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Transition metals compounds with high oxidation

state often reveal anomalous properties with a rich

phase diagram, like for example in trivalent nickel in

RNiO3 [1] and tetravalent iron in CaFeO3 [2]. There

one observes metal-insulator transitions, charge order-

ing and unusual types of antiferromagnetic ordering.

Charge disproportionation in charge ordered states for-

mally corresponds to appearance of even higher oxida-

tion states Ni+4 and Fe+5. All those anomalies are usu-

ally ascribed to significant contribution of oxygen or-

bitals to formally d-states of transition metals.

Chemically those high oxidation compounds are also

very unusual. They are often unstable and can be used

as strong oxidizers. The high formal metal ionic charge

looks strange because it requires very large energy to

create such ions. The most interesting example of this

class is KMnO4 where formal valency of manganese ion

is Mn+7. To make such highly charged ion one needs

∼ 119 eV [3], while energies of chemical bonds are below

∼ 10 eV.

In this paper we present electronic structure calcula-

tions for this compound and analyze it using formalism

of Wannier function (WF). Our conclusion is that the

chemical bond in MnO−
4 complex is strongly covalent

and charge transfer between d-states of manganese to

p-states of oxygen is rather small in spite of very large

formal valence. Also, our calculations give the number

of d-electrons on Mn ion 5.25 that is more appropriate

to ionic charge +2 rather than +7.

Electronic structure calculations were performed us-

ing Quantum ESPRESSO package. Wannier functions

(WF) used for its results analysis are the most general

and natural choice for definition a set of localized atomic
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orbitals as electronic states that are formally equivalent

to the set of itinerant Bloch functions set. The transi-

tion between them can be considered as unitary trans-

formation in Hilbert functional space. The localization

degree and the symmetry of such wave functions could

be controlled in the projection procedure. We used the

procedure [4–6], that constraint symmetry of the WF to

be the same as the symmetry of pure atomic d-orbitals.

WFs were generated as projections of the pseu-

doatomic orbitals |φkn〉 =
∑

T
eikT|φTn 〉 onto a subspace

of the Bloch functions |Ψk
µ〉 (the detailed description of

WFs construction procedure is given in [7]):

|WT

n 〉 = 1√
Nk

∑

k

|Wk

n 〉e−ikT, (1)

where

|Wk

n 〉 ≡
N2∑

µ=N1

|Ψk

µ〉〈Ψk

µ|φkn〉. (2)

Here T is the lattice translation vector. The resulting

WFs |WT
n 〉 have symmetry of the atomic orbitals φn po-

sitioned at the unit cell defined by T and describe elec-

tronic states that form energy bands numbered from N1

to N2. Within this new basis of WFs one can calculate

energies, occupation numbers for every WF and also get

contribution of atomic orbitals to the specific WF. All

these data are used below for the analysis of electronic

configuration of Mn ion in potassium permanganate.

KMnO4 crystallizes in the orthorhombic Pmmn

space group with unit cell parameters a = 5.93 Å,

b = 7.58 Å, c = 9.23 Å [8]. The manganese ion is sur-

rounded by four oxygens ions with a tetrahedral envi-

ronment corresponding to the Td point group symme-

try. Obtained energy bands dispersion and density of

states show rather narrow bands in agreement with well

separated MnO−
4 ions in the structure.
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In order to analyze spatial distribution of electronic

states in this material we have calculated squared mod-

ulus of WF for the unoccupied bands. The results are

presented in Fig. 1. The figure shows spatial distribu-

Fig. 1. (Color online) WF (isosurface of the squared mod-

uli) with the symmetry of manganese d-orbitals

tion of holes for various symmetry states of MnO−
4 ion.

As one can easily see, nearly half of the hole density for

every WF is situated on the neighboring oxygen ions.

The Table 1 shows percentage of Mn d and O p contri-

butions to the WF charge representing holes in formally

Таблица 1. Contribution of atomic states to WF of KMnO4

z2 − r2 zx zy x2 − y2 xy

Mn d 46% 45 % 45% 45% 46 %

O p 50% 49 % 48% 47% 50 %

d0 shell of manganese ion. It is clear that in fact more

than half of each ten formally d holes in reality belong

to the oxygen states. The total number of d-holes from

this Table gives 4.54 which corresponds to the number

of d-electrons 5.46. That agrees well with the occupancy

of manganese d-shell 5.25 obtained in full DFT calcula-

tions. So while formal valence of Mn in this compound

is seven the occupancy of d-shell corresponds rather to

Mn+2 with admixture of Mn+.

Using the WF formalism, we calculated the con-

tribution of covalent and ionic parts to the chemical

bond within the MnO−
4 complex. The obtained values

Ecov
bond = −38.2 eV and Eion

bond = 0.07 eV confirm that

MnO−
4 ion in KMnO4 is a totally covalent complex.

To summarize, we have calculated electronic struc-

ture for KMnO4 compound with formally seven valency

Mn ion and analyzed the results with WF formalism.

We have found the chemical bond in MnO−
4 complex

being nearly of perfectly covalent type with practically

no presence of ionic contribution. The d-electors charge

distribution for Mn atom corresponds to rather Mn+2

ionic state then to formal valency Mn+7.
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This is an excerpt of the article “Formal valence,

charge distribution and chemical bond in a com-

pound with a high oxidation state: KMnO4”. Full text
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