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Chapterl．Introduction  

Recently，many kinds of interesting・multi－COmpOnent COmPOunds have   

been investigated experimentally．These are，for example，intercalated   

COmpOunds， perOVSkite－type COmpOunds such as the high－Tc oxide   

SuperCOnductors and various transition metal compounds．A皿Ong・them，   

transition metal chalcogeno－phosphates MPX3（M stands for a3d transition   

metal and X is eまther sulfur or seleniuJn）form alarge family oflayered   

Semiconducting compounds with veryinteresting・prOperties．In particular，  

the magnetic propertyand theintercalation of MPX3ate attraCtive to many   

researchers for both academicandtechnologicalreasons：1）（a）Themagnetic  

StruCture and spin ordering direction chang・e With the transition metal   

element．（b）The intercalation capacity changes with the transition metal   

elem餌t・In part且Cular・ⅣiPS3and FePS3Can be a good candidate for a Lト   

based battery，Since they show a substantially high capacity for the uptake   

Of lithium．  

The band structures of these materials are essentialto understand   

their basic physical properties．In particular，the charge redistribution   

among・eaCh atom seemsimportantin these multトcomponent compounds．Itis   

Well known that the self－COnSistent liner combinations of atomic   

Orbitals（LCAO）method is very useful for studying the charge transfer   

between atoms．Nevertheless，these compounds have complex structures and   

COntain many heavy atoms，SO thatitis difficult to calculate the band   

StruCtureS by the usualLCAO method，thatis，the necessary number of the   

matrix elements is so large that they can not be calculated．within a   

practicalcomputationaltime．  
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工n order to overcome this difficulty，We develop a new method for such  

calculations． 2）The main feature of the methodis theuse ofthenorm－  

conserving pseudopotential，the numericaトbasis－Set LCAO method and the   

Gaussian－fitting of basis functions and crystalpotential・By using the   

above three techniques，the number of the matrix elementsis reduced，and   

most of them come to be calculated analytically．As a result，it becomes   

able to calculate the self－COnSistent band structure of such a complex  

3－5）  CryStalas MPX3Without an enormous computationaltime・  

Theimaginary part of the dielectric function㌔（u）is also calculated・   

anditis clarified that ZnPS3and MnPS3are almostisotropicin thelayer・   

while NiPS3 and FePS3 are anisotropic・Furthermore・the calculated芭2（u）   

spectrum for thelight polarized parallelto thelayer reproduces the main   

features of the observed opticalspectrumin thelow energy region・  

From the calculation of the total energies of some types of magneLic 

StruCtureS Of NiPS3 andMnPS3，itis proved that the triangularly coupled   

magnetic structure（the experimentally observed one）is more stable than the  

linearly cOupled one for MnPS3・and that thelinearly coupledmagnetic   

StruCture（the experimentalone）is more stablein NiPS3・  

By comparing the calculated band structures of MPS3family（M＝Zn，Ni，   

mn，Fe），itis foundthat NiPS3andFePS3are mOre aCtive to thelithium   

intercalation than MnPS3 and ZnPS3，and that NiPS3is the best cathode   

materialin secondarylithium batteriesin the MPS3family・  
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工n the next chapter，the various properties of MPX3are described・The   

calculating procedure is describedin detailin chapter3・The calculated  

results for the IPS, family are given in chapter 4, and their physical 

properties are discussed from these results in chapter 5. The conclusions of 

this study are givenin chapter 6．  
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Chapter2・MagTleticlayered seAiconductors肝Ⅹ3  

§ 2－1．Introduction  

The transition metalchalcogeno－Phosphates MPX3form alarge family of   

layered semiconducting compounds with very interesting properties・In   

particular，the magnetic property and the intercalation of ⅢPX3 are   

attractivetomanyresearchers． 1）  

工n order to investigate the above properties，theknowledge of the  

electronic states of MPX3isindispensable・A semiempiricalenergylevel  

scheme was proposed from experiments・ 6－9）Furthermore，Simple band  

calculations were performed basedIon the extended肌ckelmethod・ 10，11）  

However，the above two simple pictures are not enoughtoinvestigate the   

properties of MPX3・  

工n this chapter，We first describe their magnetic properties・   

intercalation capacities and・aVailabilities for a cathode materialin  

secondary lithium batteries・Amd then，their electronic and optical   

properties are described．  
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§2－2・Ma卯etic properties of肝X3  

The MPS3 COmpOunds crystallize to amonoclinic structure（its space  

group c2／m），andtheirlatticeparametersareshowninTable2－l・ 
12－14）This  

CryStalstructureis related to that of titanium disulfide（TiS2）with   

metal（M）ions and phosphorus－Phosphorus pairs（P2）occupying the titanium   

Sites，aS Shownin Fig．2－1．  

A family of MPX3（except ZnPS3andZnPSe3）isantiferromagnetic・and・  

their NeeltemperaturesarelistedinTable2－2．15）Itisinterestingthat  

their magnetic structures and spin ordering directions change with the  

transitionmetalelement： 16－18）（1）Themagneticionshavingthesamespinare  

triangularly coupled each otherin MnPS3・While they arelinearly coupledin   

FePS，，NiPS，and CoPS，・（2）The spin easy axisis perpendicular to thelayer   

inMnPS3，NiPS3，FePS3andFePSe3，Whileitis parallelin CoPS3andMnPSe3・   

The experimentally observed three－dimensionalmagnetic structures are shown  

inFig・2－2・1）Thetwo－dimensionalmagneticstructureofFePS3isthesameas  

those of ⅣiPS3 and CoPS3・However・in FePS3・the chains of a plane are   

antiferromagnetica11y coupled to the ones in the neighboring planes，   

implying a doubling of the c para皿eter Of the magnetic cell（Fig．2－2（c））・  

Moreover，the magnetic property of MPX3is dramatically changedby the  

15，19）  
intercalation．  

工n this study，in order to investigate the stability of magnetic   

structures，three types of two－dimensionalmagnetic structures are assumed，   

which are shown in Fig．2－3．The structure of typelconsists of magnetic  
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ions coupled antiferromagnetically to each nearest neighborion（Fig・2－3（a））・   

The magnetic structure of MnPS3is of this type・工n FePS3，NiPS3and CoPS3，   

the magnetic ions distribute as for type 2，Which consists of double   

parallel ferromagnetic chains coupled to each other antiferro皿agnetically   

（Fig．2－3（b））．The structure of type3is artificialand alittle different   

from that of type 2．工n type 2 the direction of the ferromagnetic chainsis   

parallel to the a axis；butin type3itis not parallel（Fig．2－3（c））．工n   

Other words，the magneticions having the same spin are triangularly coupled   

each other in the typelmagnetic structure；they arelinearly coupledin   

types 2 and 3．The three types of the two－dimensionalBrillouin zones   

COrreSpOnding to the above magnetic structures are shownin Fig・2－4・  

For the spin polarizations of the P and S ions，the following   

properties are expected from the synnetry of these magnetic structures：（1）   

in typel，Pand Sions have no spin polarization．（2）in type2，Pion and   

Slion surrounded by up－Spin M・down－SPin 椚 and P2，have nO Spin   

POlarization・Other two Sions（S2and S3）are surrounded by the two Mions   

With the same spinand P2，SO theyhave spin polarization・（3）工n type3・P   

and Slions have no spin polarization，but other Sions have・  
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2－3・工ntercalation properties of肝X3  

A family of MPX3has alayered structure（Fig・2－1）and canintercalate   

kaliions or molecules inits van der Waals gap・Since FePS3and NiPS3   

0W a Substantially high capacity for the uptake oflithium，they can be a   

Od candidate for a Lトbased battery：NiPS3reaCtS With more than four   

thiums， reSultingin a cellwith a theoreticalenergy density double that  

TiS2・20）ItisalsointerestingthattheintercalationcapacityofMPX3  

anges with the transition metal element．For example，in the case of   

emicalintercalation・NiPS3is the most active material・While ZnPS3is   

npletelyinert． 21）Their different behavior with respect to the  

tercalation is related to the degree of ionicity of the transition metal 

22）   
∋ment and depends strongly on the number of available d states．  

As for theintercalation capacity，it has been found15）that  

tercalated lithiums are in octahedralsites of the vander Waals gap as  

■  

ions・and the electrons given up to MPS3are donated to conduction bands   

MPS3・ Thus，the process oflithiumintercalationinto MPS3is   

srgetically favorable only in the case where unoccupied bands of MPS, are 

a sufficientlylow energy to readily accommodate additionalelectrons・   

From a simpleenergydiagra皿22）（Fig・2－5）・thesmallerthebandgapEG  

Lueis・thelargerthepotentialdifferenceEINTis・WhereEェNTisdefined   

the difference between the highest occupiedleve10f a Liatom and the  

＝eptinglevelof MPS3・Inotherwords・thes皿allertheEGValueis，the  
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larger the formation energy for thelithiumintercalationis；the higher the   

intercalation capacityis．  

As for the availability of MPS3for a cathode materialof a Lトbased   

battery，a number of authors 20，23）have proposed the following key  

requirements for a usefulcathode materialthat might react withlithium by   

the reversible reaction；ⅩLi＋MPS3三LiMPS3・ Ⅹ   

（1）Large and constant free energy of reaction（affording a highand   

COnStant Cellvoltage）．   

（2）Good electronic conductivity（to minimize resistive heat generation and   

eliminate the need for a conductive additivein the electrode）．   

（3）High diffusibility of Liionsinto MPS3（allowing a high power density）・   

（4）Wide range of x－Values（resultingin a high cellcapacity）．   

（5）Minimal structural change on reaction（resulting in a reversible   

reaction）．   

Furthermore，Tho皿pSOnand Whittingham20）havefoundthatNiPS3reaCtS  

With more than fourlithiums，reSultingin a cellwith a theoreticalenergy   

density double that of TiS2・Amd they have expected that the LトNiPS3・   

battery will be a promising candidate for electric vehicle propulsion，if   

its high energy densityis tru1y electrochemically reversible．  
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§2－4・Electronic andopticalproperties ofMPX3   

§ 2－4－1．ExperiAentalresults  

The variations of resistivity P parallelto thelayers with temperature  

for NiPS3 and FePS3Were皿eaSured・24）ForNiPS3・aSSu皿ingadependenceof  

the form：P＝ P。eXp（E／2kT），the value of the energygap E was found to be   

l・59土0・05eV・Thisimplies thatⅣiPS3behaves asanintrinsic se皿iconductor・   

At room temperature the value of P300is aboutlxlOllhm・Ontheother   

hand，theresistivityofFePS3is of theorderoflO5詑cm・Varyingso皿eWhat   

from sample to sample，but with no temperature dependence．   

Furthermore，Brecetal．21）madedcelectrical－COnductivity皿eaSurementS  

para11elto thelayers，On MnPSe3，NiPS3・FePS3and FePSe3CryStals・and on   

theirlithiumintercalated products・The crystals of NiPS3andMnPSe3had   

extre皿elyhigh resistances（aboutlO9詑cm）whereas those ofFePS3andFePSe3   

had values of t）etWeen lO4 andlO5 s？cm．The electricalbehavior of the   

intercalated products appears as three generalcategories：（a）For MnPSe3，nO   

increase in the conductivityis observed（therefore the number of electrical  

Carriers remains verylow）・（b）For FePS，andFePSe3，a gradualincreasein   

the nu皿ber of carriersis observed・（c）For NiPS3，the number of carriers   

increases rapidly，reSultingin the metallike behavior of LiNiPS3・                                                             Ⅹ  
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Optical absorption TneaSurementS Were performed on single crystals of  

NiPS3・FePS3，FePSe3，MnPS3，MnPSe3・ZnPS3andCdPS3・ 21）Allmembersof  

these compounds are broad band semiconductors，Whose gap values are givenin   

Table2－3．Furthermore，in most of these compounds，there are ratherintense   

d－d transitions which occur close to the fundamentalabsorption edge．  

The band structures of MPX, are essential for investigating their 

properties，but they have not yet been calculated because of their complex  

crystalstructures．Piacentinietal・6・7）measuredsomeopticalproperties  

（the optical absorption below the fund．amental threshold，the normal－   

incidence reflectivity between l．5 and30eV and the X－ray Photoemission   

SpeCtra）of FePS3，NiPS3 and ZnPS3，and proposed a semiempiricalenergy   

level scheme，Which is based on the single－1ayer approximation and onan  

ionic皿Ode18）for thesecompounds：嗅＋（P2S6）4－．工nthismodel，the（P2S。）4－   

cluster and the M之＋ionare treatedseparately・For the（P2S6）4‾cluster，   

the energylevels of the symmetrized combinations of the P3s and3p states   

and the S 3s and 3p states are obtained fron the comparison with the valence 

band X－ray photoemission spectra．For the M2＋ion，its3dorbitals are  

viewed as localized and not bonded with other orbitals，and their energy   

levels are placed mear the Fermilevel，Since they are partly empty（except   

Zn）．The M2＋ 4s and 4p orbitals are notincludedin this energylevel  

SCheme．Although this approach gave a reliable sequence of the valence band  

states，it could not giveanaccurate descriptionofthelocalizedM之＋3d  

states and of the lower conduction band states．工tis also proposed by  
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KhumaloandHughes8）thatthelowerconductionbandsoriginateprimarilyfrom  

theⅢ2＋4sand4pstatesandthePandS3pzstates・Ontheotherhand，in  

order toinvestigate thelowest conduction band，Piacentiniet al． 
9）  

measured the soft X－ray absorption spectra of FePS3and NiPS3・and conclud・ed   

that thelowest conduction bandin FePS3and・NiPS3is formed mostly by the P   

3s antibonding states，Whichisdifferentfromtheprevious皿Odel．8）After  

all, the accurate band structures of MPX, family are indispensable. 
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§2－4－2．SiAple band calculal；ions  

Recently，in order to clarify the nature of the electron accepting   

levelsin mPS。，the electronic band struqtures of MPS3family（Ⅲ＝Fe，Ni，   

Mn，Cd and Co）were calculated employing the tight－binding band scheme，   

based upon the extended H臼Ckelmethod，and their density of states were also  

calculated by emp10ying the specialk－pOintmethod・ 10，11）Thelowlying  

parts of MnPS3，FePS。andNiPS3are Shownin Fig・2－6（after ref・1）・  

The component analysis shows that：（1）Peak Aisidentified as the   

valence band of（P2S6）4‾10nS・（2）Peak BislargelycomposedofM3d  

Orbitals and considered asthetSubband・（3）PeakC・inwhichsulfur3p  
2g  

orbital character is nearly aslarge as the M3d contribution，is assigned  

to the e subband andis thefirstlowlyingpartia11yfilledlevelin  
g  

NiPS3・（4）A smallpeakabove peakBinNiPS31S abondingcontribution of   

the P－P type．（5）The M4s and．4p orbitals are situated at about12eV above  

the M3d t2g Orbitals・（6）The 3s orbitals of sulfur andphosphoruS  

contribute to the peaks that occurin the energy region below peak A・From   

this analysis，it was clarified that the acceptinglevelsin NiPS3are  

COnStituted by the e subband，While thosein FePS3 and MnPS3 are  
g  

COnStitutedbythetSubbandwhichhasastrongM3dcharacter・  
2g  
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§ 2－4－3＿ Proble鳳Sin si覿ple band calcⅦ1ations  

Although the results of the above simple band calculations are   

COmPatible with the experimentalresults，there are some probl．emsin these   

Simple calculations．The spin－dependence of transition meta13d bands must   

be considered，Since it is essentialforinvestig・ating the properties of   

magnetic materials．That is，for magnetic materials，theⅢ3d stateslie   

near the band g・ap and strong・1y affect their properties；Opticalproperties   

in low energy region，magnetic andintercalation proper・ties．Fur－thermore，   

the above calculationis semiempiricaland not self－COnSistent．Thus，itis   

not enough toinvestigate the properties of MPX3・and the spin－dependent and   

ab－initio self－COnSistent band cal．culationisindispensablein order to get   

the accurate band structures of MPX3family・  
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Chapter3．Ⅱethodology of a band calculation  

§ 3－1．工ntroduction  

The method of linear combinations of atomic orbitals（LCAO）has been   

Shown to be very successfulin band structure calculations．The essential   

key to this success is the ability to calculate the crystalpotential   

accurately，thatis，any artificialassumption such as muffin－tin potential   

is not necessary in the LCAO method．However，many atOmic orbitals are   

needed for expressing the extended states，and a huge computationaltimeis   

required for the accurate band structure calculation．  

A new self－COnSistent technique in the LCAO method was proposed by  

zungerandFreemaninthelocaldensityfunctional（LDF）formalism・25）工nthis  

method，Various contrivances，SuCh as the optimization of basis functions，   

are introduced so as to obtain the reliable result even by using a rather   

Smallset of basis functiorlS．  

Recently，many kinds of interesting multircomponent compounds have   

been investigated experimentally． For these compounds，the charge   

redistribution among each component atom seemsimportant to understand their   

physical properties，and the selトconsistent LCAO methodis very usefulfor   

studying the charge redistribution．However，Since these compounds have   

complex structures and contain many heavy atoms，itis stilldifficult to   

calculate the band struCtureS，eVenif the method of Zunger and Freemanis   

employed．  

工n this study，We develop a new procedure of the SelトCOnSistent   

calculation which is adequate for the calculation of the band structure of  
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thecomplexcrystal・2）Referringtotheprocedureforthecalculationofthe  

electronic structureofalarge－Sizedcluster，26）weusethreetechniquesin  

Order to abbreviate a computationaltime．First，We uSe the first－principle，  

norm－COnSerVing pseudopotentialproposedbyBacheletetal．27）toeliminate  

the effect of the core electrons on the valence electrons．Secondly，in the   

LCAO method，COnSidering the charge redistribution among each component   

atom，We eXpand the crystalwavefunctionin terms of numericalionic－1ike   

Orbitals rather than atomic ones．And then，these basis functions are fitted   

by Gaussian－type functions．The crystalpotentialis also expressed by the   

Sum Of Gaussian－fitted atomic－1ike potentials and a smooth periodic   

potential．As a result，mOSt Of the皿atrix elements come to be calculated   

analytically，SO that a computationaltimeis abbreviated very much．  

In the following of this chapter，We first describe the main features   

Of the method，and then we explain the overa11flow of the calculational   

procedure and the method of a totalenergy calculatibIl．  
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§3q2・ⅣorJL－COnSerVingpse11dopotential  

The LDF formalism allows us an a prioritreatment of theinhomogeneous  

interacting electron system, in which the effective potential acting on the 

electron is a function of the electron charge density．By using a   

pseudopotentialin this formalism，We Obtain an effective one－electron   

equation of the following for皿in Rydberg atomic unit  

i－▽之＋α㌔佃－dα） ・2J  

Pval（r’）  

dr－＋㌔。rPval（r）  ㌔（k，r）  
Lr－r’l  

＝E（…（k，r）・（3・1）  

HereV（  
ps 

Rm＋dα・  

r－R－d）means a pseudopotentialof the ato皿Situated at the site   m  α   

Where R and d are the position vectors of the mth unit celland        m     α  

the αth atomic sublattice site respectively，andYxc［Pval（r）］皿eanS an  

exchange－COrrelation potential．Itis noted that the valence charge density  

Pval （r）appears a10nein eq・（3・1）and thatitis related to the  

eigenfunctions V（k・r）by  

）（k，r）dk・  （3・2）  

pval（r）＝忍苦1JBZ頼 

where the summation extends over the valence states and the integral is 

performed over the Brillouin zone（BZ）and E2denotes the crystalvolume．The  
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effective one－electron equation（3．1）is therefore to be soIved self－   

COnSistently，that is，the Hartree and exchang・e－COrrelation potentials on   

the left－hand side of eq．（3．1）are consistently determined from the   

resulting valence charge density．  

For the pseudopotential we use the norm－COnSerVing pseudopotent土al  

presented by Bacheletetal． 27）Therearetworeasonstouseit：（1）工thas  

the norm－COnSerVing property，thatis，the pseudo wavefunction for the atom   

is identicalto the true valence wavefunction beyond some core radius．This   

property is requiredin a self－COnSistent calculation．工n parti，Cular，this   

is essentialin the u）F formalism，because the potentialis determinedl）y   

the charge density evaluated from wavefunctions．（2）工tis expressedin terms   

Of analytic functions in the real space and usefulin an analytic   

Calculation of matrix elements．The totalionic pseudopotentiaLis written   

aS  

Ⅴ芸冨n 

（ご）＝∑困Ⅴ圭On（rいⅤ；0（r）レS］く1ト       1  

（8．3）  

where V；0（r）describesthestrengthofspin～Orbitinteraction・Wedecompose  

V主On（r）into two parts；Oneisanトindependentlong－rangeCoulombpart  

Which originates from the effective core charge，and the otheris anl－   

dependent shorトrange Coulomb part．Therefore，We have  

Ⅴ圭On（r）＝Ⅴ。。re（r）・△Ⅴ去s（r｝  （3．4）   
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Both of Vc。re（r）and△Ⅴs（r）areobtainednumericallybysoIvingtheDirac  

equation directly・ For the sake of facilitating their use，the   

pseudopotentials are approximated at high－preCision with a few analytic   

functions，SuCh as error function and Gaussian－type function：  

Z2  
Vcore erf（  

（r）＝－プ【i已C； ギOre r）】・  
（3．5）  

3  
・   

凸Ⅴ孟s（r）＝iぎ1（4・r2A壬・3）exp（－ヰr2）   
（3．6）  

where Zisavalencecharge・Thespin－OrbitinteractionV≡0（r）ineq・（3・3） V   

is also expressed as eq．（3．6）．The fitting parametersin eqs．（3．5）and（3．6）   

for Zn，Ni，和n，Fe，P and S atoms are givenin Table3－1，With those for  

Ⅴ呈0（r）・  The energy eig・enValues of the pseudo ato皿 agree With those  

Calculated for the full－electron ato皿in the error ofless thanl％．   

As shownin Fig・3－1・thesizeofV；0（r）ismuchsmallerthanthatof  

△Ⅴ三s（r）・SO the spin－Orbitinteractionis neglectedin the present  

Calculation．  

The exchange－COrrelation potentialcanbe written as  

rs d㌔。【P】  
ⅤⅩ。【Pl＝㌔。【Pト  （3．7）   

3   dr  
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Wherersis relatedto thechargedensitythrough  

【P（r‖‾1＝サrs・                    3  
（3．8）  

and ㌔c［P］is the exchange－COrrelation energy per an electron of a  

homogeneous system with an electron density P（r）・   

In magnetic materials，the spin－pOlarization exists，and the spln  

dependencyof the exchange－POrrelation potentialmust be considered：  

㌔。【P】＝£≡。tP，E】・  （3．9）  

p＋（r卜  P（r）  
（3．10）  E（r）＝  

P（r）  

where P＋（r）and P‾（r）are the up－ and down－Spin electron densities・  

respectively，and the spinis denoted by o・   

As for the E≡c［P・E】function・We uSe the resultofCeperleyand  

Alder28）as parameterized by PerdewandZunger，29）sinceitisthesameone  

that used in calculating the pseudopotential by Bachelet et al. The result 

is  

£雲。【p，ら】＝か，らい宕帆引，  （3．11）   
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0．9164 「2 PU（r）  】1／3   E≡【P，ら】＝一  （3．12）  
r几  L p（r）  

か，臣かp）・f代＝ぞ（P卜老（P）】，  
Where   

f（引＝ 
（1＋ら）り3十（1＋E）り3－2，  

2り3－2   

（3．13）  

（3．14）  

and the superscripts U and P mean unpolariz（うd（ら＝0）and polari写ed（E＝l），  

respectively・TheE（P）（i＝UorP）isgivenbyusingrsas  

ゾi／（1・8！√㌔・かs）  （3．ユⅦ5）  for r ≧】＿，  
S   

＾ilnrs＋Bi＋Cirslnrs＋T）j．rs  r（）r rs≦1・  （311G）  

Where the values of parameters arelistedin Table3－2．  

－ 20 －   



§3－3．Nu鳳ericaトbasis－Sel；I，CAO鼠ethod  

In order to soIve the effective one－electron equation（3．1），the crystal  

eigcnfunction Vj（k，r）isexpandedintermsofBlochfunctions◎入α（k・r）ina  
Standard form：  

s U 

瞥j（k，r）＝：   α＝1入≡1㌔，入α（k）¢入α（k・r），  （3．17）  

where◎入α（k・r）isdefinedintermsofthe入thbasisorbitalX芸（r）situated  

at the site R ＋d ：              m  α  

1空 ◎入α（k・r）＝『m夏1融ik・Rm）x笠（r冊α）  

（3．18）  

A centralproblemi＄the choice of optまmum basis orbitals・  

A usual LCAO method，in which atomic orbital＄ are uSed as basis   

orbitals，is not adequate for the accurate band structure calculation・   

because many atomic orbitals are needed for expressing the extended states・  

A numericaトbasis－Set LCAO method proposed by ZungerandFreeman25）has  

overcome this problem．工n this method，the basis functions are optimized to  

be consistent with the corresponding char卵density，and the reliable result  

is shown to be obtairled even by using a rather smallset of the optimized   

basis functions．  
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The numericalbasis functions are determined by the fol10Wing equation   

in the LDF formalism：  

（－∇2・雫s（r）・2  dr▼・㌔。哺（r）】）雫（r）＝ギ雫（r）（3・19）  

Where P蒜（r）isanallottedportionofthevalencechargedensity Pval（r）on   

the αth atom・Theconcreteformof酔r）usedinthepresentprocedureis  

givenlater．【eq．（3．23）1  

0nce the crystal potentialand the basis functions are obtained，the   

usualsecular equation  

S  

享，【H入α，入▼α ・（kトS入。，入・α ▼（k）Ej（k）】cj，入Jk）＝0  （3．20）  

入＝1α＝1   

issoIved・WhereH入α，入†α▼（k）istheHamiltonianmatrixelementdefinedby  

H入α，入一α▼ （k）＝＜◎入α（k・r）［H（r）l◎入Tα・（k，r）＞，  （3．21）  

andS入α，入▼α1 （k）is theoverlapmatrixelement definedby  

S入α，入▼α一 （k）＝＜¢入Jk，r小人Tα・（k・r）＞・  （3．22）   
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The solution of the secular equation（3．20）provides us with the  

elgenValues Ej（k）・the corresponding eigenvectors  Cj，入α （k）and the  

eigenfunctions V（k・r）whichlead to thecrystalvalencecharge densi■ty  

Pval （r）definedbyeq・（3・2），andtheMulliken－s charge density  

p蒜（r）＝ 器要1人草入，篭，†BZぢ，入▼α一（k）S入▼α▼，入α （k）Cj，入Jk咽（r）72dk（3・23）  

Where thesummationjiscarriedoutoverthevalencestates・This P蒜（r）is  

usedin eq．（3．19）．  
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§3－4．Calculations of且atrix elelentS  

工n calculating the matrix elements，eqS．（3．21）and（3．22），We have to  

carry out alarge number of multicenterintegrals since the Bloch function  

缶 

入α 

order to abbreviate a computational time，We fit them and the crystal  

potential by Gaussian－type functions and perform these integrals   

analytically．  

§ 3－4－1．Gaussian」ヲitting of basis functions   

Theatomic－1ikenumericalbasisfunctionsx買（r）isexpressedas  

X買（r）＝R買（r）K買（r）・  （3．24）  

（入＝S・px・py・pz・dxy・～ヱ，dzx・dx2－y2，d3が－r2 ）   

where K芸（r）is a cubic harmonicandR芸（r）isaradialfunctionwhichis  

numerically determined by soIving eqs．（3．19）anq（3．23）selfqconsistently  

（usingaHer皿an－Skillman30）typeprogram）．   

Inthepresentmethod，takingintoaccountoftheformofK買（r），Wefit   

R買（r）as  
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α2 

R買（r）＝rl：cまαexp［－bまr］           n  

（3．25）  

入α  
whereldenotes anangularmomentumquantumnumberandtheparameters，C                                                                              n  

and b入α     n’  are determined by the Statistical Analysis with Least Square  

fitting（SALS）program．31）Thusthebasisfunctionisexpressedas  

αα 
x買（r）＝∑cまG；（bま；r），  

n  

（3．26）  

whereG買 （b三α；r）istheGaussian－tyPefunctionwhoseconcreteformisgivcn  

in Table 3－3．  

As a result of the above technique，the overlap matrix element comes to   

be calculated as follows  

J  
S入α，入▼α† （k）＝£exp（ik・Rm）n 

l2 

G貰（b急ご；r－dJ  

ⅩG買－（bま三α’；PRm－dα，）dr（3・27）         †  

Where the integralis performed analytically as shownin Appendixl．The  

matrixelementofthekineticenergyT 
入α，入†α▼ 

（k）isalsocalculatedas  

J  
T入α，入▼α・ （k）＝∑exp（ik・Rm）E c入αc入’α’      m nl，n2nln2   G貰（艦；r－dJ卜▽2）  

ⅩG買：（b三；α’；PRm－dα，）dr・（3・28）  
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§ 3－4－2．Gaussianイil；ting of crystalpotenl；ial  

In order to calculate the matrix element of the potentialenergy   

analytically，We decompose the crystalpotentialas following；  

Vcry（r）＝Vh（r）＋ⅤⅩC（r）＋△Vps（r）＋△Vcoul（r）  
（3．29）  

where each potential is defined by 

vh（r）＝αヲm［㌔。re（r一肌） ・2AT  dr†】，  （3．30）  

喘（巨Rm－dα）  
ⅤⅩC（r）＝［2（トAα）  

α，m   

dr’＋ⅤⅩC【pval（r）】・（3・31）  r－r▼l －  

△Ⅴ。S（r）…，烹，1ll＞△蘭ど－㌔－㌔）く1－・  （3．32）  

△P（rl  

け－r’l  
＿ COul（r）＝ △Ⅴ  dr▼．  （3．33）  

Here Aαis definedby  

Aα＝Z‡al／哺   （3．34）   
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where Z冨aland Q蒜arethevalencechargeandtheMulliken’schargeofthc  

αth atom reSpeCtively，and△P（r）is defined by  

△P（r）＝㌔al（rトE 酎r－㌔－㌔）・  
α，m  

（3．35）  

The Mulliken▼s charge Q蒜is determinedfromeigenvectorsandanoverlap  

matrix element as   

見 Valu 琶  
前入入▼α  

C言，入▼α▼（k）S入▼α▼，入α（k）Cいょk）dk・（3・36）  
BZ   

We dealwith each potentialas follows．  

For neutral atoms，the electronic Cou10mb potentialcancels the core  

Cou10mb potentialVcore（r）at a moderatedistancefromtheatomicsite・  

However，forions，the electronic Coulomb potentialdoes not cancelthe core   

Coulomb potential perfectly・Thus，there is a problem how to treat t；he   

residuallong－range Coulomb potential of eachionin the band structure  

calculation ofionic crystals．工n the present method，aS Shownin eqs・（3・30）   

and（3．31），the electronic Coulomb potentialof eachionis dividedlnto two  

parts・SOthatonepartinVh（r）cancelsthecoreCoulombpotentialVcore（r）  

at a moderate distance from the atomic site．As a result，eaCh atomic part  

in Vh（r）decreases rapidly withthedistancefromtheatomicsiteandis  

easilyfittedbyGaussianfunctions，andthus thematrixelementofVh（r）is   

Calculated as  
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♂αc点 c入’α’  nl n2  n3  
（Vh（ー）｝入α・入▼α▼ （k）＝exp（ik●Rm） 

m▼nl，2，n，  

芸（bまT ；r－dα）expトbだ2Jr－Rm▼－dBJ2】G芸：（bま；α’；r－Rm－dα▼）dr・（3・37）  

Where theintegralis performed analytica11y as shownin Appendixl．  

The first term on the right－hand side of eq．（3．31）is calculated by  

using the Ewald summation technique，32）sinceitincludesthe10ng－range  

Coulomb potentiaL and the convergence of the lattice summation must be 

achieved・ThesecondtermVxc［pval（r）］isafunctionofP霊（r）andcannot  

bedecomposedinto atomicparts・thus wedivideVxc（r）into twoparts：  

ⅤⅩC（r）＝ 
（r）・  

a,m 

（3．38）  

Om 
Here V（ー）   is a short－range pOtential．We determineit so as to smooth  

△ⅤⅩC（r）in theunit cellas possible as we can・andexpressitin terms of   

Gaussian functions， SO that the matrix element of the first term of  

eq・（3・38）is calculatedanalyticallyinthesamewayas thatofVh（r）・  

On the other hand，Since凸ⅤⅩC（r）is arather smoothfunction of r・it   

Can be expandedin a rapidly convergent Fourier series，Viz，  

△ⅤⅩC（r）＝∑exp（i㌔・r）（△㌔c）v・  

K           V  
（3．39）   
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ehus the matrix efement is calculated as 

｛△Vxc（r）｝入α・入†α▼ （k）＝£exp（ik・Rm） 
nl2 

G芸（bまT；r－dα）exp（iKv・r）G芸：（b三三α’；r－Rm：d。▼）dr（3・40）  

where the analytic result of theintegralis g・iveni，n Appendixl・   

工n calculating the matrix element of △V（r）・WelnuStperformthe  
ps  

followingintegral；  

（3・41）  F竿，入（r；rl－r2）中澤）x貰（巨r2）d（含l）  
whereで㌔ denotes the anglebetweenthevectorrandrl・Oncethebasis   

function x芸（r）is expressedin terms of Gaussian～typefunctions，this  

integral can be performed analytically as shown in Appendix 1. Thus the 

natrix element is written as 

r2巧，入（r；Rm†＋d8－dα）  （△Vps（r））入α，入－α† （k）＝exp（ik■Rm） 
m－，，1   

×ム 
OCI 

s 
（r－㌦・－d8）F芸，入▼（r；Rm▼・d8－Rm－dα・）dr（3・42）  
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Where the one－dimensionalintegral of r remains，butit can be easily   

performed numerically．  

The calculation ofthematrixelement of△Vcoul（r）is similar to that  

Of △ⅤⅩC（r）・Since△P（r）is a smooth function of r・it canbe expandedin a   

rapidly converg■ent Fourier series，Viz，  

△P（r）＝Eexp（鞠・r）（△叛  

K        V  

（3．43）  

And the matrix elementis calculated as  

｛△Vc。ul（r）｝入α，入▼α▼ 
（凸P）Ⅴ （k）＝－8XEexp（ik・Rm）∑♂α♂’α’∑－         m nl・n2nln2 ㌔㌔2  

†† G買（bまT；r－dα）exp（iKv・r）G買7（bま；α；ー－Rm－dα・）dr（3・44）  

Where theintegralis performed analytically asin eq．（3．40）．  

By using the above techniques，We SuCCeedin calculating analytically   

most of the matrix elements andin abbreviating a computationaltime．  
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§ 3－5．0verallflov of calculation  

The flow chart of the present calculation is shown by Fig．3－2・   

Following up it，We eXplain the overall flow of the procedure・Thc   

calculation has two stages，thatis，the optimization of basis functions and   

the self－COnSistentiteration using the optimized basis functions，The first   

Oneis the characteristic of the procedure．  

§3－5－1．Optilizat；ion of basis funcl；ions   

First，theinitialMulliken▼schargedensitiesP孟・α（r）ofeachatomare  

specified．By using them，the superposedcharge density PSup（r）（not the  

crystalde。Sity）areconstructed，andthe superposedpotentialV［pSuP］（not  

the true crystalpotential）is calculated．On the other hand，the numerical  

Valence orbitals X買areobtainedfromadirectsolutionoftheatomiconc－  

electron equation（3．19），and they are adopted as basis functions・   

Next・Ⅴ【p SuP］andxarefittedbyGaussian－typefunctionsasdescrl＜bcd  

in § 3－4，and the overlap and Hamiltonian matrix elements are calculated   

analytically，and then the solution of the secular equation provides us the  

resultingMulliken▼schargedensitiesP芸・α（r）・  

The successive iteration is continued，untileach of the resulting   

Mu11iken▼s charge densities agrees with theinitialone．工n other words，We   

pass into the next stage only after the basis functions are optimi2：ed to be   

COnSistent with the corresponding charge density．  
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§ 3－5－2．Self－COnSistentiteration using opti且ized basis functions  

At the second stage，the selトconsistent band calculationis performed，   

using the opti皿ized basis functions and the resulting crystalcharge density  

p三…ま（r）obtainedinthelaststepofthefirststage・   

First・We adopt P三…；（r）asaninitialcrystalchargedensityP喜ry（r）  

and calculate the true crystalpotentialV［p三ry（ー）］・andthenfititby  

Gaussian－type functions．After calculating the matrix elementsand soIving  

the secular equation，the resulting crystalcharge densityP≡ry（r）is  
Obtained．  

The successiveiterationis also continued，untilthe resulting crystal   

Charge density agrees with the initialone，thatis，the crystalcharge   

density is consistent with the crystalpotential．Fina11y，We Obtain the   

Selトconsistent band structure and charge density．  
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§ 3－6．Calculation of totalenergy  

The total ground state energy in Rydberg atomic unitis given as   

follows：  

Etot＝ T＋E・      10n－10n     10n－ele＋Eele－ele＋E・  ⅩC【Pval 
（r）】dr・（3・45）  

T＝器吾†BZdkV；（k，r・（一叫k・r）dr・  （3．46）  

（r－R－d）Pval（r）dr，    m  α  E． 10n－ele  （3．47）  

Pval（r）Pval （r▼）  

Eele－ele  drdr’，  （3．48）  

ZαZ8   
∑ ∑  

α，m 8，1  
E． 10n－10n  （3．49）  

転＋㌔ヤdβI 

’  

Where Z is the number of the valence electrons of the atomα．The exchange－ α   

COrrelationenergyExc［p（r）］is givenin theLDFfor皿alismby  

Exc［p（r‖＝P（r）㌔c［p（r）］・  （3．50）   
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Where ㌔c［p（r）】is the exchange－COrrelation energy per electron of a   

homogeneous system with a electron density P（r），and its detailed   

descriptionisgiven§3－2．  

By using the band energyE（k）ineq・（3・1）・thetotalenergycanbe  

rewritten as  

Et。t＝器吾JBZ Ej（k）dk＋Ei。n－i。n－Eele－ele  

（Exc［Pval（r）］－Pval（r）Vic［㌔al（r）】）dr・  （3・51）  

In calculatingtheCoulomb ter皿ineq・（3・51）・Whichis Eion－10n－Eele－ele・  

we usethemethodofBacheletetal．，33）inordertoachievetheconvergence  

Of the lattice summation．They haveintroduced an artificialionic charge  

density P工（r）definedas  

P工（r）＝∑ ㌔（Ir－㌔－d。l）・  
α，m  

（3．52）  

Where gα（r）isanatomicchargedensitywithaGaussiandistributionwitha  

decay constant Aα（whose valuesarel・1foraMatomandO・2forPandS  

atoms，in a．u．）：  

gα（r）：－Zα（AJ汀）3／2exp卜Ar2）・                               α  

（3．53）   

Then，the Coulomb ter皿Can be written as  
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㌔］・（3・54）  Eion－10n－Eele－ele＝丹岬｛PI（r卜Pval（r）｝dr・α㌔B甑。㌔  
Where  

vT（r）＝ 

J  

dr－  
【p工（r’）＋Pval（r▼）】  （3．55）  

Ir－r’l  

is the Hartree potential g・enerated by an overallneutraldistribution of   

Charges and where  

ZαZ8  
erfc【 

1／2 

Jα8＝呼盲刑 ）I㌔・dαヤd8l】・  （3．56）  

Cα＝Z三（2Aノ汀）l／2  
（3．57）  

The error function erfc（Ⅹ）is defined as  

exp卜u2）du．  （3．58）  erfc（Ⅹ）＝ 
」■J 市㌻  

As a result，the double lattice sum皿ations in eq・（3・54）are easily  

Calculated・because oftherapiddampingofthevalueofJαB・Furthermore・  

theintegralin eq．（3．55）over the whole crystalconverges raPidly，Since  

the PI（r）andpval（r）arecompletelycanceledeachotheratalarger・   

Finally，thetotalenergyperunitcellE呈…tcanbewrittenas  
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呈…t（≡≡；3宣J EBZEj（k）dk＋†。C｛Ex。【Pval（r）ト㌔al（r）醐al（州dr  

・圭［J。。VT（r）｛P工（叫al（r）｝dr・£｛錘㌔｝］・（3・59）  
where S？ is the volume of the unit celland theintegra10Ver a realspace  

is performed over the unit ce11・  
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Chapter4．Results of calculations  

§4－1．Graphite andIIexagomalI紺  

We willapply the present method for the self－COnSistent calculation to   

the band structures of transition metalchalcogeno－phosphates MPX3・In order   

to investigate the reliability and efficiency of the皿ethod，We first   

calculate tbe band structures of graphite and hexagonal BN which have been 

investigatedindetail・工neachcalculation，WeuSethe2s，2pェ・2pyand2pz  

atomic－1ike orbitals of carbon，boron and nitrogen，aS the basis functions．  

§ 4－1－1．Grapbite  

The initial valence charge configuration of each carbon atomis   

2s（2．0）2p（2．0），and the optimized on・eis2s（1・0）2p（3・0）・The opti皿izedbasis  

functions are determined from this configuration・The atomic radialpartsin  

these basis functions rxR買（r）arefittedbyfiveGaussian－tyPefunctions  

within theerrorofl％，intheregionwherethevalueofrxR買（r）islarger  

thanl／10 0fits maximumvalue．The fittingparameters of2s and2p atomic  

orbitals arelistedin Table4－1．The atomic－1ike potentialis also fitted   

by five Gaussian functions with more accuracy・  

As shownin eqs．（3．27）and（3．37），the calculation of皿atrix ele皿entS  

invoIves alattice summation，andthe convergencemustbe achieved・工tis   

donein the following ways．  
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工n calculating S入α，入▼α▼（k）， 
T入α，入▼α 一（k），（△ⅤⅩd入α，入▼α ik）and  

（△Vcoul）入α，入▼α ・（k）・a Single summationisinvoIvedandperformedoverthe  

range defined by  

！Rm十d。▼－dαl≦D芸・入＋D芸’・入’  （4．1）  

，入  Here the D芸  is the damping radius where the value of a radial function 

rxR芸（r）  is damped l／200fits maximum value．The damping radiiof carbon，  

boron and nitrogen atoms are co11ectedin Table4－2．The calculations have   

also been performed for the damping radius for thel／10damping．The results   

are very similar to those for thel／20damping，eXCept for the splitting of   

the lower Tr band．For thel／10damping・，the magnitude of this splittingis  

Very Small・Moreover・in calculating（Vh）入α，入▼α・（k）・（ⅤⅩC）入α，入一α ▼（k）and  

（△Vps）入α，入▼α▼（k），a double summationisinvoIved・Thesu皿皿ationofR皿is  

performed over the rangedefinedbyeq・（4・1）・andthesum皿ationofRml（this   

corresponds to the center of an atomic potential）is perfor皿ed over the   

range defined by  

LRm▼＋d良一dα1≦D芸・入・D （4．2）  

and   

lRm▼・dβ－Rm岬dα▼t≦D芸’，入’・増  （4．3）  
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a 
Here theDisthedampingradiuswherethevalueofanatomicpotentialis  

p   

dampedl／1000fitsmaximumvalue．  

In calculating the Mulliken’s charge densityP蒜（r）andthecrystal  

Charge density，We muSt perform theintegralover the BZ．工n the present  

method，We uSeaSpeCialk－pOintsalgorithm， 34・35）whichchoosesadiscrete  

number of points in the BZ andanaSSOCiated set of weight functions，and   

then sums over them．We use3pointsin thel／12irreducible section of the   

BZ （or 36 pointsin the fullzone），Since the resultis nearly the same as   

that obtained by usinglpoint．  

After only two cycles of the self－COnSistentiteration，the self－   

consistent band struCture is obtained．，Which is shown in Fig．4－1．In   

calculating the density of states，We divide the energy range（from－30eV   

to 20 eV）into theintervals with the width of O．25eV，and calculate the   

number of states lying in each interval．In doing so，theirreducible   

section of the BZis dividedinto512s皿allcells（or6144ce11sin the full   

zone）．Finally，the histogram for the density of states thus obtainedis   

smoothed by the Gaussian function with the width of O・7eV・The resultis   

Shownin Fig．4－2．  
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§4－1－2．1IexagonalIiⅣ  

Theinitialvalence charge configurations of each atom are specified as  

B：2s（2・0）2p（1・0），N：2s（2・0）2p（3・0），and the optimized configurations are   

found to be moreionic than BO・5＋NO・5－ ・Unfortunately the atomic－1ike   

equation（3．19）have not any bound state for the2p orbitalof N 
O・6‾ 

ion．It  

is often employedtointroduce theWatsonpotentia136）inordertoovercome  

this difficulty，butit causes the unreasonable situation that the2s and2p   

O・6‾ orbitals of N・          10n are mOrelocalized than those of N O・5． 
10n．Thus we   

O・5＋O・5‾  
adopt the B N configuration as the optimizedone anddetermine the  

Optimized basis functions fromit．These functions are fittedin the same   

Way aS graPhite．Their fitting parameters arelistedin Table4－1．The   

Sel董㌧consistentiterationis performed using them．  

As described in § 3－4－2，in the band structure calculation ofionic   

COmpOund BN，the electronic Coulomb potentialof eachionis dividedinto  

two parts・SO that one partinVh（r）cancels thecoreCoulomb potential  

Vcore （r）at amoderate distance fromthe atomic siteandeachatomicpartin   

Vh（r）decreases rapidly with the distance from the atomic site・エn  

Calculating Vxc（r），Whichincludes thelong－range Coulomb potential・the  

Ewald sumnation technique32）isusedinordertoachievetheconvergenceof  

thelattice summation．  

After four cycles of the selトconsistentiteration，the self－COnSistent   

band structureis obtained，Whichis shownin Fig．4－3．The density of states   

is calculated by the same way as that of g・raphite andis shownin Fig．4－4．  
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Several calculations on the band structures of graphite and hexagonal  

BN havebeenperformedbyothermethods． 37・38）onbothgraphiteandBN，all  

Of the results of these calculations and of the present one are similar to   

each other，eXCept that the splitting of thelowerJT band（0．6eV）is   

Smaller than thatin the previous calculations．This discrepancyis mainly   

CauSed from the underestimate of the damping radius，because the splitting   

is very smallfor the smaller damping radius，aS mentionedin§4－1－1．If we   

fit the tai1 0f basis function with more accuracy and choose thelarger   

damping radius，We eXpeCt tO get thelarger splitting for thelower rr band・   

It is then concluded that the present method for the self－COnSistent   

calculation of the band structure gives easily a reliable result within a   

reasonable computationaltime．  
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§4－2・Band struCturCS OfⅡPS3 fa且ily  

There is a van der Waals gap between thelayers of MPS3aS Shownin   

Fig．2－1．Then， the interlayer interactionis expected to be weak，and we   

neglect it and calculate the two－dimensional band struCture Within the   

Single－1ayer approximation as the first attempt to the band calculation．The   

effect of theinterlayerinteraction wi11be studiedin the future．The two－   

di皿enSional unit cells for three types of magnetic struCtureS（see，§2－2）   

are shownin Fig・2－3・The unit cellfor the nonmagnetic ZnPS3is the same as   

that for the typelmagnetic structure．The thickness of thelayeris set to   

be 6．35 A above and below the metalplane，SO that the crystalcharge   

density decreases toless thanl／1000fits maximum value at the edge of the   

layer．The corresponding two－dimensionalBrillouin zones（BZs）are shownin   

Fig．2－4．  

For the basis functionsin the LCAO method．we use the Zn3d，Zn4s，P   

3s，P 3p，S 3s and S 3p atomic－1ike orbitals，in calculating the band  

structure of ZnPS3・The Zn4p orbitalis notincluded・because the neutral   

Zn atom have not a4p bound statein the LDF for皿alism・Theinfluence of the  

Zn 4p orbita10n the electronic property of ZnPS3is not solarge；its   

detailed resultis givenin§4－2－1・For other MPS，COmpOunds（M＝Ni，Ⅲn and   

Fe），the M 4p atomic－1ike orbitalisincludedin the basis functions・in   

Order to get more accurate band structures・  

The calculations of the integral over the BZ and of thelong－range  

Coulomb potentialof eaLChion are performedin the samewayaS describedin  

§ 4－トIand 4－ト2．工n the present calculations，the da皿plngradius of a                                                                                                                                                                                                                ■  
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basis functionis defined by the distance where the valueis dampedl／200f   

its maximum value，and that of an atomic potentialis defined by the   

distance of l／100 damping asin the case of graphite and hexagonalBN．In   

Table 4－3，the damping radiiof zinc，nickel，manganeSe，iron，phosphorus   

and sulfur atoms are co11ected．  
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§4－2－1・ⅣonJLa伊1etic凰aterialZnPS3  

The initial valence charge configurations of each atom in ZnPS, are 

SpeCified as the neutralones：Zn（12・0）P（5・0）Sl（6・0）［S2（6・0）］2，Where Sland   

S2 denote the twoinequivalent S atomsin the unit cell・aS Shownin Fig・2－   

3（a）・ The optimized comfigurations result in Zn（10・8）P（4－3）Sl（6・7）【S2   

（6・6）】2，thatis，the valency of Znionis＋l・2・The opti皿izedbasis   

functions are deter皿ined from these configurations，and they are fitted by   

five or six Gaussian－type functionsin the same way as describedin§4－1ql・   

Their fitting parameterS arelistedin Table4－1．The ato皿ic－1ike potentials   

are also fitted by five Gaussian functions with more accuracy・  

Through the use of the opti皿ized basis functions，after only two cycles   

of the self－COnSistent iteration，the self－COnSistent band structureis   

obtained，Which is shown in Fig．4－5・The overallfeatures of the band   

structure are the following：theindirect band gap between the r and A or A．   

points in the BZis2・O eV；the direct band gap at the r pointis2・leV；  

the higher valence bands are constructed mainly from the S3p states；the  

lower conduction bands originatemainlyfromtheZn4s，P3s・S3pxandS  

states；the Zn3d band splitsinto two groups and．each of themliesin  3py  

7．O eV and8．1eVlower energy region than the top of the valence band and   

their band widths are about O．5eV；the effective masses of the highest  

valence band and of the lowest conduction band are O．25m and O・12m e   

respectively andisotropicin alayer．  
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As shownin Fig・4－5，eaCh band of ZnPS3is rather flat，because of the   

low－Symmetry Of the crystalstructure of ZnPS3・However・the S3p and Zn4s   

bands are fairly broad，Whose band widths are about5eV（S3p bands）and3   

eV（Zn 4s bands）．The Zn4p bands皿ay be more broad．The band structures of   

Other MPS3COmpOunds also have this feature・  

The features of the band structure near the band gap and the self－   

consistent Mu11iken▼s chargeS Of eachion are givenin Tables4M4and4－5，   

respectively．From Table4－5，itis proved that the self－COnSistent valency  

of Znionis＋1・3・andthat ZnPS3is a ratherionic crystaland the Znion   

interacts somewhat with the Sions around the皿．  

工n order to ascertain that the Zn4p state has notlargeinfluence for  

the electronic property of ZnPS,, we add the Zn 4p orbital to the above 

optimized basis funCtions and calculate the non－Self－COnSistent band  

structure．The result is the following：the Zn4p bandsliein the higher  

energy region than the Zn4s bands，thelower conductiont）ands have not the  

Zn 4p character，the band structure near andbelow the band gapis hardly   

Changed．  
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§4－2－2－NiPS3for threel；ypeS Ofla卯etic structures  

In order to investigate the relation between the magnetic structures   

and the electronic properties of NiPS3，band structures are calculated for   

three types of magnetic structures．Their two－dimensionalstructures and the   

COrreSpOnding BZs are shownin Figs．2－3and2－4，reSpeCtively．  

Theinitialvalence charge configurations of each atomin NiPS3are   

SpeCified  as  Ni：3d（up－5，down－3）4s（2）4p（0），  P：3s（2．0）3p（3．0），   

S：3s（2．0）3p（4．0）， that is，the neutral configurations．The optimized   

COnfigurations obtained from the self－COnSistent calculation are as fo1lows：   

【1】 For the type l皿agnetic structure，Ni：3d（up－5，down－3）4s（1）4p（0），   

P：3s（1．5）3p（3．0），S：3s（2．0）3p（4．5）．［2］For types2and3，Ni：3d（up－5，down－  

3）4s（1）4p（0），P：3s（1・5）3p（3・0），Sl：3s（2・0）3p（4・3），S2and S3：3s（2・0）3p（4・6）・   

The optimized basis furlCtions are determined from these configurations．   

These basis functions are fitted by five or six Gaussian－type functions，and  

their fitting parameters arelistedin Table4－1．  

In the case of ZnPS3・through the use of the optimizedbasis functions，   

the self－COnSistent band structure has obtained after only two cycles of the   

Self－COnSistentiteration・However・in the case of NiPS3，the value of an   

atomic charge of Niion oscillates during the selトconsistentiteration，   

because the Ni3d bandslie near the band gap．As a result，it needs seven   

or eight cycles of the self－COnSistent iteration to obtain the self－   

consistent band structure．The results are shownin Fig．4－6，in which three   

types of band structures are given for the typelBZ，in order to make the   

COmparison of allresults easy．  

ー 46 －   



The main features of the band structures near the band gap and the   

Self－COnSistent MullikenYs charges of eachion are co11ectedin Tables4q4   

and 4－5・The results for types 2and3are very similar；the result for   

type lis much different from those for types2and3．In particular，the   

Character of thelower conduction bands and the Mulliken－s charge of Niatom   

are strikingly differemt for typelfrom other types．  

To ascertain which magnetic structureis stable，the totalenergies are   

Calculated for the three types of magnetic structures．The calculated   

energies per unit of（NiPS3）4are－517・7Ry，－553・2Ry and－550・7Ry for   

types l，2 and 3，reSpeCtively・After a11，the experimentally observed   

magnetic structure（type2）proves to be much more stable than typeland a  

little stable than type 3. In other words, for NiPS,, the linearly coupled 

magnetic structures（type 2 and type 3）are much more stable than the   

triangularly coupled one（typel）．  

For the experimentally observed magnetic structure，the overall   

features of the band structureare the following：theindirect band gapis   

O．5 eV；the higher valence bands are constructedmainly from the up－SPin Ni  

3d e states；thelowerconductionbandsoriginatemainlyfromtheP3s・S  
g   

3p and down－Spin Ni3d e states；the Ni3d・band splitsinto four narrow   
g  

groups by both the exchangeinteraction and theligand field of the  

surrounding S and Pions，and al10f themlie near the bandgap；the S3s  

and P 3s statesliein about12．O eV and17・O eVlower energy region than  

the top of the valence band，reSpeCtively；the 皿aincomponent of the  

complicated bands between －5 eVand－10eVare theS3p states，andthey  

also contribute the higher conduction bands；the Ni4s・Ni4pandP3p  

states are contained in the higher conduct;ion bands. 
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工t is noted that thelowest conduction bandis constructed mainly froIn   

the P3s，S 3p and down－Spin Ni3d e states．  
g  
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§4－2－3・hPS3for tYO typeS OflagTletic struCtureS  

As in the case of NiPS,, band structures of MnPS, are calculated for 

two types of magnetic structures toinvestigate the relation between the   

magnetic structures and the electronic properties．Theinitialvalence   

charge configurations of each atom in MnPS, are specified as the neutral 

ones．The optimized configurations are as follows：Ⅲn：3d（up－5，down－0）   

4s（1）4p（0），P：3s（1．5）3p（3．0），S：3s（2．0）3p（4．5）．The fitting parameters of   

basis functions of eachion arelistedin Table4－1．Since the Mn3d bands  

lie near the band gapinMnPS3，it needs seven or eight cycles of the self－   

consistent iteration to obtain the self－COnSistent band structure．The   

results are given in Fig．4－7for the typelBZ・The main features of the   

band structures near the band gap and the self－COnSistent Mu11ikenYs charges   

of eachion are collectedin Tables 4－4 and4－5．  

In order to ascertain which magnetic structureis stable，the total  

energies are calculated for the two types of magnetic structures・The  

calculated energies per unit of（MnPS3）4are－404・3Ry and－392・O Ry for the   

typeland type 2 magnetic structures・reSpeCtively・After all・the  

experimentally observed magnetic structure（typel）proves tobe皿Ore Stable  

than type 2・In other words・for MnPS3・the triangularly coupledmagnetic   

structure（typel）is more stable than thelinearly coupled one（type2）・  

This result contrasts with the result for NiPS3，Where thelinearlycoupled   

magnetic structureis more stable・  

For the experimentally observed 皿agnetic structure・the overall  

features of the band structure are the following：the direct band gapisl・7  
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eV； the higher valence bands are constructed mainly from the up－SPin Mn 3d  

e states；thelowerconductionbandsoriginatemainlyfromtheup－SPinMn  
g   

4s and 4p，P 3s and S3p states；by the exchangeinteraction，the M■n3d   

bands splitinto be10W and above the band gap；the up－Spin and down－SPin Mn   

3d bands construct the hig・her valence and the higher conduction bands，   

respectively；the S 3s and P3s statesliein about15．O eV andlO．O eV   

lower energy region than the top of the valence band，reSpeCtively；the main   

component of the complicated bands between－4eV and－8eV are the S3p   

StateS．  

－ 50 －   



§4－2－4・FePS3  

As describedin § 2－3・FePS3 and NiPS3Show a substantiallyhigh   

CapaCity for the uptake oflithium，and can be good candidates for a Lト   

based battery・工n order to compare theintercalation properties of NiPS3and   

FePS3，the band structure of FePS3is calculated for the experi皿entally   

observed magnetic structure．Theinitialvalence charge configurations of  

each atomin FePS3 are SpeCified as the neutralones・The optimized   

configurations are  as follows  Fe：3d（up－5，down－1）4s（1）4p（0），   

P：3s（l．5）3p（3．0）， S：3s（2．0）3p（4．5）． The fitting parameters of basis   

functions of each ion arelistedin Table4－1．Since the Fe3d bandslie  

near the band gapin FePS3・it needs seven or eight cycles of the self－   

consistent iteration to obtain the self－COnSistent band struCture．The   

resultis givenin Fig．4－8for the typelBZ・  

The overa11features of the band structure are the following：the band  

gapis O eV，thatis，FePS3is a semi皿etalin this calculation；the higher   

valence bands are constructed 皿ainly fro皿the up－Spin Fe4s states and a  

little from the down－Spin Fe 3d t2StateS；the10WerCOnductionbands  
2g 

Originate mainlyfromthedown－SpinFe3dt2gStateS；theFe3dbandsplits  

into four narrow groups by both the exchangeinteraction and theligand  

g  field of thesurroundingSandPions；theup－SPinFe3de andt2gStateS   

lie 2・5 eV and 7・O eVlower energyregionthantheFemilevel（EF）；the  

down－Spin Fe e andt2gStateSlieabove5・OeVthantheEFandjustabove              g  
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the EF，reSpeCtively；the S3s andP3s statesliein about18・O eVand12・O   

eVlower than the EF，reSpeCtively；themain component of the complicated   

bands between－5eV and－11eV are the S3p states・The result that FePS3is   

not a semiconductor but a semimetal comes from the local density   

approximation，and whichis discussedin detailin§ 5－2．  

The main features of the band structure near the band gap（or Fermi   

level）and the sel董㌧consistent Mulliken▼s charges of eachion are collected   

in Tables 4－4 and 4－5． 工t is noted that thelowest conduction bandis  

COnStruCtedfromthedown－SpinFe3dt2gStateS・  
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§4－3・Densityof states of肝S3fa舶1y  

In calculating the density of states（DOS），We divide a energy range  

into the intervals with the width of O．15eV，and calculate the number of   

StateS lying in eachinterval．In doing so，theirreducible section of the   

BZ is dividedinto192smallce11s（or768cellsin the fu11zone）．Finally  

the histogram for theI）OS thus obtained are smoothed by the Gaussian   

function with the width of O．36 eV．  

For the experimentally observed 皿agnetic structure，the】）OSs of   

MPS3family（朝＝Zn，Ni，椚n and Fe）are calculated，and the results are shown   

in Fig■・4－9・The character of each peakin theI）OSis givenin Table4－6．   

In Fig・4－9，thepeaksD：andD；originatemainlyfromtheup－Spinm3d  

t2g  and e states・reSPeCtively；the down－Spin M3dtandestates   
g  2g g   

contribute to the peaks D; and D;, respectively. For ZnPS,, which Is a 

nonmagnetic material，the Zn3d band splits 且nto only tw■O narrOW grOupS by   

theligand field（LF）of the surrounding S and Pions・For otherⅢPS3   

COmpOunds，the M3d band splitsimto four narrow groups by both the exchange   

interactionandtheLF．  

ThesizeofthesesplittingsandtheenergylevelsofD；，D；，DlandD2   

StateS Of MPS3family change with the transition metalelement・On the other   

hand，the P 3s and S3s states appearin thelowest energy regionin all   

MPS3 COmpOunds・Above this energy region，the S3p states arelocated（in   

ZnPS3，the Zn3d states exist too）・  
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§4－4・OpticalpropertiesofMPS3f祖ily  

Theimaginary part of the dielectricfunctioneど（u）（udenotes the  

POlarization of thelig・ht，and u＝X，y，Z）is calculatedin the same way as the  

DOS・Thedetailoftheanalyticcalculationofeぎ（u）isgiveninAppendix2．  

For the experi皿entally observedmagneticstructure，theE…（u），考（u）   

and E≡（u）of MPS，fanily（M＝Zn，Ni，伽andFe）arecalculated，andthe   

results are shown in Fig．4－10．工n order to compare the calculated results  

with theobservedspectra，WeaVerage£芸（u）and苺（u）andobtain4y（w）for  

the light polarized parallelto thelayer，Which are shownin Fig．4－11with  

the experimentalresultsbyPiacentinietal． 6，7）Themainfeaturesinthe  

∈≡y（u）spectrumarelistedinTable4－7withtheexperimentalresults・（For  

ZnFS,, there may exlst more structures which are related to the Zn 4p bandss 

above about 7 eV．）沌oreover，in order toinvestigate the matrix element  

effect（MEE）★ on theE芸y（u）spectru皿，thejointdensityofstates（JDOS）is   

Calculated，Whichis showninFig・4－12・ForFePS3，thevalueofJDOS／uヱis   

Verylarge neaT the O eV，because the band gap of FePS窟is O eVin the   

present calculation．  

★ The eぎ（u）depends on the matrix elementsofamomentumwhichvary  

according to the charaCter Of the transition．Thus，the difference between  

the Eぎ（u）andthejointdensityof statesisattributedtotheMEE・  

－ 54 －   



As shownin Fig．4－11，thefeaturesofpeaksintheE芸y（u）spectraof   

MPS3family are similarin the high energy region（beyond about15eV）・These   

peaks correspond to the transitions from the S3sand P3s states to the   

conduction band states，and theirintensities are stressed by the虻EE．On   

the other hand，in thelow energy region，the features of the peaks chang’e   

with the tranSition metalelement，and they are explainedin detailbelow．  

For ZnPS。，aS Shownin Fig・4－11（a）andTable4－7（a）・the spectrum at   

3．4 eV corresponds to the transitions from the S3p states to the Zr14s   

states，anditsintensityis much suppressed by the MEE．The spectra at4・9   

ev，5．3 eV，6．6eV and7．2eV correspond to the tranSitions from the S3p   

states to the S3p or P3p states，and theirintensities remain strong not  

being suppressed by the MEE・The spectra corresponding to the transitions  

from the Zn3d statesliein the energy region between about9．O eVandl・5・O  

ev，and theirintensities are suppressedby the mEE・Thus，the MEEis found   

to depend strongly on the character of the transition・  

For FePS3，aS ShowninFig・4－11（b）andTable4－7（b）・the calculated   

spectra atl・7eV and2・5eV correspond to the transitions from the up－SPin  

g  Fe 3de and／ortheup－SpinFe4s statestothedown－SpinFe3dt2gStateS・  

The transitions from the highest valence bands to thelowest conduction  

bands（thetransitionsbetweenthedown－SpinFe3dt2gStateS）arestrongly   

suppressed by theⅢEE，SO that no spectra appear near O eV・The peak at5・4  
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eV corresponds to the transitions from the S3p states，Whichlocate between  

the up－SPinFe3dt2gande states・tOthedown－SpinFe3dt2gStateS・The                        g   

SpeCtra COrreSpOnding to the transitions from the up－Spin Fe3d e states to  
g   

the higher conduction bandsliein the energy region between about6 eV and  

lO eV；those from thelowerS3pandtheup－SpinFe3dtStateStOthe  
2g  

10Wer COnduction bands lie in alittle higher energy region．Since these   

transitions contain various band characters，theintensities of these peaks   

are not affected by the財EE so much．  

For NiPS3，aS Shownin Fig・4－11（c）and Table4－7（c），the calculated   

SpeCtra atl．1eV andl．7eV correspond to the transitions from the up－Spin  

Ni3d e states tothedown－SpinNi3destates・andtheirintensityis  
g   g  

much suppressed by the MEE．The spectra at 2．7eV，3．5eV and4・3eV  

COrreSPOndtothetransitionsbetweenthedown－SPinNi3dt2gande states，                                                      g   

theirintensities remain strong not being suppressed by theⅢEE・The spectra   

corresponding to the transitions from the Ni3d states to the higher   

conduction bandsliein the energy region between about3．O eV and13・O eV，   

and those from the S3p statesliein the energy region between about7・O eV   

and18．O eV．  

ForMnPS3，aS ShowninFig・4－11（d）andTable4－7（d），the spectraat2・1  

evand3・3eVcorrespondtothetransitions fromtheup－SpinMn3degstates  

to the up－Spin Mn 4s and4p states，theirintensities re皿ain strongnot  

being suppressed by the MEE・The spectra at4・9eV・5・9eVand6・5eV  

correspondto the transitions from theS3p stateslyingbetweenthe up－Spin  
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Mn3dt 
2g g   

by the up－Spin Mn4s，4p，P3s and S3p states・The strongest spectra at8・4  

ev and 8・9 eV correspond to thetransitionsfromtheup－SpinMn3dt 
2g  

states to the up－Spin Ⅲn 4s and4p states，and theirintensitiesis not   

suppressed by the M二EE・The spectra corresponding to the transitions from the  

lower S 3p states to the conduction bands lie in the energy region between 

about 9．O eV and17．O eV．  
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Chapter5．Discussion  

§5－1．Reliability■and efficiency of the co且putationallethod  

Of band structures  

In order toinvestigate the reliability and efficiency of the present   

computational method，the band structures of graphite and hexagonalBN are   

first calculated．By using the following three techniques：（a）the nor皿－  

conserving pseudopotential，（b）the numericaトbasis－Set LCAO method and  

（c）the Gaussian－fitting of basis functions and crystalpotential，their  

self－COnSistent band structures ar・e eaSily calculated within a reasonable   

COmputationaltime．   

on both graphiteandBN，theresultsandthosebyothermethods 37・38）  

are similar to each other，eXCept that the splitting of thelower7T band  

（0．6 eV）is smaller than thatin the previous results・As mentionedin§4－  

ト2，if we fit the tailof basis functionwith皿Ore aCCuraCy and choose the  

larger dampingradius，We eXpeCt tO get thelarger splittingfor thelower汀  

band．Itis then concluded that the present皿ethod gives a reliable result・  

Therefore，the present methodis sufficientlypracticalfor the calculation  

of the band structures of more complex crystals・  
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§5－2・CoJLParisonYith experiAentalresults for肝S3faLAily  

In this subsection，We discuss our calculated results，COmparing with   

the experimenta1 0neS Which are describedin§ 2－4－1．The experi皿entally   

observed absorption edges21）andmagneticmomentsl）oftranSitionmetalsfor  

the MPS3family are collectedin Table5－1，With the calculated ones・  

The valencies of eachion obtained．fromlthe self－COnSistent calculation   

are collectedin Table4－5for theMPS3family・Which are different from the  

ionic mode18）M；＋（P2S6）4－．This discrepancy comesfromminlythelarge  

covalent m且Ⅹing between the M ion 4s and4p orbitals and the Sion3p   

orbitals，aS also suggested by Piacentiniet al．工tis noted that theⅢion   

3d orbitals are not solocalized as the M之＋3d orbitalsand the Sion3p   

orbitals are rather extended，SO that both orbitalsinteract each other to   

so皿e degree・Furthermore，for the magnetic materials such as NiPS3・PInPS3   

and FePS3・theM3dbandslienear thebandgap andhavemuch effect on the   

optical spectrumin thelow energy region・This means that theionic model  

M…＋（P2S6）4－isinadequateandtheⅢ3dstatesmustbetreatedaccurately・  

As shownin Table5－1，the calculated band gaps for the MPS3family are   

much smaller thanthe experimentalones．These discrepancies are caused by   

the10Cal density（LI）） approximation of the exchange－COrrelation energy  

term．Itis generallyknown that the band gaLp Of semiconductors calculated  

by using the LD approximationis narrower by the amount Of about2／3than  
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the observed one．工n particular，the LI）approximationis not accurate enough   

to describe the localized M 3d states・The result that FePS3is not a   

Semiconductor but a seni皿etalin the present calculation．皿ay be related to   

the LI）approxi皿ation．  

Furthermore，in our pseudopotentialapproach，Ⅲ3s and3p states are   

included into core states，SO that the exchange－COrrelation effects皿ay be  

overestimatedin the10Cal－SpinJensity（LSD）approximation；39）iftheⅢ3s  

and 3p states areincludedinto the valence states，the dependence of the   

exchange－COrrelation potential on the spin－directions bec（）meS Smaller．In   

this context・the totalenergy calculations of La2CuO4have been performed  

recently， 40・41）using bothaCu（3d）pseudopotentialinwhich3dstatesare  

treated as the valence states as wellas4s and4p states and a Cu・（3s，3p，3d）   

pseudopotential・andit has been found that the magnetic state of La2CuO4is  

タ  

affected largely by including the Cu 3sand3p statesinto the valence   

StateS・工n the case ofⅣiPS3，●itis alsolikely that the magnitude of the Ni   

Spin becomes sma11er byincluding the Ni3s and3p statesinto the valence   

StateS．However，in the LSI）approximation，Our PSeudopotentialapproach   

ignoring the effect of the Ni3s and3p states gives the re＄ult comparable   

With the experimentalone for NiPS3，aSin the case of La2CuO4・工t needs a   

full－electron band calculation in the LSI）approximation to make clear   

Whether theinclusion of the core effectin the LSD approxi皿ationis better   

Or nOt・We suppose from our result and the results for La2CuO4thatitis   

needed not only to include the core effect but also toimprove the LSI）   

approximation．  
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工n spite of these discrepancies in band gaps，the tendency of the   

calculated gap size coincides with that of the observed one；the size of  

band gapis gettinglarger with FePS3・NiPS3・MnPS3and ZnPS3・Thus・Our   

Calculationis enough to compare the properties of the FrPS3family・  

For the magnetic moments of transition metalsin the MPS3COmPOunds，aS   

shown in Table5－1，the calculated spin－pOlarizations of transition metals   

are s皿aller than the observed magnetic mo皿entS．These discrepancies are   

caused by ignoring the spin－Orbitinteraction・Although theinfluence of   

thisinteraction on the atomic energylevelsis very small（see，Fig．3－1），it   

is expected to enlarge the magnetic mo皿ent Of a transition netalin a MPS3   

crystal．Thus，from these discrepanCies，the strength of the spin－Orbit  

interaction in a crystalcan be expected thatitis muchlarger for NiPS3   

than for MnPS3 and FePS3・On the otherhand，aS for thebandgaps・the   

tendency of the size of the calculated spin－pOlarization coincides with that  

of the observed one；the size of magnetic momentis gettinglarger with   

ZnPS3，NiPS3，FePS3andMnPS3・  

As shownin Fig・4－10，for ZnPS3andMnPS3having the typelmagnetic   

structure，the 亡…（u）and苺（u）areverysimilar；theyarealmostisotropic  

in the xy plane・On the other hand，for NiPS3andFePS3havingthe type2   

magnetic struCture，theE…（u）and考（u）arequitedifferent・Inparticular・  

the structuresin thelow－energy absorption spectru皿，Vhich corresponds to  
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the transitions between the Nior Fe3d states，are muCh different．This  

anisotropy betweenthee…（u）and考（u）reflectsthatofthetype2magnetic   

StruCture．Thus，itis desired that the experimentalstudy of the anisotropy   

in the xy plane should be carried out forinvestigating the physical   

properties of theⅢPX3having the type2magnetic struCture・  

As shownin Fig．4－11and Table．4q7，the peak positions andintensityin  

the calculatede…y（u）spectraforthelightpolarizedparalleltothelayeLr   

almost reproduce those in the observed one for ZnPS3・FePS3and NiPS3・in   

SPite of the discrepancy of the direct band gap．Ⅲoreover，the calculated   

intensity of the spectrum has the same value as the observed one in the low 

energy reglOn．For the relativeintensity of peaks，theintensity of the   

Observed peaks in thelow energy regionis much stronger than thatin the   

highenergy region（beyond15eV），and thereis no explicit peakin the high   

energy reglOn．On the other hand，theintensity of the calculated peaksin   

the low energy regionis about twice or three times thatin the highenergy   

reglOn，and several explicit peaks appear in the high energy region・   

Although the reason for this disagreementis not clear，We PreSumeitis   

caused by the single－1ayer approxi皿ation．In fact，the spectrumin the high   

energy region corresponds to the transitions from the S3s and P3s states，   

and the S 3s states as well as the S 3p states are effected by the   

interlayer interactionamd become more extended．Thus，theintensity of the   

spectrum in the high energy regionis expected to become weaker by   

introducing theinterlayerinteraction．  
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§5－3・Relation betYeen tranSitionJLetalele鳳entS and孤agTletic properties  

工n order toinvestigate the stability of magnetic structures of MnPS3   

and NiPS3，We Calculate the band structures for some types of magnetic   

StruCtureS（Fig・2－3）．By comparing the totalenergies，itis proved that the   

triangularly coupled magnetic structure（typel）are more stable than the   

linearly coupled one（type 2）for MnPS3・On the other hand，thelinearly   

COupled magnetic structureis more stablein NiPS3・  

The reason for this stability of the typelmagnetic structurein MnPS3   

might be as fo1lows．As shownin Tat）le4－5，the Mulliken’s charges of Sions   

are larger than that of a M・n ionin MnPS3・SO that theinfluence of S   

electrons on the direct electron－electron Coulomb energy（Eele－ele ）is  

larger than that of 甑Ielectrons・工rl抽1PS3，the self－COnSistent charge   

density P（r）for type 2is nore gathered around the Sions than that for  

typel・SO that theEele－ele  for type2islarger thanthatfor typel，and  

the type 2 magnetic structureisless stable than the typelone．On the  

Other hand・inNiPS3，Nielectrons havemoreinfluence ontheEele－ele  than  

S electrons．Thus，the magnetic structure，Which makes the 

morelocalized on the Niatoms，areless stable．  

Thesizes oftheexchangesplitting（△s）andtheligandfieldsplitting  

（△L）of thetransitionmeta13dstatesareestimatedfromtheaverageenergy  
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g  Of up－Spin M 3de states，thatofup－SpinM3dt2gStateS・thatofdown－   

g   Spin M3de statesandthatofdown－SpinM3dt2gStateS・Theirvaluesfor  

the MPS3family are shownin Table5－2・  

In the fo1lowing・the relationbetweenthe sizes of△s and互andthe  

magnetic properties of the MPS3familyis explained・For MrlPS3，the size of   

△sis muchlarger than that of △L，SO that theup－Spinmn3dbands  

completely separate from the down－Spin Mn3d bands，aS Shownin Fig・4－9（d）・  

since the band gaplocates slightlyabovetheup－SpinMn3de bands（D；），                                                     g   
the up－Spin Mn3d bands are filled with electrons，While the down－Spin Mn3d  

bands are e皿pty・Thus・eaChMnionhas alarge spin－pOlarization（4・66uB）  

in MnPS3・ForFePS3・thesizeof△sis alittlelargerthanthat of凸L，and  

the situationis similar to that for MnPS3・However・Since the separation of   

the up－Spin and the downーSpin Fe3d bandsis smaller than that forⅢnPS3・aS   

Shownin Fig・4－9（b）・the spin－POlari叩tion of eachFeion（3・95uB）is  

Smallerthan that ofMnion・ForNiPS3，Sincethe size of△sis smaller than  

that of △L・theup－Spinandthedown－SpinNi3dbandsareoverlappedeach  

other，aS Shownin Fig．4－9（c）．And the band gaplocates between the up－Spin  

Ni3d eg（D；）and the down－SPin Ni3deg（D2）states，SOthatthesp虹  
polarization of eachNiion（1・03uB）ismuchsmallerthanthoseofMnamd  

Feions・Afterall，intheMPS3，Whosesizeof△sislargerthanthatof凸L・  

each transition metalion has alarge spin－pOlarization，aS Shownin Table   

5－2．  

ー 64 －   



The size of △s depends mainly on the spin－pOlarization of the   

transition meta13d electrons；the more polarized the3d electrons are，the  

larger the sizeof△sis・On the otherhand・the sizeof互aredetermined  

Erom the size of the overlap of the M 3d orbitals and the surrounding S ions 

3p orbitals；the more the M二3d and S3p orbitals are overlapped，thelarger  

the size of△LIs・  
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§ 5－4．Relation betYeen tranSition AetaleleJLentS  

andintercalation properties  

The one aim of this studyis toinvestigate the relation between  

transition 皿etal ele皿entS andintercalation capacities of MPS3family・   

Moreover，We Wi11make clear why NiPS3is more available for a cathod・e   

materialin secondarylithium batteries than FePS3・In the fo110Wing，We   

discuss these subjects by using the calculated band structures of the MPS3   

family川＝Zn，Ⅳi，Ⅲn，Feト   

As for theintercalation capacity，it has been found15）that  

interealated lithiums are in octahedral sites of the van der WaaLs gap as 

Li＋ions，andthe electrons givenup tomPS3are donatedto conductionbands   

Of MPS3・Thus・the process oflithiumintercalationinto MPS3is   

energetically favorable onlyin the case where unoccupied bands of抑PS3are   

at a sufficientlylow energy to readily accom皿Odate additionalelectrons・   

From a simpleenergydiagram22）（Fig・2－5），thesmallerthebandgapEG  

Valueis・thelarger thepotentialdifferenceEINTis・WhereEINTisdefined  

as the difference between the highest occupiedlevelof a Liatom and the  

acceptinglevelof MPS3・工notherwords・the smaller theEGValueis，the   

larger the formation energy for thelithiumintercalationis；the higher the   

intercalation capacity is．As shownin Table5－l，the size of calculated   

band gapis gettinglarger with FePS3，NiPS3，MnPS3and ZnPS3，Which   

coincides with the observed trend．Thus，it is concluded that the  
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intercalationcapacityofFePS3is higher than that of NiPS3，andthatMnPS3   

and ZnPS, practice very little lithiun intercalation. 

As for the availability of ⅢPS3 for a cathode material・the key   

requirements for a usefulcathodematerialwereproposed， 20・23）whichare  

describedin § 2－3．  

As for the require皿ent（1），itis concluded from our results that the  

Size of EINTislarger forFePS3thanforNiPS3・SOthat the cellvoltage of   

FePS3is higher than that of NiPS3in the early stage ofintercalations・  

As for the requirement（2），itisimportant tO make clear the nature of   

the electron accepting levels in MPS, reducible by electron donors. The 

Calculated results are as follows：Thelower conduction bands of NiPS3are   

COnStruCted from the P3s，S 3p and down－SPin Ni3d e states，and those of   
g  

FePS3 arefromthedown－SpinFe3dt2gStateS・Thus・theelectronsgivenup  

to NiPS3 from intercalated lithiums occupy the extended conduction band   

StateS，SO that they are distributed extendedlyin space；On the other hand，   

the electrons given up to FePS, occupy the more localfzed states, so that 

they are localized near Feions．After all，the electronic conductivityin   

LiNiPS3is expected to belarger than thatin LiFePS3・ ⅩⅩ  

As for the requirement（3），theintercalatedlithiumions Li＋feelthe  

potentialof both the MPS3host and the given electrons toMPS3from the   

intercalatedlithiums as fo110WS：  
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vLi（r）＝Ⅴ．   1。n（r）・Vele（r｝・Ⅴ喜壬e（r），  

Z  

（5．1）  

〔X  

10n（r）＝2 E V．  
α，m  

（5．2）  
r－R －d   m  α  

Pval（r’）  

Vele（r）＝  dr’，  （5．3）  
lr－r’】  

pL且（r▼）  
Ⅴe（r）＝2  dr’，  （5．4）  

r － r  

Where Z and Pval（r）are thevalence chargeoftheαthatomandthevalence （Ⅹ   

Charge density of MPS3・reSpeCtively・The distribution of the electrons   

Li 
given up to MPS3fromtheintercalatedlithiu皿S，P（r），iscalculatedby  

using a rigid－band model，in which the electrons given up to MPS3are   

believed to occupy the conduction bands of MPS3Without strongly modifying   

theirstructures．   

Li ForLi－FePS3andLi－NiPS3SyStemS・thepotentialsV（r）arecalculated  

in the middlelayer of the vander Waals gap．The activation energy of the   

Li＋ diffusionis estimatedfro皿the differencebetweenthelowest potential  

Value in thelayer and the highest one between thelowest potentialpoints，   

thatis，the height of the potentialwallto be overcome whenLi＋ions  

diffuse．The results for both systems are very similar and their values are   

aboutleV．Therefore，in the rigid－bandmodel，the diffusibility of Li＋  

ionsin NiPS3is almost the same as thatinFePS3・On the other hand・it was   

Observed that NiPS3intercalates more lithiums than FePS3，thenitis  
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inferred thatthediffusibilityofLi＋ionsinNiPS3is higherthanthatin   

FePS3・This discrepancyis mainly caused from the rigid－bandmodel，andit   

needs aband structure of Lト朋PS3SyStem tOinvestigate the diffusibility of   

theLi＋ionsinPIPS3quantitatively・  

Therefore，We COnClude fron our calculated results that NiPS3is more   

available than FePS3in the standpoint of the require皿ent（2），although the   

Ce11voltage of NiPS3is alittlelower than that of FePS3in the early   

Stage Ofintercalations．  
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Chapter 6．Conclusions  

工n this study，We develop a new procedure of the self，COnSistent   

Calculation which is adequate for the calculation of the band structure of  

such a complexcrystalasMPS3・2）The皿ainfeatureoftheprocedureisthe  

use of the norm－COnSerVing pseudopotential，the numerical－basis－Set LCAO   

皿ethod and the Gaussian－fitting of t）aSis functions and crystalpotential．   

The reliability and efficiency of the procedure are confirmed by calculating   

the band structures of graphite and．hexagonalBN．As a result，it becomes   

able to calculate the self－COnSistent band structure of MPS3Without an   

enormous computationaltime．  

For the sake of investigating the relation between transition metal   

elements and physicalproperties of the MPS3 family，We have first   

Calculated the self－COnSistent two－dimensionalband structures of ZnPS3，  

3－5）  
NiPS3，MnPS3and FePS3for some types of magnetic structures・  

By comparing the totalenergies of so皿e typeS Of magnetic structures of   

NiPS3 and MnPS3・it has been proved that the triangularly coupled皿agnetic   

StruCture（the experi皿enta11y observed one）is more stable than thelinearly   

COuPled one for MnPS3，and that thelinearly coupledmagnetic structureis   

皿Ore Stablein NiPS3・  

The main features of the calculated band structures and self－COnSistent   

Mulliken’s charges of eachion for some皿agnetic structures arelistedin   

Tables 4－4 and 4－5・For the magnetic naterials such as押nPS3・FePS3and  
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NiPS,, the transition metal 3d bands lie near the band gap and have much 

effect on their mag・netic properties，intercalation propertiesand optical   

spectra in the low energy region．Thus，the previously proposedionic  

mode18）M…＋（P2S6）4－isinadequateand theⅢ3dstatesmustbetreated  

accurately．  

Theimaginary part of the dielectric function E2（u）has been also   

Calculated，andit has been clarified that ZnPS3andⅢ・nPS3are almost   

isotropicin thelayer・While NiPS3 and FePS3 are anisotropic・This   

anisotropy reflects that of the type2magnetic structure．  

The calculated E2（u）spectru皿for thelight polarizedparallelto the  

layer reproduces themainfeaturesoftheobservedopticalspectru皿 6，7）in  

the10W energy region．However，in the high emergy region，the calculated   

spectrum does not agre6with the observed・One・This disagreementis supposed   

to come from the single－1ayer approximation．  

By comparing the calculated band gaps of theMPS3family，it has been   

clarified that the capacity forlithiumintercalation of FePS3is higher   

than that of NiPS3・andthat批IPS3andZnPS3praCticeverylittlelithium   

intercalation．  

Lastly，thereis a technologicallyimportant problem why NiPS3is more   

available for a cathode materialin secondarylithium batteries than FePS3・   

工n order to answer this problen，itisindispensable to皿ake clear the  

nature of the electron acceptinglevelsin MPS3reducible by electron  
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donors．Then，the calculated results are as fo1lows：Thelower conduction   

bands（the electron acceptinglevels）of NiPS3are COnStruCted fron the P   

3s・S 3p and down－Spin Ni3d e states・and those of FePS3are from the g  

down－Spin Fe 3d t2g StateS・Asaresult，theelectronsgivenuptoNiPS3  
from intercalated lithiums are distributed more extendedly in space than 

those to FePS3，SOthat theelectronicconductivityinLixNiPS3islarger  

than thatin LiFePS3・ Ⅹ  

As for the diffusibility of theintercalatedLi＋ionsinMPS3・the   

potentialwhich the Li＋ions feelin themiddlelayer of thevan der Waals  

gap are considered for Li－FePS3 and Li－NiPS3SyStemS，in the rigid－band   

model．The activation energyof the Li＋diffusionis estimatedas aboutleV  

andthediffusibilityoftheLi＋ionsinNiPS3isnearlythesameas thatin   

FePS3・＝owever，in ordertoinvestigatethediffusibilityof theLi＋ions   

quantitatively，the rigid－band modelis not good and the band calculation of   

the Li－MPS3 SyStemis indispensable・Itis concluded from our calculated   

results that NiPS3is more availa・ble for a cathode皿aterialin secondary   

lithium batteries than FePS3・in the viewpoint of the electronic   

COnductivity．  
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Appendixl・Amalytic calculations oflatrix eleJLentS  

One of the key points of the present methodis the analytic calculation   

Of matrix elements・The expressions for someintegrals have been givenin   

refs・42 and 43・These integrals appear in the matrix elements of the   

OVerlap，the kinetic energy and the term containing cos（K・r）．工n this  

Appendix，We preSent the expressions for the following five types of   

integrals usedin the present calculation：  

（i）0Verlap  

Gi（Cl；r－rl）Gj（C2；r－r2）dr・  
＜i，〕＞＝   （A．1）  

（ii）kinetic energy  

Gi（Cl；r－rl）（一室▽2）Gj（C2；r－r2）dr，  ＜i，T，j＞＝   （A．2）  

（iii）Fourier expansion ter皿in the potentialenergy  

Gi（Cl；r－rl）exp（ik・r）Gj（C2；r－r2）dr，  くi，E，j＞＝   （A．3）  

（iv）Gaussian termin the potentialenergy  

Gi（Cl；r－rl）exp卜C3fr－r3暮2］Gj（C2；Prl）dr・  
＜i，G，j＞＝   （A．4）   

（v）angularintegralfor theトdependent pseudopotential  
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〈  

Ki（㌻）Gj（α；r▼ィ）d（r▼）・  
（A．5）  （i，j）＝  

Where Gi（C；r－ro）is theGaussian－tyPefunctionsituatedat the siteroand  

its decay constant is C，Whose concrete formis givenin TAble3－3．In  

′＼  

eq・（A・5）・Ki（r’）is acubicharmonic・  

Here，Onlyindependent expressions for eachintegralare given；Others   

Can be obtained by appropriate permutations．It is noted that the   

expressions given here 皿uSt be multiplied by the appropriate constants   

resulting from the normalization of the cubic har皿Onics．  
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A－1－1．MatriェeleJLentS Of overlap and kinetic energy  

First，We give the results for theintegral（A．1），Whichis usedin   

Calculating the overlap matrix elements．工n this subsection，the fo1lowing   

abbreviations are used：  

Ⅹ＝Ⅹ1－Ⅹ2，Y＝yl－y2，Z＝Zl一名2・R2＝Ⅹ2＋Y2十Z2・  

p＝CIC2／（Cl＋C2），Ⅴ＝1′（Cl＋C2）・・W＝［汀／（Cl＋C2）］3／2exp（－PR2）・  

The results of analytic calculations are  

くS，S＞＝ W，   

＜S・px＞＝WXVCl・  

＜S，dxy＞＝耶Ⅳ㍉c…・  

＞＝Ⅴ（Ⅹ2－Y2）呵，  
くS，dx2－y2  

＜S・d ＞＝帰Zユー軸2c‡，  
3z2＿r2  

くpx，px＞＝耶（0ふPX2）・  
＜px・py＞＝－WXYPV，  

＜px，dxy＞＝0・5WY（1－2PX2）V2cl・  

＜px・㌔z＞＝－WXYZPV2cl・  

くpx，d ＞＝嘲トP（Ⅹ守）｝Ⅴ之cl，  
x2－y2  
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＜px・d ＞＝WX｛P（Ⅹ之＋Y2－2Z2ト1｝V2cl，  
3z2－r2  

＞＝－WZ（X2－Y2）PV2cl・  

＜pz，dx2－y2  

＜Pz・d ＞＝WZ｛2＋P（Ⅹ之＋Y2～2Z2）．｝V2cl・  
3z2－r2  

＜dxy・dxy 
＞＝0・25帰一2PX之）（1－2PY2）V2・  

＜d・d＞＝－0・5W臣2PY2）ⅩZPV2・  
xyyz  

＜d ＞＝WXY（Ⅹ2－Y2）P隼  
xy，xユーy2  

＜d ＞＝WXY（2＋P（3Z2勅）PV2・  
xy，3z之－r2  

＜㌔z，d ＞＝畔1十P（Ⅹ之－Y2））PV2，  
x2－y2  

＜d・d ＞＝一畔1＋P（Ⅹ2＋Y2－2Z2）｝PV2・  
yz3ヱ2－r2  

d  ・d ＞＝町側Ⅹ2・Y恒2（Ⅹ2－Y2）2）V2・  
Ⅹ2－y之x2－y之  

d  ・d ＞＝W（Ⅹ2－Y2＝2＋P（2Z2－Ⅹ之－Y2）｝PVヱ・  

Ⅹ2－y23z2－r2  

d  ・d ＞＝畔2P（Ⅹ2＋Y2・4Z2）＋P之（Ⅹ2＋Yユー2Z2）うⅤ之・  

3zユーr23z2－r2  

く  

＜  

＜  

Next，the matrix ele皿entS Of kinetic energy are calculated by using the   

analytic expressions of theintegral（A．2），Which are given as  

＜S，T，S＞＝W（3－2PR之），  

－ 77 一   



＜S・T，px＞＝ WXPVCl（5－2PR2）・  

＜S，T，dxy＞＝WXYPV2c‡（7－2PR2）・  

＞＝W（Ⅹ2MY2）PV2c…（7－2PR2），  
＜S，T・d2 2 Ⅹ‾y  

＜S・T・d ＞＝W（2Z2－Ⅹ2－Y2）（7－2PR2）PV2cf，  
3z2＿r2  

くpx ，T，px＞＝W（2ふ7PX之－PR2＋2P2Ⅹ之R2）PV・  

＜㌔，T，py＞＝一隅Y（7－2PR2）P2v・  

＜px，T，dxy＞＝－WY（3・5－9PX2－PR2＋2P2Ⅹ之R2）PV2cl，  

＜px・T・dyz＞＝WXYZ（9－2PR2）P2v之cl・  

＜px，T・d ＞＝－WX｛7－2PR2＋P（Ⅹ2－Y2）（2PR之－9）｝PV之cl・  

x2－y2  

＜px・T・d ＞＝－WX｛2PR2－7＋P（2PR2－9）（3Z2－R2”PV2cl・  

3z2－r之  

くpz・T・d ＞＝WZ（ⅩZ損（9－2pR2）P2v2cl・  
x2－y2  

＜pz・T・d ＞＝－WZ（2（7－2PR2）・P（2PR2－9）（2Z2－Ⅹ類2）｝PV㌔1，  
3z2－r2  

くdx・T・dx＞＝0・5酢＝3ふ9PY之）（ト2PX2）・P（2PY2－1）（2Ⅹ2・R之－2PX㌔之）｝PV2，  
yy  

くdエ・T・dz＞＝WXZ（－4・5＋P（11Yユ＋R2－2PY2R2）｝P旬2・  アy  

＞＝暇Y（Ⅹ2蛸（11－2PR2両2・  くdxy，T，dx之－y2  

＜dxy，T・d ＞＝WXY甘4PR2・P（2Z2－Ⅹ2－Y2）（11－2PR2）直之・  
3z2－r2  
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2 ＞＝WYZ（9・11P（ⅩユーYヱト2PR2－2P2R2（ⅩユーY之））Pヤ2，  ＜d・T・d 
yzx2－y   

くd，T・d ＞＝附Z仲2PR之・P（1ト2PR2）（2Z2－Ⅹ類2）直之，  
yz3z之－r2  

・T，d ＞＝W（ⅦR2・2P（Ⅹ2・Y2）（2PR2－9）十P2（Ⅹ2－Y2）恒ト2PRう脚ミ  
＜dx之－y2 x2－y2  

＞＝W（ⅩユーY2）（18－4PRヱ＋P（1ト2PR之）（2Z2－Ⅹ2－Y2））P専2，  ，T，d 
＜dxユーy2 3z2－r之  

・T・d 珊Ⅴ之（2ト肌2＋2P（2PR2－9）（Ⅹ之＋Y2＋4Z2）  

3㌔－r2 3z2－rま  

＋P2（1ト2PR2）（2Z2－Ⅹ2－Y2）2）．  

＜d  
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A－1－2．ポatrix eleJLentS COntaining eェp（ik・r）  

In calculating the皿atrix elements of potentialenergy，itis needed to   

perform theintegral（A．3）．By using the following abbreviations：  

・Ⅹ＝Ⅹ1－Ⅹ2・Y＝yl－y2・Z＝Zl－Z2・  

B＝（汀A）3／2expトACIC21rl－r，l2］exp［iAk・（Clrl・C2r2）】，  

the analytic expressions of theintegral（A．3）are given as  

くS，E，S＞＝ B，  

＜S，E・px＞＝BA（ClX＋iO・5kx），  

＜S・E・dxy＞＝BA2（（C…ⅩY－0・25kxky）・iO・5Cl（k㌔＋k㌔）），  

＜S・E・d 

x之＿y2 
＞＝BAま【（C：（X2－Y2）qO・25（k押）・iCl（k㌔－kf）］，  

＜S・E・d 

3z之＿r2 
＞＝BA之［｛C：（2Z2‾Ⅹ2－Y2）－0・25（2k据ki）｝＋iCl（2kzZ‾k㌔‾k㌔）］，  

＜Px・E・px＞＝BA2｛（－CIC2Ⅹ2－0・25k2＋0・5／A）＋iO・5kx（Cl－C2）Ⅹ）， Ⅹ  

＜Px・E・Py＞＝BA2（（－CIC2ⅩY－0・25k㌔y）・iO・5（Clk㌔－C2k㌔））・  

＜px・E・dxy＞＝BA3【（－C；c2Ⅹ2Y・0・25CIY（2／ANki）一0・25（Cl－C2）k㌔㌔）  

＋i（0・5Cl（Cl－C，）k㌔Y－0・5CIC2k〆・卜k言付2k／A）／8‡】・  

＜Px，E・dyz＞：BA3【（C2Ⅹ（－C；YZ・0・25kykzト0・25Clkx（kyZ・kzY）l  

・i（0・5kx（C‡YZ－0・25kykz卜0・5CIC2Ⅹ（kyZ＋k㌔））】・  
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＜px・E・d ＞＝BA3トC；c2Ⅹ（Ⅹ2－Y2卜0・5Clkx牲k㌔）＋Ⅹ（Cl／A＋0・25C2（kを吟）  
x2＿y2  

＋i（0・5C‡kx（Ⅹ2～Y2卜CIC2Ⅹ（k㌔－k㌔）・kx（4／A－k；・k；）／8）】・  

＜px・E，d 
3z之＿r2 ＞＝BA3卜C：c2Ⅹ（2Z2－ⅩユーY2卜0・5Clkx（2k㌔－k㌔－k㌔）  

・ⅩトCl／A・0・25C2（2k…一残－k；）l  

＋i（0・5C‡kx（2Z2－Ⅹ2－Y2卜CIC2Ⅹ（2kzZ－kX－k㌔） Ⅹ  

－kx（2k…せk；・4／A）／8）］・  

＜pz・E，d 
xz＿y2 ＞＝BA3［c2Z｛－Cミ（Ⅹ2‾Y2）＋0・25（kH）｝－0・5Clkz（k㌔‾k㌔）  

・i（0・5Cfkz（Ⅹ2－Y2トCIC2Z（k㌔－k㌔卜kz（k…－k；）／81］・  

＜Pz・E・d 

3z2＿r2 ＞＝BA3［（－CミC2Z（2Z2－Ⅹ之－Y2）－0・5Clkz（2k㌔－k㌔－k㌔）・2CIZ／A  

・0・25C2Z（2k…一軒k；）‡  

・i（0・5C；kz（2Z2－Ⅹ2－Y2）－CIC2Z（2kzZ－k㌔－k㌔）＋k／A  

－kz（2k芸せk；）／8）】・  

＜dxy，E・dxy＞＝BA4［c；c…Ⅹ之Y2＋0・25CIC2（（k㌻2／A）Ⅹ2・（kf－2／A）Yう  

－0・25（Cl－C2）2kxk㌔Y－（k…・k；）／（8A）・痺㌢16＋0・25／A2  

・iO・5（Cl－C2）（（－CIC2XY－0・25k㌔y）（k㌔＋k㌔）＋0・5（k㌔＋k㌔）／A）】，  
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＜dxy・E・dyz＞＝BA4［（C…ⅩY－0・25kxky）（C‡YZ－0・25k㌔z）・0・25CIC2（k㌔＋k㌔）（kyZ・k㌔）  

‾（4CIC2ⅩZ＋k㌔z）／（8A）  

・iO・125（－C2（kxY・kyX）（4C‡YZ－kykz）・Cl（4C…ⅩY－k㌔y）（kyZ・k㌔）  

＋2（ClkxZ－C2kzX）／A）】・  

＜dxy，E，d 
x2－y2 ＞＝BA4［（C：c2xY・0・25k捏2C2－Cl））（Ⅹ2－Y2）  

・†4C，（2Cl－C2）ⅩY・k㌔J（咤－k；）／16  

・i［C2（kxY・kyX）（（k…－k；）－4C≡（Ⅹ2－Y2））／8  

－（kxY－kyX）／（2A2）・Cl（C…ⅩY－kxky／4）（k㌔一k㌔）＝，  

＜dxy・E，d 
3z2＿r2 ＞＝BA4［（4C…ⅩY－kN（4Cミ（2Z2－X2－Y2卜（2k㌃k㌻kiH／16  

＋0・5CIC2（k㌔＋kyX）（2kzZ‾k㌔－k㌔）＋2CIC2ⅩY／A＋k㌔／（2A）  

・i［（kxY・～Ⅹ）（－0・5C；c2（2Z2－Ⅹ2－Y之）＋C2（2k芸Mk圭一k；）／8  

－（Cl－C2）／（2A））・Cl（C諺YqkN4）（2kzZ－k㌔－k㌔）］】・  

＜d・E・d ＞＝BA4［c：（X2－Y2）（C謳Z‾k〟4）＋（kH）（k㌔z‾4C？z）／16  
yzx2＿y2  

＋CIC2（kyZ＋kzY）（k㌔‾k㌔）／2＋CIC2YZ／A＋k㌔！（4A）  

・i【C2（kyZ＋k㌔）ト呵（Ⅹ2ゼ）・（k…や）／8  

・Cl（4C…YZ－k㌔z）（k㌔一k㌔）／4－（Clk㌔－C，kyZ）／（2A）‖・  
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＜d・E・d 
yz3z2＿r2 ＞＝BA4［cミ（2Z2損Y2）（C？z－k捏4）＋（2k2－k㌻k3）（kJz－4C5z）／16  

＋CIC2（kyZ＋kzY）（2kzZ－k㌔－k㌔）／2－CIC2YZ／A－k㌔z／（4A）  

＋i［C2（kyZ・kzY）ト呵（2Z之－Ⅹ2ゼ）・2k…せk芸）／8  

＋Cl（4C…YZ－kykz）（2kzZ－k㌔－k㌔）／4  

＋（（2Cl＋C2）kyZ－（Cl＋2C2）k㌔）／（2A）】】，  

＜d ，E・d 
x2＿y2 x2＿y2 ＞＝BA4［cic：（ⅩユーY2）2－（CトC：）（k掴（Ⅹ乙Yう／4＋CP2（k蒼－kざ）之  

－2CIC2（Ⅹ2・Y2）／A・（k…－k；）2／16－（k三・k妄）／（2A）＋1／A2  

・i［－（Cl－C2）（k㌔－k㌔）（CIC2（Ⅹ2－Y2）・（k㌃吟／4）  

＋（Cl－C2）（k㌔－k㌔）／A】】・  

d  ＞：BA4［｛（k拘－4C…（X2－Y2））（2k㌃k㌻kタ／16  
3z2＿r2  

＋C‡（4C…（Ⅹ2－Y之）－（k…－k；））（2Z21Ⅹ乙Yう／4・2CIC2（Ⅹ乙Yう／A  

・CIC，（k㌔－k㌔）（2kzZ－kX－k㌔）＋（咤－k；）／（2A） Ⅹ  

＋i［（kxX－kyY）（C2（2k…せk；）／4－Cfc2（2Z2－Ⅹ2－Y2）  

－（Cl－C2）／A）  

・Cl（C…（Ⅹ2－Y2）－（k…一k；）／4）（2kzZ－kX－k㌔）】】，                                             Ⅹ  

くd   ，E，  
2  2  Ⅹ －y  
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＜d ，E，d ＞＝BA4［cミC…（2Z之－Ⅹ2－Y2）し2CIC2（4Z㌔Ⅹ㌔Yう／A・3′A2  

3z＿r 3z2T2  

－（C；・C…）（2Z2－Ⅹ2－Y2）（2k芸－k㌻k；）／4  

＋CIC2（2kzZpkX－k㌔）2・（2k…－k呈－k；）2／16 Ⅹ  

－（4k…・k芸や／（2A）  

＋i（C2－Cl）【（2kzZ－kX－k㌔）（CIC2（2Z2－Ⅹ2－Y2） Ⅹ  

・（2k芸－k…－k；）／4）－（4kzZ・kxX・kyY）／A】］■  
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A－ト3．Xatrix eleAentS COntainingexp卜αr之）  

In calculating the matrix elements of potentialenergy，itis also   

needed to perform theintegral（A．4），Whose analytic expressions are given   

in this subsection．The following abbreviations are used：  

C＝Cl＋C2＋C3・  

C。I（C｛q）r；－Clrl－C2r212  CIC2巨rr2ド  

入＝よ【苦】3／2expト   
］exp卜   

C（Cl＋C2）  Cl＋C2  

Ⅹa 
＝－（C2＋C3）Ⅹ1＋C2Ⅹ2＋C3X3，Ⅹが沃‾（q＋q）ち＋C3Ⅹ3・  

Ya＝－（C2＋C3）yl＋Cダ2＋Cダ3・YtFqろ－（q＋q）ち＋C3y3・  

Za 
＝－（C2＋C3）zl＋C2Z2＋C3Z3・Ztデqち－（q＋q）z2＋C3Z3・  

The results of analytic calculations are  

くS，G，S＞＝ 入，  

くS，G・px＞＝入㌔／C，  

くS・G・dxy＞＝入㌔Yb／C2，  

＞＝入（Ⅹ捕／C2・  

くS・G・dx2－y2  

＜S，G，d ＞＝入（2Z摘一Y距之・  
3㌔＿r2  

＜px，G，px＞＝入（ⅩaXb＋0・5C）／C2・  
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＜px・G・py＞＝入XaYb／C之・  

＜px，G・dxy ＞＝入Yb（ⅩaXb＋0・5C）／C3，  

くpx，G，dyz＞＝入Ⅹa㌔Zb／C3・  

＞＝入【Ⅹa（Ⅹ；－Y；）・CXb］／C3，  
＜px・G・dx2－y2  

＜Px，G，d ＞＝入【Ⅹa（2Zも瑞－Y芸卜CXb］／C3・  

3z之＿r2  

くpz，G，d ＞＝入Za（Ⅹ摘）／C3，  
x2－y2  

＜pz・G・d ＞＝入【Za（2Z摘－Y孟）＋2CZb］／C3・  

3z之＿r2  

＜dxy，G・dxy＞＝入（ⅩaXb＋0・5C）（YaYb＋0・5C）／C4・  

くdxy・G，dyz＞＝通aZb（YaYb＋0・5C）／C4・  

＜d・G・d ＞＝入【Ⅹ㌔a（Ⅹ摘）－C（Ⅹ㌔b－ⅩbYa‖／C4・  
xyx2－y2  

＜dxy，G，d ＞＝入ほaTa（2ZもーX；－Y孟）－C（Ⅹayb＋ⅩbYa‖／C4，  
3z2＿r2  

＞＝入Za【Ya（Ⅹ摘）－CYb】／C4・  くdyz，G，dx2－y2  

くd・G，d ＞＝入［YaZa（2Zも璃－Y；卜C（YbZa－2YaZb‖／C4・  
yz3z之＿r2  

くd ・G・d ＞＝入‖Ⅹ㌃Y‡）（Ⅹ紺・2C（Ⅹ㌔b・Y釦・C2】／C4・  

x2－y2 x2＿y之  

・G・d ＞＝入【（Ⅹ㌃Y乞）（2Z摘一Y昌博（Ⅹ㌔b－Y釦】／C4，  
くd克之－y之 3－r 

＜d ・G，d ＞＝入［（2Z㌃Ⅹ㌃Y三）（2Z捕Y言）＋2C（4ZaZb＋Ⅹ㌔b＋Y＃b）＋3C2】／C4・  

3z之＿r2 3z2＿r2  
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A－ト4・ⅡatrixeleJLentS Ofトdependent pseudopotentialenergy   

In calculating the matrix elements of the トdependent part of  

pseudopotentialenergy，itis needed to perform theintegral（A．5）．The  

following abbreviations are used：  

R＝ー－，Qニ√㌘てヂ丁㌘‾，  

E＝4汀（expトα（RqQ）2】＋eXp卜α（R＋Q）2］），   

F＝4汀（exp卜α（RpQ）之卜expトα（R＋Q）2］），  

al＋m＋n  
Imn 

D（ⅩYZ）＝   （s，S），  
∂Ⅹ1∂ヂ∂Zn   

Where X，Y and Z are the x，yand z components of r．  

And the results for theintegral（A．5）are given as follows：  

（s，S）＝F／（4αQR），   

（s，px）＝Ⅹ【2αQ（ER－FQ卜F】／（8α2Q3R）・   

（S，dxy）＝ⅩY｛4α2Q2［F（Q2＋Rヱト2EQR卜2αQ（3ER－2FQ）＋3F｝／（16α3Q5R），  

（S，d2 ）＝（s，dxyぱゼけ（群）・  
x－y2  

（s，d ＝（s，dx）（2Z2－Ⅹ2－Y之）／（ⅩY）・  
3z之 xy 

（px，Px）＝【4α2Ⅹ2Q2R（FR－EQト2αⅩ2Q（3ER－FQ）＋2αQ3RE＋（3Ⅹ2－Q之）F］／（16α3Q㌔2），   

（px，Py）＝ⅩY［4α2Q2R（FR－EQト2αQ（3ER－FQ）＋3F］／（16α3QSR2）・  
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（px・dx）＝Y（8㌔Ⅹ2Q3R【E（Q之＋R2卜2FQR】＋4α2Q2［Q2R（FR－EQ）－Ⅹ2（6FR216EQR・FQ2）］  
y  

＋2αQ【3Ⅹ2（5ER－2FQ卜Q2（3ER－FQ）］＋3（Q2－5Ⅹ之）F）／（32α4Q7R之），  

（px，dz）＝ⅩYZ｛8㌔Q3R［E（Q之＋R2卜2FQR卜4α2Q2（6FRユー6EQR・FQ2）  
y  

4？2 
＋6αQ（5ER－2FQ卜15F）／（32αQR），  

）＝Ⅹ（（Ⅹ2－Y2）［8a3Q3R（EQ2・ER2－2FQR）－4α2Q2（6FR2h6EQR＋FQ2）  

（px，dx2－y2  

＋6αQ（5ER－2FQ）－15F］＋8a之Q亀R（FR－EQ卜4αQ3（3ER－FQ）＋6FQ之）／（32α4Q7R2），  

）＝Ⅹ（（2ZユーⅩ2－Y2）［8α3Q3R（EQ2＋ERZ－2FQR）－4α2Q2（6FR2－6EQR＋FQ2）   （px，d 
3zユーr2  

＋6αQ（5ER－2FQ卜15F卜8α2Q4R（FR－EQ）＋4αQ3（3ER－FQ卜6FQ2）／（32㌔QワR2），   

）＝Z（Ⅹ2－Y2）【8α3Q3R（EQ2＋ER2－2FQRト4α之Q2（6FRL6EQR＋FQ2）  

（pz・dx之－y2  

tワ2 
＋6αQ（5ER－2FQ卜15F】／（32αQR），   

）＝Z（（2Z2－Ⅹ2－Y2）［8α3Q3R（EQ2＋ER2－2FQR）－4α㌔2（6FR16EQR＋FQ2）  （pz・d 

3z之－r之  

＋6αQ（5ER－2FQ）－15F］＋16㌔Q4R（FR－EQ）－8aQ3（3ER－FQ）＋12FQ2）／（32α4Q7R之），  

（dxy，dxy）＝（D（Ⅹ2Y2）＋2α脚（ⅩY2）＋YDほ2Y）・D（Ⅹ2）・D（Y2）】  

＋4㌔【㍍D（㍍）＋ⅩD（Ⅹ）＋YD（Y）＋（s，S）1）／（16αSR3），  

（dxy，dyz）＝（D（ⅩY2z）十2α【Ⅹ椚2z）・YD（ⅩYZ）＋D（ⅩZ）】十4α2Ⅹ【D（Z）＋YD（YZ）】）／（16㌔R3），  

（dxy・d ）＝（D（Ⅹ3Y卜膵3）・2α【YD（Ⅹ3卜ⅩD（Y3）十ⅩD（Ⅹ2Y卜YD（ⅩY2）】  

x2－y2  

＋4α2【2YD（Ⅹ卜2ⅩD（Y）＋ⅩYD（Ⅹ2卜肝D（Y2）】）／（16α5R3），  
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（dxy，d3z2ノ ＝（2D（ⅩYZ2トD（Ⅹ3…（ⅩY3）＋2α（Y［2D（ⅩZヱトD（Ⅹ3卜岬2‖  

＋Ⅹ【2D（YZ2卜D（Ⅹ2Y卜鋸Y3）1－4D（ⅩY）‡＋4α2ⅩY【2D（Z2卜D（Ⅹ2）   

－D（Y之）ト8α2【ⅩD（Y）＋YD（Ⅹ‖）／（16㌔R3），  

（dyz・d ）＝（D（Ⅹ2YZト昭3z）＋2α｛Y【D（Ⅹヱz）朋之z）＋Z【D（Ⅹ2Y卜D（Y3＝  
x之－y2  

－2D（YZ））・4㌔z（Y【D（Ⅹ2卜D（Y2）卜2p（Y）））／（16㌔R3），   

）＝（2D（YZ3卜机Ⅹ2YZ卜D（Y3z）＋2α（Y【2D（Z3卜D（Ⅹ2z卜D（Y2z）】  （dyz，d 
3z2－r2  

・Z【2D（YZ2卜以Ⅹ2Y卜D（Y3）】＋2D（YZ）‡＋4α2（YZ【2D（Z2卜D（Ⅹ2）   

－D（Y2）】＋4YD（Z卜2ZD（Y）））／（16α5R3），  

）＝（p（Ⅹl卜2D（Ⅹ2Y2）十D（Yヰ）＋4α（2【D（Ⅹ2）＋D（Y2）】  （d  ，d  
x2－y2 Ⅹ2－y2  

＋Ⅹ【D（Ⅹ3トD（ⅩY2）】十Y【D（Y3卜D（Ⅹ2Y）］）   

＋4α2（4【（s，S）＋ⅩD（Ⅹ）＋YD（Y）卜（Ⅹ2－Y2）【D（Ⅹ2卜D（Y2）】））   

／（16㌔R3），   

）＝（2【D（Ⅹ2z2卜D（Y2z2）卜D（Ⅹ4）＋D（Y4）十4α（Ⅹ【2D（ⅩZ之）  （d  ，d  
x之－y2 3z2－r2  

－D（ⅩY2）一D（Ⅹ3）卜Y【2D（YZ2卜D（Ⅹ2Y卜D（Y3）卜2【D（Ⅹ2卜D（Y之）】）   

＋4α2（（Ⅹ2－ヂ）【2D（Z2トD（Ⅹ2卜D（Y2）卜4［ⅩD（Ⅹ卜YD（Y）】））   

／（16α5R3），  
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（d ＝（4【D（Z4トD（Ⅹ2zヱ刷Y2z2‖・D（Ⅹ4）十D（Y4）・2D離う  
3㌔＿r2 

＋4α（2Z【2D（Z3卜D（Ⅹ2z）」HY2z）トⅩ【2D（ⅩZ2卜D（Ⅹ3卜D（ⅩY2）］  

－Y【2D（YZ2トD（Ⅹ2Y）→）ほ3）卜2［4D（Z2）＋D（Ⅹ2）＋D（Y2）】）  

＋4α之（（2Z2－Ⅹ2－Yヱ）【2D（Z2卜D（Ⅹ2）Ⅷ（Y之）卜4【4ZD（Z）＋ⅩD（Ⅹ）  

十YD（Y）・3（s，S）】））／（16㌔R3）．  
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Appendix2．Amalyticcalculationof亡ど（u）・  

Theimaginarypartofthedielectricfunction∈ど（u）（U＝Ⅹ，y，Z）is givenby  

con val 

Eど（u）＝÷［£】2ぎ，ぎ  惜，i－（畔6（隼（k卜㌔（k）ふ）dk・  （A・6）  

BZ  

where the sum皿ationi－ andiare carried out over the empty conduction band   

states and the occupied valence band states，reSpeCtively・In the LCAO  

皿ethod・the matrix elements ofthemo皿entumPご一，i（k）canbewritten，by  
using eqs．（3．17）and（3．18），aS  

Pご▼，i（k）＝一iもαヲα，入ヲ入▼C；▼，入▼a▼ （k）Ci・入α（k）三exp（ik●Rm）  

中鉢－R皿－d。†戊x買（r－dα）dr・  （A．7）  

In thepresentprocedure，thebasisfunctionX買（r）isexpressedintermsof  

Gaussian－type functions，SO that the three－dimensionalintegralin eq・（A・7）  

can be performedanalytically，thatis，the皿atrixelementPご，i一（k）is  

Calculated analytica11y．  

This analytical calculation is one of the advantages of the present 

procedure・In this appendix，We preSent the expressions for theintegral：  
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Gi（Cl；r－rl）意Gj（C2；r－r，）dr・  くi，Ⅹ，〕＞＝   

Where Gi（Cl；r）is theGaussian－tyPefunctions，Whoseconcreteformis given  

in Tat）1e 3－3．The otherintegrals，＜i，y，j＞and＜i，Z，〕＞，are Calculatedin   

the sa皿e Way aS ＜i，Ⅹ，コ＞．  

The following abbreviations are used below：  

A＝CIC2／（Cl＋C2），B＝1／（Cl＋C2），   

Ⅹ＝Ⅹ1－Ⅹ2，Y＝yl－y2・Z＝Zl－Z2・R＝Ⅹ2＋Y2＋Z2，  

入＝【］3／2expトAR］  

Onlyindependent expressions are given；Others canbe obtained by   

appropriate pernutations・工tis noted that the expressions given here must   

be nultiplied by the appropriate constants resulting from the nor皿alization   

Of the cubic har皿Onics．  

＜S，Ⅹ，S＞＝－2入AX，  

＜S・Ⅹ・px＞＝ 入Cl鋸ト2ぱ），  

＜S・Ⅹ・py＞＝－2入CIABXY，  

＜S・Ⅹ・dxy＞＝入C；B2Y（1－2AX2）・  

＜S・Ⅹ，dyz＞＝－2入C‡AB2肝Z・  

＜S・Ⅹ・dx之＿y2＞＝2入¢B2Ⅹ（トA（Ⅹ2ゼ）），  
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＜S，Ⅹ・d3z2＿r2＞＝－2入弓B2Ⅹ（1・A（2Z2－Ⅹ2ゼ）），   

＜px・Ⅹ，px＞＝一入ABX（3－2AX2），   

＜px・Ⅹ・py＞＝一 入ABY（1－2AX2）・  

＜px，Ⅹ・dxy＞＝一叫AB2ⅩY（3－2ぱ），  

＜px，Ⅹ，dyz＞＝湖1AB2YZ（1－2脳2）・  

＜px，Ⅹ，dx之－y2＞＝入Cl勘（ト2ぱ）（トAぱゼ）ト2AX2］－，  

＜Px・Ⅹ・d3z2－r2＞＝一入CIB2［（ト2AX2）｛1・A（2Z2－ⅩユーY2）卜2AX2J・  

＜Py，Ⅹ，py＞＝一入ABX（1－2AYユ），  

くpy，Ⅹ・pz＞＝2入A之BXYZ，  

＜py・Ⅹ，dxy＞＝0・5入CIB2（ト2通2）（1－2AYヱ）・  

＜py・Ⅹ，dyz＞＝一入CIAB2ⅩZ（1－2AY2），  

くpy・Ⅹ，dzx ＞＝一入CIAB之YZ（ト2AX2），  

＜py・Ⅹ・dxz－y2＞＝2入CIAチB2ⅩY（Ⅹ2－Y2）・  

＜Py，Ⅹ，d3z2－r2＞＝2入CIAB2ⅩY｛2＋A（2Z2－Ⅹ2－Yま）｝・  

＜pz・Ⅹ・dx之－y2＞＝－2入CIAB2ⅩZ｛…（㌔－Y2）），  

＜pz ，Ⅹ・d3z之－r2＞＝－2入CIA㌔ⅩZ｛トA（2Z2－Ⅹ2－Y2））・  

くd・Ⅹ・d＞＝孔5入AB2Ⅹ（3－2AX2）（ト2AY2），  
xyxy  

くdx，Ⅹ・z＞＝－0・5入AB之z（ト2ぱ）（ト2AY2），  
y  
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＜dxy，Ⅹ，dzx＞＝入AヱB2ⅩYZ（3－2AX之）・   

＜dxy，Ⅹ，dx2－y2＞＝入A2B2Y｛（ト2AX2）（Ⅹ2ゼ）・2Ⅹ2），   

＜dxy，Ⅹ，d3z2－r2＞＝旭B2Y【（1－2Aガ）｛2＋A（2Z2－Ⅹ2ゼ）ト2ÅX2】，   

＜dyz・Ⅹ・dyz＞＝－0・5入AB2Ⅹ（l－2AY2）（ト2AZ2），   

＜dyz・Ⅹ・dzx＞＝－0・5入AB2Y（ト2AZ2）（ト2A克之），  

yz・Ⅹ，dx2－y2＞＝－2入㌔B2ⅩYZ（Ⅹ2ゼ）， ＜d   

くdyz，Ⅹ・d3z2－r2＞＝－2旭きB2ⅩYZ（2Z2－Ⅹ2ゼ），   

くdzx・Ⅹ・dx2－y2＞＝一旭B之z【（ト2Aだ）｛トAぱゼ）卜2A笈2】・  

くdzx・Ⅹ・d3z2－r之＞＝→仏B之z【（ト2ぱ）｛トA（2Z2－Ⅹ2ゼ））＋2通2】，   

＜dx2－y 2，Ⅹ・㌔2＿y之＞＝－2入A離（3－4Aだ・㌔（Ⅹ2ゼ）2），  

＜dx2－y2・Ⅹ・d3z2pr2＞＝2入AぱⅩ（2＋2A（Z2－2だ＋Y2トA2（2Z2－Ⅹ之－Y2）（Ⅹ2－Y之）｝，   

＜d3z2＿r2・Ⅹ， 
㌔ヱ2＿r 

2＞＝2入AぱⅩト5・4Aぱ＋ヂ＋Z2卜A之（2Z2－Ⅹ2ゼ）2‡・  

－ 94 －   



References  

1）R・Brec：Intercalationin Layered Materials，ed．M．S．Dresselhaus（Plenum  

Press，New York，1986）p．93．   

2）N・Kurita andI（．Nakao：J．Phys．Soc．Jpn．56（1987）4442．   

3）N・Kurita and K．Nakao：J．Phys．Soc．Jpn．56（1987）4456．   

4）N・Kurita and K．Nakao：tO be publishedinJ．Phys．Soc．Jpn．58（1989）  

Ⅳ0．1．   

5）N．Kuritaand K．Nakao：tO be publishedinJ．Phys．Soc．Jpn．58（1989）  

Ⅳ0．2．   

6）M．Piacentini，F．S．Xhu皿alo，C．G．OIson，J．W．Anderegg andI）．W．1ynch：  

ChemicalPhysics 65（1982）289．   

7）M．Piacentini，F．S．Khumalo，G．Leveque，C．G．OIsonandI）．W．Lynch：  

ChemicalPhysics 72（1982）61．   

8）F．S．Khumalo and H．P．Hughes：Phys．Rev．B23（1981）5375．   

9）M．Piacentini，Ⅴ．Grasso，S．Santangelo，軋Fanfoni，S．Modestiand A・SavoiaL  

：Solid State Commun．51（1984）467．   

10）M．H．Whangbo，R．Brec，G．Ouvrard andJ．Rouxel：Inorg．Chem．24（1985）  

2459．   

11）H．Mercier，Y．Mathey and E．Canadell：工norg．Che皿．26（1987）963・  

12）G．Ouvrard，R．Brec andJ．Rouxel：Mater．Res．Bull・20（1985）118l・  

13）W．Klingen，G．Eulenberger andILHahn：Naturwissenschaften57（1970）88・  

14）E．Prouzet，G．Ouvrardand R．Brec：Ⅲater．Res．Bull・21（1986）195・  

15）C．Berthier，Y．Chabre and軋Minier：Solid State Commun・28（1978）327・  

16）K．Kurosawa，S．Saito andY．Yamaguchi：J・Phys・Soc・Jpn・52（1983）3919・  

17）G．Le Flem，R．Brec，G．Ouvrard，A．Louisy andP・Segransan：J・Phys・Che皿・  

Solids43（1982）455．  

－ 95 －   



18）A・Wiedenmann，］．Rossat Mignod，A．Louisy，R．Brec andJ．Rouxel：Solid  

State Commun．40（1981）1067．   

19）R・Clement，］．J．Girerd and工．Ⅲorgenstern－Badarau：Inorg．Chem．19  

（1980）2852．   

20）A．H．Thompson and軋S．Whittingha皿：Mater．Res．Bull．12（1977）741．   

21）R．Brec，I）．M．Schleich，G．Ouvrard，A．Louisy andJ．Rouxel：工norg．Chem．  

18（1979）1814．   

22）R．Brec，G．Ouvrard，A．Louisy，）．Rouxeland A．LeⅢehaute：Solid State  

Ionics 6（1982）185．   

23）D．W．牲urphy and P．A．Christian：Science205（1979）651．   

24）P．J．S．Foot，J．Suradiand P．A．Lee：Mater．Res．Bull．15（1980）189．   

25）A．Zunger and A．J．Free皿an：Phys．Rev．B15（1977）4716．   

26）S．Itoh and K．Nakao：コ．Phys．Soc．Jpn．54（1985）4648．   

27）G．B．Bachelet，D．R．Hamann and M．Schluter：Phys．Rev．B26（1983）4199．   

28）I）．M．Ceperley and B．J．Alder：Phys．Rev．Lett．45（1980）566．   

29）J．Perdew and A．Zunger：Phys．Rev．B23（1981）5048．   

30）F．Hermanand S．Skillman：Atomic Structure Calculations（Prentice－  

Hall，Englewood Cliffs，N．J．，1963）   

31）T．Nakagawaand Y．Oyanagi：Program Syste皿SALS for Nonlinear Leasト  

Squares Fittingin ExperimentalSciences（North Holland Publishing  

Company，1980）P．221．   

32）P．P．Ewald：Amn．Phys．（Germany）64（1921）753．   

33）G．B．Bachelet，H．S．Greenside，G．A．Baraff a，nd M．Schluter：Phys・Rev・B24  

（1981）4745．   

34）D．J．Chadiand軋L．Cohen：Phys．Rev．B8（1973）5747．   

35）H．］．Monkhorst andJ．D．Pack：Phys・Rev・B13（1976）5188・   

36）R．E．Watson：Phys．Rev．111（1958）1108・  

一 96 一   



37）R．C．Tatar and S．Rabii：Phys．Rev．B25（1982）4126．   

38）E．I）oniand G．PastoriParravicini：Nuovo Ci皿entO 63B（1969）117．   

39）S．G．Louie，S．Froyenand M．L．Cohen：Phys．Rev．B26（1982）1738．   

40）K．Shiraishi，A．Oshiyama，N．Shima，T．Nakayama and H．I（amimura：Solid  

State Commun．66（1988）629．   

41）H．Kamimura，T．Nakayama，A．Oshiyama，N．Shima and K．Shiraishi：Proc．  

19thInt．Conf．Physics of Semiconductors，Warsaw，1988．   

42）R．C．Chaney，T．K．Tung，C．C．Lin and E．E．Lafon：J．Chem．Phys．52  

（1970）361．   

43）J．LanglinaisandJ．Callaway：Phys．Rev．B5（1972）124．  

ー 97 －   























































Table2－1・Lattice parameters of MPS3family・  

Compound a（inÅ） b（in A）c（in A） B（inO）  

mnps3   6・077  10・524 6・796  107・351）  

FePS3   5・947  10・300 6・7222  107・161）  

ⅣiPS3   5・812  10・070 6・632  106・981）  

znps3   5・96  10・28  6■73  107・12）  

5．9717  10．3424 6．7565  107．1393）  

1）After ref．12．  

2）After ref．13．The band structureis calculated fro皿these parameters・  
3）After ref．14．  

一J鉾－   



Table2－2・Neelte皿PeratureS TN Of someMPX3family・  

Compound TN（K）  

ⅣiPS3  165  

MnPS3  82  

MnPSe3  74  

FePS3  116  

FePSe3   112  

－J2F－   



Table2－3・Absorption edges of some MPX3family・  

Compound Absorption edge（eV）  

Ⅳ1PS3  1・6  

FePS3  1・5  

FePSe3  1・3  

MnPS3  3・0  

mnPSe3  2・5  

CdPS3  3・5  

ZnPS3  3・4  

－J2♭－   



Table 3－1＿   

Pseudopotentialparameters for Zn．Ni，Fe．田n，P and S atoms，   

in Rydberg unit．  

ヱ‖（Thc3d cIcctron5aI・eincIudcdinto tlle COrC．）  

A－（ぐ－、e】A2（（苧1、e）  A3  AI  A5  A6  L αl u2 α3  

亡0Ⅰ、e 2＿51 0．75  6＿1450  －5．1450  

0 l．52 2．06 7．62 133．3925 －128．2727 2．592790 －32．91396 －22．07552 】0．3】2j5  

1 1．021．131．28  68133．19 －21386．35 －46734．89 －2403．979 －956l．024 －2544．313  

2  0．52 0．72l－38  214．2509 －126．3977 －76．39794 －12．10983 －56．34877 －27．35269   

5pin－Orbit  

l O・46 0．70 0・86 －1．730169 －19．82481 21．62835 0．089468 2．1109掴 l．718862  

Ni  

L α1聖 雪 Al（ギre｝ A2（ぞre， A3  AI  As  A6  

COre 7．60 2．74  2．6949  －1．6949   

0  1．80 2．38 3．17  

1 ’1．18 2．10 2．59   

2  2．5323．5526．60   

5plIl－Orbit  

1  8．511．29 1．50  

2 18．O124．173l．75  

767．1796 32．35041－754．88a7 －133．6142 －621．282l－344．5597  

246．0182 6610．423 －6815．46l－41．61576 －1851．483 －1750．638  

4．076987 41339．53 ■ぺ1386．45 －6．28762l－55486．60 －73551．80  

ー0．003324 －14．‖295 14．15212 0．000770 1．642290 1．37る969  

34．81825 27．6609S －62．0845l－55．11883 －438．1564 －187．2664  

L ∝1 α2 ∝。 Al（くOre】Å2（ギre） A。   A．   As  A6  

COre 6．51l．91  2．6179  －l．6179  

0  l．67 2．06 2．33  4534．984 17813．79 －22313．06 －487．9699 －4738．150 －2599．078  

1 l．22Ⅰ．77l．96  2035．434 991S9．62 －101162．3 －234．3651 －1120I．37 －895l．826  

2  1．95 20．1719．00  2＿92248l －278537．8  278500．7 －3．3S5755 －175262．l －152378．2   

5pin－Orbit  

1  0＿28 0．40 0．51 －1．529476 －8．＝5585 9．678393  0．040469  0．684582  0．537337  

2 15．2523．7030．81  2．175762 17．00275 －18．92399 －4．023834 －83．3る327 －64．21139  

ー」Z7－   



Table 3－1＿   

Pseudopotentialparameters for Zn・Ni▼Fe，mn．P andS atoms．  

in Rydberg■unit＿  

！．11；  

L αl α， α3  A．－く0－、e）A2－⊂ヂre）  A。   A4  As  AG  

COl－e G．百3 l＿6ヨ  2＿70三4  －】＿7024   

0  1．3S！．引 三．42  518．1798 －89．96515 －396＿0130 －68．514i7 －268．8引＝ －1j9．8310  

1 l．17 王＿64 l．77  3407＿673  269913●5 －27329l＿7 －339．46三4 －20423●93 －16403．61  

2 I＿7316＿1316＿75  2＿718595 9三2143．l －922173．7 －2．775ヰ93 －273358．7 一三99S4l＿0   

5pin－Orbit  

I O．26 8．37 0．47 －1．306427 －7．OS2911 さ．38a640  0．031471 0．540213  0．421529  

2 12．8116．1620．96  24．06064  27．80028 －51．68112 －25．3790l－218．4274 －102．9（）90  

L ¢l a2 勺  Allぐl、e｝ A，（⊂ヂreJ A，   A▲  As  A6  

COre 2．59 l．03  1．4995  －0．499S  

O  2．82 3．214．19 －135S7．21 11697．84 1872．618 1853．900 471（I．987 581．54g6  

1 l．83 2．15 2．5l －25】4＿056 －908．3026 3429．736 228．4194 1352．373 462．4933  

2  2．39 2．78 3．16  72419．41 57610．65 －1380之5．8 －8104．344 －5＝＝8．92 －18537．18   

5pin－Orbit  

I O．43 0．53 0．70 －56．691Ⅰ4 21．64966 35．05332 1．．710301 7．510671 2．425318  

Sulfur  

L αlα2 当 Al（くOre）A2（（君re｝ A。   At  As  A6  

COre 2．991●19  l．426l  －0＿4261  

0  3．37 3．714．69 －42506．09 395Sl．16 2971．036 S428．6311118り6 78l・6639  

1 ≡．09 2＿67 3．51 －378＿6493 9．849386 377．8585 58．9ヰ089 36l．4833 123・9677  

2  2．97 3．朋 3＿97  72572．55 66312．S3 －138880、l－10492．66 －68887－85 －2S693・70   

Spil卜Ol、bit  

l O．54 0＿66 0＿87 －99＿25644 43＿8703ヱ 5S．40381 3＿636713 15、25385 4－686659  
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Table 3－2＿  

Parameters of exchange－COrrelation energyin Rydberg unit．  

Parameter U（こ＝0） P（ら＝1）  

－0．2846  －0．1686  

2．1058   2．7962  

0．6668   0．5222  

0．0622   0．0311   

－0．096   －0．0538   

0．0040   0．0014   

－0．0232  －0．0096  
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Table3－3．Forms of Gaussian－type functions．  

i  s px  py pz  dxy  dyz  dzx  dx2－y2   d3z2－r2  

Gi（b；r｝1－βⅩ－βyβz滞Ⅹy －イ琵yz 一席芸文逆げ－㌔）且（3㌔－㌔）                                            2        2  

【x島exp卜br之）】  
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Tablc4－1－Fitting parameters of basis functions．  
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Table4－1＿ Fitting para皿eterS Of basis functions．  
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Table4－2＿   

I）amping radiiof carbon，boron andnitrogenatoms・TheI）AandDparethe  

damping radii of the atomic orbitaland potential．respectively（in atomic  

unitト  

A七Om  DA（2s）DA（2p） Dp  

C：2s（1）2p（3） 6．0  8．0  3．0  

B：2s（2）2p（0．5）7．5  8．5  3．0  

∬：2s（2）2p（3．5）5．5  7．5  3．0  
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Table 4－3＿  

Damping radii of zinc，nickel，皿anganeSe，iron，Phosphorus and sulfur  

atoms・The DA and Dp are the damping radiiof theatomic orbitaland・  
POtential，reSpeCtively（in atomic unit）．  

Atom  DA（3d）DA（4s）DA（4p）I）p  

ヱn：3d（10）4s（0．8）4p（0）  4．0  6．0  2．0  

Ni：3d（up－5，down－3）4s（1）4p（0）up－State  3．95  6．90  9．05  2．O  

dom－State  4．10  6．95  9．10  2．0  

批n：3d．（up－5，down－0）4s（1）4p（0）up－State  4．40  7．45  9．45  2．O  

dom－State  5．50   7．55  9．60   2．0  

Fe：3d（up－5，down－1）4s（1）4p（0）up－State   4．30  7．30  9．30  2・O  

dovn－State  4．90  7．60  9．70   2．0  

Atom  DA（3s）  

P：3s（1．5）3p（3） 5．25  
P：3s（2）3p（2．3） 5．20  
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Table4－4・Main features of the band structures ofMPS3family・  

Compound Band Gap（eV） Lower Conduction Bands  Higher Valence Bands  

ZnPS3 2・0（indirect）Zn－4s，P－3s，S－3p  S－3p  

NiPS…）0・6（direct）Down－Spinmト3deg・軋ト4s・P－3s Up－SPinNi－3de g  

）  

狙PS  0・5（indirect）P－3s・S－3p，Down－SPinNi－3de Up－SpinNト3de  
g   

NiPS≡）0・7（direct）P－3s，S－3p・Down－SpinNト3de Up－Spin朴ト3de  
g   

椚nPSき）1．7（direct）Up－SplnMn－4s，4p，P－3s，S－3p Up－SPin把n－3de  

阿nPS≡）1．4（direct）Up－SPlnMn－4s，P－3s  Up－SpinMn－3de  
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● Down－SplnFe－3dt 
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Table 4－5＿   

Sclf－COnSistcnt Mulliken’s chargcs andvalcncies of eachionin MPS3faI一一5・ly・  

Ull－SI－川 I）0ヾ川－SPltl  Cl】8り10＝td  Spin－POlarlla仁【on Valency  
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Table 4－6＿  

Thc charactcr of each peakin the dcnsity of statcs of MPS3family・  

Compound Pcak Main charactcr  

A S 3s．P 3s  

C P3p，S3p．Zn3d  

DI Zn3dt 
2ど  

ZnPS3  D2 Zn3de 
g  

E S3p  

F Zn4s．P3s．S3p  

G P3p．S3p  

A S 3s  

B P 3s   

CS3p  

D；up－SplnFe3dt2g・S3p  
FePS。  D；up－SplnFe3de 

g  

E up一印1nFe4s・domっplmFe3dt 
2g  

Dェ do胃m－SplnFe弛t2g  

F P3s  

G dom－Splm Fe4s．P3p  

D2 do肝SplmⅣ13deg・up－SplmFe4p  
E P3p．dovn－Splm Fe4p  

A S3s  

B P 3s 

CS3p  

D；up－Splny13dt2g  

Ⅳ1PS3 Dl do肝SplmⅢ3dt 
2g  

D；up－SplnⅣ13deg  

D2 P3s・S恥doⅦ－Spln軋3de 
G P3p．Ⅳ14s  

H y14p  

人   S 3s  

B P3s．S3p  

CS3p  

D：up－Spin椚n3dt2g・S3p  
伽PS3 D；up－Spln伽3deg  

E up－Spln M：n4s4p．P3s．S3p  

F P3p．dovn－Spin伽4s  

G down－Spln押n4p  

Dl do肝Spin伽3dt2g  
Dヱ do肝Spin爪n3de 

g  

－J37－   



Table 4－7．  

The：main featuresin the E2（u）spectrum for thelight polarized parallelto  

thelayer：（a）ZnPS3・（b）FePS3・（c）NiPS3and（d）mnPS3・Theexperi皿entalvalue  

is after ref・7・ThecalculatedvalueistheaverageoftheE≡（u）and弓（w）  
spectra・Theprobable assignmentis alsoindicated・Ⅲ＋and朗 denotetheup－  
Spin and down－Spin transitionmetals・reSpeCtively；3dland3d2are the3d  

t2g  and 3d e states，reSpeCtively．  
g  

【a）ZnPS3  

王ⅩPeri皿ental  Calcula七ed  

Energy（eV） Features  Energy（eV）Features Assignnent  

4．4  shouldera）   
5．O  double peak  

5．T5   sbouldera）  
6．3－6．4  peak   

T．25  peak   

T．8  peak   

8．6  peak  
9．2－9．5   shoulder  

ll．5 も） shoulder  

12．7 
も）  

peak  

15．5 
も）  

peak  

16．7 も） sboulder  

18．3 も） sboulder  
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a）ResoIvedin the reflectivity spectrum．  

b）Clearlypresentin the u之E2（w）spectrum・  
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（b）FeI）S3  

Experimental  

Energy Features  

（eV）  

Calculatcd  

Energy Features Assignment  

（eV）   

Fe十3d2／Fe4s・→ 十  

Fe-Jd, 

4．3  shoulder  l．7  shoulder   

5・4  shoulder  2．5  peak   

6．3－6．4  peak  5．4  peak   

7．25  peak  6．9  peak  

7．8  shoulder  7．7  peak   
8．6  sboulder  8．3－8．5 sboulder  
9．2－9．5   shoulder  9．7  shoulder  

12．4 
b）  

peak  lO．5   peak  

15．3 b） shoulder  ll．8 shoulder  

17．5 b） shoulder13．ト13．3shoulder  
16．2 smallpeak  
17．6 s皿allpeak  

19．6 smallpeak  
22．6 s皿allpeak  

23．5 smallpeak  
25．O smallpeak  

S3p⇒ Fe3dl  

Fe＋3d2う  

杜igher conduction  
bands  

Or  

Lo㈹rS3p・Fe＋3dl→   

Lower conduction  

bands  

S 3s，P3s ⇒  

Conduction Bands  
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（C）ⅣiPS3  

Experimental  

Energy Featurcs  

（eV）  

Calculated  

Energy Features Assignment  

（eV）  

1・1  peak  Ni＋3d2→  

1．7  shoulder  

2．15  peak   

3．3  peak   

4．O  peak   

5．O  shoulder  

5．75  peak  

6．3－6．4  peak  

7．25  peak   
7．8  shoulder   
8．6  shoulder  

9．2－9．5   shoulder  

12．4 b） shoulder  
18．3 

b）  shoulder  

Ni3d之  

2・7  shoulder  Ⅳi3dl→   

Ni3d之  3．5  peak   

4．3  shoulder   

6．7  peak   

7．6  shoulder  
8．9－9．1  peak  
lO．1  shoulder  
ll．5  sboulder  

12．3  peak  

13．9  peak  

15．O shoulder  
17．1 smallpeak  
17．9 ＄mallpeak  
19．1  peak  
20．1  peak  

Ni＋，Ⅳi3d→  

COnduction  
bands  

Or  

S3p 一〉  

COnduction  

bands  

P3s，S 3s う  

COnduction  
bands  
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（d）mnPS3  

Calculated  

Energy Features Assigrlment  

（eV）  

2・1 shoulder Ⅲn＋3d2→  

Mn＋4s，4p  3．3  peak   

4．9  sma11peak S3p・÷   

I．ower conduction  
bands  

5．9  peak   

6．5  peak  

8．4  peak  

8．9   shoulder   

lO．3  peak   
lO．8  peak  

13．7－14．4 shoulder   

17．2  s皿allpeak   
19．4  smallpeak   
21．1 smallpeak   

22．O smallpeak   
23．9  smallpeak   
24．5  smallpeak   
25．3  smallpeak   
26．4  smallpeak   
29．4  s皿allpeak  

伽＋3dl→  

伽＋4s，4  

Lower S 3p 寸  

Conduction bands  

S 3s，P 3s ヰ  

Conduction bands  
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Table 5－1＿   

The experimentally observed band gaps（after ref．21）and magnetic moments of  

transition metals（after ref・1）for MPS3family・The calculated results are  

also listed．  

Compound  MnPS3 FePS3 NiPS3 ZnPS3  

Band gap （eV）  Experimenta1 3．0   1．5   1．6  3．4  

Calculated  l．7  0．0  0．5  2．0  

Ⅲagneticmoment（Lb）Experimenta15・98 4・94 3・9   0  

Calculated  4．66   3．95  1．03  0  
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Table5－2．  

The sizes of the exchange splitting（△s）and theligandfieldsplitting  
（△L）of the transitionmeta13dstates・The calculatedspin－pOlarizations of  

the transition metals are alsolisted．  

Compound  MnPS3 FePS3 NiPS3 ZnPS3  

△s（eV）  12・3 7・7   2・0   0  

△L（eV）  3・9 5・1  3・5  1・1  

Spin－pOlarization（UB）4・66 3・95 1・03   0  
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