d-d Sp ectra of T ransition Metal Oxides b y

Effectiv e Crystal Field Metho d

A.L. Tc hougr ´ eeff

Karp o v Institute of Ph ysical Chemistry ,

V oron tso v o p ole 10, Mosco w 103064 R USSIA

Abstract

The Effectiv e Crystal Field (ECF) metho d is applied to d-d excitations in

metal o xides of the first transition series as measured b y optical and EELS tec h-

niques. The computations are p erformed in the framew ork of the cluster appro x-

imation. The o ctahedral clusters are emplo y ed to sim ulate the transition metal

ions in the bulk, the square p yramidal ones for sim ulation of the ions on the (100)

crystal surfaces. A fair agreemen t b et w een the calculation p erformed without ad-

ditional parameter adjustmen t and exp erimen t is reac hed when the effect of the

Madelung p oten tial on the electronic structure of the o xygens surrounding the

transition metal ion and b y this on the effectiv e crystal field induced b y them is

carefully tak en in to accoun t.

I. In tro duction

Electronic structure of transition metal comp ounds (TMC) reattracted re-

cen tly considerable in terest in connection with the o xide materials lik e cuprates or

manganites whic h manifest un usual ph ysical prop erties b eing, resp ectiv ely , high-

T

c sup erconductors or magnetics [1, 2]. Mean while, ev en the electronic structure

of relativ ely simple transition metal comp ounds lik e their o xides with the ro c k

salt crystal structure is far from b eing completely understo o d. The d-d -sp ectra of

transition metal o xides (TMO) pro vide imp ortan t information on their electronic

structure. The metals in the second half of the series (Mn, F e, Co, Ni) form the

ro c k salt o xides whic h are an tiferromagnetic (AF) insulators. d -Electrons in these

comp ounds form lo cal momen ta corresp onding to an in teger n um b er of electrons

in their d -shells. These momen ta in teract b y the sup erexc hange mec hanism and

at lo w temp eratures form ordered (AF) states. The spin w a v es generated from

these states are the lo w est energy excitations of the AF TMO. The excited states

of higher energy are usually ascrib ed to one of the t w o classes: d n

d n

→ d n +1

d n − 1

excitations of the a v erage energy U and d n

→ L

∓

d n ± 1

with the a v erage energy

Δ. The states of the former t yp e are those with an electron transferred from

one d -shell to another one; those of the latter t yp e are the states with an elec-

tron transferred from (or to) the band state of the ligands (o xygens) to (or from)

the d -shell. The o xides where the states of the former t yp e ha v e lo w er energy

( U ≪ Δ) are termed as Mott-Hubbard insulators (MHI) whereas those of the

latter t yp e ( U ≫ Δ) are termed as c harge transfer insulators (CTI). The classifi-

cation of the electronic structure of TMO in terms of the excited states of these

t w o t yp es whatev er useful it is for understanding of electronic transp ort in TMO

lea v es aside other imp ortan t excitations, namely , those where excited d -electrons

do not lea v e their metal ion but rearrange themselv es within its op en d -shell.

These d n

→ d n

excitations are frequen tly referred to as the crystal field (CF) ex-

citations. These excitations are imp ortan t in describing the optical prop erties of

the TMO [3] and also for analysis of their c hemical prop erties (including catalytic

activit y) [4]. Some of these excited states ha v e energies lo w er than those of either

Mott-Hubbard or c harge-transfer excitations and th us are placed in energy next

to the spin-w a v e excitations. The sequence of the excitations in TMO is th us as

follo ws: spin w a v es, CF, and then Mott-Hubbard or c harge-transfer excitations.

This picture of the sp ectrum com bines the ideas of w orks [5, 6].

The d-d -excitations of the CF t yp e are of the lo cal c haracter and th us can

b e considered in the cluster appro ximation when only the TM ion and its closest

neigh b ors are considered explicitly whereas the rest pro vides the electrostatic

p oten tial of the ionic c harges only . Within this general setting there are man y

w a ys for p erforming quan tum c hemical computations. Largely , they are b eing

done b y v arious v ersions of ab initio tec hniques and are largely based on the

self consisten t field (SCF) appro ximation. The SCF appro ximation faces the follo wing main problems when applied to TMC (for more detailed discussion see

Ref. [7] and references therein):

(i) the Ko opmans’ theorem is not v alid for the states with large con tributions

from the atomic d -states;

(ii) the A ufb auprinzip is frequen tly brok en for the orbitals with significan t con-

tributions from the atomic d -states;

(iii) the iteration pro cedures implied b y the SCF appro ximation con v erge v ery

slo wly or oscillate.

These problems indicate that the SCF approac h is a p o or starting p oin t for

description of the electronic structure of TMC. Ph ysically the problem with the

single determinan t SCF appro ximation is that the latter o v erestimates the w eigh t

of the configurations with electrons transferred from or to the d -shell. This effect

w as termed b y Malrieu [8] as strong fluctuations of c harge in the SCF ground

state. This prop ert y of the SCF appro ximation lead to smearing of the m ultiplet

structure of free transition metal ion. Suc h a smearing is acceptable for carb on

atoms in organic molecules but is unacceptable for the TMC where the m ultiplet

structure of the free transition metal ion is in fact retained [9]. Their ground

state cannot b e presen ted b y a single Slater determinan t with sufficien t accuracy

and some other configurations m ust b e added. The problem whic h arises in this

concern is that the CI series taking the SCF orbitals as a one-electron basis set

con v erge rather slo wly and th us a large n um b er of configurations m ust b e tak en.

Mean while, the ma jor part of these configurations is necessary to comp ensate the

in trinsic error of the underlying SCF appro ximation i.e. the strong fluctuations

of c harge in the d- shell [9]. This approac h has b een tested in [10] using NiO

and CoO clusters as examples. It turned out that delo calization of d -electrons

as obtained from the SCF calculation is indeed an artifact of this metho d and

is cured alternativ ely either b y a CI treatmen t including the delo calized states

or b y pairwise rotations in v olving the same o ccupied delo calized states. A more

or less satisfactory result ma y b e obtained only in the case when all the orbitals

of the t

2 g symmetry (O2 p and Ni3 d ) are included in the CI expansion. This

mo v e effectiv ely impro v es the one-electron d -basis for the CI expansion. Ho w ev er,

the magnitude of 10 D q obtained in [10] is to o small. F urther impro v emen t has

b een prop osed in [11], where the ligand to metal c harge transfer states w ere

tak en in to consideration in the lo cal basis b y means of so called first order CI

(F OCI) metho d. It turned out that the con tribution of the c harge transfer states

to the ground state and the d-d excited states w as small, but their effect on

their energies w as significan t. That made us think than an alternativ e approac h

recen tly suggested indep enden tly [7] for isolated transition metal complexes migh t

b e of use as a simple to ol for describing electronic structure of TMO’s as w ell.

The effectiv e crystal field (ECF) metho d [7] starts from the assumption that the

d- shell of the cen tral ion con tains some n um b er of electrons whic h is fixed b y

the o xidation state of the ion. The rest of electrons forms the closed shell state and is describ ed in the SCF appro ximation. This setting from v ery b eginning

excludes the p ossibilit y of excessiv e c harge fluctuations. The corrections due to

electron transfer b et w een the d- shell and the rest are tak en in to accoun t (lik e in

[11]). Ho w ev er, the fact that the w eigh t of the c harge transfer configurations is

small led to the idea [7] to restrict the configuration space to that of the CFT

b y replacing the total Hamiltonian of the system b y an effectiv e one (see b elo w).

This approac h led to the effectiv e crystal field (ECF) metho d whic h has b een

implemen ted semi-empirically [7]. It w as extensiv ely tested and has b een pro v en

to b e a useful alternativ e to the SCF based metho ds [12] in the case of the isolated

molecular transition metal complexes. In this pap er w e apply the ECF metho d

to analysis of the d-d -sp ectra of TMO and sho w that the metho d is useful for

in terpreting the data obtained b y v arious metho ds probing the excitations of the

CF t yp e.

I I. Accoun t of the metho d

The formal deriv ation of the effectiv e crystal field (ECF) metho d pro ceeds

as follo ws [7]. The whole set of the v alence atomic orbitals (A O) of the TMC

(it includes the 4 s -, 4 p - and 3 d -A Os of the metal and the v alence A Os of the

ligand atoms) is divided in t w o parts. The first part con tains only 3 d -orbitals

of the transition metal atom ( d -subsystem). The second part con tains 4 s -, 4 p -

A Os of the transition metal and the v alence orbitals of the ligand atoms (ligand

subsystem or l -subsystem). Then the total Hamiltonian for a TMC can b e written

as follo ws:

H = H

d

+ H

l

+ H

c

+ H

r

(1)

where H

d is the Hamiltonian for the d -electrons in the field of the atomic cores

of TMC, H

l is the Hamiltonian for the electrons of the l -subsystem, H

c and H

r

are resp ectiv ely the Coulom b and the resonance in teraction (electron hopping)

op erators b et w een the t w o subsystems.

F or most of TMC with closed-shell ligands the excitations in the l- subsystem

are v ery high in energy as compared to the energies of the d − d excitations, and

th us their con tribution is negligible. The ground state of the l -subsystem can b e

describ ed b y a fully symmetric closed shell Slater determinan t Φ

l with zero total

spin. The w a v e function Φ

n for the n -th electronic state of a TMC then tak es

the form:

Φ

n

= (

∑

k

C n

k

| n

d k > ) ∧ Φ

l

= Φ n

d

∧ Φ

l

(2)

where | n

d k > are the spin and symmetry adapted n

d

-electron w a v e functions

constructed on the metal d -orbitals; C n

k are v ariation parameters. Both the spin m ultiplicit y and the p oin t symmetry of the functions of this t yp e coincide with

the m ultiplicit y and the symmetry of the functions Φ n

d of the d -subsystem.

The w a v e functions of the t yp e Eq. (2) corresp ond to the fixed in teger n um-

b er ( n

d

) of electrons in the d -shell of the metal ion. All matrix elemen ts of the

resonance op erator H

r calculated with the functions of that t yp e are v anishing.

In order to include the effects of the resonance in teraction ( i.e. the virtual c harge

transfer) b et w een the subsystems w e pass to the effe ctive Hamiltonian H eff

[7]

whic h op erates in the subspace spanned b y the functions Eq. (2), but b y construc-

tion [13] has the eigen v alues coinciding with those of the original Hamiltonian Eq.

(1):

H eff

= P H

o

P + H

r r

H

o

= H

d

+ H

l

+ H

c

H

r r

= P H

r

Q ( E Q − QH

o

Q )

− 1

QH

r

P

(3)

Here P is the pro jection op erator on the subspace of functions with the fixed

n um b er of d -electrons and Q = 1 − P .

The v ariational problem for the effectiv e Hamiltonian H eff

within the sub-

space spanned b y the w a v e functions of the t yp e Eq. (2) splits in to a pair of

in terconnected equations for Φ n

d and Φ

l

(see e.g. Refs. [7, 13]):

H eff

d

Φ n

d

= E n

d

Φ n

d

H eff

l

Φ

l

= E

l

Φ

l

(4)

with the effectiv e Hamiltonians for the subsystems defined b y:

H eff

d

= H

d

+ ⟨ Φ

l

| H

c

+ H

r r

| Φ

l

⟩

H eff

l

= H

l

+ ⟨ Φ n

d

| H

c

+ H

r r

| Φ n

d

⟩

(5)

Since the l -subsystem is describ ed b y a single Slater determinan t Φ

l the lat-

ter m ust b e found from the self-consisten t field pro cedure applied to the F o c k

op erator F eff

l deriv ed from the Hamiltonian H eff

l b y the standard metho d [13,

14]. Pro ceeding semiempirically w e apply the standard CNDO parameterization

[14] for all ligand orbitals. The solution of the Hartree-F o c k problem for the l -

subsystem giv es one electron densit y matrix P

k l

, energies of the molecular orbitals

(MO) ϵ

i

, and MO LCA O co efficien ts c

ik

[14]. These quan tities completely describ e

the electronic structure (including atomic c harges) of the l -subsystem within the

accepted appro ximation. They are used to construct the effectiv e Hamiltonian

H eff

d

Eq. (5) b y a v eraging the op erators H

c and H

r r o v er the ground state Φ

l

of the l -subsystem. That leads to the effectiv e Hamiltonian H eff

d for d -electrons

only:

H eff

d

=

∑

μν σ

U eff

μν d

+

μσ d

ν σ

+

1

2

∑

μν ρη

∑

σ τ

( μν | ρη ) d

+

μσ d

ν σ d

+

ρτ d

η τ

(6)

where the Coulom b in teraction is tak en as in the free ion and the effectiv e core

attraction parameters U eff

μν con tain the corrections originating b oth from the

Coulom b and the resonance in teraction of d - and l -subsystems:

U eff

μν

= δ

μν

U

dd

+ W ion

μν

+ W co v

μν

(7)

where

W ion

μν

= δ

μν

(

∑

i ∈ s,p g

μi

P

ii

) +

∑

L

( P

LL

− Z

L

) V

L

μν

(8)

is an ionic term ha ving the standard CFT form and

W co v

μν

= −

∑

i β

μi β

ν i

(

(1 − n

i

/ 2)

Δ E

di

−

( n

i

/ 2)

Δ E

id

) (9)

comes from the resonance. Here P

ii is the diagonal matrix elemen t of the one-

electron densit y matrix of the l -subsystem; P

LL

=

∑

l ∈ L

P

l l is the electronic p op-

ulation on the ligand atom L ; Z

L is the core c harge of the ligand atom L ; V

L

μν

is the matrix elemen t of the p oten tial energy op erator describing the in teraction

b et w een a d -electron and an electron placed on the ligand atom L ; n

i is the o c-

cupation n um b er of the i -th ligand MO ( n

i

= 0 or 2); Δ E

di

(Δ E

id

) is the energy

whic h is required to transfer an electron from the d -shell (from the i -th MO)

to the i -th MO (to the d -shell); β

μi is the resonance in tegral b et w een the μ -th

d -orbital and the i -th ligand MO [7].

After the effectiv e Hamiltonian for d -electrons is constructed the states of n

d

electrons in the d -shell are calculated b y diagonalizing the matrix asso ciated with

H eff

d in the n

d electron w a v e function basis set. The ground state of the whole

complex is then obtained b y taking the external pro duct of the ligand Slater

determinan t and that n

d

-electron w a v e function obtained b y the diagonalization

of H eff

d whic h has the lo w est eigen v alue. The d-d excited states (they are the lo w

lying excitations of the whole) are then obtained b y m ultiplying other n

d

-electron

functions b y the same Slater determinan t. The d − d excitation energies can b e

then estimated as the differences b et w een the eigen v alues of the corresp onding

eigenstates of the effectiv e Hamiltonian H eff

d

.

I I I. Calculation details

W e used the ECF metho d describ ed in the previous section to calculate

electronic structure of a series of the MO

2( n − 1) −

n clusters, where M=Mn, F e, Co,

Ni, c hosen to represen t the fragmen ts of the o xide crystals. Only one metal

ion with surrounding o xygen ions w ere tak en in to accoun t. Octahedral clusters

MO

10 −

6 w ere used to represen t the TMI’s in the bulk of the resp ectiv e o xides.

W e did not undertak e an y reparameterization of the ECF metho d. W e used

the parameters β

M − O

as they w ere obtained in [12] in order to describ e the

d-d sp ectra of the [M(H

2

O)

6

]

2+

ions and the Burns’ exp onen ts for the metal d -

orbitals. W e also emplo y ed the free ion v alues of the Racah B and C parameters.

Of course, one could exp ect that the orbital exp onen ts for o xygen ions m ust b e

differen t from those accepted in the standard quan tum c hemical approac hes to

tak e in to accoun t v ery differen t ionic state of the ”O

2 −

” in o xides o xygen from

the o xygen atom in w ater molecule. It turned out ho w ev er, that the standard

o xygen exp onen ts satisfactorily repro duce the exp erimen tal dep endence of 10 D q

on Cu-O distance in a series of Ln

2

CuO

4 cuprates [18]. Hence, w e decided it

to b e w orth while to c hec k the apllicabilit y of the ECF approac h as is - without

additional reparameterizations. W e also consider our calculation presen t in this

pap er as a test for general v alidit y of our metho dology dev elop ed in Ref. [7] for

molecular complexes of transition metals in the case of TMO’s.

Sev eral asp ects ma y b e imp ortan t in this concern. First, in the case of the

extended TMO crystal the ligand states are the 4s-, 4p-M-2p-O bands whic h

split the d-states of eac h TMI b y the mec hanism describ ed ab o v e. In the cluster

approac h these bands are mimic k ed b y the MO’s of the ligand system of the

cluster. It is, ho w ev er, kno wn that the prop erties of the band states are fairly

w ell repro duced b y the delo calized MO-LCA O of the cluster. Second, the electric

field felt b y the electrons in the singled out cluster differs from that in the three-

dimensional crystal due to the Madelung field. The influence of the c harges

outside the cluster is threefold. First, the c harges outside the cluster induce

additional splitting of the d-lev els. It is, ho w ev er, kno wn [15] that the splitting

due to the c harges outside the cluster is negligible. Second effect whic h migh t b e

op erativ e is the v ariance of the net atomic c harges of the opp osite signs from those

in the crystal due to the Madelung terms in the total energy . The Madelung term

in the energy tends to separate c harges and th us those obtained in the cluster

calculation m ust b e smaller b y the absolute v alue than those in the actual crystal.

This effect is kno wn to b e not v ery strong. Moreo v er, in the case of the isolated

complexes the calculated atomic c harges on the ligand atoms con tribute at b est

10% of the total splitting. W e think th us that small corrections to the splitting

due to minor v ariations of the atomic c harges ma y b e neglected. The last effect

of the Madelung forces is the most imp ortan t of all listed. According to [5, 16,

17] the difference of one electron p oten tials in the unit cell can b e expressed in

terms of the Madelung p oten tials. This p oten tial applies to all electrons on an y

site of the unit cell. The corresp onding c hange m ust b e tak en in to accoun t when

the energy denominators in Eq. (9) are calculated. This effect is relativ ely strong

due to the fact that a ma jor fraction of the splitting is con trolled b y the co v alen t terms. Ho w ev er, one m ust note that the v alues of Δ V

M giv en in Ref. [16] cannot

b e directly inserted in denominators of Eq. (9). The reason is that the c harges in

the cluster itself also con tribute their Coulom b field to the energies of the c harge

transfer states in the energy denominators. W e m ust th us replace the energy

difference due to the c harges in the cluster itself b y the energy difference found

for the en tire crystal [18].

Some remarks concern the pro cedure of correlation the calculated energies of

the surface states and those measured b y differen t exp erimen tal tec hniques. The

most imp ortan t uncertain t y here comes from the fact that ev en for the surfaces

whic h do not reconstruct in a sense whic h is accepted in surface science, the

in teratomic distances definitely are not equal to those in the bulk. Nev ertheless,

all calculations are p erformed for the in teratomic distances measured b y X-ra y

tec hniques for the bulk, and ultimately m ust not coincide with exp erimen tal data.

IV. Results and discussion

W e underto ok the study of the TMO’s of the second half of the first transition

ro w. The detailed results of our calculations concern NiO and CoO clusters.

When considering the results on c harge distribution in the clusters extracted

from the analysis of the CNDO part of our calculation on the ligand subsystem

one can see that they fairly corresp ond to the in tuitiv e picture of the c harges

in the TMO’s with the ro c k salt structure. The net c harges on the o xygen ions

are ab out 1.80 ÷ 1.85 for all four considered o xides. The only coun terin tuitiv e

feature is the total c harge on the TMI’s whic h amoun ts ab out +1 e rather than

ab out +2 e whic h one could exp ect for the bulk of the crystal. This is one of

the consequences of cutting the cluster from the crystal. These c harges are not

consisten t with the crystal structure and they are also smaller b y the absolute

v alues than the correct ones. The coun terin tuitiv ely lo w c harge on the metal

atom can b e nev ertheless easily understo o d if the balance of the total c harge in

the cluster is tak en in to accoun t. The atomic c harges obtained within the ECF

approac h do not ha v e m uc h sense b y themselv es and giv e only a general picture

of electron distribution in the complex (cluster).

The energies of the excited d -states are v ery imp ortan t since they can b e

related with the observ able prop erties. The c haracteristic quan tit y in this resp ect

is the 10 D q parameter whic h is 0.81 eV for NiO, 0.88 eV for CoO, 1.01 eV for

F eO, and 0.94 eV for MnO. F or these highly ionic clusters our calculations ascrib e

20% of the total splitting to the con tribution of the atomic c harges. This result

will not c hange significan tly if the net c harges on the o xygen ions are increased

b y further accoun t of the Madelung corrections. That means that p erhaps the

result of [19] where the con tribution of the p oin t c harges amoun ts to ab out 30%

of the total splitting can b e attributed to effectiv ely longer tails of the atomic

one-electron d -functions used in [19] as compared to rather con tracted Slater t yp e orbitals with Burns’ exp onen t used in our w ork.

The ground bulk states in all the cases are defined within our metho d in the

exact coincidence with the exp erimen tal data [20]. The calculated excited states

5

E

g at 1.0 eV for F eO and

4

T

1 g at 2.83 eV,

4

T

2 g at 3.25 eV, and degenerate

4

E

g

and

4

A

1 g states for MnO are in acceptable agreemen t with the exp erimen tal data

for these o xides [20].

The calculated energies of d n

-m ultiplet states for clusters cut from CoO and

NiO are presen ted in T ables 1, 2 together with some comparable exp erimen tal

data [20-27]. Another remark concerns the pro cedures of comparison of the ex-

p erimen tal data and calculated state energies. The electron energy loss sp ectra

(EELS) is concerned as a p o w erful metho d probing electronic states of solids.

There is, ho w ev er, a considerable uncertain t y concerning the nature of the states

prob ed b y this tec hnique. According to [20] one should exp ect the surface states

to b e seen in the EELS sp ectra. Ho w ev er, it is also stated b y the same author

that in effect the bulk states are seen. This opinion is ultimately based on the

fact that the n um b er of the bands observ ed in the EELS sp ectra is m uc h smaller

than the n um b er of the states found in the CF calculation for the surface cluster

with the lo w er symmetry C

4 v

. This is certainly a con tradiction since the p enetra-

tion depth of the inciden t electrons is relativ ely small at least for lo w energy of

the inciden t b eam and for that reason the in tensit y of the bulk states scattering

m ust b e m uc h smaller than for the surface ones. Accordingly , the EELS sp ectra

generally manifest the width of the bands of ab out 0.2 eV whic h is comparable

with the splitting of the states in the C

4 v clusters MO

8 −

5 used to represen t the

surface TMI’s. All these facts together suggest an idea that the in tense bands

seen in the EELS sp ectra migh t b e in effect con v olutions of close surface states

whereas w eak features in these sp ectra are due to the bulk states. With this idea

in mind w e can try to rein terpret the EELS sp ectrum of NiO found in Ref. [21].

If w e accept as it is prop osed in [21] that the small bump at 1.8 eV is a real

band then the small bumps at ab out 0.8 eV, at 1.4 eV, and 2.1 eV also are. W e

in terpret them as the bulk states with lo w in tensit y . The in tense bands at 1.05,

1.65, 1.8, and 3.0 eV are then the con v olutions of the surface states rather than

the bulk transitions. With this assumption w e can fairly correlate the a v ailable

data with our calculations on the NiO

10 −

6 and NiO

8 −

5 clusters. Indeed the lo w

energy surface state at 0.6 eV observ ed in Ref. [22] fairly corresp onds to the

lo w est excited

3

E state in our calculation on NiO

8 −

5

, the small bump at 0.8 eV

can b e in terpreted as the lo w in tensit y bulk

3

T

2 g state. The wide in tense band

at 1.05 ÷ 1.10 eV in terpreted in [21] as the

3

A

2 g

→

3

T

2 g transition is indeed

the con v olution of t w o

3

B

1

→

3

B

2 and

3

B

1

→

3

A

2 surface transitions. F urther

analysis allo ws us to in terpret the small p eak at 1.4 eV [21] as the

3

A

2 g

→

3

T

1 g

bulk transition, strong p eak at 1.66 eV is then the

3

B

1

→

1

A

1 surface transi-

tion and the small feature at 1.8 eV on the slop e of the latter as the

3

B

1

→

1

E

surface transition. It is difficult to decide ho w the authors [22] distinguish two transitions at 1.6 eV and 1.7 eV. W e think that this is the 1.66 eV feature from

[21]. Ho w ev er, at higher energy w e can supp ort the in terpretation of the data of

Ref. [21] in the range of 2.75 ÷ 3.10 eV as

3

B

1

→

3

A

2

,

3

B

1

→

1

A

2

,

3

B

1

→

1

B

2

,

and

3

B

1

→

1

E surface transitions. The high energy surface transition

3

B

1

→

1

A

1

is for an unkno wn reason visible also in the optical absorption sp ectra. Some of

our assignmen ts are in certain disagreemen t with those presen t in the literature.

Ho w ev er, the latter are not alw a ys unequiv o cal. It is generally accepted that in

the NiO crystal the first bulk CF transition (

3

A

2 g

→

3

T

2 g

) is ab out 1.1 ÷ 1.15 eV

in energy whic h is supp orted b y the optical absorption measuremen ts [23]. Ho w-

ev er, a careful insp ection of the data set of [23] sho ws that, first, the in tensit y

of this presumably spin allo w ed transition is v ery lo w. It is in effect less in tense

than an y other transition observ ed in the optical exp erimen ts [23] including the

spin forbidden ones. On the other hand if w e accept that some v ery w eak tran-

sitions are p ossible w e can see a w eak shoulder at ab out 0.75 eV on the curv e

presen ting the sp ectrum recorded at the ro om temp erature [23]. Unfortunately ,

the lo w temp erature sp ectrum had not b een recorded in the energy range 0.5 ÷ 0.9

eV and this part of the sp ectrum had b een interp olate d in [23]. It is not p ossible

to sa y whether there is an y feature on the lo w temp erature sp ectrum in this en-

ergy range. Ho w ev er, if w e lo ok at the higher energy features at 1.95, 2.15 and

2.75 eV visible in the lo w temp erature sp ectrum w e can see that these features

almost completely disapp ear in the ro om temp erature sp ectrum. A t b est they

b ecome ev en less pronounced than the shoulder at 0.75 eV. So w e mak e a con-

clusion that it is p ossible that there is a bulk CF state in NiO at ab out 0.75 eV

whic h w e in terpret as the

3

T

2 g state. This is in agreemen t with our calculation

made with the parameters extracted from analysis of the hexah ydrate complexes

of transition metals [12]. A t the same time w e m ust sa y that the feature at 2.15

eV whic h w as clearly seen but not in terpreted in [23] simply disapp eared from

the sets of the exp erimen tal optical data presen ted in the w orks dev oted to EELS

sp ectroscop y of NiO and related calculations. Our approac h giv es a suggestion

allo wing to assign this feature to the bulk

3

A

2 g

→

1

E spin forbidden transition.

Of course, w e can not giv e an y other in terpretation to the bands in the range

1.0 ÷ 1.15 eV rather to consider them as con v olutions of the surface states. In [24]

it is prop osed to exp ose the (100) surface of NiO to NO in order to study the

EELS sp ectra of the surface co v ered b y adsorbate. The bands sensitiv e to the NO

adsorption w ere attributed to the surface states whereas the insensitiv e ones to

the bulk states. Ho w ev er, also in this case the in terpretation of the exp erimen tal

measuremen ts is not that straigh tforw ard either. First of all it is not that eviden t

that the surface

3

E state at 0.57 eV migrates to 0.9 eV under NO adsorption. It

ma y w ell happ en that the 670 meV=0.67 eV feature with somewhat lo w er in ten-

sit y is the

3

B

1

→

3

E surface transition sligh tly shifted under NO co ordination.

Inciden tally the calculation of [24] predicts only rather small up w ard shift for

this transition - m uc h smaller than the 0.3 eV shift attributed to it in that w ork.

A t the same time the band at 1.0 ÷ 1.15 eV turns out to b e sensitiv e to the NO adsorption though it w as assigned previously to the bulk transition. In our w ork

w e consider it as a con v olution of the t w o surface transitions (

3

B

1

→

3

B

2 and

3

B

1

→

3

A

2

). The effect of NO adsorption to w ards suc h complex bands dep ends

on the nature of the comp onen t states. According to our calculation (whic h is

also in agreemen t in this resp ect with [24]) the surface states

3

B

2 and

3

A

2 ap-

p ear due to the splitting on the surface of t w o differen t triply degenerate bulk

manifolds:

3

T

2 g and

3

T

1 g

, resp ectiv ely . Adsorption of NO molecule on a surface

Ni

2+

ion mak es its en vironmen t more symmetric and closer to the o ctahedral one.

F or that reason the splitting of these t w o triply degenerate manifolds m ust b e

smaller and their comp onen ts m ust b ecome closer to the resp ectiv e bulk states.

That is exactly what happ ens to the band at 1.0 ÷ 1.15 eV in the exp erimen t: a

new feature app ears at 0.9 eV whic h corresp onds to the

3

B

2 surface state shifted

do wn to w ards its paren t bulk man yfold at ab out 0.75 ÷ 0.8 eV. W e consider all

these observ ations as an indication of certain problems existing in sim ultaneous

in terpretation of the optical and EELS sp ectra of NiO. W e can not assign reliably

the band at 1.0 ÷ 1.15 eV in the absorption sp ectrum. Ho w ev er, the shoulders at

0.75 and 2.15 eV are not assigned b y other authors.

Another a v ailable set of exp erimen tal data is that on the states of CoO. Here

as in the case of NiO the n um b er of observ ed bands in the EELS sp ectra [22] is

m uc h smaller than the n um b er of calculated states. The data presen ted in [22]

are less detailed than those in [21] and the w eak p eaks are not seen on the graphs

giv en in the former w ork. Nev ertheless, in the framew ork of the ab o v e h yp othesis

concerning the assignmen ts of the EELS states w e try to in terpret a v ailable data

and correlate our results with the optical absorption measuremen ts [25]. This is

done in T able 2. Of certain in terest is the corresp ondence of results of our simple

semi-empirical calculations with the elab orated ones of Refs. [19, 26]. W e can

sa y that the bulk states coming from the

3

F atomic state obtained in the b oth

calculations fairly coincide. Ho w ev er, in the calculations Ref. [19, 26] the lo w est

energy excited

4

E state la ys m uc h lo w er than in our calculation. Ho w ev er, one

more p ossibilit y m ust b e tak en in to accoun t in the course of the in terp eretation of

the HREELS data [27]. This is the Jahn-T eller distortion of the ground

4

T

1 g state

of the Co

2+

ion. Indeed, the CoO crystal is tetragonally distorted (see [19,25]

and reference therein) suc h that one pair of o xygen ions is closer to the Co atom

b y 0.025

˚

A then the other four ions. In agreemen t with [19] this results in a

w eak Jahn-T eller distortion whic h is all the same to o small (0.014 eV) to explain

the observ ed HREELS p eak at ∼ 0.05 eV [27]. Ho w ev er, with this geometry

of distortion (compressed o ctahedron), the ground state of the Co

2+

ion remains

spatially degenerate (

4

E rather than

4

A

2 g

) and th us further distortion is p ossible.

The situation is prett y close to that in the tr ans- [Co(H

2

O)

4

Cl

2

] complex whic h is

also distorted from the C

4 v symmetry due to the fact that the ground state of the

symmetric complex is spatialy degenerate [28] and some v ery lo w-energy excited

states app ear due to the Jahn-T eller splitting of the latter. In our calculation w e assumed that further distortion is an elongation of a pair of the equatorial Co-O

distances upto 2.17

˚

A. This yielded the splitting of ∼ 0.03 eV. By the order of

magnitude this is in agreemen t with that observ ed in the HREELS exp erimen t

[27], ho w ev er, this is certainly b ey ond the accuracy of our approac h, since at

that scale the corrections necessary b ecause of the cluster appro ximation itself

(in first place due to the c harge distribution inconsistency) are larger than this

tin y v alue. Nev ertheless, w e w ould lik e to dra w atten tion to the p ossibilit y that

the lo w-energy (0.05 eV) feature in the HREELS sp ectrum [27] app ears due to

the Jahn-T eller distortion of the

4

E ground state of the tetrahedrally distorted

CoO

10 −

6 cluster.

V. Conclusion

In the presen t pap er w e giv e an accoun t of the effectiv e crystal field (ECF)

metho d and analyze the preliminary results of its application to the calculation

of the d -lev el splitting and d − d sp ectra in the o xides of div alen t manganese, iron,

cobalt, and nic k el. This metho d allo ws one to p erform systematic calculations of

the ligand field for v arious ligand en vironmen ts. F rom the presen t results w e can

conclude that the calculations b y the ECF metho d [7] pro vide imp ortan t sup-

plemen tary information to the exp erimen tal prob es of the electronic structure of

TMO. There is certain discrepancy when the ECF metho d parameterized for the

transition metal hexah ydrates is extended to the transition metal o xides. Tw o

options to escap e these con tradictions can b e foreseen: (i) some more detailed

measuremen ts on the optical absorption sp ectra migh t b e useful to decide defini-

tiv ely whether the lo w-energy bulk electronic transition is presen t in the sp ectrum

of NiO; (ii) p erhaps, in order to repro duce exp erimen tal v alues of 10 D q the ECF

metho d when applied to the TMO’s requires more elab orated reparameterization

to tak e in to accoun t distinctions in the atomic basis of o xygen atoms in differen t

en vironmen ts: H

2

O in an isolated complex and O

2 −

in the crystal.

Ac kno wledgmen ts

This w ork has b een supp orted b y the Russian F oundation for Basic Researc h

(RFBR) through the gran t 96-03-32829 and b y the In ternational Asso ciation

for promotion of co op eration (INT AS) through the gran t INT AS-94-4089. The

author is thankful to the Referee for the instructiv e commen ts, to Prof. Dr. V.

Staemmler for sending reprin ts of his recen t w orks, and to Dr. A.V. Soudac k o v

for v aluable discussion.

References

1. J.G. Bednorz, K.A. M üller. Z. Ph ys. B 64, 189 (1986).

2. S. Jin, T.H. Tiefel, M. McCormac k, R.A. F astnac h t, R. Ramesh, L.H. Chen.

Science 264, 413 (1994).

3. C.A. Morrison. Crystal Fields for T r ansition-Metal Ions in L aser-Host Mate-

rials. (Springer-V erlag, Berlin, 1992).

4. A.L. Tc hougr éeff. In t. J. Quan t. Chem. 58, 67 (1996).

5. W.A. Harrison. Ele ctr onic structur e and the pr op erties of solids (F reeman,

San F rancisco, 1990).

6. J. Zaanen, G.A. Sa w atzky , J. Allen. Ph ys. Rev. Lett. 55, 418 (1985).

7. A.V. Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. in Electron-Electron Corre-

lation Effects in L ow-Dimensional Conductors and Sup er c onductors. A.A. Ov c hin-

nik o v and I.I. Ukrainskii (Eds.)(Springer-V erlag, Berlin, 1991); A.V. Soudac k o v.

PhD Thesis. Karp o v Institute of Ph ysical Chemistry , Mosco w (1991) [in Rus-

sian]; A.V. Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. Theor. Chim. Acta. 83,

389 (1992).

8. J.-P . Malrieu. in Z.B. Maksi ć (Ed.) The or etic al Mo dels of Chemic al Bonding.

P art. 2 (Springer-V erlag, Berlin, 1991)

9. A.V. Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. In t. J. Quan t. Chem. 58,

161 (1996).

10. P .S. Bagus, U. W ahlgren. Mol. Ph ys. 33, 641 (1977); H. Johansen, U.

W ahlgren. Mol. Ph ys. 33, 651 (1977).

11. G.J.M. Janssen, W.C. Nieu wp o ort. In t. J. Quan t. Chem. Quan t. Chem.

Symp. 22, 679 (1988); G.J.M. Janssen, W.C. Nieu wp o ort. Ph ys. Rev. B 38,

3449 (1988).

12. A.V. Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. Zh. Fiz. Khim. 68, 1257

(1994) [in Russian]; Russ. J. Ph ys. Chem. 68, 1135 (1994) [in English]; A.V.

Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. Zh. Fiz. Khim. 68, 1265 (1994) [in

Russian]; Russ. J. Ph ys. Chem. 68, 1142 (1994) [in English]; A.L. Tc hougr éeff,

A.V. Soudac k o v, I.A. Misurkin, H. Bolvin, O. Kahn. Chem. Ph ys. 193, 19

(1995).

13. R. McW een y , B.T. Sutcliffe. Metho ds of mole cular quantum me chanics. (AP ,

London, 1969).

14. J.A. P ople, D.L. Bev eridge. Appr oximate mole cular orbital the ory. (McGra w-

Hill, NY, 1970).

15. S.Y. Shashkin, W.A. Go ddard I I I, Ph ys. Rev. B, 33, 153 (1986)

16. J. Li, H.-L. Liu, J. Ladik. Chem. Ph ys. Lett. 230, 414 (1994).

17. J.B. T orrance, R.M. Metzger. Ph ys. Rev. Lett. 63, 1515, (1989); J.B.

T orrance, P . Lacorro, C. Asa v aro engc hai, R.M. Metzger. J. Sol. State Chem. 90,

168 (1991).

18. A.L. Tc hougr éeff, I.A. Misurkin. Zh. Fiz. Khim. Submitted.

19. S. Shi, V. Staemmler. Ph ys. Rev. B, 52, 12345 (1995).

20. P .A. Co x. T r ansition Metal Oxides. (Clarendon Press,. Oxford, 1992).

21. P .A. Co x, A.A. Williams. Surf. Sci. 152, 791 (1985).

22. A. Gorsc hl üter, H. Merz. Ph ys. Rev. B 49, 17293 (1994).

23. R. Newman, R.M. Chrenk o. Ph ys. Rev. 114, 1507 (1959).

24. A. F reitag, V. Staemmler, D. Cappus, C.A. V en trice, K. Al Shamery , H.

Kuhlen b ec k, H.-J. F reund. Chem. Ph ys. Lett. 210, 10 (1993).

25. G.W. Pratt, R. Co elho. Ph ys. Rev. 116, 281 (1959).

26. V. Staemmler. Ab Initio Calculations of Electronic Surface States of T ransi-

tion Metal Oxides and of the Sup erexc hange Coupling in Oxo-Bridged T ransition

Metal Complexes, in: Nino Russo and Dennis R. Salah ub, eds., Pr o c e e dings of

the NA TO A dvanc e d Study Institute on Metal-Ligand Inter actions: Structur e and

r e activity, Cetr ar o, Italy, Septemb er 4-16, 1994 (Klu w er Academic Publishers,

Dordrec h t/Boston/London, 1996) 473-492.

27. M. Haßel, H. Kuhlen b ec k, H.-J. F reund, S. Shi, A. F reitag, V. Staemmler, S.

L ütk ehoff, M. Neumann. Chem. Ph ys. Lett. 240, 205 (1995).

28. A.V. Soudac k o v, A.L. Tc hougr éeff, I.A. Misurkin. In t. J. Quan t. Chem. 57,

663 (1996).

T able 1: Calculated transitions in the [NiO

n

]

10 −

clusters

State

Calcd. Obsd.

O A Ref. EELS Ref.

3

A

2 g

( B ) ,

3

B

1

( S )

0.00 0.00 0.00

3

E (S)

0.57 0.60 [22,24]

3

T

2 g

(B) 0.81 0.75? [23] 0.80 [20]

3

B

2

(S) 0.90 1.05 ÷ [21,

3

A

2

(S) 1.05 1.13 [23] 1.1 22,24]

3

E (S)

1.33

3

T

1 g

(B) 1.39 1.4 [21]

1

A

1

(S) 1.76 1.62 [24]

1

E

g

(B) 1.98 1.95 [23]

1

B

1

(S) 2.12 1.87 [24]

1

E (B)

2.59 2.15 [23]

3

A

2

(S) 2.66

1

T

2 g

(B) 2.72 2.75 [23]

1

A

2

(S) 2.80 2.75 [22]

1

B

2

(S) 2.95 2.90 [22]

3

T

1 g

(B) 3.00 2.95 [23]

3

E (S)

3.09 3.10 [22]

1

A

1 g

(B) 3.11 3.25 [23]

1

A

1

(S) 3.23 3.25 [21]

T able 2: Calculated transitions in the [CoO

n

] clusters

State

Calcd. Obsd.

O A Ref. EELS Ref.

4

T

1 g

(B),

4

A

2

(S) 0.00 0.00

4

E (S)

0.22 0.05 [27]

4

B

2

(S) 0.66 0.45 [27]

4

T

2 g

(B) 0.76 0.90 ÷ 1.1 [25]

4

E (S)

0.89 0.85 [22]

2

A

1

(S) 1.56

2

E

g

(B) 1.66 1.61 [25]

4

A

2 g

(B) 1.64

4

B

1

(S) 1.63

2

E (S)

2.17 2.05 [22]

2

A

2

(S) 2.25 2.25 [22]

2

B

1

(S) 2.29

2

T

1 g

(B) 2.32 2.03 [25]

2

T

2 g

(B) 2.35 2.05 [25]

4

E (S)

2.34

2

B

2

(S) 2.52

4

T

1 g

(B) 2.44 2.26 ÷ 2.33 [25]

2

E (S)

2.63

2

E (S)

2.84

2

T

1 g

(B) 2.91 2.49 ÷ 2.56 [25]

2

A

2

(S) 2.92

2

A

1 g

(B) 2.91 2.61 [25]

2

A

1

(S) 2.98

2

T

2 g

(B) 3.29

4

A

2

(S) 3.19 3.2 [22]

2

E (S)

3.37

T able 3: A tomic c harges in o ctahedral [MO

6

]

10 −

clusters

NiO Ni s 0.21

p

z

0.24 1.06

O s 1.89

p

x

1.97

p

y

1.99

p

z

1.99 -1.84

CoO Co s 0.22

p

z

0.25 1.02

O s 1.89

p

x

1.98

p

y

1.99

p

z

1.99 -1.84

F eO

F e s 0.23

p

z

0.26 0.98

O s 1.87

p

x

1.98

p

y

1.99

p

z

1.99 -1.83

MnO Mn s 0.24

p

z

0.28 0.93

O s 1.87

p

x

1.98

p

y

1.99

p

z

1.99 -1.82