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MagneticSusceptibilityduetotheTightBindingBandStructure

andRKKYInteractionsinRareEarthMagneticSerniconductor
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(Receivedon310ctober, 1986)

1． Introduction

TheGd compounds are the typical materials forwhich themagnetismcanbe

describedonlyby theRKKYinteraction.WehavechosentheGdmonopnictides (GdX:

X=N,P,As,Sb,) andcalculatedtheRKKYinteractionJ(Rn) usingthesimplified

bandstructure [1-4], because theycrystallizein the simpleNaCl type structure and

theirbandstructureshave thecommonpropertiestootherrareearthmonopnictidesand

monochalcogenides[5-7]・Thetheoreticalresultshavebeencomparedwiththeexperiments.

Theagreement between the theoryand the experiments isgood forGdNbutbad for

otherpnictidesforwhichthetheorygavetheferromagneticorderingwhiletheexperiments

showthe antiferromagnet [13, 18]. Inorder todevelope the theoryfurtherso as to

explaintheexperimentsmorecompletely,wemustrefinetheapproximationfortheband

structure. For thispurpose, it isconvienient touse thebandstructureduetothetight

bindingmodel． Wewillcalculatenumerically the susceptibilityX(Q)using its band

structure, becausethecalculationof it iseasierthanthatofJ(Rn)anditgivesthedirect

informationabout thespinordering. Inthisnote,Iconsiderthenumericalcalculation

methodof X(Q), including the treatment of the symmetrical propertyofmatrix

element, and showits nurnerical result for a semiconductingGdNasthefirststep
inthesequenceof thesecalculations.

2． Symmetryof thematrixelement

In the tightbindingmodel [8-10], the5delectrononGd sitesandthepelectron

onpnictogensitesare treatedas thebandelectron.TheBlochfunctionの"k(r)withthe

bandnumber lノ inthismodel canbeconstructedinthe form,

‘"(，)=方開｡xp (ikRn)B"k" ｡"(r-R｡) , （1）

whereのa(r-Rn) istheatomicwave functionswiththecubicsymmetryonthesiteRn,

andithasthedcharacteronGdsitesandthepcharacteronpnictogensites, IVis the

numberofGdatomperunitvolume, andB"k(z istheexpansioncoefficient, inwhichit

forthedandpcharacterscanbechosentoberealandpureimaginary, respectively.

IfRisarotationof thecubicpointgroupOh, then

P(R)Oyk(r)=d"k(R~'r)=市淵｡xp(ikRn)B"k"｡"(R~'r-R｡) , （2）

Introducingthe latticevectorRm=RRn,weget のa(R~'r-Rn)=P(R)のa(r') inwhichr'=

r-Rm.As iswell known, usingtherepresentationmatrixF(R) ofOh,weobtain

P(R)のα(r')､F(R)'"のβ(r') （3）

NotethatF(R) canbe reducedtothe three irreducibie representations forwhich the
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cubicbasisfunctionsare (x, y, z), (xy, yz, zx) and (x2-y2, (3z2-r2)/J3). Thematrix

correspondingtoeach irreduciblerepresentationcanbefoundeasilyby (3) and isalso

tabulated inthe text of thegroup theory [10]. On tlwotherhand, onabasisof the

Blochtheoreln,weget の〃k(R~'r/exp(ik･R~!r)u,,k(R~!r)=exp(iRk.r)u,,k(R~!r)whichis

aBlochfunctionの",Rk(r)withwavevectorRk. Theexpansion formforthe の似, Rk (r)
similar to (1) canbealsowritten. Thus,wecanobtainthe relation

I

B",Rk,'=gF(R)βαBしkα （4）

ThematrixelementM( 1ﾉ′k' : 1ﾉk)appearinginJ(Rn) isgivenby

M(〃′k′ : "k)=ZZiB"'k'βBIﾉ'k'αBしkαBしkβ， （5）
αβ

where cZ andeare the5dt2g and5deg states because the intra-atomic d-f Coulomb

exchange interactionisassumedinJ(Rn). Byusesof (4) and theorthogonarityof the
InatrixI,(R) inwhichonly the irreducible representations for thebasisfunctionswith

t2g andeg symmetriesareused,wecaneasilyget thesymmetryof thematrixelement
M(〃',Rk' : ",Rk)=M(〃′k': 2ﾉk). (6)

！

3. Nurnerical calculationmethodofX(Q)

TheRKKYinteractionJ(Rn) [11] isgivenby

J(Rn)=誰〃開M("'k' :"k)嵜揺莞叩[i (k-k')Rn], (7)
where I is theintra-atomicd-fCoulombexchangeintegral,E,ﾉk the band energy, fl/k
theF℃rmidistributionfunction forT=OK, andM(,ﾉ，k' :"k)isthematrixelementgiven
by (5). ThesusceptibilityX(Q) is defined as theFouriertransformofJ(Rn), and is
givenby

x(Q)=等淵言M("',k+Q+K:"k)N 〃〃' k
‐ ‐ 一′

flﾉk(1-f"fk+Q+K)
(8)

E"',k+Q+K-El/k
IUノ

wherethereciprocallatticevectorKischosensothat thevectork+Q+Kcanbe in the

firstBrillouinzone (referredtoasB. Zbelow). BecauseE"kandM(〃'k' :"k) calculated
inthe tight bindingmodel areused in (8), the k integrationsovertheB. Zmust be
perforrnednumerically.

Aswell known, E"khas thesymmetryofE",Rk=E"k, inwhichRisarotationof
Oh ・M(〃'k' : 1ﾉk) hasalsothesymmetryofM(レイRk':",Rk)=M(〃'k':"K) asmentioned
in 92. Therefore, fromthesesymmetries, thekintegrationsovertheB.Zcanbecarried
outoveronebasicsectionof theB. Zcontaimngonly (1/48) of thevolumeof theB.Z.
However, because the shaPe of the basic section is the intractable pentahedron, we
integrateoverthemoretractable tetrahedron,mwhichkvector is lirfiitedwithinO≦kz
≦ky≦kx≦27r/aandais thenextnearestneighbordistance inthe f.c.c・ lattice. This

tetrahedron canbe constructed fromthe twobasic sectionsmentinedabove, inwhich

onesection is translatedby theappropriate reciprocal latticevectorfrorntheB・Z, and

thereforeitsvolumeisl/24ofB.Z.Thus,weget

1 212

x(Q)=#淵吾M似k+RQ+K:川里鵲緤昔圭 ⑲l
whereRtakesallrotationsinOh andthefactorl/2isnecessary because the volume

of tetrahedron is twiceof thebasicsection. Thenumerical integrationswith respect to
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kwillbecarriedout by theRath-Freemanmethod [12], inwhichtheabovementined

tetrahedron isdivided intoa largenurnberofsmall tetrahedronsandthebandenergy

is approximated by the linear interpolated formula in each small tetrahedron. The

matrixelement isreplacedbyitsvalueat thecenterofgravityof thesmall tetrahedron.

Furthermore,when thevectork+RQ+Kin (9) isoutside theoriginal tetrahedron, the

matrixelement canbecalculatedusingB"k" inits tetrahedronfrom(4).

4. Nurnerical resultsanddiscussions

『IY1ebandstructureusedinthenumerical calculationofX(Q)isshowninfig.1，This

is calculated in the tight bindingmodel [8-9], inwhichthe twocenter integralsare

deter丁ninedsoas to fit theAPWbandcalculationofthesemimetallicLap[7].However,

theirvaluesaremodifiedalittlesothat itsbandstructurecandenotesthesemiconductor

withthealmostzerobandgap.For thedetailsof thebandstructure,seethereferences

[1, 6-7].TheFeITni energyischosentobeEF=0．2645Ryd, and thentheFermi level

standsbetw"nthe thirdand thefourthbands.

I_etusdenotethesusceptibilityduetothescatteringfromthe lノーthbandtothe"'-th

band byXしし'(Q). x似"'(Q) iscalculatednumericallybymeansofthemethodmentioned

BondEnergy(Ryd)

0.8

O.S

O.4

O2

O.O
X W L ｢ 「x K

Fig. 1. The band structure due to the tight bindingmodel is shownforthe

semiconductingmaterial・ Thevaluesof twocenterintegralsmeasuredinunit

ofRydbergareas follows : p｡=0.232, (ppo)=0.015, !(pp7r)=-0.M35, d1=0.3933,

d2=0.6198, (ddo)=-0.0m59, (dd7r)=0.02034, (dd6)=-0.004969,(pdo)=0. 1188, (pd7r)=

-0.04896.
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Xv'(Q)ノC(Ryd~')
●V'=4 ○V'=5 AV,=6

2.5
１
１
Ｉ

D

》

b

2.0

（

4

1．5

1.O

O.5

XZWQL八「 A X K Z ｢

Fig.2.Thesusceptibilities jr,,'(Q)/C obtained summing the contributions frorn the
all valencebanmareshownfor "'=4,5and6, andtheyaremeasuredinunit

ofRydberg' . Black, opencirclesandtriangl=denote the X4(Q)/C, X5(Q)/C
andX6(Q)/C, respectively.

X(Q)/C(Ryd=1) J(Q)/C(RydJ)
5．5 5

1

5.O

ﾑ.5
O.5

■■■■

し

’4.0
X ZWO L八 「 △ X K Z r

Fig.3. Thetotal susceptibilityX(Q)/CmeasuredinunitofRydberg' isshown.Black

circlesdenote thenumerical datasofX(Q)/Ccalculafednumerically.Thesolid

curve is thesusceptibilitycalculaied fromtheFourier interpolated formula

usingJn inthecaseofd=6.
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Trendof convergence of Jn due to the least

ValuesofJo/CandJn/CxlO3(Ryd~')(n≧1)are
paramgtersup toJd are used.

squaremethod.

listed・ dmeansthatthefitting

Tablel.

d Jo J1 J2 J3 J4 J5 J6 J7 J8 J9 JIo Jll

２
３
４
５
６
７
８
９
０
１
１
１

4．948

4.939

4．953

4．947

4．946

4．947
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4.948

12.016

８
８
７
０
０
３
０
４
８
６

刷
卿
囎
岬
岬
岬
卿
岬
岬
闘

一
一
一
一
一
一
一
一
一
一

0．63

1．55
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4．25

4．54

3．98
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3．63
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the energies for the ferromagneticand the antiferromagnetic statesareclose・ As the

recent experiment [18] shows, GdNis the semimetal with the small amount of free

carriers. It is expected that existenceof this freecarrierstrengthens the ferromagnetic

state[1].Thestudyofthiscarriereffectwillbereportedinaseparatepaper.X(Q) for

otherpnictides,whicharealsothesemimetalwithaboutO.1 freecarriersperGd[7,19],

arereportedinaseparatepaper, too.

5． Conclusion

So far,wehaveconsidered thesusceptibilityusingthebandenergyandthematrix

elementduetothetightbindingmodelanditsanalysisforthemagneticsemiconductor

withaallnostzerobandgap.Thefollowingsareclarified :

(1)ThescatteringsfromthevalencebandstothesufficientlXhigherconductionbands
andfromthesufficientlydeepervalencebandstotheconductionband, bothare important.

(2)Asawhole, thepresentcalculationisaccidently inagreementwiththeprevious

rCsultdue tothesimplifiedbandmodel． But, indetail,both are not inagreement

becauseof thecomplicatedmatrixelementeffect.

(3)WhenQvectorsarechosenappropriately, usingabot twentynumericaldatasof
thesusceptibilityX(Q) theRKKYinteractionsand therefore J (Q) canbedetermined
verywellbyrneansof the leastsquaresmethod.
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