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Unexpected differences in the surface electronic structure of NiO and CoO observed
by STM and explained by first-principles theory
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Atomically resolved elevated-temperature scanning tunneling micro$8dpd) images of(001) cobalt and
nickel monoxide surfaces obtained under similar conditions show an order of magnitude difference in the
atomic corrugation heights. Surface-electronic structure calculations taking into account the Hutibard
show that on the CoQ001) surface the lowest unoccupied state figg character as compared with the
predominantlyds,2_,2 lowest empty state on Ni@001). The difference in the symmetry of unoccupidd
orbitals on CoO(001) and NiO (001) surfaces is responsible for the much lower level of atomic contrast
observed in the STM images of cobalt oxi§80163-1829)04111-9

In 1937, de Boer and Verwéyrew attention to a class of contrast with rapid advances in the interpretation of
anomalous insulating transition-metal oxides, whose elecmetallic®!® and band-insulating systefiswhere images
tronic structure could not be described using conventionalvere successfully analyzed on the basisbfinitio density-
band theory. De Boer and Verwey suggested that NiO mightunctional calculations.
be considered as a prototype of this class of compounds not- |n this paper we describe results of a comparative STM
ing at the same time that there was no great difference in thgxperimental andb initio theoretical study carried out for
behavior of CoO and NiO. The origin of the insulating be- \jott insulating CoO and NiQ001) (1x1) surfaces. We
havior of NiO and CoO was explained by Peierls and Klott show atomically-resolved STM images of the unrecon-

who pointed out that band theory may fail when the interSitestructed CoQ001) surface and compare the atomic corruga-
tunnelling of electrons is suppressed by the Coulomb on-sit

X . . flon heights with data from images of the Ni@O01
repulsion between electrons. Subseggent studies of N\';vo ansq(jn‘ace-z.2 The STM results are interpreted using electronic
CoO were often pe_rformed in parafi€lso that B_rando . structure calculations performed using a method combining
referred to these oxides as the two most extensively studlet local spin-densit imatighSDA) of the densit
Mott insulator materials. e local spin-density approximati of the density-

Although at present a fully self-consistent approach to thetun(:t'on‘"II thgory W'th. the HubparU tefm (LSDA+U). We :
calculation of the electronic structure of NiO and CoO still ShoW that this analysis makes it possible not only to explain

remains to be developédanalysis of x-ray photoelectron the or_igin of the ot_)served large difference in the contrast _of
spectrd show that both NiO and CoO belong to the class ofSTM images of NiO and CoO surfaces, but also to obtain
charge-transfer insulators where the band gap separates fill&yidence for the type of ordering dforbitals in the Ni and
oxygen 2 and empty metal @ bands. The physical proper- Co ions situated in the surface atomic layer.
ties of CoO and NiO are very simifawith both oxides The experiments were carried out in a JEOL JSTM-
adopting the rocksalt crystal structure with lattice constant#500XT elevated temperature STM on single crystals of
of 4.25 and 4.17 A, respectively. The electronic structure oblack CoO and black NiQRef. 21) using etched Pt/Ir or W
CoO and NiO is characterized by the 8Ref. 7) state of Co  tips. Samples of CoO and NiO were cleaved under UHV
and the 3l (Ref. 8 state of Ni ions with the two gelectrons  conditions (2X 108 Pa to reveal(001) surfaces and imaged
transferred from metal to oxygen sites. In the octahedral fieldn the STM at elevated temperatures. At room temperature
of oxygen ions the manifold df states splits inte, andt,,  the sample resistivity was too high to be easily measured for
subbands, leading to the insulating ground state in the casethe CoO crystalliterature value 19 cm) and measured to
of NiO.? In CoO the metal ions have one electron less pebe 100Q2cm for the Li-doped NiO crystal. At the imaging
site, and this leads to the long debadfedmbiguity in the temperature of 200 °C the electrical resistivities decreased to
population of thet,, electronic orbitals and to thiefilled tog 10° Qcm and 10Q cm for the CoO and NiO samples, re-
band. The incorrect prediction of a metallic ground state forspectively. These lowered resistivities at elevated tempera-
CoO (Ref. 9 is the most striking example of the failure of ture substantially assisted successful STM imaging.
conventional band theofy. STM images of th€001) cleavage surfaces of both CoO
Another area where the properties of NiO and CoO wereand NiO reveal atomically flat terraces separated by mon-
intensively investigated is the field of heterogeneousatomic steps that run if001) directions. The terraces gen-
catalysi$?> where a considerable amount of information onerally have a low defect density and are arranged in the bulk-
surface d-shell excitations was accumulated by usingterminated (X 1) structure as determined by STM and low-
electron-energy-loss spectroscdpy” and more recently by energy electron diffractio NiO cleaves slightly more
scanning tunneling microscopy(STM).">=1" However, easily than CoO, which is evident by the terrace structure of
progress in understanding the STM images has been slow ihe cleavage surfaces. In NiO terrace widths betw@1)
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the contours of a constant probability tunneling surface. All
the NiO atomic resolution images analyzed show corrugation
heights of 0.15 to 0.2 A, which tend to be at a maximum at
sample biases around 1.5 V. However, when imaging the
CoO (001 (1x1) surface in the constant current mode no
atomic resolution images can be obtained and the surface
appears flat within the noise limit. We found that it is nec-
essary to use the more sensitive constant height mode, where
changes in the tunneling current are mapped and the tip is
held at a constant height, to obtain the kind of atomic reso-
lution images shown in Fig. {top). Atomic resolution for
the (1x 1) surface of Co@001) was found to be possible at
sample biases of around 3 V. Biases significantly below this
value resulted in repeated tip crashes, and biases much above
3 V did not allow atomic resolution imaging but were well
suited to trace sample topography. The CoO corrugations in
Fig. 1 represent a change of 2% in the tunnelling current
between the peaks and the troughs, which corresponds to a
calculated corrugation heigfitof around 0.01 A and is an
order of magnitude lower than for the NiO sample. A direct
comparison between the sample bias and the position of the
empty states relative to the Fermi level was not possible due
to the unknown positions of the Fermi levels of our samples
as well as effects such as band bending and possibly a volt-
age drop across a non-Ohmic contact. However, we are con-
fident that the STM images in Fig. 1 are created from tun-
neling into empty surface states near the bottom of the
conduction band because the sample biases used for imaging
were around 0.1 V higher that those that regularly resulted in
tip crashes. This also indicates that the tip-sample separa-
tions were at comparable distances for the CoO and NiO
images shown in Fig. 1. The different conductivities of the
samples are unlikely to affect the corrugation heights, as pre-
vious STM experiments on Si surfaces have shown that the
contrast of empty states images is independent of the dopant
level?” Numerous attempts were made to obtain atomically
L L L resolved filled states STM images of the C@M1) surface
o 2 10 E 20 so that the corrugation heights could be compared with the
Distance () filled states images obtained of Ni@01). However, we
FIG. 1. Empty states STM images of Co@p), (Veampe WETE NOt able to ima_ge_ the filled states on O_(@IDl). _
=2, lyme=057 nA, and NiO (bottom, (Vsample Given that the majority of physical properties of NiO and
=13V, lume=1.0 nA), (001 (1x1) UHV cleavage surfaces, CoO are very similaf the surprisingly large observed differ-
where the bright dots show the Co and Ni ions, respectively. Corence in the corrugation heights of the STM images requires
rugation heights(CH) are shown as horizontal line scans takenan explanation. Since LSDA fails to describe the electronic
through the center of the images. The CoO imégp) was taken in  structure of Mott insulating compound$32* the density
constant height mode and the corresponding calculated 0.01 Aunctional approaches that were successfully applied to the
height corrugations are shown below the image. These can be corninterpretation of STM images of metallic and band insulating
pared with the order of magnitude larger 0.2 A corrugations obsystem&-?°are unsuitable for interpreting the STM images
served directly using the constant current mode for the NiO samplesf NiO and CoO surfaces. LSDA calculations predict band
Image widths are 24 A. gaps that are either too sma&NiO) or nonexisten{Co0),’
and this is at odds with the observed high electrical resistiv-
Steps are between 10 and 50 nm, whereas for CoO the terra@ of these oxides. To describe the effect of strong correla-
widths are generally smaller and lie between 5 and 30 nmtions between electrons thshells of metal ions on the elec-
Empty states STM images of the X(]l) termination of the tronic structure of NiO and CoO Surfaces, we used a
(001) UHV cleavage surfaces for both oxides are shown inmodified density-functional approach combining the LSDA
Fig. 1. While the atomically resolved images of CoO anddescription of delocalized electronic orbitals with a Hubbard
: o ; o > . : ; 25,28
NiO look similar, there is a significant difference in the U term included for localized states(LSDA+U).”>® Cal-
atomic corrugation heights as indicated by the vertical scalegulations were carried out for antiferromagnetically ordered
of the line scans in each case. The NiO image was takeh2-atom slabs of NiO and CoO. For both cases, we used 18
using the familiar constant current mode where the corrugak points in the full (1x1) surface Brillouin zone and the
tion heights can be measured directly because the tip followsame values of the Hubbaktand the exchange integralas
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FIG. 2. Bottom: valence electron charge-density distributions calculated numerically for NiO and0D&Oantiferromagnetically
ordered surfaces. Top: the distribution of the density of empty states calculated for the same surfaces by summing over a 1-eV interval
corresponding to the bottom of the conduction band. Figures in boxes represent values of charge density in atomic units. Distances parallel
and normal to the surface are expressed in units of the respective lattice constant.

we obtained from an analysis of the total energy andon, was approximately 0.2 elgrimitive unit cell) lower
electron-energy-loss spectra in Ref. 28. The assumed bullthan the alternative configuratibhwith minority spin dyy
terminated crystal structure is consistent with experimentastate empty andl,, and d,, states occupied. The magnetic
data showing less than 2% surface relaxafbRollowing  moment of a Co ion evaluated for the first configuration was
the approach developed in Ref. 20, to interpret STM imagefound to be~3.7ug (Mspin=2.64ug plus My, =1.06ug)
obtained at a positive sample bias we investigated the asn agreement with the experimental value of 3g80bserved
ymptotics of the real-space distribution of the density of un-for bulk specimens® The orbital contribution to the mag-
occupied electronic states summed roael eVinterval of  netic moment for the second configuration,,=0.75
energies above the conduction-band minimum. X10 2ug is considerably smaller than the value observed
At each cation site of bulk NiO the majority spéhstates  experimentally’ It is therefore the first of the two above
are fully occupied while, for the minority spin, thgy states  configurations that represents the ground stateutk CoO.
are filled and thes, states are empy? On the(001) surface  Our surface-electronic structure calculations revealed that in
of NiO the crystal field of five neighboring anions has anthe lowest total energy state the Co ions in the surface layer
almost negligible effect on the occupancies of thetates.  adopt the minority spimly,-emptyH,, andd, ,-filled configu-
CoO poses a somewhat more difficult problem because onlgation while the subsurface layer retains the bulk
two out of threet,q minority spin states are occupied, and Y, _;-empty,, and Y filled ordering pattern. For cobalt
the ordering oft,, states is determined by weak effects, jons in the surface atomic layer the energy of the orbital
namely spin-orbit coupling and Jahn-Teller distortioh. is approximately 0.86Xr2)/a> higher than energies of ei-
Since all the experimental STM images of CoO surfacesherd,, or d,, states, wherér?) is the mean-square radius of
were obtained at temperatures significantly higher than thehed shell anda is the distance between the centers of the Co
Ned temperature,Ty=290 K, where no lattice distortion and O ions. No orbital contribution to the magnetic moment
was preserft,the proper linear combinations of4 states s therefore present for Co ions in the surface layer.
were determined by spin-orbit interactions. LSBH total The observed difference in the contrast of STM images of
energy calculations showed that for bulk CoO the configuraNiO and CoO(001) surfaces can now be explained by ex-
tion with the Yzy,lz(dzx—idyz)/\/f minority spin state amining distributions of the density of empty states inte-
empty andd,, andY ; minority spin states filled on each Co grated over an interval of energies above the conduction-
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band minimun?® The similarity betweencharge-density suring the magnetic moment of surface Co ions using spin-
distributions shown in Fig. 2 reflects the similarity of the polarized low-energy electron diffractich.

physical properties of the two oxid8$8ut the distributions In summary, we have reported the first atomically-
of the densities ofunoccupiedstates shown in Fig. 2 are resolved STM observations of unreconstructeck () CoO
dissimilar, the CoQ001) surface showing smaller corruga- (001 surfaces and compared them with STM images of NiO
tions than the NiQ(001) surface. The nature of this effect is (001). The difference in symmetry of the lowest unoccupied
associated with the difference in the shape ofdge_,» and  d States on CoGQ001) and NiO (001) predicted by ourab
d,, orbitals representing the lowest-lying unoccupied elec-:c”'t'o LSDA+U calculations explains the observed large dif-
tronic states on NiQ001) and CoO(00) surfaces, respec- ference in the atomic corrugation heights seen in our STM
tively. For comparison, we note that if the bulk ordering of Images.
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that the STM observations allow us to distinguish betweerand D.T. Goddard and C. Muggelberg for stimulating discus-
two possible types of ordering of, states on the Co@01) sions. We thank G. Thornton and P.L. Wincott for help with
surface. The type of ordering consistent with the observethe NiO work. Calculations were performed in the Materials
low level of image contrast is associated with a negligibleModelling Laboratory of the Department of Materials at the
orbital contribution to the magnetic moment of Co ions in University of Oxford. Financial support from British Nuclear
the surface layer. This prediction could be verified by mea+uels plc(BNFL) is gratefully acknowledged.
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