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Abstract

ResultsarereportedforMnintercalatedZr2Te2P,wherex-raydiffraction,energydispersive
spectroscopy,andtransmissionelectronmicroscopymeasurementsrevealthatthevanderWaals
bondedTe–TelayersarepartiallyilledbyZrandMnions.Thisleadstothechemicalformulas
Zr0.07Zr2Te2PandMn0.06Zr0.03Zr2Te2Pfortheparentandsubstitutedcompounds,respectively.
TheimpactoftheMnionsisseenintheanisotropicmagneticsusceptibility,whereCurie–Weiss
itstothedataindicatethattheMnionsareinthedivalentstate.Heatcapacityandelectrical
transportmeasurementsrevealmetallicbehavior,buttheelectroniccoeficientoftheheat
capacity(γMn≈36.6mJ(mol·K

2)−1)isenhancedbycomparisontothatoftheparent
compound.MagneticorderingisseenatTM≈4K,whereheatcapacitymeasurements
additionallyshowthatthephasetransitionisbroad,likelyduetothedisorderedMndistribution.
Thistransitionalsostronglyreducestheelectronicscatteringseeninthenormalizedelectrical
resistance.TheseresultsshowthatMnsubstitutionsimultaneouslyintroducesmagnetic
interactionsandtunestheelectronicstate,whichimprovesprospectsforinducingnovel
behaviorinZr2Te2Pandthebroaderfamilyofternarytetradymites.

Keywords:topologicalmetal,magnetism,singlecrystalsynthesis

(Someiguresmayappearincolouronlyintheonlinejournal)

1.Introduction

Electronicbandstructurecalculations,angleresolvedphoto-
electronspectroscopy(ARPES),scanningtunnelingspectro-
scopy,andquantumoscillationmeasurementshaveshownthat
thetetradymitematerialsM2Te2X(M=Ti,Zr,orHfand
X=PorAs)exhibitunusualcombinationsofconventional

∗
Authortowhomanycorrespondenceshouldbeaddressed.

andtopologicalelectronicbands[1–5].ThisincludesDirac
points(abovetheFermienergyattheΓ-point)andDiracnode
arcs(belowtheFermienergyattheM-point),whererecent
spin-ARPESmeasurementsclariiedthattheDiracnodearcs
havenontrivialspintexturesforallthreeofthechemicalvari-
ants[6].Undercertainconditionsthesecombinedfeatures
mightproducenovelelectronicstates,butheretheyarehun-
dredsofmeVawayfromtheFermienergyEFandtheelec-
tronicpropertiesaredominatedbytheconventionalbands.
Thus,itisappealingtosearchforstrategiestomovetheFermi
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energyintotheirvicinity.Chemicaltuningalsohasthepoten-
tialtoinduceinterestingelectronic/magneticstatessuchas
magneticorderorsupercondutivity.Earlierworkstudyingthe
tetradymitetopologicalinsulatorsBi2(Se,Te)3providessome
guidanceforhowtodothis,wherechemicalintercalationand
substitutionhavebeenusedtoproduceavarietyofbehaviors:
e.g.CuandSrintercalationinducesuperconductivity[7–12]
whileothertransition metalsubstitutionproduces magnetic
ordering[13–15].Chemicaltuningusingmagneticionsalso
hasthepotentialtoproduceintriguingbehaviorsthatresult
fromtimereversalsymmetrybreaking:e.g.whereDiracnodes
aresplitinto Weylpoints.Thepresenceof magneticions
couldalsoproducenontrivialmagnetoeletriccouplingsuchas
atopologicalHalleffect[16,17].

ThismotivatedustofocusonchemicaltuninginZr2Te2P
thatmight(a)preservethebandstructurebutchangetheFermi
energy,(b)introduceinteractionsbetweentheelectronsin
thenon-trivialbandswithotherorderparametersor(c)intro-
duceotherorderedstates(e.g.magnetism).Anearliereffort
was madeforCux:Zr2Te2P(x≲ 0.1),showingthatchem-
icaltuningisfeasible,buttheelectronicbehaviorwasnot
substantiallymodiied[1].Zr2+δTe2Pwith0<δ<1.5was
alsopreviouslyreported,wheretheexcessZrionsoccupythe
weaklybondedlayerbetweenthevanderWaalsbondedTe–Te
atoms[18].HereweintroducedMnintoZr2Te2P,whichwould
beexpectedtointroduce magnetism,aswellastoresultin
possiblechargetuning.X-raydiffraction(XRD),energydis-
persivespectroscopy,andtransmissionelectron microscopy
(TEM)measurementsshowthat(a)evenfortheparentcom-
pound,excessZrionsarepresentbetweentheTe–Telayers
and(b)thattheMnionsarerandomlydistributedinthesame
position.Basedonthesedata,weindthechemicalformulas
Zr0.07Zr2Te2PandMn0.06Zr0.03Zr2Te2P.

Temperatureand magneticielddependent magnetiza-
tion,heatcapacity,andelectricaltransport measurements
for Mn0.06Zr0.03Zr2Te2Prevealsigniicantdifferencesfrom
theparentcompound,wherelocal moment magnetismdue
todivalent Mnisobserved. Heatcapacity measurements
uncoverFermiliquidbehaviorwithaSommerfeldcoeficient
γMn ≈36.6mJ(mol·K2)−1thatisenhancedbycomparisonto
thevalueoftheparentcompoundγ≈ 5.3mJ(mol·K2)−1.
Atlowtemperaturesthe Mncontainingspecimenexhibits
magneticorderingat TM ≈ 4K witheasyab-planeaniso-
tropy,althoughthebroadnessofthetransitioninheatcapa-
citymeasurementssuggeststhatitisstronglydisordered.The
orderingalsoremovesmagneticscatteringoftheconduction
electrons,resultinginadecreaseofthenormalizedelectrical
resistance. Whiletheseresultsdonotexplicitlyaddressthe
impactof MnintercalationontheFermisurfaceorthetopo-
logicalstatesoftheparentcompound,they(a)revealthatthe
electronicandmagneticstatesaremodiiedby Mnintercal-
ationand(b)openopportunitiesforprobessuchasARPES
toquantifythesechanges.Theyalsosuggestthatnovelelec-
tronicormagneticbehaviorsmightbeinducedinthisfam-
ilyof materials:e.g.eitherintheanaloguesTi2Te2Pand
Hf2Te2Porthroughchemicalsubstitutionofothertransition
metalions.

2. Experimental methods

Singlecrystalspecimensoftheparentcompound were
grownusingtheiodinevaportransportmethodaspreviously
described[3].Inordertoproducethe Mnintercalatedspe-
cimens,anidenticalprocess wasfollowedexceptthat Mn
wasaddedtothepolycrystallineprecursor withtheratio
0.25Mn:Zr2Te2P.Similartoearlierresults,crystalsformas
hexagonalshapedplateswiththec-axisperpendiculartothe
plate.CrystallinestructuresweredeterminedbyXRDmeas-
urementsandenergydispersivespectroscopy wasusedto
quantifytheelementalcomposition.PowderXRDmeasure-
ments weredoneusingaRigakuSmartLabSEx-raydif-
fractometer withaCu KαsourceandEDS measurements
weredoneusinganFEINOVA400nanoSEMscanningelec-
tronmicroscope(SEM)withenergydispersivespectroscopy
(EDS)capabilitiesusinganOxfordUItimMAXSDD(silicon
driftdetector).ForsinglecrystalXRD measurements,suit-
ablepieceswerecutfromlargercrystalsandweremounted
inDual-Thickness MicroLoopsTM(MiTeGenLoop/Mount)
usingParabaroil.Single-crystal XRDdata werecollected
at200K,usingaRigakuXtaLABSynergy-Sdiffractometer
equipped witha HyPix-6000HE HybridPhoton Counting
detectoranddualMoandCumicrofocussealedx-raysource.
Absorptioncorrectionswereappliedtothedatasetsusingthe
SADABSprogram.Datacollectionandinitialcellreinement
wasconductedusingCrysAlisPRO(Agilent,2013).Final
reinementsofthestructurewereperformedusingSHELXT
throughtheShelxLEgraphicalinterfacepackage[19–22].

SpecimenswerepreparedforTEMmeasurementsbycut-
tinglamellafromasinglecrystalusingfocusedionbeamina
ThermoisherScientiicDualBeamHeliosG4UCSEM.The
singlecrystalwasprealignedusinganEnraf-NoniusCAD-4
diffractometer.TheTEMsamplewasstudiedbyatomicresol-
utionhigh-angle-annulardarkieldscanningTEM(HAADF-
STEM)andelementalcomposition mappinginaprobe-
correctedcoldemissionJEOLJEM-ARM200cFat200kV.
Theimagingresolutionis0.078nm.TheelementalEDSmap-
pingwasacquiredusingoxfordAztecEDSSDDdetector.The
HAADF-STEMimagingwasacquiredusingaprobe7cm,
andcameralength8cm,whichcorrespondstoaconvergent
angleof21mradandacollectioninnerangleof74mrad.TEM
samplethicknesswasmeasuredbyelectronenergylossspec-
trum(EELS)viaLog-ratiomethod.

Temperaturedependent magneticsusceptibilityχ(T) =
M/HmeasurementswereperformedatT=1.8–300Kunder
magneticieldsofH=50OeandH=5kOeappliedboth
parallel(∥)andperpendicular(⊥)tothecrystallographicc
axisusingaQuantumDesignvibratingsamplemagnetometer
(VSM) MagneticProperty MeasurementSystem.Heatcapa-
cityC(T) measurements wereperformedforT= 0.4K–
20Kusingthe3HeoptioninQuantumDesignPhysicalProp-
erty MeasurementSystem.Normalizedelectricalresistance
R/R(300K) measurements werecarriedoutusingthefour
wiremethodfortemperaturesT=0.4K–300Kusingthesame
system.Allspecimensusedforthesemeasurementshadlateral
dimensionsontheorderof2mmandthicknessnear0.1mm.
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Figure1.ComparisonbetweenthepowderXRDpatternsofZr2Te2PandMnx:Zr2Te2Psinglecrystals.(b)Twodimensionalenergy
dispersivespectroscopydatashowingtheuniformdistributionofZr,Te,PandMninthesubstitutedspecimens.

3.Crystallinestructureandchemicalsubstitution

Resultsfrompowder XRD measurementsareconsistent
withearlierreports,andshowthatZr2Te2Pcrystallizesin
thespacegroupR̄3m(#166)withthelatticeparameters
a=3.8119(3)Åandc=29.189(3)Å(V=367.3Å3)[3]
(igure1(a)).The Mnsubstitutedspecimensforminthe
samestructure,withonlyminorchangesinthelatticecon-
stants;aRietveldreinementyieldsa=3.778(2)Å and
c=29.191(2)Å(V=360.8Å3). Semi-quantitative EDS
measurementsagreewiththeexpectedZr2Te2Pstoichiometry,
andforthechemicallysubstitutedsamplesthereisasmall
amountof Mndistributeduniformlyacrossthecrystal
(igure1(b)).ThetwodimensionalEDSmapsalsoshowthat
thereisnoevidenceforinclusionswithotherstoichiometries.
Basedonthesedataweinitiallyindthechemicalformulas
Zr2Te2PandMn0.06:Zr2Te2P,althoughinthelattercaseitis
unclearwheretheMnarelocated.
SinglecrystalXRDmeasurementsfurtherconirmthatthe

Zr2Te2Pstructuresreinesintherhombohedralspacegroup
R̄3m,anddetailsaboutthedatacollectionarefoundintable1.
Importantly,aninterstitialsite(3bWyckoffsite)betweenthe
vanderWaalsbondedTe–Telayersisidentiiedbyanalyzing
residualelectrondensitypeaksontheFourierdifferencemaps.
WhenassignedasZr,thissitereinesto7%occupied,yielding
anoverallstoichiometryofZr0.07Zr2Te2P.Thisisconsistent
withpreviousreportsofZr2+δTe2PwhereexcessZrisloc-
atedwithintheinterstitiallayerbetweentheTe–Teions[18].
Forthesubstitutedspecimen,theoccupanciesofallsiteswere
allowedtoreineinordertolocatetheMnions.Theparent

Table1.CrystallographicdataofMn0.06Zr0.03Zr2Te2Pcompiled
fromsinglecrystalx-raydiffractionmeasurementsperformedat
200K.

Mn0.06Zr0.03Zr2Te2P

Crystalsystem rhombohedral
Spacegroup R-3m(#166)

a(Å) 3.8266(3)

c(Å) 29.325(3)
Z 3

V(Å3) 371.88(8)

Density,calc(gcm−3) 6.346
Indexranges −6<h<4,−6<k<6,

−45<l<51
Relectioncollected 1736
Temperature 200K

Radiation MoKα(λ=0.7107Å)
Uniquedata/parameters 303/12

µ(mm−1) 16.054
R1/wR2 0.0337/0.0962
R1/wR2(alldata) 0.0380/0.0967

structuresitesallreinedasbeing100%occupied,indicating
theMnisnotmixingonthesepositions.Thisleavesthepar-
tiallyoccupiedZrinterstitialsiteasthemostlikelyposition
fortheMnions.ThepossibilityofMnmixingonthisintersti-
tialsiteisdificulttoanalyze,givenitsinherentpartialoccu-
pancy.Sinceelementalanalysisconirmstheincorporationof
Mnat1.2atomic%,thisvaluewasusedtoixtheMnoccu-
pancyonthis3bWyckoffsiteto6%.TheZroccupancywas
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Figure2. (a)AtomicresolutionHAADF-STEMimageofthepristinecrystallookingdown[210].(b)Schematicofthecrystalstructureof
ZrxZr2Te2P.(c)AtomicresolutionHAADF-STEMimageoftheMndopedcrystallookingdown[210].

thenallowedtovarytoaccountforthetotalelectrondensity
onthesite.Reiningthesiteasa Mn/Zrmixedsiteleadstoa
Zroccupancyof3(1)%;i.e.Mn0.06Zr0.03Zr2Te2P.

Inordertofurtherclarifythestructures,igures2(a)and
(c)showtheatomicresolutionHAADF-STEMimagesforthe
parentandsubstitutedcompoundsalongthe[210]direction.
Withintheexperimentalimages,theintensityoftheatomic
columnsisproportionaltoZ2,whereZistheatomicnum-
ber[23]:i.e.theatomsthatshowhighestcontrastaretheTe
atomiccolumns;themediumbrightlayersaretheZratomic
columns;whilePatomsthatinbetweenZrlayershavethe
weakestintensity.Forbothspecimens,thisrevealsthatthe
atomicstructureiswellorderedandagreeswithXRDmeas-
urements. Wealsoindthatthereisexcesselectrondensity
betweentheTe–Telayers(indicatedbyredboxes)duetothe
presenceofintercalationatoms.

Inordertodeterminetheidentityoftheseatomsindepend-
entlyfromtheXRDmeasurements,wecarriedoutquantitative
imageintensityanalysisfortheparentcompoundbycompar-
ingthetheoreticalimagesimulationswiththeexperimental
imageusingtheDrProbesoftware[24].Inparticular,webuilt
asupercellthathasthesameatomicarrangementasthe[210]
projectedview,withlatticeparametersa=15.28Å,b=16.37
Å,andc=6.6Å.Theatomiccolumnintensityincreaseswith
thenumberofatomsinthecolumn,i.e.withthesamplethick-
ness(notshown).Forourexperiment,thesamplethickness
was measuredtobe28.6±2.4nmbyelectronenergyloss
spectroscopy.However,thesamplewaspreparedbyfocused-
ion-beammilling,whichtypicallyproducesathinamorphous
surfacelayerwithathicknessof5–10nm.Basedonthis,the
estimatedthicknessofthecrystallinesamplethatwasusedfor
thismeasurementisnear20nm.

Tocomparetheexperimentalimageintensity withthe
simulatedimageintensity,wenormalizetheimageintensity
usingtheequation,

Iimage=
Iraw−Ivac
Idet−Ivac

iD
ie

(1)

whereIrawisthe measuredatomiccolumnintensityofthe
experimentalimageintensity,IdetandIvacarethemeasured
detectorintensityandintensityinvacuum,iDisthebeamcur-
rentfordetectorimagingandieisthecurrentforsampleima-
ging[25].ByusingtheZrcolumnasaninternalreference,we
indthatthesimulatedimageintensityratioforthePatoms
(3aWyckoffsite)inbetweentheZrlayers(6cWyckoffsite)
isIP/IZr=0.22atathicknessof19.8nm,whichcorresponds
to30Patoms.Inordertocomparetotheexperimentalimage
forthesesites,theatomiccolumnintensitywasdeterminedby
integratingtheimageintensityofanareaof1.31×0.31Å2for
theZratomsand0.9×0.9Å2forthePatoms.Fromthis,we
indthattheexperimentalaveragedintensityratioforPatoms
betweentheZrlayersis0.22,whichisconsistentwithsim-
ulatedintensity.Incomparison,themeasuredintensityratio
fortheexcessatomsthatarefoundbetweenTelayersis0.21.
ThenearatomicresolutionEDSmapexcludesthepossibility
thattheseexcessatomsarephosphorous,makingitmorelikely
thattheyarezirconium.Thisisconsistentwiththerebeing4
to5Zratomsintheextraatomiccolumnandagreeswiththe
sXRDmeasurements[18].However,forthechemicallysub-
stitutedspecimens,itdificulttolocatethe Mnionsviathese
STEMimageintensitymeasurementsduetotheweakintens-
itychangethatresultsfromreplacingheavyionswithlight
ions.

TakentogethertheXRDandTEMresultsareunderstood
byconsideringthatZr2Te2Phasalayeredstructurecomprised
ofTe–Zr–P–Zr–Teslabs(withZrcationscoordinatedbyPand
Teanionsinslightlydistortedoctahedra)andavander Waals
gapbetweentheTelayersthatislargeenoughtoincorporate
interstitialatoms.PreviousreportsindicateexcessZrincor-
poratesintheseinterstitialsites,leadingtostoichiometriesof
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Zr2+δTe2Pwith0<δ<1.5[18].Theverysmallamountof
interstitialZrindicatedbytheSC-XRDandTEMmeasure-
mentsisinagreementwiththefactthatthesesampleswere
synthesizedwithoutanyexcessZrpresent,andtheEDSdata
doesnotshowanelevatedamountofZr.Itisalsoinagreement
withtheobservedunitcellparameters.Previousstudiesonthe
Zr2+δTe2Psystemwith0<δ<1showedaVegard’slawbeha-
viorofunitcellparameterswithamountofinterstitialZr.In
particular,thec-axisexpandedfrom29.35(4)Å(forδ=0)to
29.70(4)Å(forδ=1)[18].Thec-axisobservedinourstudy
(29.325(3)Å)isconsistentwiththeverysmallamountofinter-
stitialincorporationthatweobserveexperimentally.

4. Magnetismandelectronicbehavior

Temperatureandielddependent magnetization measure-
mentsforthe Mnsubstitutedspecimensarecomparedto
thatoftheparentcompoundin igure3. Asshownin
panelsbandc,the magneticsusceptibilityχ(T)shows
paramagneticbehavioratelevatedtemperatureswitheasyab-
planeanisotropy.FitstothedatausingthemodiiedCurie–
Weissexpressionχ(T)=χ0+C/(T−θ)yieldtheparameters
χ0=−0.00024cm3mol−1,C=0.27cm3mol−1,θ=1.96K
(H ∥c),andθ=−5.63K(H ⊥ c).Thisbehaviorcanbe
understoodasrepresentingasummationofthePauliparamag-
neticcomponentthatoriginatesfromtheZrxZr2Te2Psublat-
tice(χ0≈−0.0001wasreportedpreviously[2])andthelocal
momentparamagnetismofthe Mnions.Theeffectivemag-
neticmomentperMniscalculatedfromtheexpressionµeff=
2.82

√
C=6.0µB/Mn,whichindicatesthattheMnionsadopt

thedivalentstate(µeff=5.92µB/Mn2+).Theθvaluesalso
showthatthereareweakferromagneticinteractionsbetween
theMnionsintheab-planeandantiferromagneticinteractions
alongthec-axis.

AttemperaturesbelowT≈ 20Kthereisananisotropic
deviationfromtheCurie–Weissbehavior,whichindicatesthe
presenceof magneticluctuationsprecedinga magnetically
orderedstate.ForH ⊥ c,thisevolvestowardsferromag-
neticalignmentofthespins,asevidencedbytheincreasein
χthatisstrongerthantheCurie–Weissbehavior,saturation
nearTM ≈ 4KandhystereticbehaviorinlowieldsforT
< TM (igure3(d)).Asshowninigure3(e),thehysteresis
isremovedforH = 5000Oe.Incontrast,χ(T)forH ∥c
showsaweaksuppressionforT<TM,consistentwiththere
beingantiferromagneticalignmentofspinsinthisdirection.
Isothermalmagnetizationcurves(igures3(b))alsoreveala
ferromagnetic‘s’-shapeforH⊥candalinearevolutionfor
H∥c.TheH⊥ccurveextrapolatestowardsasaturationvalue
Ms≈0.28µB/F.U.,whichisconsistentwithexpectationsfor
thepartial Mnilling:i.e.Ms=5µB/Mn2+ foracompletely
illeddivalent Mnlattice,whereasour measurementyields
4.6µB/Mn.

Figure4showstheheatcapacitydividedbytemperature
C/Tforboththeparentcompoundandthesubstitutedspe-
cimens.Atelevatedtemperatures,bothcompoundsfollowa
Fermiliquidtemperaturedependencegivenbytheexpres-
sionC/T=γ+βT2.Fitstothedataareshowninigure4,

Figure3. (a)Temperaturedependentinversemagnetic
susceptibility(χ−χ0)

−1,whereχ0=−0.00024cm3mol−1for
Mn0.06Zr0.03Zr2Te2P(b)MagnetizationMversusmagneticieldH
fortemperatureT=1.8KformagneticieldHappliedparallel||and
perpendicular⊥tothec-axisforMn0.06Zr0.03Zr2Te2P.(c)Magnetic
susceptibilityχ=M/HversusTforMn0.06Zr0.03Zr2Te2Pand
Zr0.07Zr2Te2P.(d)Magneticsusceptibilityχ=M/HversusTfor
H=50oeapplied||and⊥tothec-axisforMn0.06Zr0.03Zr2Te2P(e)
Magneticsusceptibilityχ=M/HversusTforH=5000oeapplied
||and⊥tothec-axisforMn0.06Zr0.03Zr2Te2P.

where,β= 0.58mJ(mol·K4)−1forboth,owingtothefact
thatthe Mnsubstitutionhaslittleimpactonthelatticecom-
ponentoftheheatcapacity. Wealsoindanoteworthydiffer-
enceintheelectroniccomponentoftheheatcapacitywhere
γMn =36.6mJ(mol·K2)−1whiletheparentcompoundvalue
is5.28mJ(mol·K2)−1.Giventhatγisproportionaltothedens-
ityofstatesattheFermienergyforaFermiliquid,thischange
suggeststhatthepresenceof MnmodiiestheFermisurface.
BelowT≈ 15KthereisalsoabroadincreaseinC/Tfor
the Mncompoundthatcanbeattributedtospinluctuations
fromthe Mn momentsthatbeginwellaboveTM.Inorder
toisolatethe Mncontributiontotheentropy,theheatcapa-
cityoftheparentcompoundissubtractedfromthatthe Mn
substitutedspecimen(igure4(b)).Fromthisisisseenthat
Cmag/Tevolvesthroughamaximumnear4K,inagreement
withthemagneticorderingthatisobservedinχ(T).However,
thisfeaturedoesnotresolveintoaclearsecondorderphase
transition,suggestingthatdisorderplaysanimportantrole.
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Figure4. (a)HeatcapacitydividedbytemperatureC/TvsTfor
Mn0.06Zr0.03Zr2Te2PandZr0.07Zr2Te2P(b)C/TvsTforMnions

whichwascalculatedasdescribedinthetext.(c)C/TvsT2for
Mn0.06Zr0.03Zr2Te2PandZr0.07Zr2Te2Pwithalinearittothedata,
representingFermiliquid.(d)EntropySoftheMnionsvsTwhich
wascalculatedasdescribedinthetext.

Theresultingcurveisthenintegratedtocalculatethemag-
neticentropySmag (igure4(d)),whichreachesavaluenear
0.9J(mol·K)−1(SMn ≈15J(mol·Mn·K)−1)attheupperlimit
ofthetransition.Thisvalueisconsistentwithexpectationsfor
divalentMn,whereSMn =14.9J(mol·Mn·K)−1[26–28].

Roomtemperaturenormalizedelectricalresistivitydata
R/R300KfortheMnsubstitutedandparentcompoundarecom-
paredinigure5.Bothexhibitmetallicbehavior,butevenfrom
roomtemperaturethevalueofthe Mnspecimenisenhanced.
Thissuggeststhepresenceofadditionalscatteringmechan-
ismsfortheconductionelectrons,whichcouldeitherbeattrib-
utedtostaticdisorderorscatteringthoughinteractionswith
the Mnd-states.Similartrendsextendtolowtemperatures,
wherebothcompoundstendtohavesaturatingvaluesbelowT
≈20Kbutthe Mncompoundadditionallyexhibitsanabrupt
decreasenearTM.Thisshowsthatalthoughtheferromag-
neticstateisdisordered,itnonethelessstronglyimpactsthe
electronicbehavior.Followingthetransition,thenormalized
residualresistancereachesvaluesthataresimilartothatof

Figure5. (a)Roomtemperaturenormalizedelectricalresistance
R/R300kvsTforbothZr0.07Zr2Te2PandMn0.06Zr0.03Zr2Te2P.
(b)Zoominatlowtemperatureofroomtemperaturenormalized
electricalresistanceR/R300kvsT.

theparentcompound,suggestingthattheelectronicscattering
aboveTM isdominatedbytheMniond-states.

5. Discussion

Ourresultsshowthatchemicaltuningisreadilyachieved
inZr0.07Zr2Te2Patlevelsthatarecomparabletothebin-
arytopologicalinsulatoranalogues Bi2(Se,Te)3 [26].This
wasearlierseenforCux:Zr2Te2P[1]andnowisshownfor
Mn0.06Zr0.03Zr2Te2P,wherethepresenceofadditionalZrions
betweentheTe–Telayerssuggeststhatareexaminationof
earlierelectronicbandstructurecalculations[3]mayprovide
additionalinsightsintopreviousresults.Giventhat Mnand
Cuarelocatedonoppositeextremesofthetransitionmetal
series,itappearsthatitwillbepossibletosubstitute many
otherd-electronelementsintothisstructureandtherelated
compoundsTi2Te2Pand Hf2Te2P.Thisalsoinvitesefforts
to modifythegrowthconditionstoincreasetheintercalant
concentrations.

Intheparticularcaseof Mn0.06Zr0.03Zr2Te2P,weindthat
the Mnionsadoptadivalentelectronicshellconiguration,
asevidencedbyCurie–Weissbehaviorthatisseeninthe
magneticsusceptibility,thesaturationmagneticmoment,and
the magneticentropy.The Mnionsappeartoberandomly
distributedwithintheTe–Telayers,withtheirdensitybeing
suficienttosupport magneticinteractionsthatarelikely
mediatedthroughtheRuderman–Kittel–Kasuya–Yosidainter-
action [29–31].Thisresultsinaferromagneticexchange
withintheab-planeandanantiferromagneticinteractionalong
thec-axis,culminatinginmagneticorderatTM ≈4K.These
resultsaresimilartowhatisseenwhenMnisintroducedinto
Bi2(Se,Te)3,whereferromagneticorderingisseenatsimilar
concentrations[26].
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Wealso indthattheintroductionof Mnimpactsthe
electronicstate,asseenintheenhancedvalueoftheelectronic
coeficientoftheheatcapacityγMn.Fromanaiveperspective,
thismightindicatethatthechargecarriermassesareenhanced
(e.g.throughs–dhybridization[32,33]),butitisunclearis
whetheritmightinsteadbeduetochargedopingwhichreposi-
tionstheFermienergyintoaregionofthebandstructurewith
alargerdensityofstates.Furtherstudiesthatdirectlyassess
theFermisurfacetopographyandthechargecarriereffective
masses(quantumoscillationorARPESmeasurements)will
beneededtoclarifythispointandarekeyfactorsaswemove
forwardtowardsunderstandingtheevolutionoftheelectronic
stateinthismaterial.Itisalsoseenthatthe Mnionsmodify
theelectricaltransport,althoughitisnotyetclearwhether
anypartofthisrelatestomodiicationofthenontrivialelec-
tronicbands.Inprinciple,thedivalentMnionsintroducetime
reversalsymmetrybreakingthatwouldsplittheDiracbands
into Weylpoints[34,35].This mightinducenoveltopolo-
gicalbehavior,butwenotethattherealsoaremanyconven-
tionalbandstoconsideranditisnotyetclearwhetherthe
Fermienergyissubstantiallymovedinthesespecimens.Fur-
therworktoinvestigatethemagnetoresistanceandtosearch
forananomalousquantumHalleffectwillbeusefultoclarify
thispoint.

6. Conclusion

Wehavereportedresultsfor MnsubstitutedZr2Te2P,where
measurementsshowthatitcrystallizesintheexpectedtetra-
dymitestructurewith Mnrandomlypositionedintheinter-
stitialsitesbetweenthetelluriumlayers.SinglecrystalXRD
andTEMmeasurementsalsorevealthat,evenfortheparent
compound,theTe–TelayersarepartiallyilledbyZr.Based
onthis,weproposethechemicalformulasZr0.07Zr2Te2Pand
Mn0.06Zr0.03Zr2Te2P.Forthesubstitutedspecimens,the Mn
ionsarefoundtobeinthedivalentstate,whichproducesaniso-
tropicCurie–Weissbehaviorthatculminatesindisordered
magneticorderseeninthemagnetic,heatcapacity,andelec-
tricaltransport.Thistransitionisnotasimplelongrange
orderingandadditionalstudiessuchasneutronscatteringare
neededtofurtherclarifytheroleofdisorder.Similartothe
parentcompound,heatcapacityandelectricaltransportmeas-
urementsshowmetallicbehavior,buttheelectroniccoeficient
oftheheatcapacity(γMn ≈36.6mJ(mol·K2)−1)isstrongly
enhanced.Basedonthis,weconcludethat Mnsubstitution
simultaneouslyintroducesmagneticinteractionsandtunesthe
electronicstate.Thisopensapathtowardsinducingnovel
behaviorinZr2Te2Pandthebroaderfamilyofternarytetra-
dymitematerials.
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