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Electric　an⊂1　Magnetic　Properties　of　Cubanite

By

Setsuo　TAK酬o，　Kan．ichi　MAsuMoTo，　Yoshitaka　KAsAMATsu

　　　　　　　　　　　　　　　　　　　and　Takahiko］KAMIGAIcHI

with　6　Text－f薩9ures

（Reccived　October　27，1972）

　　ABsTRAcT：The　elcctric　and　magnetic　properties　of　natural　and　synthetic　cubanite　were　investigated。

The　electric　conductivity　of　natural　cubanite　increases　with　increasing　temperature　and　shows　an

anomalous　changc　at　245°C，　where　translbrmation　from　the　low　temperature　orthorhombic　f（）rm　to　the

high　temperature　cub1c　one　is　assumed　to　appear，　and　the　mineral　behaves　as　a　typlcal　semiconductor　in・

the　low　temperature　range　but　as　a　lnetallic　conductor　above．the　polymorphic　transition　temperature．

The　conductivity　of　synthetic　cubanite　is　metallic　in　the　whole　temperature　range　measured・

　　Cubanite　in　natural　orthorhombic　fbrm　is．weakly　ferromagnetic（e．g．，1。40　emulgr，　equivalent　to　O．34

μ，1m・1，・t　25・C）b・t　b・hav・・p・・am・g・・ti・ally・b・ve　th・t｝an・iti・n　t・mp・・at・・e・N・m・tt・・wh・th・・it

may　be　synthetic　or　derived　fヒom　the　natural　orthorhombic　f（）rm，　the　cubic　cubanite　shows　no　anomaly　in

magnetic　susccptibility　at　245°C　on　cooling　but　increases　its　value　abruptly　just　at　the　liquid　nitrogen

t・mp・・at・・e　and　di・p1・y・a・ferrim・g・・ti・p・・P・・ty・N・t・・a1・ub・・it・i・ea・ily　m・g・・ti・ab1・a1・ng　th・

占咀axis．　　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　，

　　This　is　the　first　report　of　the　ferrimagnetic　character　of　a　compound　within　the　Cu－Fe－S　system　that　was

observed　at　thc　low　tcmpcrature，　and　thc　origin　of　the　fcrromagnetism　is　discussed　in　relation　tσthe　crystal

structure．
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1．　　INTRODUCTION

　　Some　corhpounds　such　as　chalcopyrite，　bornite　and　cubanite　belonging　to　the　system

Cu－Fe－S　are　of　considerable　intercst　to　the　solid　state　physicist　and　mineralogist　because

of　their　characteristics　as　semiconductors　containing　the　magnetic　element，　iron，　as　a

principal　component．　Howevとr，　therc　has　been　little　research　to　date　concerning　the

magnetic　and　clectrical　properties　of　these　phases．

　　Cubanite，　in　accessory　amounts　as　commonly　f（）und　in　ore　dcposits　f（）rmed　at　the　high

temperature，　is　commonly　in　association　with　chalcopyrite，　pyrrhotite　and　pentlandite

（ScHwARz，1927；RAMDoHR，1940，1969）．　Its　crystal　structurc　was　investigated　by
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Bucrger（1945　and　l　947）and　AzARoFF　and　BuERGER（1955）and　dcfincd　as　orthorhombic，

bclonging　to　thc　spacc　group　Pcmn，　whereα＝6．46，　b＝11．17and　c＝6．23　A　and　contain－

ing　4　molc　pcr　unlt　cell．　The　structure　is　based　upon　a　hexagonal　close－packed　network

of　sulfUr　atoms　with　both　iron　and　copper　atoms　in　tetrahedral　coordination，　BuERGER

（1945）suggcstcd　that　its　ferromagnetism　may　bc　a　rcsult　of　thc　coordination　of　iron．

　　The　thcrmal　stability　of　this　mineral　has　bcen　invcstigatcd　by　scveral　invcstigators

（c£ScHwARz，1931；BoRcHERT，1934；SAwADA　8’at．，1962　and　YuND　and　Ku肌ERuD，

1966）．According　to　YuND　and　KuLLERuD，　cubanitc　with　the　composition　of　CuFc2S3

is　cubic　in　thc　prcscncc　of　vapor　abovc　252±3°C，　tctragonal　from　this　tcmpcrature　to

approximatcly　lower　than　213°C，　and　orthorhombic　at　lowcr　tcmpcraturcs．　All　natural

cubanitc，　with　fcw　exccptions（c．　g．　GENKiN　et　at．，1966），　bcar　this　low－tempcrature　struc．

turc．　In　the　study　of　magnetic　properties，　SAwADA　et　at．，（1962）f（）und　cubanitc　is　wcakly

ferromagnctic　and　trans｛brms　from　thc　orthorhombic　to　thc　cubic　fbrm　at　270°C，　but

failcd　to　obscrvc　tllc　intcrmcdiate　tetragonal　fbrm．　FLEET（1970）suggcstcd　that　the

巳ctragonal　phasc　is　a　mixturc　of　thc　ordinary　orthorllombic　cubanitc　with　the　cubic　modi－

fication．

　　In　an　attempt　to　clarify　thc　contribution　of　tllc　3・d　clcctrons　to　thc　clcctric　conductivity

of　tllc　compounds　in　tllc　Cu－Fe－S　systcm，　thc　clcctric　and　magnctic　propertics　of　cubanite

llavc　becn　studicd　in　tllis　papcr　and　thc　rcsults　arc　discusscd　with　rcspect　to　its　crystal

structurc，

II．　ExPERIMENTAL　METIIODs

A．　S麗c夏MENS　PKowDED　IりR　TIILi　ExPEIUMENTs

‘

　　As　thc　starting　matcrials　fbr　syntllcsis　of　thc　mincra1，　coppcr　and　iron　prcparcd　clcctri－

cally　wlth　purity　of　99．999　pcrcent　and　sulfUr　purificd　twicc　by　vacuum　distillations　were

mixcd　with　onc　anothcr　in　any　propcr　proportion．　Thcsc　matcrials　wcrc　scalcd　in　thc

silica　glass　tubc　lleld　at　an　cvacuatcd　statc（down　tb　about　10－5　mmHg）．　Afヒcr　llcating

at　700°C　f（）r　about　100　hours，　thc　product　was　thcn　ground　in　an　agatc　mortar　with　tolucnc

to、gct　homogcncous　mixturc，　scalcd　again　in　thc　cvacuatcd　silica・glass　tubc，　rcheatcd

at　650°C長）r　200　hours　and　coolcd　with　tllc　ratc　of　l　O°C．pcr　an　hour．　X－ray　powdcr

data　of　thc　synthctic　matcrial　clcarly　indicatc　production　of　tllc　cUbic　cubanitc　with　thc

spacings　at　3．06，2．648，　L875　and　1．596　A　which　was　rcportcd　alrcady　by　GENKIN　et　al．

（1966）．

　　The　spccimcns　of　the　natural　orthorhombic　cubanitc　sampled　from　thc　Komori　minc

（vein－type　deposit），　Kyoto　and　Mihara　mine（contact　pyromctasomatic　deposlt），　Oka・

yama・Japan　togethcr　with　thosc　of　thc　singlc　crystals　fro血sudbury，　ontario　kindly

provided　by　Dr・J・D・scoTT　of　Dcpartmcnt　of　Mincralogy，　Quccn，s　university，　canada

wcrc　also　invcstigatcd　magnctically．　Thc　crystals，　platy　in　habit，　and　thc　cleavage

planes　werc　dctcrmincd　through　X－ray　di冊action　analyscs．

　　　　　’　　　　　　　　　　　　　　B．　ELEcTEuCAL　AND“！AGNETIcAL　ExPEIuMENTs

　　For　measuring　the　magnetism，　a　sort　of　the　magnctic　balancc　with　an　autoMatic　re－

cording　instrument　dcscribcd　prcviou．sly　in　dctail（TAKENo，1966）was．uscd．　Mcasure－

ments　of　thc　elcctric　conductivity　wcrc　carricd　into　exccution　by　the　ordinary　four・probe
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method，　using　thc　K－2　type　potcntiometcr．　Thc　specimcns　used　in　thc　manipulations

were　preparcd　to　bcar　a　rcctangular　parallepipcd　shapc　and　coatcd　with　gold　on　cither

terminals　f（）r　making　the　contact　resistance　least．　The　expcrimcnts　were　carried　out

in　vacuum（10－5　mmHg）at　the　liquid－herium　temperature　to　600°C．

III．　RESULTS

A．　ELEcTRIcAL　MEAsuREMENTs

　　The　values　obtained　f（）r　the　natural　cubanitc　and　the　synthetic　CuFe2S3　are　shown

respectively　in　the　figures　l　and　2，　representing　the　rclation　ofconductivity　to　the　reciprocal

value　of　absolute　tempcrature．　As　is　obvious　in　the　figure　1，conductivity　of　the　natural
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FIG．1．　Conductivity　or　the　natural　cubanite　from　Sudbury，　Ontario　as　a

　　　　　　function　of　thc　invcrse　absolutc　temperature．
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FIG．2．　Conductivity　of　thc　synthctic　cubic　CuFc2S3　as　a　function　of　thc

　　　　　　invcrsc　absolute　tcmperaturc．
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cubanite　is　of　order　of　10’3　ohm－1　cm－1　at　the　room　tcmpcrature　and　incrcascs　gradually

with　increasing　temperature，　suggcsting　that　the　mincral　in　qucstion　is　typically　semi．

conductive．　At　about　240°C　to　260°C　conducちivity　abruptly　incrcases　and　avobe　this

temperature　the　value　is　kept　almost　constant　with　incrcasing　temperature，　pointing　to

a　sort　of　metallic　property．　Below　about－180°C，　it　remarkably　dccrcases　with　decrcas－

ing　tempcrature　and　bchaves　as　that　almost　like　an　insulator．　Below　the　phase　transi－

tion　temperature，　the　respectivc　curves　obtained　through　cooling，　rcheating　and　rccooling

are　well　agreeable　with　one　another，　whercas　heatcd　once　above　about　240°C，　thc　cooling

curve　coincides　with　that　of　the　synthctic　cubic　cubanite．　The　phasc　transition　tcmpcra．

turc，245°C，　is　in　a　good　agrecmcnt　with　that’obtaincd　from　thc　thermo－magnctic　curvc，

which　will　later　bc　described，　　　　　　　　　　　・

　　Activation　cncrgy　cstimatcd丘om　lo9σ一11T　curve　is　o．073　ev　between－170°and

100°Cand　O．44　eV　between　80°and　200°C．

B．MAGNETIo　MEASUREMENTS

　　The　data　for　saturation　magnetization　of　the　natural　cubanitc　qs　a　function　of　tcmpera．

ture　under　tlle　magnetic丘eld　of　7．2　kOc　arc　givcn　in　tllc　figurc　3，　whcrein　the　arrows

show　the　direction　of　hcating（cooling）．　As　is　scen　in　the　figure，　tlle　natural　orthorhombic

cubanite　is　weakly　ferromagnctic（1．40　cmulgr　at　25°C）and　intcnsity　of　its　magnetiza．

tion　is　held　almost　constant　with　increasing　tcmpcraturc　up　to　about　245°C，　tlle　tcmpe－

rature　of　transfbrmation　to　thc　cubic｛brm．　At　this　tcmpcraturc　it　indicatcs　a　sudden

decrease　of　magncしization　and　at　the　Ilighcr　tcmpcraturc　bchavcs　paramagnetically．　In

the　casc　of　coollng　thc　spccimen　hcatcd　abovc　245°C，　thc　curvc　sllows　no　anomaly　at　thc

temperature　of　the　polymorphic　transition　to　the　orthorhombic　Ibrm　but　thc　paramagnc－

tic　feature．　On　cooling　bclow　thc　room　tcmpcrature，　thc　cubic　cubanitc　rcvcals　weakly

ferromagnetism　just　bclow　the　liquid－nitrogcn　tcmpcraturc．　Thc　data　fbr　saturation

magnetization　of　thc　synthctic　CuFc2S3　are　plotted　in　thc　figurc　4　showing　tllat　thc

maximum　value　of　thc　ferromagnetic　magnctization　of　thc　cubic　cubanitc　at－218°Cl

is　7・2　emulgr（equivalcnt　to　o・34　Bohr　magnctonslmo1）・This　ferromagnctic　propcrty

of　the　cubic　phase　was　confirmed　conccrning　both　thc　syntlletic　cubanitc　and　thc　cubic
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FIG．3。　Magnetization　of　the　natural　cubanitc　as　a　function　of　tempcraturc．
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FIG．4．　Magnctization　of　synthetic　cubic　CuFe2Ss　as　a　function　of　temperature．

cubanite　derived　from　the　natural　orthorhombic　cubanite，　but　was　not　observable　in　the

natural　orthorhombic　cubanite．　For　reference，　the　value　of　7．2　emulgr　corresp6nds　to

that　fbr　the　hexagonal　pyrrhotite（～11C－type，　FeloSll　of　NAKAzAwA　and　MoRIMoTo，

1971）．In　addition，　attempts　to　observe　the　ferromagnetic　property　at　very　low　temper－

ature　iηseveral　synthetic　compounds　with　somewhat　modi丘ed　chemical　composition

related　to　those　of　chalcopyrite　and　cubanite　have　not　been　successfUl・　Even　in　the

case　of　the　synthetic　chalcopyrite　isostructural　with　the　cubic　cubanite，　the　similar

property　has　not　been　ascertained・

　　Owing　to　minuteness　of　the　single　crystal　and　the　very　minute　scale　of　impurities　of

Fe－S　phases　in　the　synthetic　materials　used　in　these　experiments，　accuracy　of　the　values

in　the　paramagnetic　region　was　not　obtainable．　However，　the　paramagnetic　Curie　tem－

perature幽 （OP）was　determlned　as－700°K　through　apPlication　of　the　Curie－Wei．ss　law・

1．5

9δ
＼
ぎ
゜

805

FIG．5．

゜　　2　　4HK（te6　　8
Magnetic　field　dependence　of　magnetizalion　of　the　natural　single

crystal　of　cubanitc（circles　：at　25°C　and　triangles：at　77°K）．
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　　The　data　f（）r　the．magnctic　field　dcpendencc　of　the　natural　single　crystal　of　cubanitc

at　thc　room　tcmpcraturc　and　at　77°K　are　shown　in　th6　figurc，5，i　wherein　the　ordinate

・cp・e・cnt・m・gn・ti・ati・n　p・・g・am　and　th・ab・cissa　th・・t・ength・fih・m・gn・ti・丘・1d　and

the　symbol‘‘a，，　rcprcscnts　an　orientation　parallcl　to　the　a　and　6　aXcs（OlO）and‘‘b，，　that

parallel　to　tlle∂axis．　Thc　crystal　provided　f（）r　mcasurcfnent　ig　platy　in　habit（3×

2×1mm3）・A・i・apP・・ent，　in　th・figu・e・the　c・y・t・l　i・cgn・iderc曲lly・atu・at・d　in・，

magnctic　field　of　7000e　along　thc　b　axis　but　not　magnetizc’d　alongi　thc　d　and　c　axes　cvcn

in　a　magnetic　field　of　8000　Oe．　This　magnctically　anisotropic　orichtation　is　kept　invaria．

bly　with　incrcasing　tcmperaturc　up　to　the　polymorphic　transition　tcmperaturc．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　ド　　の　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　IV．’“DISCUSSION

　　The　writcrs　havc　alrcady　discusscd　sighifigance　bf　thc　physical　propertics　of　the　su脆dc

mincrals　belonging　to　thc　system　Cu－Fe－S　and　summarized　tllc　clectric　and　magnctic

propertics　of　these　compounds（TAKENo，　MAsuMoTo　and　KAMIGAlclll，1968）．　The

compounds　in　question　arc　in　gcneral　clcctrically　semiconductivc　but　it　is　common　owing

to　their　sensitive　structurc・dcpendence　that　tlle　cxpcrimental　data　havc　not　b6en　in　good

harmony　with　those　dcrivcd　fヒom　thc　fUndamcntal　law　and　it　is　also　the　case　with　cubanite．

　　As　has　already　bccn　statcd，　the　orthorhombic　cubanitc　is　typically　scmiconductive

in　elcctric　propcrty　and　this」ract　is　rcasonably　cxplaincd　with　rcfercnce　to　the　crystal

structure　of　thc　mineral　proposcd　by　FLEET（1970）．　Thc　ionic　charactcr　is，　as　the　result

of　ordering　of　iron　and　coppcr　atoms（figure　6），　probably　prevalcnt　in　thc　crystal　struc－

ture，　rcsulting　in　a　scmiconductivc　charactcristics．　In　thc　structurc　of　thc　cubic　modi鱒

fication，　howcvcr，　thc　cations　arc　so　randomly　distributcd　as　to　derivc　a　mctallic　property

from　dominancy　of　the‘‘dircct　cxchangc　intcraction，，　among　thc　mctallic　atoms，

　　Slnce　thc　first　rcport　on　thc　ferromagnetic　propcrty　of　cubani’te　by　BuERGER（1945），

this　mincral　has　been　the　sub．icct　of　studics　by　both　physicists　and　mincralogists．　With

rcspcct　to　thc　origin　of　the　weak　ferromagnetism　of　thc　orthorhombic　cubanite，　BuERGER

proposed　that　the　structural　pcculiarity　of　the　iron　atoms　associatcd　togcthcr　in　pa量rs

across　thc　sharcd　tctrallcdral　cdges　is　doubtless　conccrned　with　ferromagnctism　of　the

crystal　under　consideratign．　IELEET　suggested，魚律りhc　paralhagnctic　iron　atoms　arc

arrangcd　in　two　magn6fic　sUblatti6es　iri　suc11ゑ～vay　that　in　thc’‘‘idcaP，　statc　the　crystal

i・a・aツh・1・antife－・gn・ti・・but　tllc　cl・・c　p・・ximity．　pf　thgi・・n　at・m・m・y・c・ult・in

magnctlc　moment　duc　to　interaction　of　tllc　clcctron　spins．　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Thc　saturation　magnctiza・

tion　of　the　mineral　was　estimated　o・87　emulgr　by　sAwADA　8’aム（1962），　although　this

valuc　is　so　small　comparcd　with　that　of　thc　prcscnt　result（1．40；cmu／gr）．　It　scems　that

difference　betwcen　thcse　data　is　attributed　to　the　specimcns，　si◎cc　thc　powdcrcd　spcci．

mcns　wcre　providcd　in　the｛brmer　casc　and　thc　single　crystqls　in　thc　lattcr，　and　in　addi－

tion，　the　prcscnt　data　wcrc　takcn　along　the　dircction　of　thc　spqntancous　magnctization

of　the　vcry　crystal．

　　The　result　of　the　present　invcstigatiqns　indicates　that　the　wcak　fcrromagnctism　of　the

orthorhombic　cubanite卑ay　be　explaincd　on．the　basis　of　the　thcory　proposed　by　DzYA－

LosHINsKY（1958），andl　by　M6RIYA（1963）．　As　is　conspicuous　th¢　figure　6，　two　sublattices

in　a　unit　ccll　of　cubanite　are　supPosed　along　th〔≡∂axis　and　each　sublattice　has　three　align－

ments　of　the　metal　atoms　along　the　c　axis．　Within　the　structure，　iron　atoms　are　arrangcd

on　every　three　layers　producing　the　antiferromagnetic　coupling　of　thc　magnetic　moment，
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FIG．6．　The　ideal　structure　of　cubanite．　S：large　open　circles；Fe：small　open

　　　　　　circles；Cu：small　stippled　circles（after　FLEET，1970）．

〆

and　the　weak　ferromagnetism　of　cubanite　may　be　attributed　to　this　property　accompany－

ing　a　kind　of‘‘cant，，　along　the　b　axis・

　　To　be　noted　is　that　the　crystal　shows　a　remnant　magnetization　associated　with　a　memory

phenomenon　just　like　that　in　the　case　ofαFe203．

　　As　is　recongnized　from　the伍ct　that　magnetization　of　the　orthorhombic　cψanit　does

not　decrease　up　to　the　transition　temperature（see　figure　3），　the　antiferromagnetic　coupl－

ing　is　so　strong　that　NE肌temperature　of　the　mineral　is　confirmable　at　the　higher　tempe－

rature．　In　the　case　of　cubanitc，　however，　the　crysta110graphic　transition　occurs　far

below　the　hy’pothetical　NEEL　temperature　and　the　antiferromagnetic　coupling　disappears

in　the　structure　of　the　cubanite　above　thc　transition　temperature．　As　was　already　men－

tioned，　the　transition　of　the　high－temperature　cubic　structure　is　not　reversible　even　at

the　considerable　slow　rate　of　cooling．　It　is　probably　possible　that　the　measurements

below　245°C　were　per｛brmed　on　the　metastable　cubanite・Within　a　reasonable　duration

of　time，　the　structure　of　the　cubic　cubanite　is　held　stably　and　it　is　worth　discussing’ithe

magnetic　mechanism　of　this　phase．

　　As　f（）r　the　origin　of　the　weakly　ferromagnetic　property　of　the　cubic　cubanite，　it　is　diM－

cult　to　apPly　the　Moriya，s　theory　because　there　is　nowhere　any　ordering　of　the　metal

atoms　in　the　unit　cell　of　the　cubi6　fbrm．σσ一T　curve　of　the　cubic　cubanite　below－180°C

corresponds　to　that　of　the‘‘P－type，，　given　by　N丘EL（1948）and　subsequently　observed　in

the　compound　of（Ni，　Mn，　Ti）－ferrite．　The　spontaneous　magnetization　increases　with

incrcasing　temperature，　its　maximum　point　in　the　case　of　thc　cubid　cubanite　being　just

below　the　liguid－nitrogen　temperature，　and　the　phenomena　being　due　to　the　abnormal

decrease　of　the　spontaneous　magnetization　of　one　of　a　pair　of　the　sublattice・’The　weakly

ferromagnetic　property　of　the　cubuc　cubanite　is　therefbre　interpretable　after　the　theory

proposed　by　N直肌but　not　after　that　of　MoRiyA．　However，　for　emergence　of　the　ferri－

’magnetism，　a　kind　of　super　structure　is　considered　indispensable　in　the　crystal　structure．

In　relation　to　this，　HALL　and　RowLAND（1972）have　recognized　the　super　structure　pro。
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perty　in　some　minerals　such　as　mooihoekite（CugFegS16）and　haycockite（Cu8FcloS16），

which　are　structurally　similar　to　chalcopyrite　and　talnakhlte（Cu18Fe16S32）（HALL　and

GABE，1972）．　Considering　tllat　thc　powder　di伍action　p3ttCrn　of　the　cubic　cubanitc

is　similar　to　that　of　sphalerite　and　that　mooihoekite　and　haycockite　bear　also　the　sphalerite．

like　structure，　the　supcrstructurc　is　to　be　cxpected　in　thc　cubic　cubanite，　altllough　this

has　not　been　reportcd　to　datc・　　If　the　cubic　cubanite　has　a　superstructure　just　like　that

of　mooihoekite　and　haycockite，　its　chemical　composition　may　show　excess　in　mctal　or

deficiency　in　sulfUr　and　the　corpPositional　change　to　the　sidc：of　sulfUr　dcficiency　could

possibly　bc　a　rcsult　of　the　heat　treatment　whcrc　the　cubanite，　in　giving　off　sulfur　to　form

an　equilibrium　vapqr　phase，　actually　bccomes　depleted　in　sulf噂r　to　a　small　cxtcnt．

　　A‘knoωledgement：　The　writers　wish　their　appreciation　to　Professor　Y．　UMEGAKI，　Dcan

of　the　Faculty　of　Scicnce，　Hiroshima　Univcrsity長）r　his　valuablc　discussions　and　rcvision

of　the　manuscript．　Thanks　arc　also　duc　to　Professor　L．　A．　TAYLoR　of　Departmcnt　of

Geosciences，　Purdue　Univcrsity　lbr　his　uscfUl　advices，　and　to　Miss　K．　SENAMI　fbr　her

assistance　in　prcparing　thc　manuscript．
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