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Exchange interactions in NiO and at the NiO„100… surface
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The electronic and magnetic structure of bulk NiO and the NiO~100! surface is calculated using density-
functional theory~DFT! in the local-spin-density~LSD! approximation including self-interaction corrections.
We calculate the exchange coupling constants in bulk NiO and at the NiO~100! surface and show that in the
case of bulk they agree better with experiment than the standard DFT calculations in the LSD approximation.
We develop a model for the exchange interactions at the NiO~100! surface and discuss how they change from
the surface to bulk.
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I. INTRODUCTION

The 3d transition-metal monoxides~TMO’s! and their
surfaces exhibit a rich variety of electronic and magne
phenomena, and they have attracted a lot of attention o
the last decades, in particular concerning the nature of
band gap and the excitation spectrum in general.1,2 After ex-
tensive experimental and theoretical studies of the bulk
terial the surfaces of the TMO’s recently received a lot
interest. Fast progress in experimental techniques, suc
x-ray magnetic linear dichroism3 spectroscopy or x-ray
absorption spectroscopy4 have proven valuable for studyin
the surface electronic and magnetic structure of TMO
Glancing incidence X-ray diffraction has been used to de
an octopolar reconstruction at an electrostatically po
NiO~111! surface.5 During the last decade or so transitio
metal monoxides like MnO, NiO, CoO, and FeO have b
come more and more interesting for modern magnetoe
tronics applications. Surface and interface effects such
spin disorder are of relevance to thin-film magnetoelectr
ics devices like spin valves, spin transistors, or sp
dependent tunneling devices. Recently, TMO’s interfa
with ferromagnets have also attracted much attention du
their importance in advanced magnetoresistive devices6–8

Therefore, understanding the magnetic surface propertie
TMO’s and their interfaces with magnetic materials is cruc
for potential technical applications.

In the ground state the above-mentioned TMO’s crys
lize in the rocksalt~NaCl! structure and exhibit antiferro
magnetic magnetic ordering of type 2~AF2!, with planes of
opposite spins being repeated in alternating order along
@111# direction defining two sublattices consisting of spin-
and spin-down metal ions, respectively. Below their resp
tive Néel temperatures the magnetic ordering in TMO’s
accompanied by a slight orthorhombic distortion. In the c
0163-1829/2002/66~6!/064434~9!/$20.00 66 0644
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of NiO the insulating state is characterized by a gap with
size of about 4 eV~Ref. 9! and a magnetic moment of abou
1.7mB ~see references in Ref. 10!. There are strong indica
tions that NiO is a charge-transfer insulator—the top of
valence band is primarily formed by oxygen 2p states, while
the bottom of the conduction band is Nid-like.9

Due to the highly correlated nature of electron interact
in the TMO’s, theoretical investigations employingab initio
methods to describe the electronic structure of these ma
als are difficult. Among them the standard density functio
theory~DFT! in the local-spin-density~LSD! approximation
has been proven to be inadequate for the calculation of
tain properties of such oxides, predicting too small magne
moments and gaps or even metallic behavior for CoO
FeO. In the case of NiO early LSD calculations gave a p
description of the ground state with the gap of about 0.2
and a magnetic moment of about 1mB ,11,12 in disagreement
with experiment. Since in those calculations the top of
valence band and the bottom of the conduction band w
predominantly Nid-like, the gap was characterized as bei
of Mott-Hubbard type. Therefore, a series of approac
have been developed during the last decades to go be
the DFT-LSD approximation. These methods include
LSD1U scheme13 which gives the lower and upper Hubba
bands with the energy separation equal to the on-site C
lomb parameterU, the ‘‘Hubbard I’’ scheme for the loca
density approximation (LDA11) approach14 for systems
with strongly localized electrons, the self-interactio
corrected~SIC!-LSD method, which removes the unphysic
self-interaction inherent in the LSD,10,15 and theGW ap-
proximation, which takes into account a frequency- a
orbital-dependent screening of the Coulomb interaction16

The most promising method however computationally d
manding, appears to be the LSD1DMFT method combining
band structure and many-body theory, the dynamical m
©2002 The American Physical Society34-1
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D. KÖDDERITZSCHet al. PHYSICAL REVIEW B 66, 064434 ~2002!
field theory~DMFT!.17 Also, quantum chemical approache
based on the Hartree-Fock method have been applie
TMO’s.18–21

One of the main interests of experimental and theoret
studies of the antiferromagnetic oxides is the exchange c
pling. To characterize the magnetic order two kinds of int
actions are of relevance here: a direct nearest-neighbor~nn!
exchange and an indirect next-nearest-neighbor~nnn! ex-
change of the superexchange type. Experimental informa
on the exchange coupling constantsJ1 ~nn interaction! and
J2 ~nnn interaction! can be obtained from neutron scatteri
data22 or magnetic susceptibility measurements.23 To extract
the values ofJ1 and J2 from the experimental data, th
random-phase-approximation Green’s function theory w
utilized.24–26 The relative signs and strengths ofJ1 and J2

reflect which type of magnetic order is realized in a bu
system where magnetic ions occupy positions on the
~face-centered-cubic! lattice, as this is the case for the TMO
For example, a strong antiferromagnetic nnn coupling an
weak ferromagnetic nn coupling is compatible with the A
magnetic ground state. Other magnetic ground states dep
ing on the ratio ofJ1 andJ2 are the antiferromagnetic sta
of type AF1, with planes of opposite spins being repeated
alternating order along the@100# direction, and the ferromag
netic ~FM! state.23

The knowledge of the exchange integrals in the vicinity
a surface allows one to address issues of the surface cr
behavior in the framework of mean-field theories. For Isin
like systems the surface exchange couplingJS determines the
kind of transition the surface undergoes while decreas
temperature. ForJS smaller than a critical valueJc

S the sur-
face order is enforced by the bulk at the bulk critical te
peratureTc

b , and this transition is labeled ordinary.27 A spe-
cial transition occurs forJS5Jc

S28 when both surface and
bulk order independently atTb

c . For JS.Jc
S an extraordinary

transition27 is obtained in which the surface orders when t
bulk is still in the paramagnetic phase. By means of me
stable helium atom diffraction Marynowskiet al.19 mea-
sured, for NiO, a surface Ne´el TN temperature of 529 K,
which is higher than the bulkTN of 523.6 K and which they
associated with an extraordinary antiferromagnetic transi
on the NiO~100! surface.

For a consistent understanding of the exchange coup
phenomena it is crucial to performab initio calculations.
Two different approaches are possible to extract the
change constants fromab initio calculations; either to calcu
late the exchange constants directly,29,30or by means of map-
ping the total energies calculated for a series of different s
structures on a Heisenberg Hamiltonian.

In this paper we study a prototype TMO surface, name
the ~100! surface of NiO, using the SIC-LSD approach.
particular, we will determine and discuss differences betw
the electronic and magnetic properties in the bulk and at
surface. Owing to this we will be able to calculate not on
the exchange coupling constants within the surface layer
also study the variation ofJ, layer by layer, starting from the
surface inward. So far, the calculations based on embed
06443
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cluster methods20,21 have only been able to relate the bu
and the surface layer in-plane exchange coupling.

The remainder of the paper is organized as follows:
Sec. II we describe the SIC-LSD approach and its implem
tation. In Sec. III we present our results for the electronic a
magnetic structures of bulk NiO to establish a benchm
comparison for the NiO~100! surface. The electronic struc
ture of the NiO~100! surface and the corresponding exchan
coupling constants are discussed in Sec. IV. A discussio
the present results in Sec. V concludes the paper.

II. SIC-LSD METHOD AND COMPUTATIONAL DETAILS

In the SIC-LSD formalism one defines a self-interacti
free total energy-functionalESIC by subtracting, from the
LSD total energy functionalELSD, the self-interaction of
each occupied electron stateca ,31 namely,

ESIC5ELSD2(
a

occ.

da
SIC . ~1!

Herea numbers the occupied states, and the self-interac
correction for the statea is

da
SIC5U@na#1Exc

LSD@ n̄a#, ~2!

with U@na# being the Hartree energy andExc
LSD@ n̄a# the LSD

exchange-correlation energy for the corresponding cha
densityna and spin densityn̄a5(na

↑ ,na
↓ ). Note that it is the

LSD approximation which is the source of the spurious se
interaction, since the exact exchange-correlation energyExc

has the property that, for any single-electron spin densityn̄a ,
it cancels exactly the Hartree energy

U@na#1Exc@ n̄a#50. ~3!

For truly extended states in the periodic solids the s
interaction vanishes. Consequently, the SIC-LSD appro
can be viewed as a genuine extension of the LSD in the se
that the self-interaction correction is only finite for spatia
localized states, while for Bloch like single-particle stat
ESIC is equal toELSD. Thus the LSD minimum is also a loca
minimum of ESIC. Now a question arises of whether the
exist other competitive minima, corresponding to a fin
number of localized states, which could benefit from the s
interaction term without losing too much band formation e
ergy. This usually will be the case for rather well localize
electrons like the 3d electrons in transition-metal oxides o
the 4f electrons in rare-earth compounds. It follows from E
~1! that within the SIC-LSD picture such localized electro
move in a different potential than the normal delocaliz
valence electrons which respond to the effective LSD pot
tial. For example, in the case of NiO, eight Nid electrons
move in the SIC potential, while all the other electro
‘‘feel’’ only the effective LSD potential. Thus, by including
an explicit energy contribution for an electron to localize, t
ab initio SIC-LSD approach describes both localized a
delocalized electrons on an equal footing, leading to
greatly improved description of static Coulomb correlati
effects over the LSD approximation. Assuming vario
4-2
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EXCHANGE INTERACTIONS IN NiO AND AT THE . . . PHYSICAL REVIEW B 66, 064434 ~2002!
atomic configurations, consisting of different numbers of
calized states, one can explore the corresponding l
minima of the SIC-LSD energy functional of Eq.~1!, and
determine the lowest-energy solution. The hope is that
such systems as transition-metal oxides or rare-earth c
pounds the lowest energy solution will describe the situat
where some single-electron states may not be of Bloch-
form.

In the present work the SIC-LSD approach has be
implemented15,32,33 using the linear muffin-tin-orbita
~LMTO! band-structure method34 in the tight-binding
representation,35 where the electron wave functions are e
panded in terms of the screened muffin-tin orbitals, and
minimization of ESIC becomes a nonlinear problem in th
expansion coefficients. The atomic spheres approxima
~ASA! has been used, according to which the polyhed
Wigner-Seitz cell is approximated by slightly overlappin
atom centered spheres, with a total volume equal to the
tual crystal volume.

Since the NaCl structure of NiO is an open one, we ha
explored two different setups for the calculations—one
which the ASA spheres have been associated only with
sites of the sodium chloride structure, and another in wh
in addition a number of empty spheres~ES’s! have been
introduced on interstitial sites. In the first case the ASA ra
have been chosen to be 2.70 and 2.16 a.u. for Ni and
respectively, and in the second case we have used A
spheres of 2.52, 2.10, and 1.41 a.u., for Ni, O, and the
respectively. Inside each sphere the potential has been
sumed spherically symmetric. One energy panel has b
considered when constructing the LMTO’s. With respect
the basis functions, on all the Ni sites thes, p, andd partial
waves have been treated as low waves; for oxygen thes and
p states have been described as low waves, withd states
being downfolded36; and for ES’ss low waves and down-
folded p waves have been considered. The surface has b
modeled by a periodic repetition of NiO slabs separated
vacuum which is represented here by layers of ES’s wits
partial waves treated as low waves, andp waves being down-
folded. A setup consisting of seven layers of NiO and fi
layers of ES’s has been found to be adequate for elimina
the interaction of the opposed NiO~100! surfaces and repro
ducing d bulk like electronic structure in the middle of th
NiO slab. In the vacuum layers the nickel and oxygen A
spheres have been replaced by two types of ES’s with t
respective radii kept to preserve the NaCl structure of
slab.

In order to discuss the relation between the bulk and
change of its electronic and magnetic structure when in
ducing a termination by a surface we have first investiga
the bulk. Also, this way we have been able to define the m
realistic basis set of parameters~choice of basis set, ASA
sphere radii, etc.! which describes the bulk electronic stru
ture adequately and makes the surface calculations feasib
the same time. In all calculations the lattice constant of N
has been assumed to be 4.193 Å~7.924 a.u.!.37 The experi-
mentally observed orthorhombic distortion of the lattice h
been neglected in this work
06443
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III. RESULTS FOR BULK NiO

A. Electronic and magnetic structure

In order to find the absolute minimum of the SIC-ener
functional@Eq. ~1!#, one has to explore various manifolds
localized and delocalized states. For bulk NiO it turns o
that self-interaction correcting only the eight Nid states
leads to the absolute minimum of Eq.~1!.15 In cubic NiO the
spin-up and -downd states are separated by the exchan
splitting, and the crystal field then splits thed bands intot2g
and eg subbands~the antiferromagnetic ordering lowers th
symmetry further, but one can still identify states ast2g or
eg). In the bulk, the SIC-LSD total energy is minimized b
applying SIC to five majority Nid electrons and three mi
nority t2g electrons for all the magnetic structures. Apa
from the AF2 magnetic structure of NiO, in the present wo
we have also studied the AF1 structure and the FM struct
In order to consistently compare the different structures
to suppress errors due to different Brillouin-zone summ
tions all the calculations have been carried out using
same unit cell containing eight formula units. This is impo
tant as one expects the energy differences due to chang
the magnetic ordering to be very small. The results of
SIC-LSD calculations for energy gaps, magnetic mome
and total energy differences are given in Table I. Note t
the size of the gap varies with the magnetic ordering, and
largest gap is obtained for the AF2 magnetic phase. O
should mention here that its size is slightly sensitive to
choice of the basis functions and the sphere radii. For
ample, withf waves included on the Ni sites in the setup w
ES’s, one can obtain a gap of 3.45 eV. However, since
size of the eigenvalue problem increases substantially w
studying surfaces, in this paper we have restricted ourse
to a minimum but adequate basis set. With respect to
character of the gap, it can be seen in Fig. 1, showing
NiO density of states~DOS! for three magnetic orderings
that in our calculations NiO appears to be a charge-tran
insulator and this is independent of the magnetic order. T
top of the valence band is predominantly oxygen 2p-like,
with a small admixture of Ni-d states, whereas the bottom o
the conduction band has Ni-d character in all the magneti

TABLE I. Comparison of different magnetic structures of bu
NiO within the SIC-LSD method.DNNi5NNi(EF)2NNi

AF2(EF) is
the difference beween the charge in the Ni-ASA-sphere for a gi
magnetic ordering relative to the AF2 ordering. In the ground st
~AF2! the experimental gap and magnetic moment are reporte
be about 4.3 eV9 and'1.7mB ~see Refs. in Ref. 10!, respectively.

Gap DNNi umu/mB umu/mB (E2EAF2) in
in eV in e on Ni on O meV/formula unit

AF2 2.78 0.000 1.56 0.00 0.00
AF1 1.36 0.016 1.69 0.12 152.93
FM 1.56 0.009 1.66 0.34 115.95

AF2 ES 3.02 0.000 1.58 0.00 0.00
AF1 ES 1.52 0.019 1.70 0.12 135.20
FM ES 1.75 0.013 1.67 0.33 106.41

AF2, LSD 0.25 1.03 0.00
4-3
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D. KÖDDERITZSCHet al. PHYSICAL REVIEW B 66, 064434 ~2002!
structures considered. In the AF1 and FM structures a bro
ening of the Ni-d conduction band is observed. Furthermo
for these two magnetic orderings the lower Ni-d bands do
not exchange split anymore as compared to AF2.

The variation of the gap and the broadening of bands
the AF1 and FM magnetic phases, as compared to the
magnetic structure, can be readily explained by analyzing
formation of bands~also see Terakuraet al.,11!. Important
here is the observation that the TMO’s exhibit a strong c
pling of the second-nearest-neighbor cations via oxygep
orbitals. This coupling is ofdds type connectingeg orbitals.
Two consequences will then determine the size of the
depending on the magnetic ordering. First, in the AF2 m
netic orderingeg orbitals ofoppositelypolarized Ni ions are
coupled via an oxygen bridge, whereas in the AF1 and
phases thelike polarized ions are coupled that way. As spi
conserving hopping between nnn’s is suppressed in the
case; so is the broadening of bands leading to a larger s
ration of the subband edges. Second, the intersublattice
pling in AF2 causes a pronounced splitting ofeg states be-
tween minority- and majority-spin bands in contrast to A
or FM ordering~compare also to Fig. 2!.

In the LSD-only calculation for NiO, we have not bee
able to stabilize either the AF1 or FM solution. This was a
observed by Terakuraet al.,11 who concluded that for NiO
the LSD could stabilize the gap in the AF2 ordering on
~using the above sketchedgedankenexperimentfor the for-
mation of bands!. In MnO, on the other hand, one can obta

FIG. 1. Density of states for different magnetic orderings of N
as calculated by the SIC-LSD method. Energies are quoted
respect toEF . The vertical dashed line at energy zero marksEF ,
and the dotted lines refer to the gap edges in the AF2 ordering
06443
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magnetic solutions for all three magnetic structures, but
insulating character has only been observed for the AF2
dering. Note, however, that the LSD completely failed
provide the insulating state for CoO or FeO. Improvemen
using the generalized gradient approximation~GGA! to the
local density approximation~LDA !,38 yielded a small indi-
rect gap for CoO but still gave a metallic behavior for Fe
It seems worth mentioning here that an insulating param
netic state for TMO’s cannot be realized within the LDA
LDA1U, or SIC schemes. However, e.g., the ‘‘Hubbard
scheme of the LDA11, which takes into account dynami
effects in order to overcome the shortcomings of the me
field approximation inherent in those other schemes, giv
for NiO, a pseudogap of roughly 3.5 eV in the paramagne
state.14

The SIC-LSD magnetic moment on Ni varies on
slightly in the different orderings. In the case of the AF
structure the oxygen has no magnetic moment, wherea
the AF1 it has a small moment of 0.12mB . In the FM order-
ing oxygen develops a moment such that the whole mom
per formula unit is 2.0mB . This follows from the fact that in
this case the occupied bands are completely filled and s
rated from the unoccupied bands by a gap resulting in
integer magnetic moment per formula unit~measured inmB).

As can be seen from the last column of Table I, the S
LSD predicts the AF2 solution as the ground state magn
ordering followed by FM and AF1 solutions. The ratio of th
energy differences between FM-AF1 and FM-AF2 solutio

th
FIG. 2. Spin resolved Ni-d DOS for different magnetic order

ings of NiO as calculated by the SIC-LSD method and decompo
into t2g and eg contributions. Energies are quoted with respect
EF . The vertical dashed line refers toEF .
4-4
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EXCHANGE INTERACTIONS IN NiO AND AT THE . . . PHYSICAL REVIEW B 66, 064434 ~2002!
is about 3. The same order of total energies and similar r
were also obtained by a Hartree-Fock calculation,18 although
the absolute values of the energy differences were smal

There are small but noticeable charge redistributions
tween the ASA spheres of Ni and O when comparing
different magnetic orderings. Interestingly, the ES’s includ
in the second setup of the calculations carry the same am
of charge, irrespective of the magnetic order, indicating t
the redistribution of charge is occurring at the Ni-O bridg
In summary, the SIC-LSD gives reasonable gaps and m
netic moments, correctly predicts AF2 as the ground st
and describes NiO as a charge transfer insulator.

B. Exchange coupling constants

To facilitate a quantitative analysis of the magnetic pro
erties of NiO, as well as to establish a benchmark for
surface calculations, in this subsection we present calc
tions for the bulk exchange coupling constants. To model
exchange interactions in this compound we use the Hei
berg spin Hamiltonian

H52(
i j

Ji j Si•Sj , ~4!

with Jii 50. We rewrite this equation as

H52(
i j

Ji j S
2s is j , ~5!

with S being the total spin of the ion~here S51) and s i
P$21,1% having only two values~any canting of moments is
neglected!. Here we include onlyJ’s which couple neares
(J1) and next nearest (J2) neighbor sites. As mentione
above, NiO reveals a small distortion from the cubic stru
ture, caused by exchange striction effects, resulting in so
what different exchange constantsJ1

6 below the Nee´l
temperature.39,40In this work, however, we neglect this effe
and consider the ideal rocksalt structure only.

Using Eq. ~4! the respective bulk coupling constantsJ1
b

andJ2
b can be expressed via total-energy differences per

mula unit of the different magnetic orders as

J1
b5

1

16
~EAF12EF!,

J2
b5

1

48
~4EAF223EAF12EF!. ~6!

The resultingJ1
b andJ2

b , for both setups, excluding and in
cluding ES’s, together with the standard LSD calculatio
and the experimental values, are given in Table II. Note t
the SIC-LSD results for both setups are fairly similar. Co

TABLE II. Exchange constants~in meV! for bulk NiO.

SIC-LSD SIC-LSD~ES! LSD ~Ref. 41! Exp. ~Ref. 22!

J1
b 2.3 1.8 5.3 1.4

J2
b 212 211 2106 219
06443
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paring the SIC-LSD values to experiment and the LSD c
culations one can see that SIC-LSD approach remedies m
of the errors of the LSD, however leading to smaller valu
for J2

b than those given by experiment. The huge overe
mate of the exchange constants by the standard LSD ca
attributed to its failure in describing the localized nature
the Ni d electrons. On the other hand, the SIC-LSD approa
overestimates this localization, leading to somewhat
small values for the nnn coupling.

It is interesting to mention that the unit cell used in the
calculations allows one to realize other magnetic orderi
than AF1, AF2, and FM, utilized here for determiningJ1,2

b .
Of course, using the other possible magnetic orderings
arrives at sets of equations for the exchange coupling c
stants different from Eq.~6!. However, reassuringly, we hav
found that all sets of equations have given nearly the sa
values for the coupling constants, thus indicating that
total energies are reliable and the inclusion of only nn a
nnn terms is sufficient for describing the magnetic inter
tions.

IV. RESULTS FOR NiO „100…

Low-energy electron diffraction data give the~100! sur-
face of NiO to be a termination of the bulk-crystal structu
showing no reconstruction and small inward relaxations
surface layers which is, however, very small~less than
2%!.42,43 Early low-energy electron-diffraction studies of th
surface spin ordering on the NiO~100! surface report a 2
31 surface magnetic structure44 suggesting a bulk termina
tion. More recent experiments employing metastable two3S
helium atom diffraction19 confirm the 231 antiferromag-
netic ordering at the surface, originating from a terminati
of the AF2 bulk magnetic structure. Therefore, in our the
retical study, we have first explored the electronic struct
of a surface exhibiting this particular magnetic ord
namely, the~100! surface.

A. Electronic structure of the „100…-surface

To study the~100! surface, obtained by an ideal termin
tion of the AF2 ordered bulk, we have used a surface u
cell consisting of two formula units of NiO per layer a
shown in Fig. 3. Although in the case of bulk the inclusion
ES’s at the interstitial sites of the NaCl structure has been

FIG. 3. Surface unit cells for the slabs. Black and white circ
represent Ni up and down, respectively. Oxygen has been omi
The left we denote as AF2 geometry, the right as AF1 geometr
4-5
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D. KÖDDERITZSCHet al. PHYSICAL REVIEW B 66, 064434 ~2002!
secondary importance, in the case of the surface they h
been crucial for obtaining meaningful results for its ele
tronic and magnetic properties. The ASA radii have be
chosen as in the bulk calculations.

In Figs. 4 and 5, the layer resolved SIC-LSD DOS, as
ciated with the nickel and oxygen spheres, are shown. A
tionally, the DOS of ES in the first vacuum layer is di
played. First of all one notices that the innermost layerS
23) of the slab has a very much bulklike DOS—the pert
bation introduced by the surface diminishes very fast wh
is also reflected through a bulklike charge and spin mom
on the ASA spheres in this layer. Furthermore, two sh
peaks at the opposite edges of the gap become apparen
these states are confined to the vicinity of the surface la
~S! they are identified as surface states. These surface s
give rise to the highest density of states in the ES above
nickel and oxygen spheres. A detailed analysis shows tha
state at the bottom of the conduction band in the top laye
formed by nickel states which have predominantly adz2

character, whereas the states at the top of the valence
are oxygenpz like. These surface states have also been fo
in an LDA1U study,45 and they are due to an energy shift
the oxygenpz-orbital and the nickeldz2 orbital as compared
to the oxygen px ,py and the nickel dx2-y2 orbitals,

FIG. 4. Layer-resolved SIC-LSD DOS projected onto Ni-3d
states. The top panel shows the DOS projected onto the ES a
the top Ni ion in the first vacuum layer. Vertical lines at the oppos
edges of the gap are meant to help in visualizing the decrease o
gap as compared to the bulk~bottom panel!.
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respectively46 ~in the bulk the three oxygenp states and the
two nickeleg states are degenerate!. The reason for the split-
ting of energy levels is the reduction from cubic symmetry
C4v at the surface. From Figs. 4 and 5 it is also apparent
the gap which separates the occupied and unoccupied s
decreases in the vicinity of the surface. This can be attribu
to the Madelung potential shift caused by the missing h
space of the crystal as compared to the bulk, and has alre
been pointed out by Pothuizenet al.21

B. Magnetic interactions at the surface

Having in mind the geometry~Fig. 6! of the problem we
can write the total energy of themth magnetic configuration
of the supercell as

E(m)5 (
i

sites

Ei2(
i j

i

Ji
i j S2s is j2(

i j

'

J'
i j S2s is j . ~7!

Here the total energy has been split up into three contri
tions: ~a! a term comprising all on-site energiesEi , ~b! a
term describing the coupling within the layers (Ji

i j ), and~c!
a term composed of energy contributions from coupling
tween the layers (J'

i j ).
To extract the coupling constants one has to find a suita

set of magnetic configurations which yield the exchange c

ve

the

FIG. 5. SIC-LSD DOS projected onto O-2p states. The top
panel shows the DOS projected onto the ES above the top O io
the first vacuum layer.
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stants by mapping the calculated SIC-LSD total energ
onto the Heisenberg Hamiltonian. Given a magnetic confi
ration and flipping a spin on a particular site will affect a
terms coupling to this site. In other words, if one keeps
magnetic order within the layers the same and changes
the ordering, layer by layer, one can collect information
quired for determining the perpendicular coupling consta
J'

i j in Eq. ~7!. Following this idea it turns out that the term
in Ei andJi

i j cancel as theJ’s are calculated from difference
of total energiesE(m). This way one can extract from a
possible equations for magnetic structures those which c
tain only the exchange constants mediating the coupling
tween the layers (J'

i j ). This is very convenient as it allow
for using setups having only one NiO formula unit per lay
thus reducing the calculation time for the different magne
structures.

Concentrating on working out the values of the exchan
coupling constants connecting the subsequent layers,
have considered only magnetic configurations that are s
metric with respect to the central plane~see Fig. 6! and in all
of them the transition-metal ions are coupled ferromagn
cally within the planes. For a seven-layer slab one there
has eight possible magnetic configurations which are gi
in Table III, together with a matrix of coefficients. As the
are only five exchange coupling constants to be determin
one has the freedom to choose different sets of equation
calculate theJ’s. This also gives a possibility to cross-che
the results. For checking convergence with respect to the
thickness we have in addition considered a slab with 11
ers of NiO, and we shall come back to that later.

FIG. 6. Slab geometry. Determining the perpendicular excha
coupling constantsJ1,2' simplifies the modeling to a linea
chain with weights attached to the coupling constants connec
the layers.
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Since the energies involved in the magnetic interactio
are small as compared to the total energy of the whole
percell, one has to ensure convergence with respect to
number ofk points and the number of atoms included in t
cluster used for the evaluation of the tight-binding structu
constants. It has turned out that theenergy differences, used
in the determination of the exchange-coupling consta
converge much more rapidly with respect to the number ok
points than thetotal energieswhich has been beneficial fo
the overall calculations. Typically, we have used 25k points
in the surface Brillouin zone and two along the directi
perpendicular to the surface.

In Table IV the calculated values of the exchange co
stants are given both for the seven- and eleven-layer sl
The results show that the perpendicular exchange const
coupling the surface layer~S! to lower-lying layersJ1'

S,S21

andJ2'
S,S22 , are enhanced at the surface by 20–30% as c

pared to those in the middle of the slab and to the respec
bulk values of 1.8 and211 meV. All deeper-lying coupling
constants are essentially unaffected and compare very we
the respective bulk values. This shows that the effect of c
ting off a half-space of the crystal has only a local impact
the exchange coupling. From these findings one can in
that if the in-plane coupling constants are deviating from
bulk values, only those within the surface will be affecte
This then limits the number of magnetic configurations to
taken into account. Note that having more equations at
disposal than needed for extracting the five perpendic
coupling constants corresponding to the seven-layer se
we have been able to check the consistency of results
respect to different sets of equations. As can be seen in T
IV this consistency has been fulfilled. Using a slab consist
of 11 layers of NiO we could also extract exchange consta
for deeper layers and ensure convergence with respect to
slab thickness of our supercell calculation.

For a determination of the in-plane exchange coupl
constantsJi , two formula units per layer are needed to allo
for spin-flips within the plane. The simultaneous determin
tion of the in-plane nn and nnn exchange interactions
quires a surface unit cell consisting of at least four form
units of NiO which would have substantially increased t
size of the eigenvalue problem. Instead, we have chose
use two individual setups denoted as AF1 and AF2 geo

e

g

rent
TABLE III. Coefficients for the exchange coupling constants for a seven-layer slab of NiO for diffe
magnetic configurations.

m Spin conf.E(m) J1'
S,S21 J1'

S21,S22 J1'
S22,S23 J2'

S,S22 J2'
S21,S23

1 11111111 232 232 232 28 28
2 121212121 32 32 32 28 28
3 2211122 232 32 232 8 8
4 2112112 32 232 32 8 8
5 2111112 32 232 232 8 28
6 2221222 232 232 32 28 8
7 2122212 32 32 232 28 8
8 2212122 232 32 32 8 28
4-7
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etries to determine the in-plane exchange constants s
rately ~see Fig. 3!, allowing for spin-flips within the planes

To determineJ1i
S we used the slab with the AF1 geometr

In addition to configurationsE(1) and E(5) of Table III, we
have calculated the total energy of a configuration wh
differs from E(1) by flipping one of the two Ni spins in the
surface layer. In this configuration (E(9)) the Ni ions are
coupled antiferromagnetically~type 2! in S and ferromag-
netically in all the other layers. ThenJ1i

S is given by

J1i
S 5

1

64
~2E(9)2E(1)2E(5)!

for the seven-layer slab.
To extractJ2i

S we have used three setups of AF2 geome
one with an ideal AF2 magnetic ordering and two with kee
ing all but the surface layer in the ideal AF2 magnetic ord
ing. In the latter two configurations spins inSwere flipped so
that we obtained ferromagnetic coupling inS (Ef m) or anti-
ferromagnetic coupling inS (Ea f) while coupling ferromag-
netically to (S22)

J2i
S 5

1

64
~EAF21Ea f22Ef m!2

1

4
J1i

S .

With these formulas and the determined energies we h
evaluated the in-plane exchange coupling constants to
J1i

S 51.66 meV andJ2i
S 529.52 meV, respectively.

V. DISCUSSION

Let us discuss in more detail how the present results re
to earlier studies of the subject. Up to now different sc
narios have been discussed in literature. Pothuizenet al.21

argued, based on an ionic model, the Zaanen-Sawat
Allen model,47 that the exchange constant at the surfa
should be enhanced by 50%. They were reasoning that
decrease of the Madelung potential at the surface, leadin
a lowered charge-transfer energyD, should enlarge the sur
face exchange coupling by a factor of 1.5 for all the TMO
Configuration-interaction~CI! calculations using a cluste

TABLE IV. Exchange coupling constantsJ'1,2 in meV for
seven- and 11-layer slabs. Two values are quoted for the seven
slab, referring to two different sets of equations~see the text! used
for the determination of the coupling constants.

7 layer ~1! 7 layer ~2! 11 layer

J1'
S,S21 2.10 2.08 2.08

J1'
S21,S22 1.69 1.67 1.69

J1'
S22,S23 1.67 1.66 1.71

J1'
S23,S24 1.74

J1'
S24,S25 1.66

J2'
S,S22 215.60 215.54 214.71

J2'
S21,S23 211.23 211.31 211.31

J2'
S22,S24 211.57

J2'
S23,S25 211.74
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approach, where Ni2O or a Ni2O9 clusters were embedde
into a field of point charges,48 predicted the opposite behav
ior, namely that the value ofJ2 should be decreased by 20%
as compared to the respective bulk value. Further anal
showed that the reduced coordination number of the Ni c
ions plays a key role in the decrease of the effective coup
constant, whereas the reduction of the Madelung potentia
negligible as compared to that. Our results confirm this fin
ing showing a slight decrease ofJ2i

S as compared to the re
spective bulk value. Cluster CI calculations become very
manding when the size of the cluster becomes larger t
those used in the calculation mentioned, which basically
hibits their extension to larger systems. On the other ha
our approach allowed us to consider the full environment
the surface cations, i.e., the coupling to deeper-lying laye

Using the determined values of the in-plane (Ji) and per-
pendicular (J') exchange constants in the Heisenbe
Hamiltonian@Eq. ~5!# one can show that for the~100! surface
the ideal AF2 termination of the bulk is energetically f
vored, which is consistent with the experimental observat
of a 231 magnetic surface cell. One can arrive at the sa
conclusion by simple consideration relating the magnitu
of the surface exchange coupling constants to the grou
state AF2 bulk values.

To shed some light on the stability of the ordering at t
surface, let us compare the magnetic contribution to the t
energy@via Eq. ~5!# of atoms residing in the bulk and at th
surface. The AF2 ground state would be destabilized by
creasing the magnitude of the nn FM coupling, characteri
by a positiveJ1, and stabilized by increasing the magnitu
of AF nnn coupling, characterized by a negativeJ2. There-
fore, the ratio of both these energy contributions represen
measure of the stability of this particular ordering in a giv
geometry atT50. Focusing on a particular atom in the bu
on a fcc lattice, there are 12 nn couplings viaJ1 and six nnn
couplings viaJ2 to it. The ratio of these energy contribution
is then given by 6J2

b/12J1
b523.54, if one uses for that pur

pose the representative values of nn and nnn coupling in
middle of the 11-layer slab (J1'

S24,S2551.66 meV and
J2'

S23,S255211.74 meV). For an atom situated at the su
face one has four nn plus four nnn couplings within t
surface and four nn and one nnn coupling into the slab. Th
fore, in this case the ratio is (4J1i

S 14J1'
S,S21)/(4J2i

S

1J2'
S,S22)523.53 ~using the coupling constants given

Sec. IV, J1,2' from the 11-layer slab calculation has be
used! which is very similar to the bulk value. This coul
suggest why the surface Ne´el temperature of 529 K differs
only very little from the bulkTN5523.6 K. However, for
more rigorous conclusions one would need to do Mo
Carlo simulations using the extracted trends of excha
coupling constants of this work.49

In conclusion, we have studied the electronic structure
bulk NiO and its~100! surface. We have shown that SIC
LSD improves the description of the electronicandmagnetic
structures, as compared to LSD. Along with predicting t
experimentally found AF2 ordering as the ground state,
bulk exchange coupling constants show a better agreem
with experiment. The SIC-LSD approach allows us to stu

yer
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trends in the exchange coupling constants when mov
from the bulk to the surface. The determined coupling c
stants at the~100! surface can be summarized as follows: t
exchange coupling within the surface is slightly reduc
whereas the coupling perpendicular to the surface show
pronounced enhancement, which is confined to coupling
tween the surface layerS, (S21), and (S22), respectively.
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