineslines ininin eacheacheach hemisphere.hemisphere. TheTheThe arrowarrowarrow 
magndusOll1Cresentsresentsresents thethethe magneticmagneticmagnetic dipoledipoledipole momentmomentmoment ofofof thethethe JllagnctosolllCJllagnctosolllC 

chain,chain,chain, withwithwith thethethe arrowheadarrowheadarrowhead indicatingindicatingindicating thethethe north-seekingnorth-seekingnorth-seeking 

pole.pole.pole. 

South-seekingSouth-seekingSouth-seeking bacteriabacteriabacteria havehavehave beenbeenbeen producedproducedproduced ininin thethethe laboratorylaboratorylaboratory bybyby subjectingsubjectingsubjecting themthemthem tototo magmagmag
neticneticnetic pulsespulsespulses ofofof ACACAC magncticmagncticmagnctic fieldsfieldsfields whichwhichwhich areareare strongstrongstrong enoughenoughenough tototo overcomeovercomeovercome thethethe magneticmagneticmagnetic 
interactioninteractioninteraction forcesforcesforces betweenbetweenbetween thethethe particlesparticlesparticles ininin thethethe chainchainchain andand causecausecause theirtheirtheir momentsmomentsmoments tototo rotatcrotatc andand 
reorientreorientreorient alongalongalong thethethe chainchainchain ininin thethethe oppositeoppositeopposite direction.l:'sdirection.l:'s FieldField strengthsstrengthsstrengthsdirection. I'" FielJ ofofof severalseveralseveral timcstimcstimes 101010 !!' 

freeze-JrieJ 

anJ rotate anJ 

TTT areareare required,required,required, consistentconsistentconsistent withwithwith magneticmagneticmagnetic measurementsmeasurementsmeasurements ononon freeze-driedfreeze-dried cellscellscells l71l71l71 andandand ininin agreeagreeagree
ononon thethethe "chain""ch~lin Bean,I""mentmentment withwithwith estimatesestimatesestimates basedbasedbased ""ch~lin ofofof spheres"spheres"spheres" modelmodelmodel ofofof JacobsJacobsJacobs andandand Bean,Bean, whowhoI""I"" who 

particlcsconsideredconsideredconsidered thethethe magneticmagneticmagnetic propertiespropertiesproperties ofofof aaa chainchainchain ofofof single-domainsingle-domainsingle-domain paniclespanicles ininin aaa differentdifferentdifferent contextcontextcontext 
beforc bacteri~1.beforebefore thethethe discoverydiscoverydiscovery ofofof magnetotacticmagnetotacticmagnetotactic bacteri~1.

Thc tototo thethethe 
bacteria 

TheThe predominancepredominancepredominance ofofof north-seekingnorth-seekingnorth-seeking bacteriabacteriabacteria ininin thethethe NorthernNorthernNorthern HemisphereHemisphereHemisphere isisis dueduedue 
inclinationinclinationinclination ofofof thethethe geomagneticgeomagneticgeomagnetic field.field.field. 17.,17., SinceSinceSince manymanymany sediment-dwellingsediment-dwellingsediment-dwelling bacteriabacteriabacteria areare anaerobicanaerobicanaerobicm arc 

micmaembie,';'ororor micmaembic,*micmaembic,* ititit isisis advantageousadvantageousadvantageous forforfor themthemthem tototo havehavehave mechanismsmechanismsmechanisms thatthatthat preventpreventprevent themthemthem fromfromfrom 
swimmingswimmingswimming upupup towardtowardtoward thethe toxic,toxic, higherhigherhigher oxygenoxygenoxygen concentrationconcentrationconcentration atatat thethethe waterwaterwater surface,surface,surface, andandand keepkeepkeepthc toxic 

scdirncntsthcmthcm ininin thethethe scdirncnts. SinceSince thethethe gcomagncticgcomagnctic fieldfieldfield isisis approximatelyapproximatelyapproximately dipolar,dipolar,dipolar, thethethe magneticmagneticmagneticthen. sediments. Sinn: geomagnetic 
['ield['ield lincslincs atatat thethe surfacesurface ofofof thethe eanheanheanh an:an: inclinedinclinedinclined atatat ananan angleangleangle thatthatthat increasesincreasesincreases withwithwith latitude.latitude.latitude. 
ThcTheThe totaltotaltotal Jensity gcomagnctic fJ 
licld lines thc surLlcc tilL' are 

nuxnuxnux densitydensity atatat geomagneticgeomagnetic latitudelatitudelatitude AA isisis appmximatelyappmximatelyappmximately 

S" === 0.:1 (sincfJ +++ I)I!I)I! XXX 101010 -j-j-j TTT ((( 16)16)16)B"B" 0.-'10.-'1 (sin'A(sin'A 1)12 

clildclild thethe inclinationinclination III fromfromfrom thethe horizontalhorizontalhorizontal isisis givengivengiven bybybyand thc inL'lination thc 

tantantan III === 222 tanetanetanfJ ((( 17)17)17) 

InInIn thethe NorthernNorthern HemisphereHemisphereHemisphere thethethe fieldfieldfield isisis inclinedinclinedinclined downwards,downwards,downwards, pointingpointingpointing straightstraightstraight downdowndown atatat thethethethc Nonhern 
magnetiL'magnetic Southern fielJnonhnonhnonh magnctic pole.pole.pole. InInIn thethethe SouthcrnSouthcrn HemisphereHemisphereHemisphere thethethe fieldfield isisis inclinedinclinedinclined upwards,upwards,upwards, atatat ananan angleangleangle 

latituJe,increasingincreasingincreasing withwithwith latitude,latitude, pointingpointingpointing straightstraightstraight upupup atatat thethethe southsouthsouth magneticmagneticmagnetic pole.pole.pole. AtAtAt thethethe geomagneticgeomagneticgeomagnetic 
cquatorequatorequator thethethe fieldfieldfield isisis horizontal.horizontal.horizontal. 

north-seeking migrate downwardd()\\nw~tr(j inininmigr~lte d()\\nw~tr(jBecauseBecauseBecause ofofof thethethe inclinationinclinationinclination ofofof thethethe fieldfieldfield lines,lines,lines, nonh-seekingnonh-seeking bacteriabacteriabacteria migr~lte
upwarJ 4). South-scckingthethethe NorthNorthNorth HemisphereHemisphereHemisphere andandand upwardupward ininin thethethe SouthernSouthernSouthern HemisphereHemisphereHemisphere (Figure(Figure(Figure ..f)...f). South-seekingSouth-seeking 

bacteriabacteriabacteria migratemigratemigrate upwardupwardupward ininin thethethe NonhernNonhern HemisphereHemisphere andandand downwarddownwarddownward ininin thethethe SouthernSouthernSouthern HemHemNorthern Hemispherc Hl'm
l'quator, migr~lte Because directeddirl'L'tl'disphere.isphere.isphere. AtAtAt equator,thethethe equator, bothbothboth polaritypolaritypolarity typestypestypes migratemigrate horizontally.horizontally.horizontally. BeL'auseBeL'ause downwarddownwarddownward direL'ted 

nonh-sl'l'king bacll'riabacteri~1 LlvoredLlvorl'd Nonhem HemisphL't,L'Hl'misphct"t.'motionmotionmotion isisis nonh-seekingadvantageous,advantageous,advantageous, nonh-seeking bacteria shouldshouldshould bebebe favored ininin thethethe NonhernNonhern Hemisphct"t.' 

oCfrCC'l)xygcll. l'vlil'n);}l'rohic h~lcl('ria (1)!cr;l!C ur lu\\ Clllll'l'lllr~t[ioll:'AnaerobicAnaerobicAnaerobic bacteriabacteriabacteria livelivelive ininin thethethe absenceabsenceabsence oCfrccoCfrcc o.\ygCJl.o.\ygCJl. rVlicroacrobicrVlicroacrobic h:lclcri;\h:lclcri;\ tl)lCralCtl)lCralC l)l·l)l· requirerequirerequire ll)\\ll)\\ l'lll!l'l'l1\Lt(lUlbl'lll!l'l'l1\Lt(lUlb 

ofofof oxygen.oxygen.oxygen. 



 

andandand south-seekingsouth-seekingsouth-seeking bacteriabacteriabacteria shouldshouldshould bebebe favoredfavoredfavored ininin thethethe SouthernSouthernSouthern Hemisphere.Hemisphere.Hemisphere. AtAtAt thethethe equatorequatorequator 
neitherneitherneither polaritypolaritypolarity wouldwouldwould bebebe favored.favored.favored. 

ExaminationExaminationExamination ofofof bacteriabacteriabacteria ininin sedimentssedimentssediments fromfromfrom variousvariousvarious placesplacesplaces ininin thethethe worldworldworld confirmsconfirmsconfirms thisthisthis 
hypothesis.hypothesis.hypothesis. InInIn contrastcontrastcontrast tototo NewNewNew EnglandEnglandEngland (inclination,(inclination,(inclination, 70°70°70° N)N)N) andandand otherotherother NmlhernNmlhernNmlhern HemisphereHemisphereHemisphere 
locales,locales,locales, magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria ininin freshfreshfresh waterwaterwater andandand marinemarinemarine sedimentssedimentssediments ininin AustraliaAustraliaAustralia andandand NewNewNew 

areare baeteriaZealandZealandZealand (inclination,(inclination,(inclination, 70°70°70° S)S)S) arc almostalmostalmost exclusivelyexclusivelyexclusively south-seeking.south-seeking.south-seeking. m.l77m.l77m.l77 TheseTheseThese bacteriabacteria havehavehave 
chainschainschains ofofof particlesparticlesparticles andandand cancancan bebebe remagnetizedremagnetizedremagnetized tototo nonh-seekingnonh-seekingnonh-seeking polarity.polarity.polarity. mmm AtAtAt thethethe geomagneticgeomagneticgeomagnetic 
equatorequatorequator ininin BrazilBrazilBrazil (inclination,(inclination,(inclination, 0°)0°)0°) bothbothboth north-north-north- andandand south-seekingsouth-seekingsouth-seeking bacteriabacteriabacteria areareare presentpresentpresent ininin 

seleL'lSroughlyroughlyroughly equalequalequal numbers.numbers.numbers. liSliSliS ThusThusThus thethethe venicalvenicalvenical componentcomponentcomponent ofofof thethethe geomagneticgeomagneticgeomagnetic fieldfieldfield seledsseleds thethethe 
natlll'alpredominantpredominantpredominant cellcellcell polaritypolaritypolarity ininin natmalnatmal environments,environments,environments, withwithwith downwarddownwarddownward directeddirecteddirected motionmotionmotion advanadvanadvan

tageoustageoustageous I'm,I'm,I'm, andandand upwardupwardupward directeddirecteddirected motionmotionmotion detrimentaldetrimentaldetrimental to,to,to, survivalsurvivalsurvival ofofof thethethe mganisms.mganisms.mganisms. AtAtAt thethethe 
geomagneticgeomagneticgeomagnetic equatmequatmequatm wherewherewhere motionmotionmotion isisis directeddirecteddirected horizontally,horizontally,horizontally, bothbothboth polaritiespolaritiespolarities benefitbenefitbenefit becausebecausebecause 
hmizontallyhorizontallyhorizontally directeddirecteddirected motionmotionmotion reducesreducesreduces harmfulharmfulharmful upwardupwardupward migration.migration.migration. 

TheTheThe rolerolerole ofofof thethethe verticalverticalvertical magneticmagneticmagnetic fieldfieldfield componentcomponentcomponent hashashas alsoalsoalso beenbeenbeen confirmedconfirmedconfirmed ininin laboratmylaboratmylaboratmy 
experiments.experiments.experiments. 176.17S176.17S176.17S WhenWhenWhen aaa sedimentsedimentsediment samplesamplesample fromfromfrom NewNewNew England,England,England, initiallyinitiallyinitially containingcontainingcontaining northnorthnorth
seekingseekingseeking bacteria,bacteria,bacteria, isisis placedplacedplaced ininin aaa coilcoilcoil thatthatthat producedproducedproduced aaa fieldfieldfield ofofof twicetwicetwice thethethe nwgnitudenwgnitudenwgnitude andandand oppositeoppositeopposite 
signsignsign tototo thethethe ambientambientambient venica]venica]venica] field,field,field, thethethe polaritypolaritypolarity ofofof thethethe bacteriabacteriabacteria ininin thethethe samplesamplesample invertedinvertedinverted overoverover 
severalseveralseveral weeks,weeks,weeks, i.e.,i.e.,i.e., overoverover manymanymany bacterialbacterialbacterial generations.generations.generations. IfIfIf aaa samplesamplesample isisis placedplacedplaced ininin aaa coilcoilcoil thatthatthat 
cancelscancelscancels thethethe verticalverticalvertical componentcomponentcomponent ofofof thethethe ambientambientambient magneticmagneticmagnetic field,field,field, thethethe populationpopulationpopulation ininin thethethe samplesamplesample 

generationstendstendstends towardtowardtoward equalequalequal numbersnumbersnumbers ofofof bothbothboth polarities,polarities,polarities, againagainagain overoverover manymanymany generations.generations. EqualEqualEqual numbersnumbersnumbers 
ofofof bothbothboth polaritiespolaritiespolarities alsoalsoalso resultresultresult whenwhenwhen samplessamplessamples initiallyinitiallyinitially containingcontainingcontaining allallall north-north-north- ororor allallall south-seekingsouth-seekingsouth-seeking 

ex perbacteriabacteriabacteria areareare placedplacedplaced ininin ananan enclosureenclosureenclosure thatthatthat cancelscancelscancels thethethe ambientambientambient magneticmagneticmagnetic field.field.field. experFunherFunherFunher exper
iimentsments ininin nullnullnull fieldfieldfield bybyby BBlakelake more])7more])7 concon fifi rm thethethe rolerolerole ofofof oxoxyygen.gen. WhenWhenWhen samplessamplessamples withwithwith ttighigh tt 

areareare placedplacedplaced ininin thethethe zerozerozero polaritics areare 
iments I'm tightBlakemore"7 confirm oxygen. 
stoppersstoppersstoppers fieldfieldfield enclosure,enclosure,enclosure, bacteriabacteriabacteria ofofof bothbothboth polaritiespolarities arc ultimatelyultimatelyultimately 
foundfoundfound ininin thethethe sedimentsedimentsediment andandand ininin thethethe waterwaterwater columncolumncolumn upupup tototo thethethe surface.surface.surface. WhenWhenWhen thethethe samplesamplesample bottlesbottlesbottles 
areareare butbutlooselylooselyloosely stoppered,stoppered,stoppered, allowingallowingallowing diffusiondiffusiondiffusion ofofof air,air,air, bacteriabacteriabacteria areareare foundfoundfound ininin thethethe sedimentssedimentssediments hut notnotnot 
ininin thethethe waterwaterwater column.column.column. 

WhileWhileWhile thethethe abilityabilityability tototo synthesizesynthesizesynthesize Fe:;O~Fe:;O~Fe:;O~ andandand constructconstructconstruct magnetosomesmagnetosomesmagnetosomes isisis certainlycertainlycertainly geneticallygeneticallygenetically 
encoded,encoded,encoded, thethethe polaritypolaritypolarity ofofof thethethe magnetosomemagnetosomemagnetosome chainchainchain cannotcannotcannot bebebe encoded.encoded.encoded. IfIfIf aaa bacteriumbacteriumbacterium thatthatthat 
lackslackslacks magnetosmagnetosamesames startsstartsstarts tototo synthesizesynthesizesynthesize themthemthem dedede novo.novo.novo. theretherethere isisis equalequalequal probabilityprobabilityprobability thatthatthat whenwhenwhen 
thethethe particlesparticlesparticles growgrowgrow tototo permanent.permanent.permanent. single-domainsingle-domainsingle-domain size,size,size, thethethe chainchainchain willwillwill magnetizemagnetizemagnetize withwithwith northnorthnorth
seekingseekingseeking polepolepole forwardforwardforward asasas withwithwith south-seekingsouth-seekingsouth-seeking polepolepole forward:forward:forward: aaa populationpopulationpopulation ofofof thesethesethese bacteriabacteriabacteria willwillwill 
consistconsistconsist ofofof I:I:I: III north-north-north- andandand south-seekers.south-seekers.south-seekers. If,If,If, however.however.however. thethethe daughterdaughterdaughter cellscellscells inheritinheritinherit somesomesome ofofof thethethe 
parentalparentalparental magnetosomesmagnetosomesmagnetosomes duringduringduring cellcellcell division,division,division, theytheythey willwillwill inheritinheritinherit thethethe parentalparentalparental polarity.polarity.polarity. AsAsAs theytheythey 
synthesizesynthesizesynthesize newnewnew magnetosomesmagnetosomesmagnetosomes atatat thethethe endsendsends ofofof theirtheirtheir inheritedinheritedinherited chains,chains,chains, thethethe magneticmagneticmagnetic fieldfieldfield 
producedproducedproduced bybyby thethethe existingexistingexisting particlesparticlesparticles willwillwill magnetizemagnetizemagnetize thethethe newnewnew particlesparticlesparticles ininin thethethe samesamesame direction.direction.direction. 

magnetosomes 

bacteriabacteriaThus,Thus,Thus, north-seekingnorth-seekingnorth-seeking bacteriabacteriabacteria cancancan produceproduceproduce north-seeki;lgnorth-seeki;lgnorth-seeki;lg progenyprogenyprogeny andandand south-seekingsouth-seekingsouth-seeking hacteria 
arearecancancan produceproduceproduce south-seekingsouth-seekingsouth-seeking progeny.progeny.progeny. However,However,However, theretherethere arc mechanismsmechanismsmechanisms bybyby whichwhichwhich somesomesome progenyprogenyprogeny 

withwithwith thethethe oppositeoppositeopposite polaritypolaritypolarity can bebebe producedproducedproduced ininin eacheacheach generation.generation.generation. ForForFor example,example,example, ififif ininin thethethe cellcell 
divisiondivisiondivision process,process,process, somesomesome ofofof thethethe daughterdaughterdaughter cellscellscells inheritinheritinherit nonono parentalparentalparental magnetosomes,magnetosomes,magnetosomes, thesethesethese cellscellscells 
willwillwill synthesizesynthesizesynthesize themthemthem dedede novonovonovo andandand aboutaboutabout oneoneone halfhalfhalf thosethosethose cellscellscells willwillwill endendend upupup withwithwith thethethe polaritypolaritypolarity 
oppositeoppositeopposite tototo thatthatthat ofofof thethethe parentalparentalparental generation.generation.generation. SoSoSo ininin NewNewNew England,England,England, wherewherewhere north-seekingnorth-seekingnorth-seeking bacteriabacteriabacteria 
areareare foundfoundfound andandand predominate,predominate,predominate, somesomesome south-seekerssouth-seekerssouth-seekers areareare producedproducedproduced ininin eacheacheach populationpopulationpopulation division.division.division. 
UnderUnderUnder normalnormalnormal circumstances,circumstances,circumstances, thesethesethese south-seekerssouth-seekerssouth-seekers areareare unfavoredunfavoredunfavored bybyby beingbeingbeing directeddirecteddirected upwardsupwardsupwards 
towardstowardstowards thethethe surfacesurfacesurface whenwhenwhen theytheythey areareare separatedseparatedseparated fromfromfrom thethethe sediments,sediments,sediments, andandand theirtheirtheir totaltotaltotal populationpopulationpopulation 
remainsremainsremains lowlowlow comparedcomparedcompared tototo thethethe north-seekingnorth-seekingnorth-seeking population.population.population. However,However,However, whenwhenwhen thethethe verticalverticalvertical magneticmagneticmagnetic 
fieldfieldfield isisis inverted,inverted,inverted, asasas ininin thethethe experimentexperimentexperiment describeddescribeddescribed above,above,above, thesethesethese south-seekerssouth-seekerssouth-seekers areare 

eanean ceil 

arc suddenlysuddenlysuddenly 
favoredfavoredfavored andandand theirtheirtheir progenyprogenyprogeny eventuallyeventuallyeventually predominatepredominatepredominate asasas thethethe previouslypreviouslypreviously favoredfavoredfavored north-seekingnorth-seekingnorth-seeking 
populationpopulationpopulation declinesdeclinesdeclines ininin theirtheirtheir newlynewlynewly unfavorableunfavorableunfavorable circumstances.circumstances.circumstances. WhenWhenWhen thethethe verticalverticalvertical componentcomponentcomponent 
isisis setsetset equalequalequal tototo zero,zero,zero, neitherneitherneither polaritypolaritypolarity isisis favoredfavoredfavored andandand thethethe north-north-north- andandand south-seekingsouth-seekingsouth-seeking populationspopulationspopulations 
eventualeventualeventual IIIyyy equalequalequal ize.ize.ize. 



 

 

WeWeWe cancancan envisionenvisionenvision aa similarsimilarsimilar processprocessprocess occurringoccurringoccurring ininin naturalnaturalnatural environmentsenvironmentsenvironments duringduringduring reversalsreversalsreversals ororor 
excursionsexcursionsexcursions ofofof thethethe geomagneticgeomagneticgeomagnetic field.field.field. DuringDuringDuring thesethesethese processesprocessesprocesses thethethe verticalverticalvertical componentcomponentcomponent changeschangeschanges 
signsignsign overoverover thousandsthousandsthousands ofofof years.years.years. ThisThisThis wouldwouldwould bebebe accompaniedaccomp~lI1ied bybyby aaa changechangechange ininin thethethe predominantpredominantpredominant 

~l

accomp~lI1ied

polaritypolaritypolarity ofofof thethethe magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria populationpopulationpopulation ininin thatthatthat locale.locale.locale. 
OtherOtherOther possiblepossiblepossible advantagesadvantagesadvantages ofofof magnetotaxismagnetotaxismagnetotaxis tototo bacteriabacteriabacteria involveinvolveinvolve rapidrapidrapid migrationmigrationmigration alongalongalong 

dispersed,magneticmagneticmagnetic fieldfieldfield lines.lines.lines. ThisThisThis couldcouldcould bebebe usefulusefuluseful forforfor populationpopulationpopulation dispersal.dispersal. asasas ananan escapeescapeescape response,response,response, 
Fe,C},ororor ininin outrunningoutrunningoutrunning chemicalchemicalchemical diffusion.diffusion.diffusion. ThereThereThere areareare alsoalsoalso consequencesconsequencesconsequences ofofof magnetotaxismagnetotaxismagnetotaxis andandand Fc,O.,Fc,O., 

arcsynthesissynthesissynthesis thatthatthat mayormayormayor maymaymay notnotnot bebebe advantageous.advantageous.advantageous. MagneticMagneticMagnetic bacteriabacteriabacteria thatthatthat areare withinwithinwithin 444 f-lmf-lmf-lm ofofof 
eacheacheach otherotherother willwillwill experienceexperienceexperience magneticmagneticmagnetic forcesforcesforces greatergreatergreater thanthanthan thethethe forcesforcesforces ofofof BrownianBrownianBrownian motion.motion.motion. 
Fe,O, ofFC,O.1Fc,O.1 hashashas aaa densitydensitydensity ofofof 5.1,5.1,5.1, hencehencehence precipitationprecipitationprecipitation increasesincreasesincreases thethethe averageaverageaverage densitydensitydensity o!"o!" thethethe bacteria,bacteria,bacteria, 
helpinghelpinghelping themthemthem tototo staystaystay downdowndown ininin thethethe sedimentssedimentssediments eveneveneven whenwhenwhen theytheythey areare notnotnot swimming,swimming,swimming, andandand maymaymayarc 

1';7serveserveserve somesomesome metabolicmetabolicmetabolic functionsfunctionsfunctions asasas well.well.well. 'S7'S7 

Finally,Finally,Finally, asasas mentllllledmentllllled ininin SectionSection IV,IV,IV, magnetotacticmagnetotacticmagnetotactic bacteriabacteriabacteria livelive theirtheirtheir livesliveslives andandand carrycarrycarry outoutout 
allallall theirtheirtheir cellularcellularcellular functionsfunctionsfunctions ininin aaa magneticmagneticmagnetic fieldfieldfield ofofof theirtheirtheir ownownown makingmakingmaking whichwhichwhich variesvariesvaries fromfromfrom overoverover 

mentIOned Scction livc 

D.ID.I TTT atatat thethethe surfacesurfacesurface ofofof thethethe particlesparticlesparticles tototo 0.010.010.01 TTT ororor lesslessless atatat thethethe peripheryperipheryperiphery ofofof thethethe cell,cell,cell, dependingdependingdepending 
ononon shapeshapeshape ofofof thethethe bacterium,bacterium,bacterium, andandand thethethe locationlocationlocation ofofof thethethe particles.particles.particles. TheTheThe fieldfieldfield dueduedue tototo aaa dipoledipoledipole momentmomentmoment 
0.1 

mmm atatat pointspointspoints withwithwith coordinatescoordinatescoordinates 1',1',r, 8,e,e, variesvariesvaries asasas rrr .'11 andandand (f-lj41T)(1(f-lj41T)(1(f-lj4TI)(1 +++ 333 coscosCOS"8)1"228)'28)'2 whenwhenwhen r?t.r?t. thethethe 
lengthlengthlength ofofof thethethe dipole.dipole.dipole. 888 === 000 correspondscorrespondscorresponds tototo thethethe dipoledipoledipole momentmomentmoment direction.direction.direction. IfIfIf wewewe considerconsiderconsider 
thethethe momentmomentmoment mmm === lOIS'.''.' A'm"A'mA'm 22 

r?t, 

1010 ininin aaa magnetotacticmagnetotacticmagnetotactic bacteriumbacteriumbacterium asasas aaa pointpointpoint dipole,dipole,dipole, thenthenthen thethethe fieldfieldfield 
atatat thethethe surfacesurfacesurface ofofof aaa spherespheresphere ofofof radiusradiusradius III f-lmf-lmf-lm aroundaroundaround thethethe momentmomentmoment wouldwouldwould varyvaryvary fromfromfrom 222 xxx 101010 .,.,-, 
tototo I11 xxx 101010 .).).1 TTT asasas 888 variesvariesvaries fromfromfrom 000 tototo 90°.90°.90°. 

WhenWhenWhen rrr <<< e,e,e, thethethe calculationcalculationcalculation isisis moremoremore difficult.difficult.difficult. OneOneOne approachapproachapproach isisis tototo replacereplacereplace thethethe individualindividualindividual 
Fc,O.)Fc,O.) particlesparticlesparticles oj'oj' dimensiondimensiondimension ddd bybyby equivalentequivalentequivalent currentcurrentcurrent cylinders.cylinders.cylinders. ThisThisThis calculation'?'!calculation'?'! givesgivesgives 
fieldsfieldsfields upupup tototo aboutaboutabout 0.50.50.5 TTT betweenbetweenbetween thethethe particlesparticlesparticles andandand upupup tototo 0.30.30.3 TTT atatat thethethe endsendsends ofofof thethethe particleparticleparticle 
Fe,O.1 of calculation I?'! 

chain.chain.chain. AtAtAt pointspointspoints ononon aaa linelineline perpendicularperpendicularperpendicular tototo oneoneone endendend o!"o!" thethethe particleparticleparticle chainchainchain thethethe fieldfieldfield fallsfallsfalls fromfromfromof 
0.220.220.22 TTT atatat thethethe edgeedgeedge ofofof thethethe lastlastlast particleparticleparticle tototo 0.030.030.03 TTT atatat d,d,d, 0.0080.0080.008 TTT atatat 2d,2d,2d, 0.0030.0030.003 TTT atatat 3d.3d.3d. andandand 
0.0020.0020.002 TTT atatat 4d.4d.4d. 

Fe,O.1 process.I"',IXI MiissProgressProgressProgress hashashas beenbeenbeen mademademade ininin elucidatingelucidatingelucidating thethethe Fc,O.)Fc,O.) biomineralizationbiomineralizationbiomineralization process.process. '''',IX''''',IX' MilSSMilSS
bauerbauerbauer spectroscopicspectroscopicspectroscopic studiesstudiesstudies ofofof magneticmagneticmagnetic andandand nonmagneticnonmagneticnonmagnetic strainsstrainsstrains andandand cellcellcell fractionsfractionsfractions ofofof A.A.A. 
IlIilgllclOlilUiCllI1IIlIilgllclOlilUiCllI1I havc revealedrevealedrevealed severalseveralseveral iron-containingiron-containingiron-containing materialsmaterialsmaterials ininin thethethe cellscellscells ininin additionadditionaddition tototo11I1"~IICrollil"liClIIII havehave 
FeFe ,,O,.O,. OneOneOne ofofof thesethesethese isisis aaa high-densityhigh-densityhigh-density hydroushydroushydrous ironironiron oxideoxideoxide thatthatthat isisis spectroscopicallyspectroscopicallyspectroscopically similarsimilarsimilarFe,O.\. 
tototo thethethe mineralmineralmineral I'crrihydrite.I'crrihydrite. ItItIt appearsappearsappears thatthatthat Fc,O.)Fc,O.) precipitationprecipitationprecipitation occursoccursoccurs followingfollowingfollowing partialpartialpartial rererercrrihydrite. Fc,O.1 

rcrrihydriteductionductionduction ofofof aaa ferrihydriteferrihydrite precursor.precursor.precursor. 
ReductionReductionReduction ofofof aaa rcrrihydritercrrihydrite precursorprecursorprecursor tototo FeFeFe ,0.),0.) alsoalsoalso occursoccursoccurs ininin thethethe radularradularradular teethteethteeth ofofof thethethe marinemarinemarineferrihydrite ,0.1 

chiton. Il'.lx2,iX'chiton.'I'·I.'2'"chiton.'I'·I.'2'" IronIronIron isisis transportedtransportedtransported tototo thethethe superiorsuperiorsuperior epithelialepithelialepithelial cellscellscells ofofof thethethe radulaeradulaeradulae asasas ferritin.ferritin.ferritin. 
ThenThenThen ironironiron isisis transferredtransferredtransferred tototo aaa preformedpreformedpreformed organicorganicorganic matrixmatrixmatrix ononon thethethe toothtoothtooth surfacesurfacesurface asasas ferrihydrite.ferrihydrite.ferrihydrite. 
Finally. Fc10 j •Finally,Finally, thethethe ferrihydriteferrihydriteferrihydrite isisis reducedreducedreduced tototo Fc,Oj'Fc,Oj' TheTheThe resultingresultingresulting Fc,O.jFc,O.jFc,O.j particlesparticlesparticles havehavehave dimensionsdimensionsdimensions 
ofofof thethethe orderorderorder ofofof 0.10.10.1 f-lm.f-lm.f-lm. ThusThusThus thethethe Fe,O.1Fc,O.)Fc,O.) precipitationprecipitationprecipitation processprocessprocess appearsappearsappears tototo bebebe similarsimilarsimilar ininin 

bactcria chitons, well.magnetotacticmagnetotacticmagnetotactic bacteriabacteria andandand ininin chitons.chitons. andandand maymaymay bebebe similarsimilarsimilar ininin otherotherother organismsorganismsorganisms asasas wellwell TheTheThe 
facilityfacilityfacility withwithwith whid1whid1 bacteriabacteriabacteria cancancan bebebe manipulatedmanipulated willwillwill allowallowallow furtherfurtherfurther elucidationelucidationelucidation ofofof thethethe precipprecipwhich manipulatcd prccip
itationitationitation processprocessprocess andandand eventualeventualeventual understandingunderstandingunderstanding ofofof howhowhow thethethe bacteriabacteriabacteria controlcontrolcontrol thethethe size,size,size, shape,shape, andandandshape. 
nUlllbernumbernumber ofofof partiepartiepartie les.les.les. 

VI.VI.VI. CONCLUSIONCONCLUSIONCONCLUSION 

Lifc gcumagnetic shuuld sumeevolvedevolvedLifeLife evolved ininin thethethe gcomagnetic fieldfieldfield andandand ititit notnotshouldshould not bebebe surprisingsurprisingsurprising thatthatthat some anc!anc!anc! perhapsperhapsperhaps 
magneticallymagneticallymagnetically senSitive.senSitive. TheTheThe discovcry Fe ,0., ininin 

geomagnetic sOllle 
manymanymany speciesspeciesspecies areareare sensitive. ofofdiscoverydiscovery of Fe,O.,Fe,O., diversediversediverse organismsorganismsorganisms 

understanding intcractionprovidesprovidesprovides aaa newnewnew basisbasisbasis undcrstandingforforfor undcrstanding thethethe interactioninteraction ofofof organismsorganismsorganisms withwithwith thethethe geomagneticgeomagneticgeomagnetic 
field.field.field. InclusionsInclusionsInclusions ofofof magneticmagneticmagnetic materialsmaterialsmaterials ininin organismsorganismsorganisms couldcouldcould alsoalsoalso playaplayaplaya rolerolerole utherininin otherthethethe other 

elleers.magneticmagneticmagnetic fieldfieldfield andandand nonionizingnonionizingnonionizing radiationradiationradiation efleets. 
EffectsEffectsEffects ofofof high-statichigh-statichigh-static fieldsfieldsfields remainsremainsremains ananan research, ll1creaslllg

errcets. 
1l1Creasmgimportantimportantimportant areaareaarea forforfor research.research. becausebecausebecause ofofof 1l1CreaSlI1g 



 

  

 

 

 

 

  

ofexposureexposureexposure 01'01' humanshumanshumans tototo higherhigherhigher fieldsfieldsfields ininin connectionconnectionconnection withwithwith NMRNMRNMR imagingimagingimaging andandand otherotherother technologiestechnologiestechnologies 
field forinvolvinginvolvinginvolving highhighhigh magneticmagneticmagnetic CieldCield devices.devices.devices. EpidemiologicalEpidemiologicalEpidemiological studiesstudiesstudies areareare importantimportantimportant CorCor establishingestablishingestablishing 

guidelinesguidelinesguidelines forforfor human,human,human, butbutbut moremoremore workworkwork needsneedsneeds tototo bebebe donedonedone atatat both'both'both' thethethe cellularcellularcellular andandand subcellularsubcellularsubcellular 
tototo elucidateelucidateelucidate interadiveinteradive mechanisms.mechanisms.mechanisms.interactive fieldlevelslevelslevels HighHighHigh CieldCield alignmentalignmentalignment ofofof macromoleculesmacromoleculesmacromolecules andandand 

,Iremagneticmagneticmagnetic fieldfieldfield interactionsinteractionsinteractions withwithwith membranesmembranesmembranes areare promisingpromisingpromising areasareasareas butbutbut theirtheirtheir connectionconnectionconnection withwithwith 
physiologicalphysiologicalphysiological effectseffectseffects ininin intactintactintact cellscellscells andandand organismsorganismsorganisms needsneedsneeds tototo bebebe elucidated.elucidated.elucidated. 

Finally,Finally,Finally, theretherethere isisis thethethe questionquestionquestion ofofof synergisticsynergisticsynergistic effects.effects. HealthyHealthyHealthy cellscellscells ororor organismsorganismsorganisms mightmightmight bebebeeHects. 
ahleahle tototo adaptadaptadapt successfullysuccessfullysuccessfully tototo thethethe physiologicalphysiologicalphysiological stressstressstress imposedimposedimposed bybyby staticstaticstatic magneticmagneticmagnetic fields,fields,fields, butbutbut 
thisthisthis mightmightmight notnotnot bebebe thethethe casecasecase forforfor organismsorganismsorganisms thatthatthat areareare copingcopingcoping withwithwith additionaladditionaladditional stresses,stresses,stresses, suchsuchsuch asasas 
disease,disease,disease, environmentalenvironmentalenvironmental factors,factors,factors, etc.etc.etc. ThisThisThis possibilitypossibilitypossibility shouldshouldshould bebebe consideredconsideredconsidered especiallyespeciallyespecially ininin settingsettingsetting 

able 

forguidelinesguidelinesguidelines CorCor highhighhigh fieldfieldfield exposure.exposure.exposure. 
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APPENDIX:APPENDIX:APPENDIX: ELECTROMAGNETICELECTROMAGNETICELECTROMAGNETIC UNITSUNITSUNITS ANDANDAND DEFINITIONSDEFINITIONSDEFINITIONS 

Purcell' X4 gi vesPurcell"4Purcell"4 givesgives ananan excellentexcellentexcellent discussiondiscussiondiscussion ofofof magneticmagneticmagnetic fieldfieldfield concepts;concepts;concepts; forforfor aaa reviewreviewreview ofofof magneticmagneticmagnetic 
measurementsmeasurementsmeasurements seeseesee FonerFoner'X:iFoner'X:ilS 

" andandand Morrish.Morrish.Morrish. 1<" InInIn discussingdiscussingdiscussing thethethe interactionsinteractionsinteractions ofofof staticstaticstatic magneticmagneticmagnetic1<"'63 

fieldsfieldsfields withwithwith materialsmaterialsmaterials mostmostmost workersworkersworkers useuseuse thethethe centimeter-gram-secondcentimeter-gram-secondcentimeter-gram-second (cgs)-electromagnetic(cgs)-electromagnetic(cgs)-electromagnetic 
SI fluxunitsunitsunits (emu).(emu).(emu). InInIn thethethe 5151 system,system,system, thethethe magneticmagneticmagnetic nuxnux densitydensitydensity 

~ ~

B fLoH 

andandand 

~~~ ~ ~

BBB fL,/ H + M) (AI)(AI)(AI) 

~~~

ininin vacuumvacuumvacuum andandand ininin aaa materialmaterialmaterial medium,medium,medium, respectively.respectively.respectively. HHH isisis thethethe magneticmagneticmagnetic fieldfieldfield intensityintensityintensity andandand 
thethethe magnetizationmagnetizationmagnetization perperper unitunitunit volume.volume.volume. TheTheThe permeabilitypermeabilitypermeability ofofof freefreefree spacespacespace 

fLo === 41T41T41T XXX 10-10-10- 777 HimHimHim (A2)(A2)(A2)J-LoJ-Lo 

wherewherewhere HimHimHim (henry(henry(henry perperper meter)meter)meter) isisis equivalentequivalentequivalent tototo weberweberweber perperper metermetermeter perperper ampere.ampere.ampere. TheTheThe volumevolumevolume 
magnetizationmagnetizationmagnetization ofofof diamagneticdiamagneticdiamagnetic andandand paramagneticparamagneticparamagnetic materialsmaterialsmaterials isisis relatedrelatedrelated tototo thethethe magneticmagneticmagnetic fieldfieldfield 
intensityintensityintensity hyhy thethethe magneticmagneticmagnetic susceptibilitysusceptibilitysusceptibilityby 

~~~

MMM (A3)(A3)(A3) 

SI 
~~~

aaaInInIn thethethe 5151 system,system,system, XXX isisis aaa dimensionlessdimensionlessdimensionless quantity.quantity.quantity. InInIn magneticallymagneticallymagnetically orderedorderedordered materials,materials,materials, MMM ISISIS 
~~~

complexcomplexcomplex functionfunctionfunction ofofof HHH andandand cancancan havehavehave finitefinitefinite valuesvaluesvalues eveneveneven atatat HHH === O.O.O. 
InInIn thethethe cgs-emucgs-emucgs-el11u fLoJ-LoJ-Lo === III andandand 

~~~ ~~~~~~

BBB HHH +++ 41TM41TM41TM (A4)(A4)(A4) 



 

 

 

 

SISomeSomeSome ofofof thethethe relationsrelationsrelations betweenbetweenbetween emuemuemu andandand 5151 unitsunitsunits areareare asasas followsfollowsfollows 

MagneticMagneticMagnetic fluxfluxflux dendenden III GGG === 10'1010 '' TTT 
sitysitysity BBB
MagneticMagneticMagnetic fieldfieldfield dendenden III OeOeOe === 0'/41T)(I(I(I 0'/4TI)0'/4TI) A/mA/mA/m 
sitysitysity HHH 

10 -,MagneticMagneticMagnetic momentmomentmoment mmm emuemuemu === lO-'lO-' A'mA'mA'm 222 

Magnetization,Magnetization,Magnetization, emu/cm'emu/cm'emu/cm' === 10'10'10' A/mA/mA/m 
magneticmagneticmagnetic 
momentmomentmoment perperper unitunitunit volvolvol
umeumeume MMM 
MagneticMagneticMagnetic suscepti susceptisuscepti x(emu)x(emu)x(emu) (l/41T)X(MKS)(l(l /4TI)X(MKS)/4TI)X(MKS) 
bilitybilitybility XXX 

InInIn thethethe emuemuemu system,system,system, Faraday'sFaraday'sFaraday's lawlawlaw ofofof magneticmagneticmagnetic inductioninductioninduction isisis 

EEE === --- lOxlOxlOx d<P/dtd<P/dtd<P/dt (AS)(AS)(AS) 

wherewherewhere thethethe emfemfemf (electromotive(electromotive(electromotive force)force)force) EEE (volts)(volts)(volts) isisis inducedinducedinduced in111111 aaa conductingconductingconducting looplooploop ofofof areaareaarea AAA 
normalnormalnormal tototo B,B,B, andandand thethethe magneticmagneticmagnetic nuxnuxfl ux 

<P<P<P === BABABA (A6)(A6)(A6) 

TheTheThe emfemfemf cancancan bebebe producedproducedproduced bybyby aaa time-varyingtime-varyingtime-varying fieldfieldfield ininin aaa stationarystationarystationary looplooploop ororor bybyby aaa looplooploop whosewhosewhose 
IO- xnormalnormalnormal componentcomponentcomponent isisis changingchangingchanging withwithwith respectrespectrespect tototo aaa staticstaticstatic magneticmagneticmagnetic field.field.field. TheTheThe factorfactorfactor ofofof 1010 -- xx 

alsoalsoalso appearsappearsappears ininin thethethe equationequationequation forforfor thethethe flowflowflow potentialpotentialpotential whenwhenwhen EquationEquationEquation 1II isisis writtenwrittenwritten withwithwith vvv andandand ddd 
rcspectively.ininin centimetercentimetercentimeter perperper secondsecondsecond andandand centimetercentimetercentimeter respectively.respectively. 

MagneticMagneticMagnetic moments,moments,moments, magnetization,magnetization,magnetization, andandand magneticmagneticmagnetic susceptibilitysusceptibilitysusceptibility ofofof materialsmaterialsmaterials areareare expressedexpressedexpressed 
ononon aaa unitunitunit weight,weight,weight, unitunitunit volume,volume,volume, perperper mole,mole,mole, perperper atom,atom,atom, ororor moleculemoleculemolecule basis.basis.basis. MagneticMagneticMagnetic momentsmomentsmoments 

emu. gauss.andandand magnetizationmagnetizationmagnetization havehavehave thethethe unitsunitsunits emu,emu, gauss,gauss, cgs,cgs,cgs, ororor ergsergsergs perperper gaussgaussgauss ininin thethethe emuemuemu system.system.system. 
J === === III cgscgscgs === example,withwithwith II emuemuemu III GGG III erg/G.erg/G.erg/G. ForForFor example.example. thethethe saturationsaturationsaturation magneticmagneticmagnetic momentmomentmoment perperper 

unitunitunit volume,volume,volume, ororor magnetization, Fe,04 emu/cm', ororor 929292 emu/g.emu/g.emu/g. TheTheThe conversionconversionconversionmagnetization.magnetization. ofofof Fe,O.jFe,O.j isisis 480480480 emu/cm'.emu/cm'. 
factorfactorfactor isisis thethethe density.density.density. MagneticMagneticMagnetic momentsmomentsmoments ofofof atomsatomsatoms andandand moleculesmoleculesmolecules areareare oftenoftenoften expressedexpressedexpressed asasas BohrBohrBohr 

10- 211MagnetonsMagnetonsMagnetons (IJ.B)(f.LB)(f.LB) withwithwith 1II f.LBf.LBIJ.B === 0.9270.9270.927 XXX lO-211lO-211 ergs/G.ergs/G.ergs/G. TheTheThe electronelectronelectron hashashas aaa magneticmagneticmagnetic momentmomentmoment 
ofofof III IJ.B.f.LB.f.LB. FC,04 IJ.BFe,O.jFe,O.j hashashas aaa magneticmagneticmagnetic momentmomentmoment ofofof 444 f-l-Bf-l-B perperper formulaformulaformula unit.unit.unit. 

TheTheThe freefreefree energyenergyenergy ofofof magneticmagneticmagnetic dipolesdipolesdipoles ororor ofofof materialsmaterialsmaterials withwithwith permanent,permanent,permanent, macroscopicmacroscopicmacroscopic magmagmag

netizationnetizationnetization ntnt orientedorientedoriented atatat angleangleangle 00 ininin aaa magneticmagneticmagnetic fieldfield ofofof nuxnux densitydensitydensity BBB isisisnr 8 fietd flux 

E", = - mmm ... BBB == - cos8 (A(A(A7)7)7)En,En, -== -
~~~ ~~~

= -- mBmBmB cosOcosO 

InInIn aaa homogeneoushomogeneoushomogeneous magneticmagneticmagnetic fieldfieldfield thethethe freefreefree energyenergyenergy isisis aaa minimumminimumminimum whenwhenwhen cosOcosO == 
~

cos8 = 1.1.I. i.e.,i.e.,i.e .. ntntm 

isisis parallelparallelparallel tototo 
~~~

B.B.B. InInIn ananan inhomogeneousinhomogeneousinhomogeneous magneticmagneticmagnetic fieldfieldfield additionaladditionaladditional loweringloweringlowering ofofof thethethe freefreefree energyenergyenergy 
comescomescomes fromfromfrom translationaltranslationaltranslational motionmotionmotion ofofof thethethe materialmaterialmaterial towardtowardtoward increasingincreasingincreasing fieldfieldfield strength.strength.strength. TheTheThe transtranstrans
lationallationallational forceforceforce alongalongalong thethethe gradientgradientgradient isisis 

dBdBdB 
mm  (AS)(AS)m (A8)

dxdxdx 

wherewherewhere xxx isisis thethethe magneticmagneticmagnetic fieldfieldfield gradientgradientgradient direction.
direction.direction. 
matcrialsForForFor materialsmaterials withoutwithoutwithout aaa permanentpermanentpermanent dipoledipoledipole moment,moment,moment, aaa magneticmagneticmagnetic fieldfieldfield willwillwill induceinduceinduce aaa moment
momentmoment 

~~~

perperper unitunitunit volumevolumevolume M,M,M, wherewherewhere 



----.----.----. 
MMM (A9)(A9)(A9) 

ergs/G'... XXX ISISISXXX isisis thethethe susceptibilitysusceptibilitysusceptibility tensortensortensor withwithwith unitsunitsunits emu/Gemu/Gemu/G ororor ergs/Gergs/G 22 ForForFor diamagneticdiamagneticdiamagnetic materialsmaterialsmaterials 
smallsmallsmall andandand negativenegativenegative andandand isisis generallygenerallygenerally independentindependentindependent ofofof temperature.temperature.temperature. ForForFor example,example,example, HHH222000 hashashas ananan 
isotropicisotrupicisotrupic volumevolumevolume magneticmagneticmagnetic susceptibilitysusceptibilitysusceptibility X,X,X, === --- 0.40.40.4 XXX 101010 777 emu/(G-cm').emu/(G-cm').emu/(G-cm'). InInIn paramagneticparamagneticparamagnetic 

i.c., materials electrons, sign,materials,materials,materials, i.e.,i.e., matenalsmatenals withwithwith unpairedunpairedunpaired electrons.electrons. XXX isisis largerlargerlarger ininin magnitude,magnitude,magnitude, positivepositivepositive ininin sign.sign. 
tcmper'lture-dependent.temper~lture-dependent.andandand isisis generallygenerallygenerally temper~lture-dependent. AtAtAt ambientambientambient temperaturestemperaturestemperatures typicaltypicaltypical paramagnetsparamagnetsparamagnets havehavehave 

susceptibilitiessusceptibilitiessusceptibilities thatthatthat followfollowfollow thethethe CurieCurieCurie LawLawLaw 

(A(A(A 10)10)10) 

k'J constant, atoms, f.l"'lwherewherewhere klJklJ isisis Boltzman'sBoltzman'sBoltzman's constan!.constan!. NNN isisis thethethe numbernumbernumber densitydensitydensity ofofof paramagneticparamagneticparamagnetic atoms.atoms. andandand f.l""f.l"" 
isisis thethethe effectiveeffectiveeffective magneticmagneticmagnetic momentmomentmoment perperper atom.atom.atom. FromFromFrom quantumquantumquantum mechanics,mechanics,mechanics, thethethe saturationsaturationsaturation magmagmag
neticneticnetic momentmomentmoment ofofof ananan at0111at0111 ororor moleculemoleculemolecule isisis proportionalproportionalproportional tototo thethethe spinspinspin andandand orbitalorbitalorbital angularangularangular momentummomentumatom momcntum 

f.lf.lf.l === ggg 555 f.lBf.lBf.lB (All)(All)(All) 

wherewherewhere f.lBf.lBf.lB isisis thethethe BohrBohrBohr magnetonmagnetonmagneton andandand ggg isisis thethethe proportionalityproportionalityproportionality ororor g-factor.g-factor.g-factor. IfIfIf wewewe considerconsiderconsider spinspinspin 
angularangularangular momentummomentummomentum only,only,only, ggg === 2.2.2. TheTheThe effectiveeffectiveeffective magneticmagneticmagnetic momentmomentmoment 

(A(A(A 12)12)12) 

InInIn aaa hypotheticalhypotheticalhypothetical example,example,example, ififif everyevery waterwaterwater moleculemoleculemolecule hadhadhadcvery ananan unpairedunpairedunpaired electronelectronelectron springspringspring (5(5(5 === 
112), I1/2),1/2), thethethe magneticmagneticmagnetic momentmomentmoment perperper moleculemoleculemolecule wouldwouldwould bebebe 11 f.lBf.lBf.lB andandand thethethe paramagneticparamagneticparamagnetic susceptibilitysusceptibilitysusceptibility 
perperper cubiccubiccubic centimetercentimetercentimeter atatat 300300300 KKK wouldwouldwould bebebe 2.22.22.2 xxx -(,101010 -I,-I, emu/G.emu/G.emu/G. TheTheThe totaltotaltotal susceptibilitysusceptibilitysusceptibility wouldwouldwould 
bebebe thethethe sumsumsum ofofof paramagneticparamagneticparamagnetic andandand diamagneticdiamagneticdiamagnetic contributionscontributionscontributions ofofof 2.162.162.16 xxx 10"" cmu/G.11()() .... (,(, emu/G.emu/G. InInIn somesomesome 
casescasescases thethethe diamagneticdiamagneticdiamagnetic susceptibilitysusceptibilitysusceptibility contributioncontributioncontribution cancancan bebebe largerlargerlarger thanthanthan thethethe paramagneticparamagneticparamagnetic conconcon
tributions.tributions.tributions. ThisThisThis isisis oftenoftenoften thethethe casecasecase ininin largelargelarge biologicalbiologicalbiological moleculesmoleculesmolecules thatthatthat havehavehave aaa singlesinglesingle ororor aaa fewfewfew 
paramagneticparamagneticparamagnetic atoms.atoms.atoms. 

InInIn aaa magneticmagneticmagnetic fieldfieldfield thethethe freefreefree energyenergyenergy isisis givengivengiven bybyby 

1----'1----'1----' ----.----.----. 
EEE === --H'X'H--H'X'H--H'X'H (A(A(A 13)13)13)
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wherewherewhere thethethe magnitudemagnitudemagnitude andandand directiondirectiondirection ofofof thethethe inducedinducedinduced momentmomentmoment dependsdependsdepends ononon thethethe orientationorientationorientation ofofof thethethe 
moleculemoleculemolecule ininin thethethe field.field.field. IfIfIf thethethe susceptibilitysusceptibilitysusceptibility isisis isotropic.isotropic. thethethe inducedinducedinduced momentmomentmoment isisis alwaysalwaysalways parallelparallelparallel 
tototo HandHandHand 

isotropic, 

EmEmEm ii XI-I"XI-I" (A(A(A 14)14)14)
22 

ThereThereThere areareare nonono rotationalrotationalrotational ororor translationaltranslationaltranslational forcesforcesforces ininin aaa homogeneoushomogeneoushomogeneous magneticmagneticmagnetic field.field.field. InInIn ananan 
inhomogeneousinhomogeneousinhomogeneous magneticmagneticmagnetic field,field,field, thethethe materialmaterialmaterial willwillwill experienceexperiencecxperience aaa translationaltranslationaltranslational forceforceforce ininin thethethe 
directiondirectiondirection ofofof increasingincreasingincreasing ororor decreasingdecreasingdecreasing fieldfieldfield strengthstrengthstrength dependingdependingdepending ononon thethethe signsignsign ofofof XXX 

F,F,F, === XXX VHVHVH dH/dxdH/dxdH/dx (A(A(A 15)15)15) 

volumc.wherewherewhere XXX isisis thethethe susceptibilitysusceptibilitysusceptibility perperper unitunitunit volumevolumevolume andandand VVV isisis thethethe volume.volume. DiamagneticDiamagneticDiamagnetic materialsmaterialsmaterials 
movemovemove ininin thethethe directiondirectiondirection ofofof decreasingdecreasingdecreasing fieldfieldfield strengthstrengthstrength whilewhilewhile paramagneticparamagneticparamagnetic materialsmaterialsmaterials movemovemove towardtowardtoward 



   

increasingincreasingincreasing fieldfieldfield strength.strength.strength. AsAsAs discusseddiscusseddiscussed ininin SectionSectionSection II,II,II, thisthisthis isisis thethethe basisbasisbasis ofofof aaa methodmethodmethod forforfor separatingseparatingseparating 
diamagneticdiamagneticdiamagnetic fromfromfrom paramagneticparamagneticparamagnetic materials.materials.materials. InInIn suspensionssuspensionssuspensions ororor solutions,solutions,solutions, thethethe forceforceforce dependsdependsdepends ononon 
thethethe differencedifferencedifference ininin susceptibilitysusceptibilitysusceptibility betweenbetweenbetween thethethe materialmaterialmaterial andandand thethethe medium.medium.medium. 

AnisotropicAnisotropicAnisotropic materialsmaterialsmaterials requirerequirerequire twotwotwo ororor atatat mostmostmost threethreethree independentindependentindependent parametersparametersparameters tototo specifyspecifyspecify thethethe 
magneticmagneticmagnetic susceptibility.susceptibility.susceptibility. InInIn thethethe mostmostmost generalgeneralgeneral case,case,case, 

(AI6)(AI6)(AI6) 

wherewherewhere x,x,x, y,y,y, andandand zzz denotedenotedenote thethethe eigenvectorseigenvectorseigenvectors ofofof thethethe diagonalizeddiagonalizeddiagonalized susceptibilitysusceptibilitysusceptibility tensor.tensor.tensor. TheseTheseThese 
threethreethree vectorsvectorsvectors oftenoftenoften correspondcorrespondcorrespond tototo molecularmolecularmolecular symmetrysymmetrysymmetry axes.axes.axes. InInIn additionadditionaddition tototo translationaltranslationaltranslational forcesforcesforces 
ininin inhomogeneousinhomogeneousinhomogeneous fields,fields,fields, theretherethere areareare rotationalrotationalrotational forcesforcesforces ininin homogeneoushomogeneoushomogeneous fields.fields.fields. ForForFor example,example,example, 
benzenebenzenebenzene hashashas ananan inplaneinplaneinplane susceptibilitysusceptibilitysusceptibility XJXJXJ === -4.5-4.5-4.5 XXX 10-10-10- 777 emu/G-cm'emu/G-cm'emu/G-cm' (=(=(= -5.7-5.7-5.7 XXX 10'<>10-<>10-<> 
ininin SISISI units)units)units) andandand aaa susceptibilitysusceptibilitysusceptibility normalnormalnormal tototo thethethe planeplaneplane XXX III === --- 121212 XXX 101010 777 ernu/G-cm'ernu/G-cm'ernu/G-cm' 
(=(=(= -1.5-1.5-1.5 XXX 101010 555 units).lx6ininin SISISI units).,x6units).,x6 TheTheThe moleculemoleculemolecule willwillwill experienceexperienceexperience aaa torquetorquetorque tendingtendingtending tototo alignalignalign itsitsits 
planeplaneplane parallelparallelparallel tototo thethethe fieldfieldfield direction.direction.direction. InInIn general,general,general, anyanyany moleculemoleculemolecule ororor molecularmolecularmolecular assemblyassemblyassembly withwithwith 
anisotropicanisotropicanisotropic diamagnetismdiamagnetismdiamagnetism willwillwill tendtendtend tototo alignalignalign sososo thatthatthat thethethe leastleastleast negativenegativenegative susceptibilitysusceptibilitysusceptibility directiondirectiondirection 
isisis parallelparallelparallel tototo thethethe appliedappliedapplied field.field.field. 

InInIn anisotropicanisotropicanisotropic paramagnetsparamagnetsparamagnets thethethe highesthighesthighest (positive)(positive)(positive) susceptibilitysusceptibilitysusceptibility directiondirectiondirection willwillwill tendtendtend tototo alignalignalign 
parallelparallel XIIparalJel tototo thethethe field.field.field. IfIfIf isisxIIxII is thethethe susceptibilitysusceptibilitysusceptibility alongalongalong thethethe minimumminimumminimum energyenergyenergy directiondirectiondirection andandand AAA isisis 
thethethe angleangleangle betweenbetweenbetween thatthatthat directiondirectiondirection andandand thethethe appliedappliedapplied fieldfieldfield 

~~ XIIXII H"H" 

6.6.6. XXX === XIIXIIXII --- X,X,X, (A(A(A 17)17)17) 

wherewherewhere bybyby definitiondefinitiondefinition 6.X>O6.X>O6.X>O andandand EmEmEm isisis minimizedminimizedminimized whenwhenwhen 668 O.O.O. TheTheThe degreedegreedegrec ofofof orientationorientationorientation ofofof 
gi venananan ensembleensembleensemble ofofof moleculesmoleculesmolecules atatat aaa givengiven fieldfieldfield strengthstrengthstrength andandand temperaturetemperaturetemperature cancancan bebebe calculatedcalculatedcalculated fromfromfrom 

F(8),statisticalstatisticalstatistical mechanics.mechanics.mechanics. TheTheThe angularangularangular distributiondistributiondistribution functionfunctionfunction F(A),F(A), whichwhichwhich specifiesspecifiesspecifies thethethe probabilityprobabilityprobability 
8thatthatthat aaa moleculemoleculemolecule hashashas ananan equilibriumequilibriumequilibrium orientationorientationorientation atatat angleangleangle AA withwithwith respectrespectrespect tototo H,H,H, cancancan ininin generalgeneralgeneral 

cosn8. nnnbebebe expandedexpandedexpanded ininin termstermsterms ofofof cos"A.cos"A. ForForFor moleculesmoleculesmolecules withwithwith cylindricalcylindricalcylindrical symmetry.symmetry.symmetry. oddoddodd termstermsterms ininin 
vanish.vanish.vanish. ThenThenThen aaa convenientconvenientconvenient measuremeasuremeasure ofofof thethethe degreedegreedegree ofofof orientationorientationorientation isisis thethethe averageaverageaverage valuevaluevalue ofofof thethethe 
sccondsccondsccond LegendreLegendreLegendre polynomialpolynomialpolynomial 

(cos8) ====== cosc8 --- 112)112) (A(A(A 18)18)18)PPP222 (cos6)(cos6) (3/2(3/2(3/2 coscos 2266 !l2) 

FromFromFrom statisticalstatisticalstatistical mechanics,mechanics,mechanics, 

:22"2"I)I)I) expexpexp (I(I(I-:2-- 2"2" 6.X6.X6.X H·H·H·""" cos-8/kTcos-8/kTcos-8/kT))) ddd cos6cos8cos8 

(A(A(A 19)19)19) 
zzz 

wherewherewhere ZZZ isisis thethethe partitionpartitionpartition function.function.function. CompleteCompleteComplete alignmentalignmentalignment meansmeansmeans coscoscos 222888 === (cus8)III andandand PcPcPc (cosA)(cosA) 
I.I.I. ForForFor randomrandomrandom orientationorientationorientatiun ininin threethreethree dimensionsdimensionsdimensions 22coscos2000 ==
mukcuks asasas benzenebenzenebenzene withwithwith largelargelarge diamagneticdiamagneticdiamagnetic anisotropies,anisotropies,anisotropies, excitatiun 

eos - 113,1/3,1/3, hencehencehence PcPcPc (cos6)(cos6)(cos8) === O.O.O. EvenEvenEven forforfor 
moleculesmolecules suchsuchsuch thermalthermalthermal excitationexcitation willwillwill 
overcomeovercomeovercome magneticmagneticmagnetic alignmentalignmentalignment andandand thethethe equilibriumequilibriumequilibrium alignmentalignmentalignment willwillwill bebebe small.small.small. However,However,However, ififif NNN 

cuuldmoleculesmoleculesmolecules areareare containedcontainedcontained ininin ananan orderedorderedordered arrayarrayarray ororor aggregate,aggregate,aggregate, 6.x6.x6.x forforfor thethethe singlesinglesingle moleculemoleculemolecule couldcould 
bebebe replacedreplacedreplaced bybyby N6.XN6.XN6.X ininin thethethe exponentialexponentialexponential ininin EquationEquationEquation AAA 17,17,17, resultingresultingresulting ininin substantialsubstantialsubstantial alignment.alignment.alignment. 
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