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ABSTRACT:Investfigatfingmaterfiafl propertfiesfisessentfiaflto
assessfingthefirappflficatfionpotentfiafl.Whfiflecomputatfionaflmethods
aflflowfforaffastpredfictfionoffthematerfiaflstructureandpropertfies,
experfimentaflvaflfidatfionfisessentfiafltodetermfinfingtheufltfimate
materfiaflpotentfiafl.Herefin,wereportthesynthesfisandexperfimentafl
magnetficpropertfiesoffthreeprevfiousflyreportedKagomecompounds
fintheLfi−Fe−Gesystem.LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6were
predfictedtohavefferromagnetficorantfifferromagnetficgroundstates.
ThehydrfideroutethatrepflacestheductfifleLfimetaflwfithsaflt-flfikeLfiH
provedtobeanexceflflentaflternatfiveffortheffacfiflesynthesfisofftheLfi−
Fe−Gepowderswfithapprecfiabflepurfity,permfittfingthefinvestfigatfion
offthefirbuflkmagnetfic propertfies.Magnetometry beflowroom
temperatureandroom-temperature57FeMössbauerspectroscopy
coflflectfiveflyfindficateanantfifferromagnetficgroundstatefforthethreecompoundswfithorderfingtemperaturesabove300K,contraryto
thepredfictfionofffferromagnetficgroundstates.Moreover,Mössbauerspectroscopyreveaflsamagnetfizatfionoff1.1−1.3μB/Featomffor
theLfi−Fe−Ge compounds,whfiflehfighermoments off1.63−2.90μB/Featomweretheoretficaflflypredficted.Experfimentafl
(fin)vaflfidatfionaddressesthefissueofffinaccuracyfindetermfinfingmaterfiaflpropertfiesfinsfiflficoonflyandheflpstofimprovethepredfictfion
poweroffthecomputatfionaflmodefls.Thfisworkunderflfinesthatthecontrfibutfionoffexperfimentaflfistscontfinuestobevafluabflefforthe
accuratedetermfinatfionoffstructure−propertyreflatfionshfipsfinsoflfid-statematerfiafls.

■INTRODUCTION
Understandfingthestructure−propertyreflatfionshfipsfinsoflfid-
statecompoundsfisanfimportantendeavorfinthepursufitoff
technoflogficaflflyreflevantmaterfiafls.Thereexfistvarfiousmaterfiafl
cflassesofffinorganficsoflfidswheretheunfiquestructuraflffeatures
affordthemdfistfinctpropertfies.The Kagomé cflassoff
compoundsfisonesuchexampfle,ffeaturfingatwo-dfimensfionafl
trfihexagonaflsubflattficefinthefircrystaflstructure.1−3 The
geometryofftheKagomésubflattficedoesnotaflflowffora
perffectantfifferromagnetficaflfignmentoffspfins,producfing
magnetfic ffrustratfionthatgfivesrfisetounfiqueeflectronfic
behavfiorandmagnetficpropertfies,fincfludfingsuperconductfivfity,
quantumspfinflfiqufid(QSL)behavfior,andchargedensfitywave
(CDW)order.4−10 The compflexphysficsoffKagomé
compoundshasgearedextensfiveresearcheffortstoward
eflucfidatfingthefirstructure−propertyreflatfionshfip,fincfludfing
theuseoffcomputatfionaflmethodsfforthefidentfificatfionoff
sufitabfleKagomécandfidatesfforappflficatfionssuchassuper-
conductfivfityandquantumspfinflfiqufids.11−15Forexampfle,fin
theworkbyMeschke etafl.,machfineflearnfing(ML)-and
densfityffunctfionafltheory(DFT)-basedanaflysfisoff∼500
prevfiousflyreportedKagomécompoundswasperfformedto
fidentfiffysufitabfleQSL candfidates.11 The detafifledreport
fincfludespredfictfionsoffmagnetficgroundstatesandcaflcuflatfions
offmagnetficmomentsffortheatomsfformfingtheKagomé

subflattficefinseveraflKagomécompounds.Anotherexampflefis
provfidedbythework offJovanovficandSchoop,whfich
demonstratestheuseoffchemficaflheurfistfics,flocaflsymmetry
consfideratfions,andDFT-basedcaflcuflatfionsfforthepredfictfion
offbandstructuresfinKagomé materfiafls asameans off
recognfizfingthefirunfiquemagnetficpropertfies.12

ThepastdecadehasseenasteeprfisefintheuseoffDFT-and
ML-based predfictfionsofffinorganficmaterfiafl structuresand
propertfiesfforbothknownandnoveflchemficaflcomposfi-
tfions.16−24Many databases,fincfludfingtheOpen Quantum
Materfiafl Database(OQMD)25,26andtheMaterfiafls Project
(MP)27database,provfidefinsfightffuflfinfformatfionaboutthe
materfiafl’s structure,magnetfic propertfies,andfformatfion
energy,amongotherpropertfies.Therearenumerousexampfles
fintheflfiteraturefforthepredfictfionsoffnewmaterfiaflswfith
targetedpropertfiesorpredfictfionsoffnoveflpropertfiesffor
knowncompounds.19−24 However, ffewreportsprovfide
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experfimentaflvaflfidatfionorfinvaflfidatfionoffthepredficted
propertfies.28,29ExampflesfincfludetheworkbySfinghetafl.,
where theML-predficted Curfie temperaturefforthe
(Zr0.16Ce0.84)Fe2 and(Zr0.94Ce0.06)Fe2 pseudo-bfinarfieswas
experfimentaflflyconfirmed.28Thereaflsoexfistexampfleswhere
DFT-based predfictfionshavebeenexperfimentaflflyproven
fincorrect.11,30Forfinstance,anantfifferromagnetficorderfinthe
MgCo6Ge6Kagomegermanfidewfithamagnetficmomentoff1.3
μB/Coatomwas predfictedbyMeschke etafl.,11 whfifle
experfimentaflresufltsreveaflPauflfiparamagnetfism.30 Whfifle
computatfionafltooflscanbeusedfforadvancfingtheunder-
standfingoffthematerfiaflstructureandpropertfies,webeflfieve
thattheycannotbedeveflopedfindependentflyoffexperfimenta-
tfion.31,32 Experfimentsto(fin)vaflfidateandfimprovethe
predfictabfiflfityofftheoretficaflmodeflsareessentfiafl.Ourworkfis
aneffortfinthfisdfirectfion,whereweexperfimentaflflyexpflorethe
magnetfismfinthreeknownKagomécompoundsfintheLfi−Fe−
Gesystems,fi.e.,LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6,andtest
thefirpredfictedmagnetficpropertfies.11,27

TheLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6compoundswere
firstsynthesfizedfintheflate1970sandareknowntocontafina
KagoménetworkoffFeatoms.33−35TheMaterfiafls Project
databasepredfictsfferromagnetfic(FM)groundstatesfforaflfl
threephases,wfiththemagnetficmomentoff2.41μB,1.63μB,
and2.12μBperFeatomfinLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6,
respectfivefly.27Suchvafluesarecomparabfletotheexperfimen-
taflflymeasuredmagnetficmomentperFeatomfintheweflfl-
knownpermanentmagnetNd2Fe14B.

36,37Anotherfindepend-
entworkbyMeschkeetafl.aflsopredfictedfferromagnetfic(FM)
groundstatewfithamagnetficmomentoff2.83μB/Featomfin
LfiFe6Ge6andanantfifferromagnetfic(AFM)groundstatewfitha
magnetficmomentoff2.90μB/FeatomfinLfiFe6Ge4.

11Tothe
bestoffourknowfledge,therearenoexperfimentaflreportson
thesynthesfisoffpoflycrystaflflfinepowdersoffLfiFe6Ge4and
LfiFe6Ge5oronthefirmagnetficpropertfies.Thesynthesfisoff
LfiFe6Ge6usfingLfimetaflfisreported,

33,38andthemeasurement
offmagnetficpropertfiesperfformedonapoflycrystaflflfinesampfle
offLfiFe6Ge6findficatesapossfibfiflfityoffAFMorderfingatT>300
K.38Thepredfictfionoffmagnetficaflflyorderedgroundstatesffor
theLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6Kagomécompounds
andaflackoffdetafifledexperfimentaflevfidencefinspfiredusto
probethemagnetficpropertfiesofftheLfi−Fe−Gecompounds.
Whfifle measurementoffpropertfiesusfingsfingflecrystaflsfis
fideaflffortheeflucfidatfionoffthefintrfinsficpropertfiesoffa
materfiafl,39 measurements onpoflycrystaflflfinesampflescan
provfidevafluabflefinfformatfionandshedflfightonthefirbuflk
propertfies.Preparatfionoffpoflycrystaflflfinesampflesusfing
tradfitfionaflhfigh-temperature(“heat-and-beat”)methods fis
offtendfiffusfion-flfimfited,fleadfingtomufltfiphasesampfles.Thfisfis
anevengreaterchaflflengefforthesynthesfisoffLfiFe6Ge4,
LfiFe6Fe5,andLfiFe6Ge6phasesduetothefircomposfitfionafl
proxfimfity,consfistentwfiththeflackoffreportsonthebuflk
synthesfisoffLfiFe6Ge4 andLfiFe6Ge5 usfingtradfitfionafl
routes.33,34WhfiflethepoflycrystaflflfinesampfleoffLfiFe6Ge6can
beprepared,aflargeexcessoffLfi,flonganneaflfingtfimes,and
post-treatmentwfithwatertoremoveexcessLfiarerequfiredto
obtafinthephasefinhfighyfiefld.38Inthfiswork,weutfiflfizethe
hydrfiderouteffortheffacfiflesynthesfisofftheLfiFe6Fe4,LfiFe6Fe5,
andLfiFe6Fe6phasesfinthepoflycrystaflflfinefform,wherethesofft
aflkaflfimetaflprecursor(Lfi)fisrepflacedwfithpowder-flfikereactfive
aflkaflfimetaflhydrfide(LfiH).40−43Sfinceaflfltheprecursorsfforthe
hydrfideroutearefinthepowderfform,theycanbewefighed
precfisefly,provfidfingexceflflentcomposfitfionaflcontrofl,handyffor

theLfi−Fe−Gesystemwherethethreetargetphasesexfist
wfithfinanarrowcomposfitfionaflspace.Therouteaflsoaflflowsffor
thefintfimatemfixfingoffprecursorsvfiabaflflmfiflflfing,heflpfingwfith
dfiffusfionflfimfitatfion,andhenceprovfidesanotabfleaflternatfiveto
thetradfitfionaflsynthesfisroute.
Herefin, wereportthesuccessffuflsynthesfisoffLfiFe6Fe4,
LfiFe6Fe5,andLfiFe6Fe6phasesfinthepoflycrystaflflfinefformvfia
thehydrfiderouteandtheexperfimentaflcharacterfizatfionoff
thefirmagnetficpropertfieswfiththegoaflofftestfingthepredficted
magnetfic propertfies.We presentacomparfisonoffthe
experfimentaflflydetermfinedandtheoretficaflflypredfictedmag-
netficpropertfiesfforLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6.

■EXPERIMENTALSECTION
Chemficafls.Ironpowder(Fe,AflffaAesar,99.998%)andflfithfium

hydrfidepowder(LfiH,AflffaAesar,99.4%)wereusedasrecefived.
Germanfiumpfieces(Ge,AflffaAesar,99.999%)werebaflfl-mfiflfledusfinga
tungstencarbfide(WC)baflflmfiflflcontafinerandtwoWCbaflflsffor30
mfintoobtafinafinepowder.Sampflemanfipuflatfionswereconductedfin
agfloveboxunderadryargonatmosphere,p(O2)<1ppmand
p(H2O)<1ppm.
Synthesfis.Synthesfisoffthesampfleswasconductedvfiahydrfide

route.StartfingmaterfiaflswerewefighedaspowdersfindesfiredLfiH,Fe,
andGemoflarratfios(totaflwefight:0.3g).Thepowderswerefloaded
fintoapoflycarbonategrfindfingsetwfithamethacryflategrfindfingbaflfl.
Thevfiaflwasseafledfintotwopoflyethyflenebagsunderanargon
atmosphere,takenoutoffthegflovebox,andbaflfl-mfiflfledusfingaSPEX
mfixer/mfiflfl8000Mffor6mfin.Inthegflovebox,thebaflfl-mfiflfledpowders
werefloadedfintotantaflumtubes(ID:5.4mm;OD:6.4mm)and
seafledusfinganarcweflderunderanargonatmosphere.TheTatubes
werepflacedfintoasfiflficareactor,evacuatedtoapressureoff3.0×
10−5−3.5× 10−5 bar,andpflacedfintoaprogrammabflehfigh-
temperatureffurnace.ThesfiflficareactorfisequfippedwfithSwageflok
saffetycheckvaflvestoavofidoverpressurfizfingthesfiflficareactordueto
hydrogengasrefleaseddurfingthereactfion.Thesetupwasheatedffrom
roomtemperature(RT)to1023Kfin5h,anneafledffor12h,andthen
cooflednaturaflflytoroomtemperature.
PowderX-rayDfiffractfion(PXRD).Thepurfityoffthesynthesfized

sampflewasconfirmedffrompowderX-raydfiffractfionusfingaRfigaku
MfinfiFflex600 powderdfiffractometerwfithCuKαradfiatfion(λ=
1.54051Å)andaNfiKβfiflter.Datawerecoflflectedonazero-
backgroundpflatehoflderfinafiratroomtemperature.Phaseanaflysfis
wasperfformedusfingtheCODdatabasefincorporatedfintoMatch-3!
sofftware.44RfietvefldrefinementoffthePXRDdatawasperfformedto
accurateflydetermfinethefimpurfitycontentfinthesynthesfizedsampfles
usfingtheGSASIIsofftwarepackage.45

Hfigh-TemperatureSynchrotronPowderX-rayDfiffractfion
(HT-PXRD).Hfigh-temperatureX-raydfiffractfiondatawerecoflflected
atthesynchrotronbeamflfine17-BMattheAdvancedPhotonSource
(APS)atArgonneNatfionaflLab(ANL),λ=0.24130Å.Afinefly
groundsampfleoffLfiFe6Ge5andLfiFe6Ge6wasfiflfledfintoa0.7mm-
outerdfiameter,thfick-waflfl(0.1mm)sfiflficacapfiflflaryandseafledunder
vacuum.Thecapfiflflarywasmountedfintoasecondaryshfiefldcapfiflflary
onasampflestageequfippedwfithtworesfistfivemficroheatersanda
thermocoupflesetascfloseaspossfibfletothemeasurementarea.Detafifls
offthesetupcanbeffoundeflsewhere.46Datawerecoflflectedupon
heatfingandcooflfingfinthetemperaturerangeoff298K−1173K−298
Kwfithaheatfingrateoff15K/mfinandacooflfingrateoff25K/mfin,
ffoflflowedbyffastcooflfing.
MagnetficPropertfies.Magnetficmeasurementswereperfformed

on∼50mg poflycrystaflflfinesampflesoffLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Ge6finageflatfincapsuflefinsfideapflastficstrawusfingQuantum
Desfign MPMS XLandMPMS3 SQUIDmagnetometers. DC
magnetfic susceptfibfiflfitymeasurements wereperfformedfinappflfied
fiefldsoff0.005Tand0.1Tfinthe2−300Ktemperaturerange.Ffiefld
dependenceoffmagnetfizatfionwasmeasuredfinthe0−7Trangeat2
and300K.
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57FeMössbauerSpectroscopy.Mössbauerspectroscopymeas-
urementswereperfformedusfingaSEECo.conventfionaflconstant
accefleratfion-typespectrometerfintransmfissfiongeometrywfith a
57Co(Rh)source,keptatroomtemperature.Fortheabsorber,20−
40mgoffpowdersoffthesampfleswasmfixedwfithaZG-gradeBN
powdertoensurehomogenefity.Theabsorberhofldercomprfisedtwo
nestedwhfiteDeflrfincups.Thedrfiverveflocfitywascaflfibratedbyα-Fe
ffofifl,andaflflfisomershfiffts(IS)arequotedreflatfivetotheα-Feffofiflat
roomtemperature.Acommercfiaflsofftwarepackage,MossWfinn,47was
usedtoanaflyzetheMössbauerspectrafinthfiswork.

■RESULTSANDDISCUSSION
Synthesfis.SeveraflfloadfingmoflarratfiosoffLfiH:Fe:Geand
temperatureprofifleswereattemptedtosynthesfizeLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6finhfighyfiefld.Thehydrfideroutewas
empfloyed,wherebaflfl-mfiflfledpowdersoffLfiH,Fe,andGewere
takenfinadesfiredmoflarratfioandheatedat1023Kffor12hto
producecrystaflflfinesampflesoffLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Ge6wfithmfinfimfizedamountsoffsecondaryphases.The
compoundswereobtafinedasadark-graypowderwfithawefight
ffractfionofftargetphasesexceedfing90wt%:92.9wt%ffor
LfiFe6Ge4(contafinfing7.1wt%LfiFe6Ge5),91.0wt%ffor
LfiFe6Ge5(contafinfing9.0wt%LfiFe6Ge4),and100wt%ffor
LfiFe6Ge6accordfingtoRfietvefldrefinementoffPXRDdata
(Ffigures1andS1).Theunfitceflfldfimensfionsoffhydrfide-
synthesfizedphasesarecomparabfletothoseobtafinedvfia
sfingfle-crystaflX-ray dfiffractfion(SC-XRD)fforLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6synthesfizedffromeflements.

33−35

Ffigure2showstheLfi−Fe−Gecomposfitfionaflphasespace
wfiththeoptfimfized(fiflfledcfircfles)andotherattempted(shaded
regfions)floadfingcomposfitfionsusedfforthesynthesfisvfiathe
hydrfideroute,whereastheactuaflphasecomposfitfions,fi.e.,
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6,areshownasopencfircfles.
ExcessLfiandGearerequfiredfforsynthesfis,asfindficatedbythe
dfifferencefinoptfimfizedvsactuaflcomposfitfionfinFfigure2.The
optfimfizedfloadfingmoflarratfiosfforLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Ge6areLfiH:Fe:Ge=2.8:6:4.1,2.3:6:5.2,and2.2:6:6.1,
respectfivefly,sfignfiffyfinganeedffor2.2-to2.8-ffofldexcessoffLfiH
andasflfightexcessoffGe.Wehypothesfizethattheneedffor
excessLfiandGemaybeduetosflfightoxfidatfionoffLfiHand/or
reactfionoffGepowderwfiththereactfionvessefl(Tatube);
however,noTa−GefimpurfitfieswereobservedfinPXRDpost-
synthesfis.Aflternatfivefly,Lfi-rfichcomposfitfionsmfightberequfired
fforthefformatfionofftheflow-mefltfingLfi−Gebfinarfies48,49that
ffunctfionasafluxandpromoteFefincorporatfiontowardthe
synthesfisofftheLfi−Fe−Geternarfies.Thefinfitfiaflworkonthe
synthesfisoffsfingflecrystaflsoffLfiFe6Ge4andLfiFe6Ge5aflso
reportstheneedfforexcessLfi(6-ffofld)andGe(2to4-ffofld)to
avofidthefformatfionoffamfixtureoffternarfies.34Crystaflsoffthe
LfiFe6Ge4andLfiFe6Ge5ternarfiesfformaflongwfithLfiandLfi−
Gebfinarfies,consfistentwfiththeconsfiderabfleLfiandGeexcess
used.LfiandLfi−Gephaseswerewashedusfingwater,fleavfing
behfindshfinysfiflvercrystaflsoffthetargetedLfi−Fe−Ge
ternary.34ForLfiFe6Ge6,sfingflecrystaflscanbesynthesfizedfin
hfighyfiefld,aflbefitthecrystaflsobtafinedhavethedfimensfionoff
0.04mm×0.01mm×0.5mm,33sufitabflefforSC-XRDanaflysfis
buttoosmaflfltoexamfinematerfiaflpropertfies.Thepreparatfion
offLfiFe6Ge4andLfiFe6Ge5aspoflycrystaflflfinepowdershasnot
beenreportedyet.Preparatfionoffthepoflycrystaflflfinesampfleoff
LfiFe6Ge6usfingLfifisreported,

38wheresubstantfiaflexcessoffLfi
(Lfi:Fe:Ge=6:6:6,fi.e.,6-ffofldLfiexcess)andsfignfificantflyflonger
anneaflfingperfiods(168hwfithLfivs12hwfithLfiH)are
requfired.TheexcessLfineedstoberemovedbywashfingthe
synthesfizedpowderwfithwater,addfinganaddfitfionaflstepto

obtafinasfingfle-phasesampfleoffLfiFe6Ge6.The above
dfiscussfioncflearflyhfighflfightstheadvantageandsufitabfiflfityoff
thehydrfiderouteffortheffacfiflepreparatfionoffthepoflycrystafl-
flfinepowderoffLfi−Fe−Gephasesfinhfighyfiefld,ffacfiflfitatfingthe
evafluatfionoffthefirbuflkpropertfies.
Hydrfide reactfionsperfformedwfithstofichfiometrficmoflar
ratfiosoffLfiH,Fe,andGepowderscorrespondfingtothephase
composfitfionsresufltfinthesynthesfisofftheternarfies,aflbefitwfith
thefformatfionoffsecondaryphasessuchasbfinaryFe3+xGe2and
Ge.TheLfiH:Fe:Ge=1:6:4stofichfiometrficfloadfingresufltsfin
thesynthesfisoffFe3.34Ge2asthemajorphaseaflongwfiththe
synthesfisoffLfiFe6Ge5finsteadoffthetargetLfiFe6Ge4.The

Ffigure1.Experfimentafl(red)andcaflcuflated(bflack)powderX-ray
dfiffractfiondataffor(a)LfiFe6Ge4,(b)LfiFe6Ge5,and(c)LfiFe6Ge6,
wfithdfiffractfionpeaksfforthefimpurfityphasesmarked.
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moflarratfioLfiH:Fe:Ge=1:6:5resufltsfinamfinoramountoff
LfiFe6Ge5,whfiflethemajorphasesobtafinedareLfiFe6Ge6and
Fe3.34Ge2.Ffinaflfly,themoflarratfioLfiH:Fe:Ge=1:6:6resufltsfin

thesynthesfisoffLfiFe6Ge6,aflongwfithconsfiderabfleffractfionsoff
GeandFe3Ge2.
OthercomposfitfionswfithvarfiabfleLfiexcessandFe:Geratfios
wereaflsoattempted(composfitfionwfithfinshadedregfionsfin
Ffigure2).Thedfifferentcoflorsofftheshadedregfionrepresent
thecomposfitfionsfintheLfi−Fe−Gephasespace,wherethe
fformatfionoffLfiFe6Ge4(red),LfiFe6Ge5(green),LfiFe6Ge6
(bflue),Fe3+xGe2(purpfle),Fe3Ge (yeflflow),andLfi9Ge4
(gray)phaseswasobserved.AsseenfinFfigure2,Lfi-poor
composfitfions(flessthan1.7-ffofldexcess)promotedthe
fformatfionofftheFe3+xGe2 phase(purpfleregfion).For
composfitfionsthatareLfi-rfich(morethan2.8-ffofldexcess),
thefformatfionofftheFe3Ge(yeflflowregfion)andLfi9Ge4(gray
regfion)bfinarfieswasobserved.Lfi-rfichcomposfitfionsaflsoseem
toffavorthesynthesfisoffLfiFe6Ge4(redregfion)togetherwfith
Fe3Geand/orLfi9Ge4.A1.7-to2.8-ffofldLfiexcessturnedoutto
beoptfimaflfforthesynthesfis,provfidfingthehfighestwt%offthe
targetedLfi−Fe−Ge ternarycompounds.Mafintafinfing the
optfimaflLfiexcess,theyfiefldoffthedesfiredternaryphasewas
ffoundtobehfighflysensfitfivetotheFe:Geratfioduetothe
composfitfionaflproxfimfityoffLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6.
Ge-poorcomposfitfions,fi.e.,LfiH:Fe:Ge=(1.7−2.8):6:(2.6−
4.0),resufltedfintheLfiFe6Ge4aflongwfithFe3Ge.TheGe-rfich
composfitfions,fi.e.,LfiH:Fe:Ge=(1.7−2.8):6:(6.0−6.3),fform
LfiFe6Ge6aflongwfithGe.Forthecomposfitfionsfinthemfiddfle,
fi.e.,LfiH:Fe:Ge=(1.7−2.8):6:(4.0−6.0),amfixtureoffefither
LfiFe6Ge4andLfiFe6Ge5[fforFe:Ge=6:(4−5)]orLfiFe6Ge5
andLfiFe6Ge6[fforFe:Ge=6:(5−6)]fisobtafined.Forexampfle,
ffortheLfiH:Fe:Ge=2.2:6:4.4floadfingcomposfitfion,amfixture
offLfiFe6Ge4andLfiFe6Ge5wassynthesfized,andwhenthe
precursorsweretakenfintheLfiH:Fe:Ge=2:6:5.8moflarratfio,
amfixtureoffLfiFe6Ge5andLfiFe6Ge6wasobtafined.Notabfly,aflfl
threeternarycompoundsarenotobservedfinthesamesampfle.
Attemptsatoptfimfizfingotherreactfionparameters,suchas
temperaturesandanneaflfingtfimeswereaflsomadebutproved

Ffigure2.ComposfitfionafldfiagramffortheLfi−Fe−Geternarysystem,
representfingtheoptfimfizedsynthesfiscomposfitfion(fiflfledcfircfles)and
phasecomposfitfion(opencfircfles)fforLfiFe6Ge4(red),LfiFe6Ge5
(green),andLfiFe6Ge6(bflue).Theshadedregfionsfincfludeaflflthe
composfitfionswheretherespectfivephasesareobservedbyPXRD:
LfiFe6Ge4(red),LfiFe6Ge5(green),LfiFe6Ge6(bflue),Fe3+xGe2
(purpfle),Fe3Ge(yeflflow),andLfi9Ge4(gray).Thedfifferencebetween
theoptfimfizedcomposfitfionandphasecomposfitfionfindficatesthat
excessLfiandGeareneededtomaxfimfizetheyfiefldofftargetLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6compounds.

Ffigure3.Crystaflstructureoff(a)LfiFe6Ge4,(b)LfiFe6Ge5,and(c)LfiFe6Ge6wfithabreakdownofftheflayersbufifldfingthefir3-dfimensfionaflstructures.
Toprfightcorner:KagoménetworkoffFeatomsffeaturedfinaflflthreephases.
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fineffectfive.When thesynthesfistemperaturewasfloweredto
873K,fitfledtoadecreasefinthecrystaflflfinfityofftheternary
phase,evfidentffromthesflfightbroadenfingoffdfiffractfionpeaks
finthePXRDpattern,whfiflefincreasfingthereactfiontemperature
to1173Kdfidnotfimprovethecrystaflflfinfityandpromotedthe
fformatfionofftheFe3.4Ge2andFe3Gebfinarfies.Moreover,the
varfiatfionfinthesynthesfistemperaturedoesnoteflfimfinatethe
fformatfionoffsfidephases.Adjustfingtheanneaflfingtfimehadno
fimpactontheoutcomeoffthereactfionsand,hence,washefld
constantat12h.
Overaflfl,fforaflflcomposfitfionsfintheLfiH:Fe:Ge=(1.7−
2.8):6:(2.6−6.3)range,LfiFe6Ge4,LfiFe6Ge5,and/orLfiFe6Ge6
canbesynthesfizedbutareefitherobtafinedasamfixtureoff
ternarfiesoraccompanfiedbyFe−Ge oreflementaflGe as
secondaryphases.Whfiflethecflosecomposfitfionaflproxfimfityoff
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6 posedflfimfitatfionsto
synthesfisoptfimfizatfion,theprecfisecomposfitfionaflcontrofl
affordedbythehydrfiderouteaflflowsfforthefinetunfingoff
theLfiH:Fe:Geratfio,eventuaflflypermfittfingthesynthesfisoff
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6finhfighyfiefld(>90wt%).
Ourworkprovfidesthefirstexampfleoffasynthetficroutefforthe
preparatfionoffpoflycrystaflflfinepowdersoffLfiFe6Ge4 and
LfiFe6Ge5andaffacfifleaflternatfivefforthesynthesfisoffLfiFe6Ge6.
CrystaflStructure.ThecrystaflstructuresofftheLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6phasesweredetermfinedfinearflfier
reportsthroughsfingfle-crystaflX-raydfiffractfion(SC-XRD)
study.33−35LfiFe6Ge4andLfiFe6Ge5phasescrystaflflfizefinthe
trfigonaflspacegroupR3̅m(No166)wfitha=5.05Å,c=19.66
Å,Z=3fforLfiFe6Ge4anda=5.05Å,c=43.64Å,Z=6ffor
LfiFe6Ge5.TheLfiFe6Ge6phasedfispflaysahexagonaflstructure
(a=8.74Å,c=8.03Å,Z=3)fintheP6/mmmspacegroup.
ThecrystaflstructureofftheLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6
phasescanbedescrfibedasa3-dfimensfionaflcovaflentnetwork
comprfisfingFeandGeatoms,wfitheflectroposfitfiveLfioccupyfing
thevofidscreatedwfithfinthecovaflentnetwork(Ffigure3).
Thecrystaflstructuresoffthethreephasesshowstrfikfing
sfimfiflarfitfies,whfichcanbeattrfibutedtothecomposfitfionafl
proxfimfityandsfimfiflarbondfingfinteractfions.Aflayer-by-flayer
breakdownoffthethree-dfimensfionafl(3D)structuresoff

LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6phasesaflflowsfforeasy
fidentfificatfionoffthefirstructuraflreflatfions(asshownfinFfigure
3).Ffigure3a,bshowsthatLfiFe6Ge4andLfiFe6Ge5phasesare
bufifltffromthesame[LfiGe2]and[Fe3Ge]flayershfighflfightedfin
bflueandbrown,respectfivefly.TheaddedGeatomsfinLfiFe6Ge5
areaccommodatedas[Ge2]flayers(hfighflfightedfinpurpflefin
Ffigure3b)thataresandwfichedbetweenthe[Fe3Ge]flayers.
Wfithfin thfisGe flayerfinthestructureoffLfiFe6Ge5,Ge
dumbbeflflsfformwfithaGe−Gedfistanceoff2.63Å(bflack
dashedboxfinFfigure3b).SuchGedumbbeflflsaflsoappearfin
thestructureoffLfiFe6Ge6(Ge−Gedfistance:2.43Å,bflack
dashedboxfinFfigure3c).UnflfikeLfiFe6Ge5,theaddedGefin
LfiFe6Ge6fisaccommodatedwfithfinthe[Lfi−Ge]flayersfinstead
offseparate[Ge2]flayers,resufltfingfintheGe-rfichcomposfitfion
offthe[Lfi−Ge]flayersfinLfiFe6Ge6comparedtoLfiFe6Ge4and
LfiFe6Ge5,fi.e.,[LfiGe6]and[LfiGe3]finLfiFe6Ge6vs[LfiGe2]fin
LfiFe6Ge4andLfiFe6Ge5.Inotherwords,the[LfiGe6]and
[LfiGe3]flayersfinLfiFe6Ge6(hfighflfightedfingreenanddarkbflue
finFfigure3c)aresfimfiflartothe[LfiGe2]flayersfinLfiFe6Ge4and
LfiFe6Ge5,exceptffortheextraGedumbbeflfls.
Inaddfitfiontopossessfingcommonflayeredffragmentsthat
bufifldthe3Dstructure,aflflthreecompoundsaflsoffeaturea
KagoménetworkoffFeatomswfithanFe−Febonddfistanceoff
2.53(1)Å(representedfinthetoprfightcornerfinFfigure3).
ThestructuraflsfimfiflarfitfiesfinLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6
areweflflreflectedfinthebondfingenvfironmentsaroundtheLfi,
Fe,andGe atoms(FfigureS2).There arecoordfinatfion
envfironmentscommontoaflflthreestructures,suchasthe
hexagonaflbfipyramfidaflcoordfinatfionoffLfiwfithGe(FfigureS2a)
andthetrfigonaflprfismatficcoordfinatfionoffGewfithFe(Ffigure
S2ff).AffewcoordfinatfionenvfironmentsfinLfiFe6Ge4 and
LfiFe6Ge6arecfloseflyreflatedyetdfistfinct.Forexampfle,Featoms
finLfiFe6Ge6are10-coordfinatedtoGeatoms,asshownfin
FfigureS2b.InLfiFe6Ge4,sfimfiflarcoordfinatfionfisobserved,but
FeatomshaveoneflessadjacentGeatom,resufltfingfina9-
coordfinatedFeatom(FfigureS2c).Apartffromthecommon
trfigonaflprfismatficcoordfinatfionby6Featoms,Geatoms
dfispflaydfifferentcoordfinatfionenvfironmentsfinthestructuresoff
Lfi−Fe−Geternarfies.InLfiFe6Ge6,Geatomsfformdumbbeflfls,

Ffigure4.StackfingarrangementoffFeflayersfin(a)LfiFe6Ge4,(b)LfiFe6Ge5,and(c)LfiFe6Ge6aflongthecdfirectfion.TheFe−Febonddfistance
wfithfintheKagoméflayersfis2.53(1)Å,whereastheout-off-pflaneFe−Febonddfistancefisfintherangeoff2.8−4.1Å,asmarkedfinthefigure.
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whereeachGefis,finturn,coordfinatedto6Featoms,asshown
finFfigureS2d.TheseGedumbbeflflsareabsentfinLfiFe6Ge4(as
aflsoseenfinFfigure3),whereGefisfinsteadbondedto9Fe
atoms(FfigureS2e).Interestfingfly,aflflthreeGecoordfinatfion
envfironments,wfiththetrfigonaflprfismatficconfiguratfionbefing
commonfforbothLfiFe6Ge4andLfiFe6Ge6,areffoundfinthe
structureofftheLfiFe6Ge5phase,demonstratfingthatLfiFe6Ge5
fisastructuraflhybrfidoffLfiFe6Ge4andLfiFe6Ge6.Gofingffrom
LfiFe6Ge4toLfiFe6Ge5andLfiFe6Ge6,thestructureoffthe
compoundstransfformstoaccommodatetheaddedGewhfifle
mafintafinfing certafincommonstructuraflmotfiffs, resufltfingfin
crystaflstructuresthatareremarkabflyaflfike.
Ffigure4comparesthestackfingofftheKagoméflayersoffFe
atomsfinLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6.TheFeflayerspfifle
aflongthecdfirectfionwfithdfifferentstackfingarrangements
(Ffigure4).InLfiFe6Ge4,areflatfiveshfifftoffFeatomsfisobserved
afftereverytwoflayers,estabflfishfingan[ABC]stackfingpattern
(Ffigure4a).AsfimfiflarstackfingfisseenfinLfiFe6Ge5,exceptffora

shfiffteveryffourFeflayersfinsteadofftwoffoflflowfingthe
[AABBCC]stackfingarrangement(Ffigure4b).No reflatfive
shfifftexfistsfinLfiFe6Ge6,asthefironflayersstackprecfiseflyabove
eachotheraflongthec-axfis(Ffigure4c).InLfiFe6Ge6,theFe−
FedfistancebetweenadjacentFeflayersfis4.0Å,whfiflefinthe
caseoffLfiFe6Ge4andLfiFe6Ge5,thereareshorterdfistancesoff
2.8−2.9Åandflongerdfistancesoff4.0−4.1Åbetweenthe
adjacentFeflayers.ThewfiderspacfingbetweentheFeflayers
accommodatesthe[LfiGe2],[LfiGe3],and[LfiGe6]flayersfin
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6,respectfivefly.Inthecaseoff
LfiFe6Ge5,theextraGeatomsareaflsoaccommodatedwfithfin
thfisspace(Ffigure3b).
Insummary,thecrystaflstructuresoffLfiFe6Ge4,LfiFe6Ge5,
andLfiFe6Ge6dfispflayremarkabflesfimfiflarfityandevoflveasthe
composfitfionbecomesrficherfinGe.Aflflthreecompounds
contafinaKagoméflayeroffFeatomsandshowadfifferent
stackfingarrangementoffFe-Kagoméflayersfinthefircrystafl
structure.

Ffigure5.Hfigh-temperaturefinsfitusynchrotronPXRDdatafforLfiFe6Ge5andLfiFe6Ge6.Waterffaflfl pflotsffor(a)LfiFe6Ge5and(b)LfiFe6Ge6
powderedsampflesuponheatfingthemffrom298to1173to298K.ThevertficaflflfinesrepresentdfiffractfionpeaksfinthePXRDatagfivenvaflueoff2θ
(λ=0.24130Å).CeflflparametersaandcandceflflvoflumeVffor(c)LfiFe6Ge5and(d)LfiFe6Ge6pflottedasaffunctfionofftemperaturedurfingthe
heatfingandcooflfingcycfles.

InorganficChemfistry pubs.acs.org/IC Artficfle

https://dofi.org/10.1021/acs.finorgchem.4c03925
Inorg.Chem.2024,63,24697−24708

24702

https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03925/suppl_file/ic4c03925_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c03925/suppl_file/ic4c03925_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03925?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03925?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03925?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c03925?fig=fig5&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c03925?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


ThermaflStabfiflfitybyHT-PXRD.Hfigh-temperaturefinsfitu
synchrotronPXRDdatawerecoflflectedfforthesampflesoff
LfiFe6Ge5(contafinfing9.0wt%LfiFe6Ge4)andLfiFe6Ge6
(contafinfing11.9wt%LfiFe6Ge5).Forbothsampfles,the
majorphaseremafinsthesame;thus,nosfignfificantchangesfin
thePXRDdatawerenotficeduponheatfingandcooflfingthe
sampflesfinthe298−1173−298Krange,suggestfingthephases
tobethermaflflystabfleupto1173K(Ffigure5a,b).Forthe
LfiFe6Ge6sampfle,whfiflethedfiffractfionpeaksffortheternary
remafinfintactfintheentfiretemperaturerange,thesfimufltaneous
dfisappearanceoffdfiffractfionpeaksat1.9and6.6°andthe
appearanceoffadfiffractfionpeakat6.7°areobservedat∼1000
K.ThfiscorrespondstothedecomposfitfionoffLfiFe6Ge5
(presentasanfimpurfityffromthebegfinnfing)toFe3.34Ge2and
presumabflywfithLfi−GebfinarfiesandGe.However,noLfi−Ge
bfinaryorGedfiffractfionpeakswereobserveddurfingtheentfire
measurement.AccordfingtoRfietvefldrefinement,affterHT-
PXRD,asampfleoffLfiFe6Ge6contafins8wt%offFe3.34Ge2fin
addfitfiontotheLfiFe6Ge6major phase,whfifleasampfleoff
LfiFe6Ge5contafins10wt%offFe3.34Ge2and6wt%off
LfiFe6Ge6finaddfitfiontoLfiFe6Ge5asamajorphase(84wt%).
Ffigure5c,drepresentsthepflotsfforunfitceflflparameters(a,
c)andunfitceflflvoflume(V)fforLfiFe6Ge5andLfiFe6Ge6asa
ffunctfionofftemperature.Theunfitceflflparametersdetermfined
ffromRfietvefldrefinementofftheHT-PXRDdatashowanearfly
flfinearfincreasewfithtemperatureandnohysteresfisfforthe
heatfing/cooflfingcycflefinthe298−1173−298K range.
However,thecparameteroffLfiFe6Ge5showsanonflfinear
fincreasewfithtemperature(Ffigure5c,redcurve).Theposfitfive
thermaflexpansfionfisevfidentffromtheshfifftfingoffthedfiffractfion
peakstotheflefftuponheatfingduetounfitceflflexpansfionandto
therfightuponthecooflfingcycfleduetounfitceflflcontractfion
(Ffigure5a,b).Thecoeficfientsoffthermaflexpansfion(CTE)
werecaflcuflatedffromflfinearfitsoffthedatashownfinFfigure
5c,dusfingeqs1−
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ThecoeficfientsoffthermaflexpansfionareCTE(a)=22.3×
10−6K−1,CTE(c)=8.2×10−6K−1,andCTE(V)=57.4×
10−6K−1fforLfiFe6Ge5andCTE(a)=20.4×10

−6K−1,CTE
(c)=12.8×10−6K−1,andCTE(V)=54.4×10−6K−1ffor
LfiFe6Ge6.IffCTE(c)fforLfiFe6Ge5fiscaflcuflatedfinthe700−
1173Krange,whereaflfineardependenceoffcwfithtemperature
fisobserved(Ffigure5c,redcurve),thevafluefincreasestoCTE
(c)=11.8×10−6K−1.CTEsareremarkabflysfimfiflarfforboth
phases.
Inconcflusfion,thefinsfituHT-PXRDstudyreveaflsLfiFe6Ge5
andLfiFe6Ge6phasestobethermaflflystabfleupto1173Kand
possessposfitfivecoeficfientsoffthermaflexpansfion,whfichare
sfimfiflarbetweenthetwophases.Asabroaderoutflook,finsfitu
HT-PXRDanaflysfisoffmaterfiaflsfiscrucfiafltounderstandfing
thefirthermaflstabfiflfityandbehavfior.Knowfledge offa
compound’sdecomposfitfiontemperatureandpathwaycanbe
finsfightffuflfindetermfinfingthesynthetficparametersfforgrowfing
crystaflsffromthemefltvfiaBrfidgmanorCzochraflskfimethodsor

ffromsoflutfionsusfingreactfivefluxes,aflflowfingfinvestfigatfionoff
thematerfiaflstructureandpropertfies.
Magnetfic Propertfies. Gfiven thepredfictfionoffa

fferromagnetfic(FM)groundstatefintheLfiFe6Ge4,LfiFe6Ge5,
andLfiFe6Ge6Kagomécompoundsandaflsoantfifferromagnetfic
(AFM)groundstatesfinLfiFe6Ge4byMeschkeetafl.,wewere
finterestedfinfinvestfigatfingthemagnetficpropertfiesoffthese
threecompounds.11,27Fromtheabove-mentfionedstudfies,a
magnetficmomentoff1.63−2.90μBperFeatomwaspredficted
fforthesecompounds,thevafluecomparabfletoexperfimentaflfly
determfinedFemagnetficmomentsfinNd2Fe14B.

11,27,36More-
over,thestructuraflflyreflatedKagomécompoundsFeGeand
RFe6Ge6(R=Mg,Sc,Tfi,Nb,Lu,Hff,Zr,Yb)dfispflayAFM
orderfing,weflfl estabflfishedffrommagnetfic susceptfibfiflfity
measurements, fiefld-dependentmagnetfizatfion, neutrondfiff-
ffractfionstudfies,andMössbauerspectroscopy.50−57Inaflfl
RFe6Ge6compoundsthatcrystaflflfizefintheHffFe6Ge6structure
type,theFeatomswfithfinasfingfleflayerorderfferromagnetfi-
caflfly,butadjacentFeflayersorderantfifferromagnetficaflflyat
temperaturessfignfificantflyaboveroomtemperature(TN∼400
to520K).50−57ThemagnetficmomentperFeatomfinthfis1−
6−6ffamfiflyoffcompoundswasffoundtobeapprecfiabflyhfigh,
around1−2μBat2K,asdetermfinedffromneutrondfiffractfion
data,55,56andcomparabfletothepredfictedmagnetficmoment
perFeatomfinLfiFe6Ge6.

11,27RFe6Ge6compoundscontafinfing
anonmagnetficRmetafl(R=Sc,Lu,Tfi,Zr,Nb)dfispflayAFM
orderfingtemperatureTN>300KandthevaflueoffFemoment
fincreaseswfithanfincreasefinthevaflencyoffR.52,55Forexampfle,
trfivaflentSc(TN=497KfforScFe6Ge6)andLu(TN=471K
fforLuFe6Ge6),tetravaflentTfi(TN=518KfforTfiFe6Ge6)and
Zr(TN=508KfforZrFe6Ge6),andpentavaflentNb(TN=561
KfforNbFe6Ge6)showacflearfincreasefinTNwfithanfincrease
finRvaflency.However,dfivaflentMgdevfiatesffromthfistrendas
TN=501KfisobservedfforMgFe6Ge6.Whfiflethemagnetfic
propertfiesoffRFe6Ge6 compoundscontafinfingdfivaflentto
pentavaflentRmetafls havebeenstudfied,50−57 magnetfic
propertfiesfforcompoundswfithmonovaflentRmetaflsarenot
weflflexpflored.Thfisffurthermotfivatedustofinvestfigatethe
magnetfismfinLfiFe6Ge6(R=monovaflentLfi).
Ffigure6dfispflaysmagnetfizatfionperFeatom(μB)asa
ffunctfionofftheappflfiedmagnetfic fiefldffortheLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6 phases.Aflfineardependenceoff
magnetfizatfion onthefiefldfisobservedfforLfiFe6Ge4and
LfiFe6Ge5at2and300K.Theflfineardependencetogetherwfith
anoveraflflflowmagnetfizatfionoff∼0.04μBperFeatomat7T
reveaflsparamagnetfismorantfifferromagnetfic(AFM)orderfing
attemperatureabove300Kfforthetwophases(Ffigure6a,b).
ForLfiFe6Ge6,magnetfizatfionfincreasesflfinearflywfithanfincrease
finthefiefldabove1T,onceagafinsuggestfingparamagnetfic
behavfiororAFMorderfingaboveroomtemperature(Ffigure
6c).Anonflfineartemperaturedependenceataflowerfiefldffor
LfiFe6Ge6(0−1T)atboth2and300Kfindficatesasmaflfl
fferromagnetficcontrfibutfionffromfimpurfity(Ffigure6c)orAFM-
flfikeorderfingaboveroomtemperaturewfithasmaflflFM
component.AssumfingFemetafl tobethefferromagnetfic
fimpurfity,0.46wt%offFefimpurfity(saturatfionmomentMS=
2.2μBandsaturatfionfiefldHS=0.6T)finLfiFe6Ge6canbe
estfimatedffromaflfinearfitofftheM(H)curveabove1T.
Moflarmagnetficsusceptfibfiflfity(χ)fisposfitfiveandsmaflflfin
magnfitude (∼0.02emu/mofl)fforLfiFe6Ge4andLfiFe6Ge5
(FfigureS3a−d).Bothzerofiefld-coofled(ZFC)andfiefld-
coofled(FC)susceptfibfiflfityshowmfinuscufle changeswfith
temperaturefinthe2−300Ktemperaturerangeat50or1000
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Oeappflfiedfiefld(FfigureS3b−d)finflfinewfithparamagnetfismor
antfifferromagnetficorderfingaboveroomtemperature.Aflarger
dfifferencefintheZFCandFCcurvesandoveraflflflarge
magnfitudeoffsusceptfibfiflfityfforLfiFe6Ge6concurswfithasmaflfl

FMcomponentfinM(H),stemmfingffromafferromagnetfic
fimpurfityfinthesampfleorfintrfinsfictothephase(FfigureS3a,
greencurves).
Thedfirectcurrent(dc)magnetfizatfionmeasurementswere
compflementedby57FeMössbauerspectroscopydatacoflflected
atroomtemperature(297K)(Ffigure7).Thedatawere

successffuflflyfittedwfithasextetandadoubfletfforLfiFe6Ge6and
LfiFe6Ge4andtwosextetsandadoubfletfforLfiFe6Ge5.The
resufltsoffthefitsareflfistedfinTabfle1.
ThesextetssfignfiffyastatficmagnetficmomentonFefin
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6.

57FeMössbauerdataffor
LfiFe6Ge4andLfiFe6Ge6datacorrespondtoonemagnetficFe
sfite,whereas therearetwosomewhatdfifferentsfitesfin
LfiFe6Ge5,whfichfisaflsofinagreementwfiththesfingfletypeoff
Fe-coordfinatfionenvfironmentfinLfiFe6Ge4andLfiFe6Ge6and
twotypesfinLfiFe6Ge5(FfigureS2b,c).Byfinspectfingthe
quadrupoflarspflfittfing(QS)andhyperfinefiefld(Bhff)vaflues,fit
canbeseenthatjustasLfiFe6Ge5fisconsfideredastructurafl
hybrfidoffLfiFe6Ge4andLfiFe6Ge6(Ffigures3andS2),theflocafl
magnetficpropertfiesffortheLfiFe6Ge5phaseareaflsoahybrfidoff
LfiFe6Ge4andLfiFe6Ge6asseenbythe

57FeMössbauereffect.
FromtheBhffvaflues,wecanroughflyestfimatethemagnetfic
momentonFeas∼1.3μBfforLfiFe6Ge4,∼1.1μBfforLfiFe6Ge6,
and∼1.3μBand∼1.2μB ffortwoFesfitesfinLfiFe6Ge5.
DfiscussfionofftheproportfionaflfitycoeficfientbetweenBhffand
themagnetficmomentcanbeffoundeflsewhere.58Theobserved
doubfletsfforthethreephasescorrespondtoasmaflflffractfionoff
somenonmagnetficFespfinsfintrfinsfictothemajorphasesor
ffromFe-contafinfingfimpurfitfies.
Acomparfisonoffthe57FeMössbauerdata,fi.e.,IS�fisomer
shfifft,QS�quadrupoflarspflfittfing,Bhff�hyperfinefiefld,fforthe
Lfi−Fe−GeKagomécompoundswfiththeantfifferromagnetfic
RFe6Ge6 (R=Mg, Sc,Tfi,Nb) Kagomé compoundsfis
provfidedfinTabfleS1fintheSupportfingInfformatfion.Asseenfin
TabfleS1,sfimfiflarISandhfigherQSandBhffvaflues

52,55,59are

Ffigure6.PflotoffmagnetfizatfionpermofloffFeatom(μB)asaffunctfion
offtheappflfiedmagnetficfiefldat2and300Kffor(a)LfiFe6Ge4,(b)
LfiFe6Ge5,and(c)LfiFe6Ge6.Magnetficmeasurementswerecarrfiedout
onthesampflesoffLfiFe6Ge4(contafinfing14wt%LfiFe6Ge5),LfiFe6Ge5
(contafinfing13wt%LfiFe6Ge6),andLfiFe6Ge6(contafinfing4wt%
Ge).

Ffigure7.57FeMössbauerspectraoffLfiFe6Ge4(bottom),LfiFe6Ge5
(mfiddfle),andLfiFe6Ge6 (top)atT=297K.Open symbofls:
experfimentafldata;redflfines:totaflfits;bflueandgreenflfines:sextets;
andmagentaflfines:doubflets.
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observedfforLfi−Fe−GephasescomparedtoRFe6Ge6.The
magnetficmomentoff1.1−1.3μB/Featom(atroomtemper-
ature)obtafinedffromtheMössbauerdataffortheLfi−Fe−Ge
compoundsfissfimfiflartothemagnetficmomentoff1.1−1.7μB/
FeatomfintheRFe6Ge6(R=Mg, Sc,Lu,Tfi,Zr,Nb)
compounds.52,55,59Theabovecomparfisonservesasastrong
findficatfionoffAFMorderfingoffFemofietfies finLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6.
Thecoflflectfiveanaflysfisffromthedcmagnetfizatfion and
Mössbauerdatafimpflythatthepflausfibflemagnetficstateffor
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6 compoundswoufld be
antfifferromagnetficwfiththeorderfingtemperatureabove300K.
FromHT-PXRDdata,achangeoffsflopefisobservedat∼575K
finthetemperature-dependentcurvesfforaandcunfitceflfl
parametersoffLfiFe6Ge5andLfiFe6Ge6(Ffigure5c,d).We
hypothesfizethatthfischangeoffsflopemfightbearesufltoff
structuraflchangesbroughtaboutbymagnetficorderfingfinthese
materfiafls,suggestfinganantfifferromagnetficorderfingtemper-
ature,TN∼575K,fforLfiFe6Ge5andLfiFe6Ge6.
Theexperfimentaflfinvestfigatfionoffmagnetficpropertfiesoff
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6reveaflsantfifferromagnetfic
(AFM)orderfingatT>300K,whfichagreeswfiththe
predfictfionofftheAFMgroundstatefinLfiFe6Ge4byMeschkeet
afl.butcontradfictswfiththepredfictfionoffthefferromagnetfic
(FM)groundsstatefinLfiFe6Ge6bythesameauthors.

11The
experfimentaflfindfingaflsoconflfictswfiththepredfictedFM
groundstatesfforthethreecompoundsfintheMaterfiaflsProject
database.27Addfitfionaflfly,whfifletheMaterfiaflsProjectdatabase
andtheworkbyMeschkeetafl.caflcuflateamagnetficmoment
off2.41−2.90μB/Featom,1.63μB/Featom,and2.12−2.83
μB/FeatomfinLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6respec-
tfivefly,11,27our57FeMössbauerdatareveaflaflowermagnetfic
momentoff∼1.1−1.3μB/Featomfforthethreephases.The
abovedfiscussfionhfighflfightsthefinconsfistencybetweenthe
experfimentaflflymeasuredandtheoretficaflflypredfictedmagnetfic
propertfiesofftheLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6Kagomé
compounds.We proposetwopossfibflereasonsfforsuchan
finconsfistency:

(1)Theoretficaflmethodsusedtocaflcuflatemagnetficproper-
tfiesdonotffuflflycapturethecompflexfityofftheeflectronfic
structureandmagnetficorderfingfinthesecompounds,
avertfingmodeflfingoffffactorsflfikespfinffrustratfionoffthe
trfianguflarflattfice,symmetry-basedconstrafints,oreflec-
troncorreflatfionswfithfinamaterfiafl. Another1−6−6
Kagomé germanfidewas anaflyzedfinthework by
Meschke etafl.,whereamfismatchbetweenmeasured
andpredfictedmagnetfic propertfiesfisreveafledfis
MgCo6Ge6.

11AnAFMgroundstatewfithamagnetfic
moment off1.3μB/Coatomwas predfictedffor

MgCo6Ge6;however,experfimentaflmeasurements off
magnetfizatfion,resfistfivfity,andheatcapacfityaflflreveafl
PauflfiparamagnetfismfinMgCo6Ge6.

30 The above
expflanatfionemphasfizestheneedfforexperfimentafl
probfingoffthepredfictedmagnetfismtoheflprefineand
fimprovethecomputatfionaflmethodoflogy, ufltfimatefly
fleadfingtopredfictfionsoffmaterfiaflpropertfieswfithgreater
accuracy.

(2)SfinceLfiHfisusedfforthesynthesfisoffLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Ge6,onecanspecuflatethatan
aflteratfionoffmagnetficpropertfiesmfightoccurduetoH-
fincorporatfionfintothestructureofftheLfi−Fe−Ge
ternarfies.Exampfleswherehydrogenfincorporatfion(fin
thefformoffthehydrfideH-fion) afltersmagnetfic
propertfiesareknownamongrareearth-contafinfing
fintermetaflflfics,fforfinstance,CeNfiSn, GdTfiGe, and
Pr1−xGdxScGe.Inthehydrogenatedversfionoffthese
stannfidesandgermanfides,hydrfidefionsoccupytetrahe-
drafl(Td)andoctahedrafl(Oh)finterstfitfiaflvofids
surroundedbytheeflectroposfitfiverare-earthmetafls.
Hydrogenfincorporatfion(finthefformoffH−)afltersthe
magnetficpropertfiesofftheparentcompounds.60−63The
structuresoffLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6com-
poundsflacksuchfinterstfitfiaflsfites,finpartduetotheflow
Lficontent(Ffigures3andS2).Asdfiscussedearflfier,Lfifis
coordfinatedwfithGefinahexagonaflbfipyramfidaflffashfion
wfithanLfi−Gedfistanceoff2.5−2.9Å(FfigureS2a),
fleavfingnospacetobefiflfledbytheH−fion.Addfitfionaflfly,
hydrogenfincorporatfionfintheRTXcompoundstofform
RTXHyfisachfievedunderhfighpressuresoffH2gas(∼10
bar),62whfichfisnotthecasefforthesynthesfisofftheLfi−
Fe−Geternaryphases.InthesynthesfisoffLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Fe6,theLfiHprecursordecomposes
tofformLfiandH2gas.Theflatterescapesthroughthe
permeabflewaflflsoffthetantaflumtubeusedasthe
reactfionvessefl.64Ourprevfiousresearchwfithantfimo-
nfidessuggeststhatH-fincorporatfion fisunflfikeflyat
condfitfionssfimfiflartothoseusedfforsynthesfizfing
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6.

42,43Basedonthe
abovedfiscussfion,H-fincorporatfionfinthestructureoff
LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6seemsfimprobabfle.

Furtherfinvestfigatfionoffhfigh-temperaturemagnetficproper-
tfiesfisrequfiredtoconfirmtheAFM orderfingstates
compeflflfingflysuggestedbydcmagnetfizatfion and57Fe
Mössbauermeasurements fforLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Fe6.Addfitfionaflfly,neutrondfiffractfionatvarfiabfletemper-
aturescanshedflfightonthemagnetficpropertfiesofftheLfi−Fe−
GeKagoméphases.Neutrondfiffractfioncanaflsobeheflpffuflfin
eflfimfinatfingthepossfibfiflfityoffH-fincorporatfionfinLfi−Fe−Ge

Tabfle1.ResufltsofftheFfitsofftheT=297K57FeMössbauerSpectrafforLfiFe6Ge6,LfiFe6Ge5,andLfiFe6Ge4
a

compound component % IS(mm/s) QS(mm/s) Bhff(T) LW(mm/s)

LfiFe6Ge6 sextet 96.2 0.293(1) 0.094(2) 16.845(7) 0.275(3)

doubflet 3.8 0.254(15) 0.68(3) 0.27b

LfiFe6Ge5 sextet1 50.4 0.294(1) 0.329(3) 19.39(1) 0.300(5)

sextet2 46.2 0.311(2) 0.083(3) 17.44(1) 0.289(5)

doubflet 3.4 0.19(1) 0.72(2) 0.28b

LfiFe6Ge4 sextet 95.4 0.294(1) 0.358(1) 20.211(5) 0.283(2)

doubflet 4.6 0.122(8) 0.78(2) 0.28b

aIS�fisomershfifft,QS�quadrupoflarspflfittfing,Bhff�hyperfinefiefld,andLW�flfinewfidth.bSfincetheffreeparameterfitffordoubfletsresufltedfin
unreasonabflynarrowflfinewfidths,thedoubfletLWvaflueswerefixedat0.27−0.28mm/s(sfimfiflartothoseoffsextets).Sfincedoubfletscorrespondto
themfinorfity(3−5%)phase,thfisrestrfictfiondfidnotaffectotherresufltsfinanysfignfificantmanner.
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phasessynthesfizedvfiathehydrfideroute.Aflternatefly,sfizabfle
sfingflecrystaflsoffLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Ge6canbe
grownusfingsufitabflemethods (afidedbythefinfformatfion
obtafinedffromfinsfituPXRDstudfiesfinthfiswork)fforthe
comparfisonoffthefirpropertfiestothoseoffthehydrfide-
synthesfizedphases.Nonethefless, thehydrfideroutewas
successffuflflyusedherefinfforthepreparatfionoffpoflycrystaflflfine
powdersoffLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6compounds,
enabflfingexperfimentaflcharacterfizatfionoffthefirmagnetfic
propertfiesandtestfingoffthetheoretficaflflypredfictedmaterfiafl
propertfiesofftheseKagomécompounds.

■CONCLUSIONS
TheKagomégermanfidesLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6
weresuccessffuflflysynthesfizedvfiahydrfideroute,provfidfingan
aflternatfiveroutefforthesynthesfisoffthephasesaspoflycrystafl-
flfinepowders.LfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6 were
synthesfizedfinhfighyfiefldsexceedfing90wt%,aflflowfingthe
finvestfigatfionoffthefirmagnetficpropertfies.Aflthoughthecrystafl
structuresofftheLfi−Fe−Ge ternaryphaseshavebeen
prevfiousflyreported,weprovfideadetafifledcomparfisonoffthe
structureoffLfiFe6Ge4,LfiFe6Ge5,andLfiFe6Fe6fintermsoff
stackfingoff[Fe−Ge]and[Lfi−Ge]flayersratfionaflfizfingthefir
structuraflsfimfiflarfitfiesbutaflsoaccountfingfforthedfifferencesas
thephasesbecomecomposfitfionaflflyrficherfinGe.Thethermafl
stabfiflfityoffLfiFe6Ge5andLfiFe6Fe6wasanaflyzedusfingthehfigh-
temperaturefinsfituPXRDanaflysfis,reveaflfingbothphasestobe
thermaflflystabfleupto1173K.Themagnetficmeasurements
perfformedfinthfisworkhfighflfightthefinconsfistencybetween
experfimentaflandtheoretficaflmagnetficpropertfiesfforLfiFe6Ge4,
LfiFe6Ge5,andLfiFe6Fe6.Whfifleprevfiouscomputatfionaflstudfies
predfictfferromagnetficgroundstatesfinLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Fe6,experfimentaflfinvestfigatfionvfiadcmagnetfizatfion
measurements andMössbauerspectroscopyfindficateantfi-
fferromagnetficorderfingattemperaturesabove300Kfforaflfl
three.Amagnetficmomentoff1.1−1.3μB/Featomestfimated
ffromMössbauerspectroscopyfisflowercomparedtothe
theoretficaflflycaflcuflatedvafluesoff1.6−2.9μB/Fe.Hfigh-
temperaturemagnetfizatfion measurements andneutrondfiff-
ffractfionstudfiesarerequfiredtoffurtherconfirmthe
antfifferromagnetficorderfingfforLfiFe6Ge4,LfiFe6Ge5,and
LfiFe6Fe6,whfiflehfigh-temperaturefinsfituPXRDdatahfintat
TN∼575K.
Throughourwork,wehfighflfighttheneedfforexperfimentafl
(fin)vaflfidatfionoffthetheoretficaflflypredfictedmaterfiaflproper-
tfies,whfichfisessentfiafltoassesstheeficfiencyoffcomputatfionafl
methodoflogfiesandffurtherfimprovfingpredfictfivecapabfiflfitfies.
Thesynergybetweentheexperfimentandtheoryfiscrucfiaflffor
accurateeflucfidatfionoffmaterfiaflpropertfies.We beflfievethat
experfimentaflfistswfiflflcontfinuetopflayapfivotaflrofleaflongsfide
theorfistsfinpredfictfingnewmaterfiafls, understandfingthefir
structure−propertyreflatfionshfipsandeventuaflflyreaflfizfingthefir
potentfiaflfforreflevanttechnoflogficaflappflficatfions.
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