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Abstract: X-ray magnetic circular dichroism (XMCD) measurements on Yb;4MnSbi; provide experimental
evidence of a moment of 5 i g on Mn, with partial cancellation by an opposing moment on the Sh, cage
surrounding each Mn ion. The compound is isostructural to Ca;4AISbi;, with Mn occupying the Al site in
the AlSh,® discrete tetrahedral, anionic unit. Bulk magnetization measurements indicate a saturation moment
of 3.90 ( 0.02 i g/formula unit consistent with four unpaired spins and implying a Mn3*, high-spin d* state.
XMCD measurements reveal that there is strong dichroism in the Mn L3 edge, the Sb Mss edge shows a
weak dichroism indicating antialignment to the Mn, and the Yb N4s edge shows no dichroism. Comparisons
of the Mn spectra with theoretical models for Mn?* show excellent agreement. The bulk magnetization can
be understood as Mn with a moment of 5 i g and a 2+ configuration, with cancellation of one spin by an
antialigned moment from the Sb 5p band of the Sh, cage surrounding the Mn.

|. Introduction

The family of transition metal compoundswith the Cay4-
AlISby; structuretype' has shown a wide variety of unique
electronicand magneticproperties:® In particular,the series
A14MnPn; showpropertiegangingfrom paramagnetiinsula-
tors to ferromagneticmetals,dependingon the identity of A
(alkaline earth or rare earthatom) and Pn (pnictogenatom).
This classof compoundgonsistof anisolatedmagneticcluster
that can magneticallycouple over large interionic distances
(1 nm).Themagneticexchangénteractionhasbeenattributed
to a Ruderman Kittel- Kasuya Yosida (RKKY) interaction
betweenlocalized momentsvia conductionelectrons’ This
structuretype (A14MPry ;) canbepreparedvith most2+ cations,
suchasA) Ca,Sr,Ba,Eu,andYb, with M) Mn, Al, Ga,In,
Nb, andZn, andwith Pn) P,As, Sb,andBi.l- 26 Oneformula
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unit is composedf 14 A%* cations,1 MPn tetrahedronl
Pre” unit, and4 Pn3 isolatedanions.The structurehasbeen
interpretedaccordingo the Zintl conceptwhichinvokescharge
balancebetween(usually) closedshell structuralunits suchas
complexesor extendedcovalentstructuresand ions. In this
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simple model, the Mn is 3+, similar to group 13 metalsthat
also crystallize in this structure type. Both structure and
magnetismmeasurementdiave been used to support this
assignment.

Recently,colossalmagnetoresistancgMR) hasbeendis-
coveredn someof the compoundsf this structuretype8910.1219,27
The proposalthatthe CMR effect could be closely associated
with, or resulting from, a half-metallic naturé®2° makesthe
CMR compoundspossible half-metallic ferromagnets.The
recentcommercialdevelopmentof spin-polarizedelectronic
transportdevicesfor usein magneticinformation storagehas
initiated great interest in new materials possessingunique
magneticand electronic propertiesfor direct applicationsin
magnetoelectronidevices® Thereis greatinterestin developing
conductingmaterialshatpossesd00%spin-polarizatioratthe
Fermilevel, a classof materialshatde Grootetal. first termed
half-metallic ferromagnets(HMFMs)3! A large number of
ternaryintermetalliccompoundsncluding the spinels,suchas
Fes04,%2 the various Heuslerphasessuch as MnyVAI 32 and
the half-Heuslerlloys, mostnotablyNiMnSb and PtMnSh31.34 36
have beenindicatedby calculationsto be half-metallic ferro-
magnetsCompoundswith the perovskitestructure Lag Ca 3
MnOs28 and Lag 7S aMn03,%” and the double perovskite
structure,SpLFeMo(G;,38-3° are also strongcandidategor half-
metallicity. In addition,afew muchsimplerbinarycompounds,
suchasCr0O, andsomecompound®sf theZinc blendestructure,
are also suggesteds half-metals?94¢ 43

To gain moreinsightinto the coupling of the carrierswith
the magneticorder, a first-principles density-functionalstudy
of the electronicpropertiesof two compoundsCasMnBiys,
which ordersferromagneticallyandBa; sMnBi11, which orders
antiferromagneticallyhasbeenperformed* This studyindicates
thatthesephasesrenearlyhalf-metallic,andthatMn is present
in this structureas Mn2*. It also predictsthe presenceof a
polarizedholelocalizedon the MnPry tetrahedrorying parallel
to the Mn moment,andresultingin a net MnPry, momentthat
is considerablyreducedfrom the ionic MnZ* value.

In this paper,we takeadvantagef the elementakpecificity
allowedin X-ray magneticcirculardichroism(XMCD) to probe
the specificnatureof the magneticnomenton the elementsn
the Zintl compound,Yb14MnSh;;. The XMCD effect results
from a differencein the absorptionof right andleft circularly
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polarized X-rays by a magnetically polarized sample. It

originatesin the interchangeof spint orbit interactionin the
initial state and the angular momentumconservationin the
absorption processthat reflects the local spin and orbital

polarizationof thefinal states'® Yb;,MnShy; wasthecompound
of choicebecauseave areableto grow large single crystalsof

this phase.Single crystalsare importantbecauset hasbeen
shownthatthe magnetizatiorparalleland perpendiculato the
c-axisis highly anisotropict2 Our XMCD resultsclearlyindicate
a large dichroism signal within the Mn L,3 edgedue to a
magnetic moment presenton the Mn, a small antialigned
momenton Sbasrevealedn the Sb M5 edge,andno moment
on Yb asobservedn the Yb N4s edge Whencoupledwith the
bulk magnetizatiorvalueof 4 i g/formula unit, theseresults
demonstratehat ferromagneticalignmentof the unpairedMn

spinsis achieved,andthereis a small momenton Sb that is

antialigned with the Mn moment. The XMCD results are
reconciledwith the bulk magneticmeasurements.

Il. Experimental Section

A. SamplePreparation. Single-crystasamplef Yb;MnShy; were
grown by a high-temperaturenoltenmetalflux synthesisasdescribed
elsewheré?*¢ Severaldifferent batchesof crystalshavebeenstudied
by bothmagneticmeasurementandXMCD. Thereareno differences
betweersamplebatchesn themeasuredKMCD spectraandmagnetic
propertiesmeasurements.

B. Magnetic Measurements.Full magneticandtransporimeasure-
mentshave beenpublished’*? The crystalsusedin this experiment
were characterizeddy single-crystalmagneticsusceptibility. Direct
current magnetizationdata were obtainedwith a Quantum Design
MPMS Superconductin@QuantuminterferenceDevice (SQUID) mag-
netometewith a 7 T superconductingnagnet.Data were collected
andanalyzedwith the MagneticPropertyMeasuremerBystem(MPMS)
software provided. The crystal was placed in a gel capsuleand
suspendedhn a straw. The orientationwas determinedby a seriesof
magnetizatiorvs field measuremen@ndalignedaccordingto theeasy
magnetizatioraxis (c-axis). Magnetizatiorvs temperaturelata(Figure
2) wereobtainedanda CurietemperaturéTc) of 53K wasmeasured,
consistentwith previously published results’*? The crystals were
measuredeforeandafter all the XMCD measurement® verify the
integrity of the samples.

C. XMCD Data Collection and Analysis. The XMCD measure-
mentsof Mn L3, Sb Mys, andYb N4s edgeswvereperformedusingthe
elliptically polarizedundulator(EPU)of Beamline4.0 atthe Advanced
Light Sourcewith 90%circularly polarizedlight.*™ 4° The spectravere
measuredisingthe total photoelectroryield methodby detectingthe
samplecurrentasa function of photonenergythroughthe absorption
edgewhile alternatinghelicity at eachpoint. Crystalshavebeentaken
from different batchesandall the resultsare reproducible.The base
chamber pressurewas maintained at better than 1 10 ° Torr
throughouthe experimentsSingle-crystasamplef Ybi,MnSh; were
mountedon a coppersamplestagefit with permanentnagnetsof Ni-
coatedNdFeB alloy rated at a magneticfield of 4000 G. Taking
advantagef the anisotropianagnetizationsamplesvereorientedwith
the magneticallyeasy axis (c-axis) along the Poynting vector. The
samplestagewas cooledto and maintainedat a temperatureof less
than20 K throughoutthe experimentsCleansurfacesvere obtained
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Figure 1. Perspectiveiew downthe c-axisof thecrystalstructureof Yb4-
MnShi1. The MnShy tetrahedra(shown as polyhedra)alternatewith the
Shs linear units shownin black. The isolatedSb atomsare also shownin
black, andthe Yb atomsare shownin gray.
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Figure 2. MagnetichysteresidoopsmeasuredtT) 20and5 K (inset)
of single crystalsof Yb1sMnShy; alignedwith the crystallographicc-axis
parallelto the appliedmagneticfields.

by cleavingthe samplesin situ with a two-blade cleavingtool and
comparingthe resultingleft- andright-polarizedMn L,3 XAS spectra
to the samefor the uncutspectra.

Specialconsideratioris givenin analyzingthe Mn XMCD spectrum
with a comparisorto previouslyreportedcalculationsof the magneti-
cally orderedMin?* andMn3* XMCD spectran sphericakrystalfield
symmetry(¢ ) 0).5° The spectracalculatedwith sphericalsymmetry
were consideredadequatefor comparisondue to the high-spin
tetrahedralsymmetryof the Mn d orbitals in the anionic unit. The
calculateddifference spectrawere digitized and convoluted using
commerciallyavailablesoftwarepackagesn the energyrange637-
655eV with anenergy-depender@aussiarfunction basedon the full
width at half-maximumvalue of the raw experimentalspectra.The
convolution of the calculated spectrawas performedin order to
approximateexperimentalifetime broadeningeffects.

I1l. Discussion

A. Structure. The Yb1sMnShy; structureis shownin Figure
1. The structurehasbeenanalyzedin detail many times, but
for this paperit is importantto notetheisolationof thetetrahedra
(thereis no extendedbonding network) and the distortion of

(50) vander Laan,G.; Thole,B. T. Phys.RéV. B 1991, 43, 1340% 13411.
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thetetrahedraThetetrahedraresurroundedy a cageof Yb2*
cationsandstackin analternatingpatternwith Sblinearanions
alongthe c-axis giving an effectiveMnaain distanceof 1 nm
betweeneachtetrahedronEachMnSh® tetrahedroris com-
pressegerpendiculato the ab plane,distortingthe anionfrom
theidealtetrahedrahngleof 109.5 to the complementanangles
of 117.5and105.6. Thedeformationin theMnSh®> tetrahedral
anion hasalways beenattributedto a Jahn Teller distortion
dueto an assignmenbf the Mn asa d* ion 3

B. Magnetism. The dc magnetizatiordataare presentedn
Figure2 for asinglecrystalof Yb14MnShy; at20and5 K (inset)
alignedalong the easymagnetizatioraxis (c-axis). The tem-
peratureof 20 K waschosento be consistenwith the XMCD
measurement3.heobservedsaturatiormomentof 3.90( 0.02
i gfformula unit is consistenwith the expectedvalueof 4 i g/
Mn assignedo four unpairedelectronson an Mn3* ion. This
interpretations the simplestthatprovidesanoverallaccounting
of chargefor the MnSh® anionandthe additionalstructural
distortion.Yb;4MnSh;; hasbeencharacterize@lectronicallyas
well. In short, the temperaturedependencef the electrical
resistivity is metallic, with a significantloss of spin-disorder
scatteringat theferromagnetidransitiontemperatureandwith
the applicationof magneticfields, the resistivity drops,broaden-
ing the transition associatedwith the loss of spin-disorder
scatteringt?

C. X-ray Magnetic Circular Dichroism. XMCD measure-
mentswerecarriedout in orderto gain a betterunderstanding
of the ferromagneticand magnetoresistivéoehaviorobserved
in this compound.The advantagen usingthis technigueis the
ability to specificallyprobeeachelementof the systemandto
identify the magneticcontribution of eachconstituentto the
total magneticnoment!’4851Measurementef the Mn L3, Sb
Mys, and Yb Nys absorptionedgesfor both +0.9 and - 0.9
helicity aregivenin Figure 3.

Figure3adisplaystheabsorptiorspectreor theMn L,z edge.
A significantdichroismis apparentndis consistentwith the
magneticorderingarisingfrom the Mn componenbf the system.
The 2pz, coreexcitationregionof boththel+ andl- spectra
displayasharppeakstructurewith additionalshoulderstructure
in the I- spectrumjust to the lower energyside of the main
peak and farther along on the high energy side. The 2py/,
componenpresents cleardoubletstructurewith aninterchange
in the relative intensity of the two componentf the doublet
betweerthel+ andthel- spectraln addition,dueto agreater
intensity of the higher energycomponentof the doublet,the
I- spectrum's2py, componentappearsto have broadened
slightly in relationto the I+ spectrum.

The absorptionspectrumfor the Sb My4s regionis shownin
Figure 3b. It showsa greatdeal of structurereflecting the
complexity of the systemdueto the multiple crystallographic
sites of Sb (four total). The spin orbit split componentsor
the3df Sptransition(3ds, and3ds,) arepresentaitaseparation
of approximatelyl0 eV at positionsconsistentwith what is
expectedor Sh(528.2and537.5eV, respectively)In addition,
abroadmultipletis presentwith anonsetat approximately530
eV and a sharppeakat about534 eV thatis dueto the Ols
absorptioredge Thereis alsoanothebroad,low-intensitypeak
centeredat approximatelys43eV thatdoesnot appeato reveal
any type of shoulderor multiplet structure.

(51) Goering,E.; Will, J.; GeisslerJ.; JustenM.; Weigand,F.; SchuetzG. J.
Alloys Compd.2001, 328, 14- 19.
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Figure 3. Rawabsorptionspectrafor (a) Mn L3, (b) SbMas, and(c) Yb
N4s. The solid curve (dashecturve)indicatesthe absorptionintensitywith
the light polarizationpositive (negative),asdenotedby 1+ (I- ).
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Figure 4. Mn L3 XMCD spectrumn termsof % asymmetry) [(I+) -
(=)0 +) + (-)  100.

The Yb Nys absorptionspectrain Figure 3c demonstrateo
dichroism,consisteniwith a nonmagnetiassignmendueto a
closedshell Yb?" configuration.The observationof a single
peak for the Yb 4d doublet is consistentwith previous
observation®f Yb?* with asmallamountof surfaceoxidation>2
This resultis not surprisingdue to the multiple sitesof Yb
tendingto washout the secondpeakof the doublet,and also
due to previousobservationof a rapid formation of surface
oxidation associatedvith the Yb.”5?

The XMCD spectrurmfor Mn, shownin Figure4 in termsof
percentasymmetrydemonstratea sharp Jow-intensitynegative
signal at the L3 edgeonsetfollowed by a prominentpositive
andanothersmall,butmuchbroadernegativecomponentvithin

(52) Formichev,V. A.; Gribovskii, S. A.; Zimkina, T. M. SoV. Phys., Solid
State1974 15, 1880 1881.

Figure 5. SbM4s XMCD spectran termsof % asymmetnyfor four separate
crystalsamples.

the 2ps2 coreexcitationregion.The 2py, regionof the spectrum
displaysa small negativesignal with a sharp doublet peak
structure.The generalpeakstructuresandpeakpositionsarein
agreementvith previouslyreportedXAS and XMCD spectra
of somerelatedMn-basedalloys>153

A seriesof XMCD spectraof the SbMys regionfrom different
samplesareshownin Figure5. Thesespectrademonstrat¢hat
the generalbehaviorof the Sb dichroism, althoughsmall, is
reproduciblérom sampleto sample Smallbut clearlynegative
and positive signalsrespectivelyare presentfor the 3ds, and
3ds/2 absorptiorcomponentsThe 3ds, components quitesharp
in intensityat the expectedenergy,but the 3ds;, XMCD signal
is lessthan half the intensity of the relatedcomponentandis
shiftedto slightly higherenergyfrom the expectedoosition of
this componentThe observeddichroismsignalis antialigned
to the Mn dichroismsignal. This resultis unusualand exactly
oppositeto whatis observedn the caseof Mn and Sb for the
half-Heusleralloy, NiMnSh 52 The XMCD spectraof NiMnSb
showdichroismfor both Mn and Sb. However,the dichroism
signalsfrom both the Mn and Sb dichroism show the same
positive and negativealignment: the Mn 2pz;» and Sb 3ds,
signalsare positive,andthe Mn 2py;, and Sb 3ds/» signalsare
negative.The alignmentof signalshasbeenattributedto an
inducedmomenton Sbthatis antialignedto the Mn moment.
Thisresultis dueto thefactthatthed f p transitionprobability
for Sbshouldbe polarizedoppositeto theMn pf d transition
if the momentswere alignedin the samedirection3® Mn in
NiMnSb s in anoctahedratrystalfield, whereadvin in Yby4
MnShy; is in a tetrahedralffield. Therefore,the experimental
resultsfor Yb;4MnShy; shouldshowan oppositespin-polariza-

(53) Kimura, A.; Suga,S.; Shishidou,T.; Imada,S.; Muro, T.; Park,S. Y.;
Miyahara, T.; Kaneko, T.; Kanomata,T. Phys.ReV. B 1997, 56, 6021
6030.
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Figure 6. Mn Lz3 XMCD spectrashowinga comparison(from top to
bottom)of the experimentalcalculatedd®, calculatedd®, andcalculatedd*
ionsin sphericasymmetry(¢ ) 0). Thecalculatedspectraaretakendirectly
from ref 49 without any further treatment.

tion relationshipif the spinsareantialigned.This is consistent
with our experimentalresults. The XMCD spectrafor Yb;4-
MnShy; indicatethatthereis amomenton Sbthatis antialigned
to the Mn.

Figure 6 showsa comparisonof the experimentaldichroic
differencewith atomiccalculationsof the magneticallyordered
Mn2* andMn3* ions calculatedn octahedrabymmetry(¢ )
0).5° This type of comparisonwas chosenover a direct
calculationof the magnetiaonomentusinga sumrulesapproach
dueto the inability for sumrulesto accuratelyaccountfor the
multielectroniceffectspossiblypresenbnthe Mn, andalsothe
inability for sumrulesto accountfor the crystalfield effects
that influencethis systent*5% The atomic calculationsof van
derLaanandThole providethesenecessaryequirementsvith
the ability to makecomparisondbetweernvariouscrystalfields
and oxidation states,and they are also able to model the
prominentmultiplet structuresin thesespectra.Thereare no
publishedcalculationsof the absorptiorspectrafor the magneti-
cally orderedMn ions in tetrahedralsymmetry,but a direct
correlationto tetrahedralsymmetry can be made using the
simplerelationd(tetr)  d'® "(oct) 36 Thereforethecalculated
spectrafor Mn d® (for Mn2*) andFe d® (for Mn3*) from ref 49
were used, in addition to the Cr d* spectrumfor further
comparison.lt is clear from Figures6 and 7 that the best
agreemenbetweencalculationand experimentis the Mn d°
(Mn?*) spectrumThereis extremelypoor agreemenbetween
the calculatedspectrunfor the Mn3* ion andthe experimental

(54) Carra,P.; Thole,B. T.; Altarelli, M.; Wang,X. Phys.RéV. Lett. 1993 70,
694 697.

(55) Thole,B. T.; Carra,P.; Sette,F.; vander Laan,G. Phys.ReV. Lett. 1992
68, 1943 1946.

(56) Cotton,F. A. ChemicalApplicationsof Group Theory 3rd ed.;JohnWiley
and Sons: New York, 1990.
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Figure 7. Directcomparisorof theexperimentaMn L3 XMCD spectrum
(solid line) andthe convolutedcalculatedd® spectrum.

data.However,the valenceassignmenfor Mn as2+ appears
to beinconsistentvith the bulk magnetizatiomata,andappears
to contradict the valence assignmentand charge balance
previouslygiven?36 121417 25 A recenttheoreticaktudyof the
bonding,momentformation,and magneticinteractionsof the
related Ca,sMnBi;; and Ba;4MnBiy; systemssuggestsa new
modelto accountfor thediscrepancyetweerelectroncounting
and the experimentaldata®* Using an efficient, local orbital-
basedmethodwithin the local spin density approximation,it
wasfoundthatMn is indeedhigh-spind®, but thatthe bonding
bandsare one electronper formula unit short of beingfilled.
Even thoughthis arrangementvould leavethe Mn 3d states
fully occupiedthe 4 i g/formulaunit experimentamagnetic
momentwould be maintaineddueto a hole (unoccupiedtluster
orbital) in the Pn, tetrahedronaligning parallel to the Mn
moment,and the unpairedelectronassociatedvith the hole
aligning antiparallelto the Mn moment.

IV. Summary

The XMCD spectrumfor the Sb M4s regionshowsa small
dichroismeffectthatindicatesantialignmenof a smallmoment
on Sbwith the momenton Mn, supportingthe predictionof a
hole on the Pnvalencep statesof thetetrahedronying parallel
to the momenton Mn. The element-specificoneasurements
furnished by X-ray magnetic circular dichroism and the
explanationof the spectralbehavioroffered by theory are in
excellentagreementvith the bulk magnetizatiordatashowing
4 i g. We are continuingto addressnew questionsthat have
been raised by our recent results and are extending our
experimentsto explore further the wide range of magnetic
behaviordisplayedby the A;/MnPry; family of materials.This
will enableus to significantly improve our understandingpf
thesecomplexmagneticsystems.
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