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Chapter VI

Band Gap Reduction and

Superexchange Enhancement at

Low Dimensional TM-O Systems

Abstract:

In this Chapter the changes in both band gap and superexchange
interaction of charge transfer insulators for di�erent surface ter-
minations relative to the bulk will be discussed. We have calcu-
lated the Madelung potential of the unreconstructed (100) and
(110) surfaces of the rock salt structured TM-O compounds (TM
= Mn, Fe, Co and Ni). Possible step defects on (100) surfaces
are also considered. The presented results are calculated in both
the purely ionic case (TM2+O2�) and in the strong ligand p -
cation 4s,p hybridization (TM1+O1�) case. In both scenarios the
charge transfer gap, �, for the surface is reduced compared to the
bulk value. Consequences of this reduction are a large increase
of the surface superexchange interaction, Jsur, and a decrease of
the band gap at the surface. This e�ect is most signi�cant for
the (110) surface where � can be about 4 eV smaller, resulting
in the ingredients for metallic behaviour.
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146 VI. Band Gap Reduction and Superexchange Enhancement at ...

VI.A Introduction

During the last 70 years transition metal oxides have been one of the most studied
class of solids. These studies have led to new ideas[1] concerning the electronic
structure of TM oxides. Strong evidence for a classi�cation of the late 3d TM ox-
ides as charge transfer gap insulators has been reported by Sawatzky and Allen[2]
and Zaanen, Sawatzky and Allen[3]. The lowest unoccupied state in this class
of materials has TM-O character. TM-TM interactions give rise to states at
higher energy and as a result do not determine the magnitude and character of
the conduction gap. In addition to the reinterpretation of the band gaps, the
so-called Zaanen, Sawatzky, Allen (ZSA) classi�cation scheme[3] has also led to
reinvestigation of the contributions to the Anderson superexchange interaction
J [4] showing that contributions involving the O2p-TM3d charge transfer energy
dominate over those involving indirect TM3d-TM3d charge transfer as suggested
by Geertsma[5]. In this Chapter we investigate the consequences of these ideas
on the surface electronic structure, concentrating on the band gaps and superex-
change interactions at various defect free transition metal monoxide surfaces and
near step-like defects.

VI.B Theory

In the ZSA description, as discussed in Chapter II, the band gaps are calculated
using an ionic ansatz. As can be found in for instance reference[6] the charge
transfer energy � and onsite Coulomb interaction U are given by:

� = 2Emad(TM
2+O2�)� EI(at)� EA � Epol (VI.1)

U = U(at)� 2Epol (VI.2)

Here EI(at) is the atomic ionization energy of the TM ion and EA is the second
electron a�nity of oxygen. Emad is the Madelung potential (which is equal in
magnitude at O and TM sites for a rock salt structure), Epol is the screening
energy due to the polarizability of the O2� ions. These polarization induced
screening e�ects have in detail been discussed recently[7]. U(at) is the free atom
energy given by:

U(at) = E(dn+1) + E(dn�1)� 2E(dn) (VI.3)

Such an ionic model serves as a remarkably good starting point for describing TM
oxides[8]. In a more accurate description of the electronic structure hybridiza-
tion must also be considered. The strongest of these e�ects is the O2p-TM4s
hybridization. In most models this is assumed to be taken into account by using
e�ective O2p wave functions which contain a considerable amount of TM4s char-
acter, as is also shown by band theory calculations[9]. The hybridization causes
a reduction of the ionicity and therefore reduction of the Madelung potential. In
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most model Hamiltonians, the TM4s band is otherwise neglected because of its
high energy. The O2p-TM3d hybridization is, as well as the O2p-O2p hybridiza-
tion, usually taken into account explicitly, resulting in O2p band widths of about
4-6 eV and somewhat modi�ed bandgaps as discussed by Zaanen et al.[10]. For
the two limiting cases of U and � the band gap is given by:

Egap
�= U �

2V 2

�

U

�
( for U < �, V << �, U ) (VI.4)

Egap
�= ��

1

2
W +

2V 2

�
( for U > �, V << �, U ) (VI.5)

where V is the e�ective O2p-TM3d transfer integral including the e�ect of de-
generacy and W is the oxygen 2p band width. We will in �rst order neglect
the d band dispersion width w, as w � W . The superexchange interaction is
approximately given by:

J �=
�2V 4

�2
SE

(
1

�SE

+
1

USE

) (VI.6)

where the subscripts SE indicate that slightly di�erent values are to be used com-
pared to the band gap calculations, because of the di�erent inuence of multiplet
structure. In the limit of small �, equation VI.6 will be dominated by a 1=�3

term. Especially in the case of charge transfer gap materials, both Egap and J
strongly dependent on the charge transfer energy � and as a result of equation
VI.1 also on the Madelung potential.

VI.C Madelung Potential Results

The Madelung potential is de�ned as the summation of all the surrounding
charges weighted by the distance(r) to the reference point.

Emad =
1

4�"0

X
(q2=r) (VI.7)

The required convergence of the summation restricts the variety of systems that
can be considered. The object at least has to be charge neutral. The Madelung
potential for the surfaces we want to study can be simply obtained when we
separate the contributions. The Madelung potential of a (100) rock salt surface
is given by:

Emad(100) =
1

2
Emad(bulk) +

1

2
Emad(2D100) (VI.8)

The Madelung potential at an ion position at the (100) surface is equal to half
the bulk value, compensated by half the contribution of a 2-dimensional (100)
layer, as the semi-in�nite part only contributes half at the surface. For the two-
dimensional (100) sheet this results in a relatively small calculation as the number
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2Emad(TM
1+O1�) 2Emad(TM

2+O2�)

a(�A) bulk (100) (110) bulk (100) (110)

MnO 4.44 22.64 21.79 19.95 45.28 43.58 39.89
FeO 4.31 23.36 22.48 20.58 46.72 44.96 41.15
CoO 4.26 23.62 22.73 20.81 47.25 45.40 41.62
NiO 4.18 24.08 23.17 21.21 48.16 46.34 42.42

Table VI.1: Surface Madelung potentials in eV for the late transition metal oxides.

of considered ions is much smaller than for the bulk. Madelung potentials for
other charge neutral surfaces, like (110), only require the calculation of another
two-dimensional sheet. Step defect values can be reconstructed from 1-, 2- and
3-dimensional contributions.

Throughout this Chapter we assume for the surface studies ideal bulk termi-
nation without reconstruction or buckling. There is strong evidence from Low
Energy Electron Di�raction(LEED)[11] that this is a good approximation for
the (100) surface of NiO, although considerable buckling on the (100) surface
of MgO[12] has been reported. The inuence of buckling could be quite strong,
but it would have the tendency to increase the average TM-O bond length, thus
further decreasing the Madelung potential, although an increased ionicity would
go in the opposite direction. For other surfaces like bulk terminated NiO(110) no
results are known, one might expect quite strong surface relaxations because of
the much higher surface energy.

In table VI.1 we list the bulk and surface Madelung potentials(eV) for vari-
ous transition metal monoxides. Two cases are included, namely the hybridized
(TM1+O1�) and fully ionic (TM2+O2�) case. The lattice parameter a taken for
the several compounds is also included. As a kind of reference to the magnitude
of the Madelung potential di�erences in other oxide systems the lists published
by Broughton and Bagus[13] and Torrance and co-workers[8, 14] can be studied.

VI.C.1 Defects

Next to the unreconstructed surfaces, defects at these surfaces can exhibit inter-
esting behaviour in magnitude of the Madelung potential di�erences relative to
the bulk as well. Step-like defects at the (100) surface are the �rst situation we
will consider. In the case of nearest neighbour charge transfer excitations at a
step, there are three Madelung potential di�erences worth studying, as is shown
in Fig. VI.1. For each of the indicated positions the potential is calculated. The
Madelung potential di�erence can take three values. Excitations from the center
ion to site 1 (1-1), to site 2 (1-2), and to site 3 (1-3). The results are given in
table VI.2. The Madelung potential di�erences found for excitations parallel to
the step defect are much lower compared to the two excitations perpendicular to
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3

2

1

Figure VI.1: The di�erent Madelung potential contributions involved in the possible

charge transfer excitations at a step defect on a rock-salt (100) surface. The small

spheres represent the TM ions, the larger un�lled spheres the O ions.

�Emad(average)

bulk (100) step.1-1 step.1-2 step.1-3 (110)

MnO 33.96 32.69 30.47 31.61 31.90 29.93
FeO 35.04 33.72 31.43 32.62 32.90 30.87
CoO 35.43 34.10 31.79 32.99 33.28 31.22
NiO 36.12 34.76 32.40 33.62 33.92 31.82

Table VI.2: Calculated average Madelung potential di�erences at a step on a (100)

surface.

the step forming line. It is interesting to see that the lowest step value is not
much higher than the value that resulted for the (110) surface.

It has been found at attempts to achieve clean (110) MgO surfaces, that
polishing and annealing of a MgO crystal cut along the (110) plane, can result in
faceted surfaces with (100) micro surfaces, as shown in Fig. VI.2. All (100) plane
facets are perpendicular to each other, under an angle of 45� relative to the (110)
surface normal[15]. The same behaviour has been observed by Alders[16], who
used MgO(110) as a substrate for NiO deposition. The zigzag system that results
from this reconstruction can be related to the step calculations as discussed above.
One-dimensional conduction behaviour is expected at the top (and possibly also
at the bottom) rows of this zigzag structure. The comparison of a (110) surface
with a stepped (100) surface is not so strange. A very high step density (100)
surface is comparable to the (110) surface structure. A very interesting point to
be studied is the characteristics of overlayers on these zigzag or pyramid surfaces.
When the zigzag system is deposited with a small ux of a metallic material,
metallic chains can be created in the valleys of this structure.

Henrich also considered polished (111) surfaces of MgO[15, 17]. A behaviour
comparable to the (110) situation was found. In this case three sets of (100) faces
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(110) (111)

Figure VI.2: Impression of the surface systems resulting after treating the cut non-

principal cleavage planes (110) and (111) of MgO by polishing and annealing.

appear, all inclined at 54.7� to the (111) surface normal, see right panel of Fig.
VI.2. The last case seems less interesting from a conduction point of view. The
top ions on the piramids formed by the three facets form a 0-dimensional system.
The surface energy of this system relative to the (100) surface is discussed by
Williams[18]. The structural dependence of the constant kinetic energy features
in electron scattering and emission experiments as discussed in Chapter III, can
be used as an important surface sensitive source to obtain information on the
discussed structures.

VI.D Band Gap Results

To estimate the surface band gap we follow equations VI.1 and VI.5 and use
parameter estimates obtained from photoemission and inverse photoemission data
and theory as given by Zaanen and Sawatzky[4]. The Madelung potential values
used are taken from table VI.1. We have calculated � in both the ionic(�i) and
hybridized(�s) limits. Taking

Epol(surface) = Epol(bulk)� (Zsur)=(Zbulk); (VI.9)

where Z is the nearest neigbour oxygen coordinate number. The obtained val-
ues(eV) are listed in table VI.3.

In both the ionic and hybridized case the surface charge transfer energies are
reduced relative to the bulk. The average gap values (�i + �s)=2 decrease by
�0.9 eV on the (100) surface and by �3.3 eV on the (110) surface. This e�ect is
especially pronounced for the (110) surface in the ionic limit, where � is reduced
by �5 eV.

An excitation involving oxygen and transition metal ions perpendicular to the
step, but in-plane(1-2), results in an average (ionic and hybridized) � of 4.69 eV
in the case of NiO. Oxygen and transition metal above each other(1-3) results in
4.97 eV. As can be found in table VI.3 the charge transfer energy in the parallel
to the step direction(1-1) is 3.45 eV and is at least 1.25 eV lower than the other
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Figure VI.3: Calculated charge transfer energies and half the oxygen band width
values of the late transition metal monoxides for di�erent surface terminations. Along

the right axis the corresponding conduction gap values can be read.

step options. For this in-line step charge transfer energy an average reduction of
2.7 eV, compared to bulk, is predicted for the oxides considered. The reduction
in the case of a step is not much less than the reduction of the (110) plane relative
to bulk.

The de�nition of the band gap as the charge transfer energy minus half the
band width of the O2p semi elliptic band (W=2 �2.2 eV), as the V 2 term in
equation VI.5 is assumed to be small, results in a reduction of the band gap by
the same amount as the charge transfer energies. In Fig. VI.3 we plot the average
charge transfer energies, the band gap values as well as W/2. From Fig. VI.3

bulk (100) step (110)

Z 6 5 4 4

�i �s �av �i �s �av �av �i �s �av

MnO 7.72 10.70 9.21 6.52 10.35 8.44 6.68 3.33 9.64 6.49
FeO 7.15 7.27 7.21 5.89 6.89 6.39 4.54 2.58 5.49 4.03
CoO 6.41 6.53 6.47 5.13 6.14 5.64 3.82 1.78 4.72 3.25
NiO 6.21 6.12 6.17 4.89 5.71 5.30 3.45 1.47 4.25 2.87

Table VI.3: Termination dependence of the charge transfer energies(�) for the

monoxides listed. The ionic(�i), hybridized(�s) and the average(�av) values are given,
the coordination number Z is also included.
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Figure VI.4: The combination of d9(left) and d8(center) single valent energy schemes

to the coexistence of d8 and d9 states in a mixed valent situation with a small hopping in-

tegral t (right). Only the transition metal 3d levels are considered. The energy schemes

are linked by a common chemical potential �. In the top of ezch panel a representative
chain of ions is drawn.

it becomes clear that the ligand valence and the TM conduction bands nearly
overlap on the (110) surfaces of CoO and NiO. As the W=2 value plotted is just
an estimate, it is possible that the conditions for metallic behaviour are ful�lled
at the mentioned surfaces.

However, in this low � case the concept of an ionic TM-O system loses its
meaning, as there is very strong hybridization between the TM and O bands
and the system is a mixed valent one. In this situation d8 and d9 ions coexist
as is shown in Fig. VI.4. The two single valent energy scales are shown in the
left(d9) and center(d8) panel. The energies are linked by a common chemical
potential(�). Electron addition states are indicated by the open parts of the lobes
above the chemical potential �, electron removal states by the closed lobes below
�. The corresponding electronic excitations are indicated as labels at each lobe.
Charge neutrality in each case is guaranteed by the charge reservoir formed by the
oxygen ions. Excitations between equal valency ions are unlikely because of the
large value of the Coulomb repulsion U . When the hopping parameter is non-zero,
valence uctuations arise. The d8 and d9 ions coexist in arbitrary arrangements of
which an example is given in the right panel of Fig. VI.4. This situation of mixed
valency is redrawn in the right panel of VI.5. The left side of each of the panels
indicates the oxygen 2p states, the right side the nickel 3d states. It is clear from
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Figure VI.5: Possible mixed valency on NiO(110). The mixed valent situation in the

right panel is compared to the ionic bulk NiO charge transfer situation, shown in the

left panel. The left side of each panel corresponds to the O 2p states, the right side to
the TM 3d states.

the right panel that the �rst ionization state can no longer be regarded as dnL as
is the case in the left panel. In the mixed valent scheme the �rst ionization state
is formed by a strongly hybridized d-p band. Under these conditions the initial
ionic ansatz is not correct anymore. As a comparison the ionic charge transfer
situation is shown in the left panel in which also the parameters � and U are
shown. We point out that it may be interesting to further study such a situation
due to the similarity to the doped high-Tc superconductors, with the holes having
primarily O2p character and Ni ions in 3d9(s=1/2) electron con�gurations.

It is known that in ionic materials the Madelung potential has a strong inu-
ence on core level binding energies[19, 13], as well as on band gaps, as discussed.
Based on this knowledge calculations on surface Madelung potentials have been
performed[20, 21] and the inuence on the surface band gaps and surface exciton
energies have been discussed. For a review see Henrich[22] and references therein.

Surface sensitive probes should be used to check the validity of the results
presented. Reection mode Electron Energy Loss Spectroscopy at low primary
energies is suitable to measure surface excitations from occupied to unoccupied
electronic states. Henrich et al.[23] found a reduction of the surface band gap
in MgO from 7.8 eV in the bulk to 6.2 eV at the (100) surface. The gap in
MgO is also of a charge transfer type, but involves rather delocalized valence
orbitals of strongly mixed oxygen and Mg orbitals, as a result the full e�ect of
the Madelung potential change will be not be seen. The conduction band of the
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�SE U��
SE

J

bulk (100) (110) bulk (100) (110)

MnO 9.9 9.13 6.87 8.8 0.003 0.004 0.008
FeO 7.8 6.98 4.98 8.9 0.005 0.007 0.017
CoO 7.2 6.37 3.99 9.6 0.006 0.009 0.031
NiO 6.0 5.14 2.70 9.5 0.010 0.016 0.089

Table VI.4: Superexchange results for various surfaces.

late 3d transition metal oxides has only small atomic TM3d character, so a larger
e�ect of the Madelung potential in the band gap is expected.

Ideally, one would like to perform surface sensitive experiments on (110) sur-
faces but to our knowledge, no such study has been done. On the other hand
the (100) surfaces of especially CoO and NiO have been studied by a number of
groups[24, 25, 26, 27, 28]. If the gap is smaller on the surface we expect to see
structure at lower excitation energy inside the bulk conduction gap region. As
has been discussed in Chapter IV there is a lot of d-d exciton related structure
inside the gap of especially NiO. This makes it di�cult to distinguish a surface
band gap threshold feature from the d-d excitonic contributions. The origin of
features inside the gap that show a strong surface sensitivity are discussed in
Chapter IV.

VI.E Superexchange Results

In the limit of small �-values as is the case here, the 1=�3 term will dominate
in equation VI.6 for J . Consequently, the inuence of the reduction in Madelung
potential di�erence as discussed for the charge transfer energy � and the band
gap, will indirectly also involve the superexchange. As the Madelung potential
e�ectively comes in as an inverse cubic term, strong deviations are expected.
Based on the work by Zaanen[4] we used V = 0.91 eV. The values for USE and
�SE(bulk) are taken from[29]. All the other values used for this calculations
and the J values obtained are summerized in table VI.4 and Fig. VI.6. As
was the case for the charge transfer energies the major change appears for the
(110) surfaces, where Jsur is up to 9 times larger than the bulk value. However
even for the (100) surface Jsur is up to 1.6 times the bulk superexchange. It is
interesting to realize that the N�eel temperature is directly proportional to the
product of the coordination number Z and the superexchange. As the increase
of the superexchange is stronger than the reduction of the coordination number,
see table VI.3, we expect the N�eel temperature to increase as well.

When comparing our results to experimental data, it is essential to point
out that several e�ects have been neglected: �rst of all, the calculation of the
Madelung potential was performed for perfect unrelaxed surfaces. Although the
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Figure VI.6: The superexchange values of several late transition metal oxides for

di�erent surface terminations.

(110) surfaces are non-polar, the large change in the Madelung potential can
cause structural changes. This possible structural instability may be the reason
why to our knowledge there are no reports on bulk terminated TM-O(110) sur-
faces. Secondly, the above calculations are based on parameters derived for the
bulk electronic structure and we have not considered the e�ect of the reduced
symmetry in our model; this will probably change the values of �.

VI.F Conclusions

Using recently determined parameters describing the 3d-3d Coulomb interaction
U and the O2p-TM3d charge transfer energy � for the bulk, we predict that the
superexchange interaction (and the N�eel temperature) is strongly enhanced and
the bandgap is strongly reduced from the bulk values on bulk terminated surfaces
of transition metal oxides. At the principal cleavage plane (100) a reduction of
around 0.8 eV is predicted relative to the bulk. For the (110) surfaces of CoO and
NiO we suggest that they can even be metallic as W/2 is of the order of �. Also
defect related structures can have interesting aspects in the related electronic
structure. The results for steps on a (100) surface are quite close those of an the
unperturbed (110) surface. Low dimensional structures which have been shown
to appear on treated cut (110) and (111) surfaces are also discussed. The 1-
dimensional rows at treatment induced faceted (110) surfaces can possible lead
to systems with a preferential in-line conduction.
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