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belongstoatetragonalsystemandhasasuperconductingtransitiontemperature(Tc)of35K.
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thattheevidentchangeinTcbetweenas-synthesizedandannealedsamplesshouldbeattributedto
arearrangementandmorehomogeneousdistributionoftheintercalatedguests.
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摘要:通过两步法成功合成了一种新的FeSe基超导体Lix(C3H10N2)yFe2Se2(C3H10N2 指的是1,3-丙二

胺).这种新材料属于四方晶系,其超导转变温度为35K.在125℃退火12h后,该样品的晶体结构保持不变,
但超导转变温度突然移至39K,这些均被粉末X射线衍射和磁化率测量证实.样品在退火前后,晶格常数a
和b在0.3%内变化,但是晶格常数c的变化约为1%.因此,可以推断,样品的超导转变温度的明显变化应

该归因于插层样品内部结构的重排和电子更均匀的分布.
关键词:FeSe基超导体;共同插层;退火



0 Introduction
Inthelastthreedecades,especiallysincethe

discoveryofthecopperoxide hightransition
temperature superconductor[1],the study of
“unconventional”superconductivityhasbecome
oneofthemaintopicsincondensedmatterphysics.
Amongtheunconventionalsuperconductors[2-5],theβ-
FeSehasthesimplestcrystalstructurecomposedof
astackofedge-sharingFeSe4-tetrahedrallayers
andtheTcofbulkβ-FeSeishighlytunableandcan
changefrom8Ktoover40K[6-7].Thepreferred
conditiontoincreasetheTcofFeSeisbyelectron
doping,whichhasbeensuccessfullyrealizedvia
the interlayer intercalations[7], and interface
chargetransfer[8].Therefore,findinganeffective
way to increase the Tc of FeSe-based
superconductorshastriggeredahugeamountof
innovativescientificinquiry.

Annealingisalsooneoftheeffectivemethods
toimprovethequalityofsamplesandenhanceTc,
duetotheenhancementofcrystallinityandthe
changesinthetwo-dimensionalityoftheelectronic
structureandtheinterlayercouplingofcooper
pairs[9-10]. Compared with high pressure[11],
molecularbeam epitaxy (MBE)[8] and other
technicalmeans,annealingdoesnotrequireoverly-
complexfacilities,andmostofscientificresearch
groupscaneasilycarryitout.Forexample,after
high-pressureannealingoftheas-synthesizedFeSe-
basedsuperconductorLiFeO2Fe2Se2,theTcof
thissampleincreasedfrom40Kto43Kandthe
superconductingshieldingfractionalsoimproved
significantly[12].Moreinterestingly,theTcofanewly
synthesized Li0.36 (C3H10N2)0.42Fe2Se2 (C3H10N2
refersto1,2-diaminopropane)superconductorwas
directlyincreasedfromabout36Kto45Kafter
annealingundervacuum,which wasthefirst
reportofasignificantincreaseinTcjustby
annealing in FeSe-based superconductors[9].
Therefore,morenewsamplesshouldbeprepared
toresearchtheoriginofhighTcmechanism.We
wanttochangethecompositionoftheintercalated

samples,usingthe1,3-diaminopropaneof1,2-
diaminopropaneisomerasaligandtoseeifitcan
also synthesize samples with superconducting
properties.

Thetwo-stepmethod (referingtochemical
ultrasoundreactionandsolvothermalreaction)isa
relativelyeffectivechemicalsynthesismethodfor
synthesizing high temperature FeSe-based
superconducting materials,whichhaveapurer
crystalphaseandahighercrystallinity[13].Herein,
wesuccessfullysynthesizedanewsuperconductor
Lix(C3H10N2)yFe2Se2bythetwo-stepprocess[13].
Post-annealingeffectsonthecrystalstructureand
superconductivitywerealsodiscussed.Itisfound
thatthecrystalstructure maintains,whichis
confirmedbythepowderX-raydiffraction,and
thattheas-obtainedsampleshowstheTcis35K,
andtheTcoftheannealedsampleis39K,which
is confirmed by the magnetic susceptibility
measurement.

1 Experimental
1.1 SynthesisofFeSe

PredecessoroftetragonalFeSewasobtained
bythetraditionalsolid-statereactionmethod.A
certain stoichiometricratio offerrous powder
(99.99%,Alfa Aesar)andselenium particles
(99.999%,AlfaAesar)weremixedandplaced
intoanaluminacrucibleinanargon-filledglove
boxandsealedinanevacuatedquartztube.The
tubewassinteredat1050℃andthencooledata
rateof1℃·min-1 to410 ℃.At410 ℃ the
evacuatedquartztubewaskeptfor100h.Afterbeing
quenchedinicewater,theblackFeSepowderwas
obtainedtobeusedfortheintercalation.
2.2 SynthesisofLix(C3H10N2)yFe2Se2

PolycrystallinesamplesofLix(C3H10N2)yFe2Se2
werepreparedviathetwo-stepmethod.0.135g
FeSepowderand0.07gLiwereputin1,3-
diaminopropaneinanampuleandsonicatedfor3
h.Thenthedispersedliquidwastransferredtoa
Teflon-linedautoclaveandheatedat130℃for3
d.Afterbeingwashedrepeatedlywiththefresh1,
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3-diaminopropaneanddriedatroomtemperature,the
Lix(C3H10N2)yFe2Se2compoundwasobtained.All
theprocesseswereperformedinanargon-filled
gloveboxtopreventoxidationoftheas-obtained
samples. Post-annealing of the as-obtained
sampleswascarriedoutat125℃for12hina
vacuumglasstube.
1.3 Characterization

Thephaseofsamples wascharacterized by
powderX-raydiffraction(XRD)usingCuKαradiation
(λ=1.5418Å)ofaPhilipsX-raydiffractometer.The
magnetic susceptibility was measured using a
commercialSQUID(QuantumDesign).Thechemical
compositionwasdeterminedbyinductivelycoupled
plasma-atomicemissionspectroscopy(ICP-AES)and
elementalanalyzer (Vario EL III, Germany).
Thermogravimetric(TG)analysiswasperformedona
simultaneousthermalanalyzer(perkinelmersta8000)
fromroomtemperatureto450℃inastreamofN2
withaheatingrateof10℃·min-1.

Fig.1 PowderX-raydiffractionpatternofFeSe

2 Resultsanddiscussion
Fig.1 shows the XRD pattern of the

synthesizedprecursorFeSe.Itcanbeinferredfrom
theXRDpatternthatthesynthesizedFeSehasa
tetragonalstructureoftheanti-PbO-type.Theunit
cellparametersa=3.772(2)Åandc=5.526(3)Å.
Thisisalmostidenticaltowhatwasreportedinthe
previousliterature,a= 3.770(1)Åandc=
5.521(8)A[13].

Fig.2(a)showstheXRDpatternoftheas-
obtainedLix(C3H10N2)yFe2Se2.Allthediffraction
peaksarewellindexedtotetragonallatticewith
cellparametersa=3.793(1)Åandc=9.263(2)Å,

indicatingthatapurephaseofLix(C3H10N2)yFe2Se2
ispreparedbythetwo-stepmethod.Moreover,itis
foundthatparameteraofLix(C3H10N2)yFe2Se2isa
littlelargerwhileparametercismuchlargerthanthat
ofFeSe(a=3.7676(2)Å,c=5.4847(1)Å)
respectively,implyingthat Liatomsand 1,3-
diaminopropane molecules are independently
intercalatedintotheinterlayerspaceofFeSe.The
intercalationoflithiumand1,3-diaminopropanewere
furtheraffirmedbyICP-AESandelementalanalyzer.
Thecompositionoftheas-obtainedsamplecanbe
estimatedasLi0.22(C3H10N2)0.49Fe2Se2.Compared
withthealkalimetallithiumand1,2-diaminopropane
co-intercalated Li0.36 (C3H10N2 )0.42Fe2Se2[9],
parameter a is only slightly smaller, but
parametercdecreasesby14%,whichwouldbe
assignedtothedifferenttypesoforganicaminesas
wellasthedifferentarrangementoforganicamine
moleculesinFeSelayersinthiswork.However,
comparedwithNa0.85(C3H10N2)0.42Fe1.84Se2(c=
10.000Å)[14],parametercisslightlyreduced,
whichmaybeattributedtothefactthatsodium
ionsarelargerthanlithiumions.

TheXRDpatternfortheannealedsampleis
showninFig.2(b).Itisfoundthattheannealed
sampleretainsthetetragonalcrystalstructureand
thelatticeconstants(a=3.803(1)Å,c=9.363(4)
Å)arealittlelargerthanthatoftheas-obtained
Lix(C3H10N2)yFe2Se2,indicatingthatthesample
has good thermalstability.In the previous
reports,theannealingeffectcanaffectthecell
parameterc,whichalsoshowsthat,toacertain
extent,the cell parameterc isinclined to
change[9-10].FromtheXRDpatternsoftheas-
synthesizedandannealedsamples,itcanbeclearly
seenthattheXRDdiffractionpeaksoftheannealed
samplebecomesharper,whichindicatesthatthe
sampleafterannealinghasbettercrystallinity[9-10].
Inordertofurtherconfirmthecontentof

organicamines,weperformedathermogravimetric
analysisoftheas-obtainedsample.Asshownin
Fig.3,thetotalmasslossisabout14.78%after
beingheatedupto450℃atarateof10℃·
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Fig.2 PowderX-raydiffractionpatternfor(a)the
as-synthesizedsampleLix(C3H10N2)yFe2Se2and(b)the
as-synthesizedLix (C3H10N2)yFe2Se2 sampleannealedat
125℃for12h

min-1,whichisalittlelargerthanthe mass
fractionoforganicamines,whichis11.80%as
estimatedbytheelementalanalyzer.Themass
lossisdividedintotwosteps.Duringthefirst
step,themasslossisabout7%below120℃,
whichmaybeassociatedwiththesmallamountof
water,1,3-diaminopropaneonthesurfaceandinthe
internalofas-obtainedLi0.22 (C3H10N2)0.49Fe2Se2.
Afterthesecondstep,between120~320℃,the
masslossreaches14.78 % andisnotfurther
decreasedatahighertemperature,indicatingthat
the1,3-diaminopropaneisalmostalldetached
fromtheas-obtainedsample[10].

Fig.4(a)displaysthetemperaturedependence
ofmagneticsusceptibilityinamagneticfieldof10
Oeonzero-fieldcooling(ZFC)andfieldcooling
(FC)fortheas-obtainedLix(C3H10N2)yFe2Se2.
TheTcisobservedat35K,whichishigherthan
thatofpureFeSe[15],butisslightlylowerthan
Tc=36.7KobservedinFeSeunderpressure[6]

Fig.3 Thermogravimetric(TG)curveonheatingatthe
rateof10℃·min-1fortheas-synthesisedsample

(a) The magnetic susceptibility of the as-synthesized
Lix(C3H10N2)yFe2Se2sampleinamagneticfieldof10Oeon
zero-fieldcooling(ZFC:squaresymbols)andfieldcooling(FC:

circularsymbols).Theinsetshowsanexpandedviewaroundthe
superconductingtransitionoftheas-synthesizedsample.(b)The
magneticsusceptibilityoftheannealedsample.

Fig.4 ThemagneticmomentofLix(C3H10N2)yFe2Se2

superconductor

andLi0.36(C3H10N2)0.42Fe2Se2(Tc=36.7K)[9].It
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isnotedthatthe magneticsusceptibilitycurve
exhibitsanupturnbelow6K ,whichmayhave
beencaused by asmallamountof magnetic
impuritiesinthesample[9,16-17].Consideringthe
previousreports,itisfound thatthe post-
annealingprocesscanaffecttheTcofthesamples.
Forexample,theTcofLi0.36(C3H10N2)0.42Fe2Se2
preparedbytheco-intercalationofalkalimetal
lithiumand1,2-diaminopropaneincreasesfrom
36.7Kto45Kafterbeingannealedat130℃[9].
Moreover,Lix (C6H16N2)yFe2-zSe2 displaysa
changeofTcwhilebeingannealedatadifferent
temperaturefrom100℃to250℃[10].Inorderto
investigatetheeffectsofannealingontheTc,we
characterized the magnetic susceptibility of the
Lix(C3H10N2)yFe2Se2afterbeingpost-annealingat125
℃for12h.AsshowninFig.4(b),theTcofthe
annealedsampleslightlyincreasesto39 K.The
changeofTcoftheas-obtainedandannealedsamples
couldbeassignedtoarearrangementand more
homogeneousdistributionof1,3-diaminopropanein
theintercalatedcompound[9].Meanwhile,parameterc
ofLix(C3H10N2)yFe2Se2hasalittlechangeafterbeing
annealed,whichwouldleadtheinterlayercouplingof
cooperpairs and thetwo-dimensionalityin the
electronicstructuretochange,andthusaffectsthe
superconductingtransitiontemperature[9].However,
theTcissignificantlysmallerthanthatoftheannealed
Li0.36(C3H10N2)0.42Fe2Se2(Tc=45K),whichmay
beduetothehigherconcentrationoflithiumionsin
theLi0.36 (C3H10N2)0.42Fe2Se2[9].Theincreasein
electron concentration increases the Tc of the
intercalationcompounds[18].Andthesuperconducting
transitiontemperatureofLi0.27(C3H10N2)0.31Fe2Se2
(C3H10N2refersto1,2-diaminopropane)is37K[13],
whichalsoprovesthattheelectronconcentrationhasa
certaininfluenceonthesuperconductingtransition
temperature. Compared to the Li0.36
(C3H10N2)0.42Fe2Se2[9],thedecreaseofthelayer
spacing of the sample may also cause the
superconductingtransitiontemperaturetobeless
thanLi0.36 (C3H10N2)0.42Fe2Se2.The magnetic
susceptibilityatthenormalstateispositive,

indicatingthattheas-obtainedandannealedsamples
containasmallamountofferromagneticimpurities
derivedfromFespeciesextractedfromthesamples
duringtheintercalationprocessorimpurityphase
inducedbytheheattreatment[9-10,19-20]Thisbehavior
hasalsobeenobservedinAx(C2H8N2)yFe2-zSe2(A=
Li, Na)[19], Ax (C5H5N)yFe2-zSe2[20] and
Li0.36(C3H10N2)0.42Fe2Se2[9].

Basedonthisnewlysynthesizedsample,wehave
expandedtheclassofFeSe-basedsuperconductors.
Theiron-molecular-basedintercalationcanenrichthe
iron-based superconducting system and eventhe
materialsofothersystemstofurtherimprovethe
superconductingproperties.Inaddition,italsohelps
tostudythebasicphysicsofiron-basedhighTc

superconductors.Althoughthesamplecannotyetbe
usedinactuallifeduetoitssensitivitytoairand
moisture,weshouldstillprepare morevaluable
samples.

3 Conclusion
Insummary,wesuccessfullysynthesizedanew

phasecompoundofLix(C3H10N2)yFe2Se2(C3H10N2
referingto1,3-diaminopropane)bythetwo-step
process.Theas-synthesizedLix(C3H10N2)yFe2Se2has
atetragonalcrystalstructureandasuperconducting
transitiontemperatureof35K.Afterannealingat125
℃ for 12 h,the superconducting transition
temperatureofLix (C3H10N2)yFe2Se2 hasslightly
increasedfrom35Kto39K,whichisconfirmedby
themagneticsusceptibilityresult.Atthesametime,it
isfoundthatthecrystalstructure ofthe Lix
(C3H10N2)yFe2Se2remainsafterannealing,whichis
confirmedbythepowderX-raydiffractionresult.
Consequently,inthis work,anovelFeSe-based
intercalatedcompoundwassynthesizedandgivesa
furtherunderstandingofalkalimetal/alkalineearth
metalandorganicaminesolutionco-intercalatedFeSe
materials.
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