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Abstract: X-ray magnetic circular dichroism (XMCD) measurements on Yb14MnSb11 provide experimental
evidence of a moment of 5 í B on Mn, with partial cancellation by an opposing moment on the Sb4 cage
surrounding each Mn ion. The compound is isostructural to Ca14AlSb11, with Mn occupying the Al site in
the AlSb4

9- discrete tetrahedral, anionic unit. Bulk magnetization measurements indicate a saturation moment
of 3.90 ( 0.02 í B/formula unit consistent with four unpaired spins and implying a Mn3+ , high-spin d4 state.
XMCD measurements reveal that there is strong dichroism in the Mn L23 edge, the Sb M45 edge shows a
weak dichroism indicating antialignment to the Mn, and the Yb N45 edge shows no dichroism. Comparisons
of the Mn spectra with theoretical models for Mn2+ show excellent agreement. The bulk magnetization can
be understood as Mn with a moment of 5 í B and a 2+ configuration, with cancellation of one spin by an
antialigned moment from the Sb 5p band of the Sb4 cage surrounding the Mn.

I. Introduction

The family of transition metal compoundswith the Ca14-
AlSb11 structuretype1 has shown a wide variety of unique
electronicand magneticproperties.2,3 In particular,the series
A14MnPn11 showpropertiesrangingfrom paramagneticinsula-
tors to ferromagneticmetals,dependingon the identity of A
(alkaline earthor rare earthatom) and Pn (pnictogenatom).
Thisclassof compoundsconsistsof anisolatedmagneticcluster
that can magneticallycouple over large interionic distances
(� 1 nm).Themagneticexchangeinteractionhasbeenattributed
to a Ruderman- Kittel- Kasuya- Yosida (RKKY) interaction
betweenlocalized momentsvia conductionelectrons.3 This
structuretype(A14MPn11) canbepreparedwith most2+ cations,
suchasA ) Ca,Sr,Ba,Eu,andYb, with M ) Mn, Al, Ga,In,
Nb, andZn, andwith Pn) P,As, Sb,andBi.1- 26 Oneformula

unit is composedof 14 A2+ cations,1 MPn4
9- tetrahedron,1

Pn3
7- unit, and4 Pn3- isolatedanions.Thestructurehasbeen

interpretedaccordingto theZintl concept,which invokescharge
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
magnetismmeasurementshave been used to support this
assignment.3

Recently,colossalmagnetoresistance(CMR) hasbeendis-
coveredin someof thecompoundsof thisstructuretype.6,9,10,12,19,27

The proposalthat the CMR effect could be closelyassociated
with, or resulting from, a half-metallic nature28,29 makesthe
CMR compoundspossible half-metallic ferromagnets.The
recent commercialdevelopmentof spin-polarizedelectronic
transportdevicesfor usein magneticinformationstoragehas
initiated great interest in new materials possessingunique
magneticand electronicpropertiesfor direct applicationsin
magnetoelectronicdevices.30 Thereis greatinterestin developing
conductingmaterialsthatpossess100%spin-polarizationat the
Fermilevel,aclassof materialsthatdeGrootetal. first termed
half-metallic ferromagnets(HMFMs).31 A large number of
ternaryintermetalliccompoundsincluding thespinels,suchas
Fe3O4,32 the variousHeuslerphases,suchas Mn2VAl, 33 and
thehalf-Heusleralloys,mostnotablyNiMnSbandPtMnSb,31,34- 36

havebeenindicatedby calculationsto be half-metallic ferro-
magnets.Compoundswith theperovskitestructure,La0.7Ca0.3-
MnO3

28 and La0.7Sr0.3MnO3,37 and the double perovskite
structure,Sr2FeMoO6,38,39 arealsostrongcandidatesfor half-
metallicity. In addition,a few muchsimplerbinarycompounds,
suchasCrO2 andsomecompoundsof theZinc blendestructure,
arealsosuggestedashalf-metals.29,40- 43

To gain more insight into the couplingof the carrierswith
the magneticorder,a first-principlesdensity-functionalstudy
of the electronicpropertiesof two compounds,Ca14MnBi11,
which ordersferromagnetically,andBa14MnBi11, which orders
antiferromagnetically,hasbeenperformed.44 Thisstudyindicates
thatthesephasesarenearlyhalf-metallic,andthatMn is present
in this structureas Mn2+ . It also predictsthe presenceof a
polarizedholelocalizedon theMnPn4 tetrahedronlying parallel
to the Mn moment,andresultingin a net MnPn4 momentthat
is considerablyreducedfrom the ionic Mn2+ value.

In this paper,we takeadvantageof theelementalspecificity
allowedin X-ray magneticcirculardichroism(XMCD) to probe
thespecificnatureof themagneticmomenton theelementsin
the Zintl compound,Yb14MnSb11. The XMCD effect results
from a differencein the absorptionof right andleft circularly

polarized X-rays by a magnetically polarized sample. It
originatesin the interchangeof spin- orbit interactionin the
initial stateand the angularmomentumconservationin the
absorption processthat reflects the local spin and orbital
polarizationof thefinal states.45 Yb14MnSb11 wasthecompound
of choicebecausewe areableto grow largesinglecrystalsof
this phase.Single crystalsare importantbecauseit hasbeen
shownthat themagnetizationparallelandperpendicularto the
c-axisis highly anisotropic.12 OurXMCD resultsclearlyindicate
a large dichroism signal within the Mn L23 edge due to a
magnetic moment presenton the Mn, a small antialigned
momenton Sbasrevealedin theSbM45 edge,andno moment
on Yb asobservedin theYb N45 edge.Whencoupledwith the
bulk magnetizationvalueof � 4 í B/formula unit, theseresults
demonstratethat ferromagneticalignmentof the unpairedMn
spinsis achieved,and thereis a small momenton Sb that is
antialigned with the Mn moment. The XMCD results are
reconciledwith the bulk magneticmeasurements.

II. Experimental Section

A. SamplePreparation. Single-crystalsamplesof Yb14MnSb11 were
grownby a high-temperaturemoltenmetalflux synthesisasdescribed
elsewhere.12,46 Severaldifferent batchesof crystalshavebeenstudied
by bothmagneticmeasurementsandXMCD. Thereareno differences
betweensamplebatchesin themeasuredXMCD spectraandmagnetic
propertiesmeasurements.

B. Magnetic Measurements.Full magneticandtransportmeasure-
mentshavebeenpublished.7,12 The crystalsusedin this experiment
were characterizedby single-crystalmagneticsusceptibility.Direct
current magnetizationdata were obtainedwith a QuantumDesign
MPMS SuperconductingQuantumInterferenceDevice(SQUID) mag-
netometerwith a 7 T superconductingmagnet.Data were collected
andanalyzedwith theMagneticPropertyMeasurementSystem(MPMS)
software provided. The crystal was placed in a gel capsuleand
suspendedin a straw.The orientationwasdeterminedby a seriesof
magnetizationvs field measurementsandalignedaccordingto theeasy
magnetizationaxis(c-axis).Magnetizationvs temperaturedata(Figure
2) wereobtained,andaCurietemperature(TC) of � 53K wasmeasured,
consistentwith previously published results.7,12 The crystals were
measuredbeforeandafter all the XMCD measurementsto verify the
integrity of the samples.

C. XMCD Data Collection and Analysis. The XMCD measure-
mentsof Mn L23, Sb M45, andYb N45 edgeswereperformedusingthe
elliptically polarizedundulator(EPU)of Beamline4.0at theAdvanced
Light Sourcewith 90%circularlypolarizedlight.47- 49 Thespectrawere
measuredusingthe total photoelectronyield methodby detectingthe
samplecurrentasa functionof photonenergythroughtheabsorption
edgewhile alternatinghelicity at eachpoint.Crystalshavebeentaken
from different batches,andall the resultsare reproducible.The base
chamberpressurewas maintainedat better than 1 � 10- 9 Torr
throughouttheexperiments.Single-crystalsamplesof Yb14MnSb11 were
mountedon a coppersamplestagefit with permanentmagnetsof Ni-
coatedNdFeB alloy rated at a magneticfield of 4000 G. Taking
advantageof theanisotropicmagnetization,sampleswereorientedwith
the magneticallyeasyaxis (c-axis) along the Poynting vector. The
samplestagewas cooledto and maintainedat a temperatureof less
than20 K throughoutthe experiments.Cleansurfaceswereobtained
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by cleaving the samplesin situ with a two-bladecleaving tool and
comparingthe resultingleft- andright-polarizedMn L23 XAS spectra
to the samefor the uncutspectra.

Specialconsiderationis givenin analyzingtheMn XMCD spectrum
with a comparisonto previouslyreportedcalculationsof themagneti-
cally orderedMn2+ andMn3+ XMCD spectrain sphericalcrystalfield
symmetry(¢ ) 0).50 The spectracalculatedwith sphericalsymmetry
were consideredadequatefor comparison due to the high-spin
tetrahedralsymmetryof the Mn d orbitals in the anionic unit. The
calculateddifference spectrawere digitized and convoluted using
commerciallyavailablesoftwarepackagesin the energyrange637-
655eV with anenergy-dependentGaussianfunctionbasedon thefull
width at half-maximumvalue of the raw experimentalspectra.The
convolution of the calculatedspectrawas performed in order to
approximateexperimentallifetime broadeningeffects.

III. Discussion

A. Structure. TheYb14MnSb11 structureis shownin Figure
1. The structurehasbeenanalyzedin detail many times,but
for thispaperit is importantto notetheisolationof thetetrahedra
(thereis no extendedbondingnetwork) and the distortion of

thetetrahedra.Thetetrahedraaresurroundedby acageof Yb2+

cationsandstackin analternatingpattern,with Sblinearanions
alongthec-axisgiving aneffectiveMnâââMn distanceof 1 nm
betweeneachtetrahedron.EachMnSb4

9- tetrahedronis com-
pressedperpendicularto theabplane,distortingtheanionfrom
theidealtetrahedralangleof 109.5° to thecomplementaryangles
of 117.5and105.6°. Thedeformationin theMnSb4

9- tetrahedral
anion hasalwaysbeenattributedto a Jahn- Teller distortion
dueto an assignmentof the Mn asa d4 ion.3

B. Magnetism. The dc magnetizationdataarepresentedin
Figure2 for asinglecrystalof Yb14MnSb11 at20and5 K (inset)
alignedalong the easymagnetizationaxis (c-axis). The tem-
peratureof 20 K waschosento beconsistentwith the XMCD
measurements.Theobservedsaturationmomentof 3.90( 0.02
í B/formula unit is consistentwith the expectedvalueof 4 í B/
Mn assignedto four unpairedelectronson an Mn3+ ion. This
interpretationis thesimplestthatprovidesanoverallaccounting
of chargefor the MnSb4

9- anionandthe additionalstructural
distortion.Yb14MnSb11 hasbeencharacterizedelectronicallyas
well. In short, the temperaturedependenceof the electrical
resistivity is metallic, with a significant loss of spin-disorder
scatteringat theferromagnetictransitiontemperature,andwith
theapplicationof magneticfields, theresistivitydrops,broaden-
ing the transition associatedwith the loss of spin-disorder
scattering.12

C. X-ray Magnetic Circular Dichroism. XMCD measure-
mentswerecarriedout in orderto gain a betterunderstanding
of the ferromagneticand magnetoresistivebehaviorobserved
in this compound.Theadvantagein usingthis techniqueis the
ability to specificallyprobeeachelementof thesystem,andto
identify the magneticcontributionof eachconstituentto the
total magneticmoment.47,48,51Measurementsof theMn L23, Sb
M45, and Yb N45 absorptionedgesfor both + 0.9 and - 0.9
helicity aregiven in Figure3.

Figure3adisplaystheabsorptionspectrafor theMn L23 edge.
A significantdichroismis apparentand is consistentwith the
magneticorderingarisingfrom theMn componentof thesystem.
The2p3/2 coreexcitationregionof both the I+ andI- spectra
displayasharppeakstructure,with additionalshoulderstructure
in the I- spectrumjust to the lower energyside of the main
peak and farther along on the high energy side. The 2p1/2

componentpresentsacleardoubletstructurewith aninterchange
in the relative intensityof the two componentsof the doublet
betweentheI+ andtheI- spectra.In addition,dueto agreater
intensity of the higher energycomponentof the doublet,the
I- spectrum's2p1/2 componentappearsto have broadened
slightly in relationto the I+ spectrum.

The absorptionspectrumfor the Sb M45 regionis shownin
Figure 3b. It shows a great deal of structurereflecting the
complexityof the systemdueto the multiple crystallographic
sitesof Sb (four total). The spin- orbit split componentsfor
the3df 5ptransition(3d5/2 and3d3/2) arepresentataseparation
of approximately10 eV at positionsconsistentwith what is
expectedfor Sb(528.2and537.5eV, respectively).In addition,
abroadmultiplet is present,with anonsetatapproximately530
eV and a sharppeakat about534 eV that is due to the O1s
absorptionedge.Thereis alsoanotherbroad,low-intensitypeak
centeredatapproximately543eV thatdoesnotappearto reveal
any type of shoulderor multiplet structure.

(50) van der Laan,G.; Thole,B. T. Phys.ReV. B 1991, 43, 13401- 13411.
(51) Goering,E.; Will, J.; Geissler,J.; Justen,M.; Weigand,F.; Schuetz,G. J.

Alloys Compd.2001, 328, 14- 19.

Figure 1. Perspectiveview downthec-axisof thecrystalstructureof Yb14-
MnSb11. The MnSb4 tetrahedra(shownas polyhedra)alternatewith the
Sb3 linear units shownin black.The isolatedSb atomsarealsoshownin
black,andthe Yb atomsareshownin gray.

Figure 2. Magnetichysteresisloopsmeasuredat T ) 20 and5 K (inset)
of singlecrystalsof Yb14MnSb11 alignedwith the crystallographicc-axis
parallel to the appliedmagneticfields.
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The Yb N45 absorptionspectrain Figure3c demonstrateno
dichroism,consistentwith a nonmagneticassignmentdueto a
closedshell Yb2+ configuration.The observationof a single
peak for the Yb 4d doublet is consistent with previous
observationsof Yb2+ with asmallamountof surfaceoxidation.52

This result is not surprisingdue to the multiple sites of Yb
tendingto washout the secondpeakof the doublet,andalso
due to previousobservationsof a rapid formation of surface
oxidationassociatedwith the Yb.7,52

TheXMCD spectrumfor Mn, shownin Figure4 in termsof
percentasymmetry,demonstratesasharp,low-intensitynegative
signal at the L3 edgeonsetfollowed by a prominentpositive
andanothersmall,butmuchbroader,negativecomponentwithin

the2p3/2 coreexcitationregion.The2p1/2 regionof thespectrum
displays a small negativesignal with a sharp doublet peak
structure.Thegeneralpeakstructuresandpeakpositionsarein
agreementwith previouslyreportedXAS andXMCD spectra
of somerelatedMn-basedalloys.51,53

A seriesof XMCD spectraof theSbM45 regionfrom different
samplesareshownin Figure5. Thesespectrademonstratethat
the generalbehaviorof the Sb dichroism,althoughsmall, is
reproduciblefrom sampleto sample.Smallbutclearlynegative
andpositivesignalsrespectivelyarepresentfor the 3d5/2 and
3d3/2 absorptioncomponents.The3d3/2 componentis quitesharp
in intensityat theexpectedenergy,but the3d5/2 XMCD signal
is lessthanhalf the intensityof the relatedcomponentand is
shiftedto slightly higherenergyfrom theexpectedpositionof
this component.The observeddichroismsignal is antialigned
to the Mn dichroismsignal.This result is unusualandexactly
oppositeto what is observedin the caseof Mn andSb for the
half-Heusleralloy, NiMnSb.53 TheXMCD spectraof NiMnSb
showdichroismfor both Mn andSb.However,the dichroism
signalsfrom both the Mn and Sb dichroism show the same
positive and negativealignment: the Mn 2p3/2 and Sb 3d5/2

signalsarepositive,andthe Mn 2p1/2 andSb 3d3/2 signalsare
negative.The alignmentof signalshasbeenattributedto an
inducedmomenton Sb that is antialignedto the Mn moment.
This resultis dueto thefact thatthed f p transitionprobability
for Sbshouldbepolarizedoppositeto theMn p f d transition
if the momentswere aligned in the samedirection.53 Mn in
NiMnSb is in anoctahedralcrystalfield, whereasMn in Yb14-
MnSb11 is in a tetrahedralfield. Therefore,the experimental
resultsfor Yb14MnSb11 shouldshowanoppositespin-polariza-

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

(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.

Figure 3. Rawabsorptionspectrafor (a) Mn L23, (b) SbM45, and(c) Yb
N45. Thesolid curve(dashedcurve)indicatestheabsorptionintensitywith
the light polarizationpositive(negative),asdenotedby I+ (I- ).

Figure 4. Mn L23 XMCD spectrumin termsof % asymmetry) [(I+ ) -
(I- )]/[(I + ) + (I- )] � 100.

Figure 5. SbM45 XMCD spectrain termsof % asymmetryfor four separate
crystalsamples.
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tion relationshipif thespinsareantialigned.This is consistent
with our experimentalresults.The XMCD spectrafor Yb14-
MnSb11 indicatethatthereis amomentonSbthatis antialigned
to the Mn.

Figure 6 showsa comparisonof the experimentaldichroic
differencewith atomiccalculationsof themagneticallyordered
Mn2+ andMn3+ ions calculatedin octahedralsymmetry(¢ )
0).50 This type of comparisonwas chosen over a direct
calculationof themagneticmomentusingasumrulesapproach
dueto the inability for sumrulesto accuratelyaccountfor the
multielectroniceffectspossiblypresenton theMn, andalsothe
inability for sum rules to accountfor the crystal field effects
that influencethis system.54,55 The atomiccalculationsof van
derLaanandTholeprovidethesenecessaryrequirementswith
theability to makecomparisonsbetweenvariouscrystalfields
and oxidation states,and they are also able to model the
prominentmultiplet structuresin thesespectra.Thereare no
publishedcalculationsof theabsorptionspectrafor themagneti-
cally orderedMn ions in tetrahedralsymmetry,but a direct
correlation to tetrahedralsymmetry can be made using the
simplerelationdn(tetr) � d10- n(oct).56 Therefore,thecalculated
spectrafor Mn d5 (for Mn2+ ) andFed6 (for Mn3+ ) from ref 49
were used, in addition to the Cr d4 spectrumfor further
comparison.It is clear from Figures 6 and 7 that the best
agreementbetweencalculationand experimentis the Mn d5

(Mn2+ ) spectrum.Thereis extremelypooragreementbetween
thecalculatedspectrumfor theMn3+ ion andtheexperimental

data.However,the valenceassignmentfor Mn as2+ appears
to beinconsistentwith thebulk magnetizationdata,andappears
to contradict the valence assignmentand charge balance
previouslygiven.2,3,6- 12,14,17- 25 A recenttheoreticalstudyof the
bonding,momentformation,andmagneticinteractionsof the
relatedCa14MnBi11 and Ba14MnBi11 systemssuggestsa new
modelto accountfor thediscrepancybetweenelectroncounting
and the experimentaldata.44 Using an efficient, local orbital-
basedmethodwithin the local spin densityapproximation,it
wasfoundthatMn is indeedhigh-spind5, but that thebonding
bandsareoneelectronper formula unit short of being filled.
Even thoughthis arrangementwould leavethe Mn 3d states
fully occupied,the � 4 í B/formulaunit experimentalmagnetic
momentwouldbemaintaineddueto ahole(unoccupiedcluster
orbital) in the Pn4 tetrahedronaligning parallel to the Mn
moment,and the unpairedelectronassociatedwith the hole
aligning antiparallelto the Mn moment.

IV. Summary

The XMCD spectrumfor the Sb M45 regionshowsa small
dichroismeffectthatindicatesantialignmentof asmallmoment
on Sb with the momenton Mn, supportingthe predictionof a
holeon thePnvalencep statesof thetetrahedronlying parallel
to the moment on Mn. The element-specificmeasurements
furnished by X-ray magnetic circular dichroism and the
explanationof the spectralbehavioroffered by theory are in
excellentagreementwith thebulk magnetizationdatashowing
4 í B. We are continuing to addressnew questionsthat have
been raised by our recent results and are extending our
experimentsto explore further the wide range of magnetic
behaviordisplayedby theA14MnPn11 family of materials.This
will enableus to significantly improve our understandingof
thesecomplexmagneticsystems.
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Figure 6. Mn L23 XMCD spectrashowing a comparison(from top to
bottom)of theexperimental,calculatedd5, calculatedd6, andcalculatedd4

ionsin sphericalsymmetry(¢ ) 0). Thecalculatedspectraaretakendirectly
from ref 49 without any further treatment.

Figure 7. Directcomparisonof theexperimentalMn L23 XMCD spectrum
(solid line) andthe convolutedcalculatedd5 spectrum.
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