
the major approximations underlying the conven- 

tional Tanabe-Sugano approach to the multiplet problem in that differen- 
tial hybridization for e and t2 states is incorporated directly, the 

Racah parameter A is allowed to depend on the one-electron configura- 
tions, and the crystal-field parameter incorporates both bare-ion 

effects (as traditionally done) and average multiplet corrections. 
Analysis of the observed optical spectra of NIO, COO, and MnO in light 

of this approach produces (i) an excellent ftt to the spectra and new 
assignments for some of the transitions, (ii) the values of the mean- 

field parameters for these materials, (iii) a direct measure for the 

amount by which an ideal, spin-restricted mean-field electronic struc- 

ture theory would fail to reproduce the excitation energies, and (iv) 

analysis of the optical transitions above the interband onset. 

I. INTRODUCIUN 

The optical, magnetic and electronic proper- 
ties of 3d transition metal monoxides present a 

series of exceptions to many of the rules estab- 

lished by a large body of electronic structure 

calculations on other binary compounds.1-3 Among 

others, they manifest an acute failure of 

conventional band theory,4-6 as they are usually 

predicted to be metals above the NeCl temperature 

(e.g., Coo), or narrow gap semiconductors (e.g., 

NiO, MnO) with partially occupied d-bands, whereas 

in fact, with the exceptions of VO and TIO, they 

are all wide band gap (Mott) insulators, both below 

and above the Ne&l temperature. While in such 
calculations it is possible to introduce a gap in 

the one-electron spectra by postulating a 

superstructure of spin orientations,4 such 

approaches are unable to explain the optical 
properties at threshold. These transitions occur 

at subband gap energies (hv = l-4 eV) and are due 
to internal d-d* excitations within the d 

states band theory predicts instead nearly 
vanishing excitation energies for these 

transitions. Once it is recognized, however, that 
the Bloch periodicity of the one-electron orbitals 

(bands) is not mandated by any fundamental physical band con- 

ductivity. Such are also the crystal-fielda*g and 

ligand-field (cluster) approacheslO that view the 

periodic crystalline environment as a weak pertur- 
bation on the free-ion multiplet structures. The 

relationship between these approaches and the con- 
tent of electronic band structure calculations 

remains, however, obscured by a number of 

factors. Perhaps the most significant of these is 

the fact that the electronic structure parameters, 
such as crystal-field splitting and covalency, that 

are extracted from phenomenological multiplet theo- 
riesll (e.g., the Tanabe-Sugano approach12) bear 

only a loose relationship to the content of elec- 

tronic structure calculations. Self-consistent 

mean-field (space and spin restricted) electronic 

structure calculations aim at solving the &J + <cl> 

problem, where $ is the bare-ion periodic poten- 

tial, and <fil> is the totally-symmetric average of 
the interelectronic interaction 81. Rather than 

focus on the consequences of the correction term 
8,- &l>, separating thereby mean-field (ff,+ <81>) 

from many-electron multiplet corrections 

(8, - <RI>), standard multiplet approaches12 have 

parametrized directly the fis + 81 problem. In so 

doing, a number of approximations were postulated 

which are not shared by modern electronic structure 

calculations, obscuring the 
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multiplet corrections (since a totally-symmetric 
projection of the interelectronic interactions is 

used), the crystal-field energy obtained in the 
Tanabe-Sugano approach12 pertains, in principle, to 

the bare-ion reference system &,(multiplet effects 

can enter indirectly through empirical fitting). A 

method that circumvents these three difficulties is 

presented here13and used to analyze the intra-d 

transitions in MnO, COO, and NiO. 

II. METHOD 

The interelectronic interaction 81 splits the 

total energy of each single configuration (SC), 

say. emtn , by an amount ESC(m,n). It also intro- 
duces a configuration mixing (CM) interaction ener- 

gy ECM(m,n;m', n') between terms of the same space 

and spin symmetry. In mean-field electronic struc- 
ture calculations (which are done for one fixed 

configuration at a time), there is no place for 

configuration mixing. However, since the totally- 

symmetric (al) component of the charge density with 
its attendant interelectronic interaction <HI> is 

retained, such calculations incorporate the corres- 

ponding average of all single configuration ener- 

gies for the particular configuration for which the 

calculation is done. This average SC energy &(m,n) 

can be written as a simple weighted sum 

E(m,n) = 1 w Ei 
1 isc 

(m,n) , (1) 

where the weights 

wi = (2S + l)gy/ 1, P(2S + 1)gP 

include both spin (S) and space (P) degeneracies. 

We can now express the SC energy Ei,,(m,n) relative 

to the mean-field average %m,n) , defining thereby 

the single-configuration energy shift AEiC(m,n) 

which constitutes a correction to MF theory. The 
diagonal element of the fit, + 81 matrix is then 

r 
Daa(m,n) = b(m,n) + AE&(m,n) + k A 

aa CF ’ (2) 

where ACF is the bare-ion crystal-field splitting, 

and k,, is an integer, as in the Tanabe-Sugano 

model. If we measure the average energy of the 

configurations (m,n) relative to a reference con- 

figuration (mono), defining thereby A as 

. I) 
E(m,n) 5 E(m" ,n") + A(m,n;m'n') , (3) 

Eq.(2) can be rewritten as 

r 
Duc(m,n) = i(m",no) + AE&(m,n) + 

(4) 
[A(m,n;m"no) + k A I . aa CF 

The term in brackets in Eq.(4) is the effective 

crystal-field splitting Aeff(m,n) and represents 

the separation between the total energies of the 

configuration (m.n) and (mono), including both 

bare-ion (ACF) and average multiplet contributions 

(A). It equals thus the difference in total ener- 

gies ET(m,n) - ET(mo, no) of MF calculations for the 

two configurations. The diagonal and nondiagonal 

elements of the interaction matrices are hence 

given, respectively, as 

and 
rD,,(m.n) = AE'$(m,n) + Aeff(m,n;mono) 

(5) 

r D 
=B 

These elements depend on the 10 independent Coulomb 

integrals between the 3-fold degenerate t2 orbit- 

als, (c,n,c) and the 'L-fold degenerate e orbitals 

(E,D). Consider the (unknown) transition-atom- 
centered impurity Wannier orbitals (e> and It2 > 

that transform in the limit of a separated crystal 

like the e and t2 representations, respectively. 

We can define the orbital deformation parametersi 

hz=<eelee>S/<dd/dd>I; A:=<ttltt>s/<ddldd>I, (6) 

that measure the ratio between the interelectronic 

interactions in the solid (S) to those in the free 

ion '(I). For simplicity, assume14'15 that bet = 

(hthe)1/2 . Here <ee(ee> and <tt(tt> are interelec- 

tronic integrals involving the E, 8 and c,n,S, 
partner orbitals of the e and t2 Wannier local 

orbitals, respectively, and <dd(dd> are atomic 
interelectronic integrals involving the pure-d 

states of the free ion. AEIFB and Ee CB 
can be ex- 

pressed in a standard form in terms of the 

Wannier function deformation parameters he and ht 

and the Racah parameters B, and Co of the free 

ions. Note that the Racah parameter A, which is 

configuration dependent, does not appear explicitly 

in Eq.(5), 
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the stable aniferromagnetic configuration ("AFII") 

the e band is actually narrower than the t2 band 
due to absence of intra-sublattice ddo couplin in 

the former case. Spin-unpolarized calculations 
% 

or 
cluster calculationslO omitting metal-metal 

interactions cannot show this effect and lead to 
the (conventional) opposite (ht>he) conclusion. 

From A,, h, and Aeff, we can no" calculate the 

multiplet correction energies [sum of AESC + 
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that the high intensity d5-+d4 transitions are 

indeed from the 6Al ground state to the 'T2 and 5E 

states (2 and 3 units of intensity, respectively). 
However, if we consider that the 5T2-5E energy 

splitting is approximately equal to A 
dff' 

it is 

difficult to accept the Messick et al. interpre- 
tation, in which this difference is 1.0 eV, half 

the expeBcte$ value of Aeff. In our results the 

spacing T2- E is 2.14 eV, leading us to conclude 

that, as suggested by Brandow,3 this transition is 
related to the electroreflectance peaks at 4.6 and 

7.2 eV21 . 

3.Coo. 

For Co0 we predict that the high intensity 

transitions wil 
involves the 

b gro4"e, in3 ;";ttSse$sets; 3T”(‘t5yly’ 
T2(t e ), 1 2 

states (2.5, 1.0, and 1.0 units of intensity, re- 

spectively) with the excitation energies centered 

around 58 

3T1, 
8. 

3E, T 
eV, and the second formed by the 
3A2, 

y4 
and 3T1 states originating mainly 

from the e t configuration (1.0, 0.66, 0.5, 0.33, 

and 0.58 units of intensity, respectively), 

yielding a centroid around 2.40 eV. The energy 
difference between the two centroids is -1.82 eV, 

in good agreement with the spacing between the two 

peaks seen in X ray photoelectron spectroscopy 

(XPS) experiments around 2.0 eV22 (Brandow,3 

suggested from the same data -2.2 eV). The energy 

difference obtained for the states 5T2 and the 
first 3T1 in the second group (these should be the 

two most populated states in the transitions) is 

2.0 eV. Gur conclusion is similar to that Brando", 

both formalisms predict a 1Al ground state (t6, 

low-spin), but there is a significant difference in 

the 'T2 - 'A 1 energy ,separation: our model gives 

0.15 eV while Brandow's results in a value of 1.0 

eV. The bound polaron hopping data discussed by 

Brandow suggests an energy separation of -0.2 eV, 


