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LETTER TO THE EDITOR 

Transition-metal monoxides: band or Mott insulators? 
Angle-resolved photoemission results for COO 

N B Brookesi, D S-L Law$, D R Warburton, P L Wincott and 
G Thornton 
Chemistry Department and Interdisciplinary Research Centre in Surface Science, 
Manchester University, Manchester M13 9PL, UK 

Received 17 April 1989 

Abstract. Evidence of itinerant (band-like) behaviour of the CO 3d states in paramagnetic 
COO has been observed in CoO(OO1) angle-resolved photoemission spectra. Two d bands 
are identified, which disperse 0.4 eV and 1.7 eV between r and X. In broad terms the results 
are consistent with a recently proposed model of the electronic structure in which the 
insulating gap arises largely from an exchange potential perturbation of the one-electron 
band structure. 

The nature of the electronic structure and the origin of the insulating gap in the transition- 
metal (TM) monoxides has been a controversial subject for many years [ 1,2]. However, 
it has become generally accepted that the -4 eV band gap of MnO, FeO, COO and NiO 
arises from Mott-Hubbard (correlation) localisation of electrons in partly filled d bands 
[ 1,2]. Such a model is appropriate when U/W > 1, where U and Ware the d-d Coulomb 
repulsion energy and d-band width, respectively. Recently, it has been suggested that 
hybridisation of the localised d levels and 0 2p bands is of critical importance and that 
the insulating gap is actually of the charge-transfer type [3-51. Despite the apparent 
breakdown in band theory that this approach represents, one-electron models have been 
successful in correctly determining the lattice spacings and ground-state 
antiferromagnetic (AF) order [6-9]. Furthermore, recent theoretical work [7-91 has 
revived the idea [lo] that the principal origin of the band gap is the inherent AF order. 
In this itinerant 3d-electron model of the TM monoxides, exchange perturbation of the 
one-electron band structure opens a d-d gap. Added impetus to resolve this conflict of 
ideas comes from the likely involvement of magnetic and/or correlation effects in the 
superconducting mechanism of the new high-T, oxide materials (see, e.g., [ l l ] ) .  

In seeking a means of determining whether the TM monoxides are band or Mott 
insulators, it seems natural to turn to photoemission techniques. They have played a 
major role in testing electronic structure models of a wide variety of materials including 
oxides [12], finding in many cases good agreement between experiment and the one- 
electron band structures although correlation effects often need to be included. Until 
recently, however, only angle-integrated photoemission (AIP) studies of the TM mon- 
oxides have been reported [3,13-161. Thus far, angle-resolved photoemission (ARP), by 
t Present address: Department of Physics, Brookhaven National Laboratory, Upton, NY 11973, USA. 
$ Present address: SERC Daresbury Laboratory, Warrington WA4 4AD, UK. 

0953-8984/89/264267 + 06 $02.50 @ 1989 IOP Publishing Ltd 4267 



4268 Letter to the Editor 

far the most powerful technique with which to examine the electronic structure of 
materials, has only been applied in a limited way to the TM monoxide problem [17,18]. 
In principle, ARP should be able to distinguish between localised and itinerant (band- 
like) 3d states by the observation (or not) of peak dispersion with photon energy. The 
recent angle-resolved study [18] of MnO(001) supports the localised approach since little 
dispersion (<0.2 eV) of the d bands was observed, although sample charging may have 
played a role. In the present work we have recorded ARP data from CoO(O01). The 
spectra show evidence of 3d-band dispersion and hence support the itinerant-electron 
model. 

The ARP experiments were carried out using the toroidal grating monochromator 
(17 C hv C 95 eV) onstation6.2at theSRS, Daresbury Laboratory. Theexperimentally 
determined [19] degree of polarisation of the monochromator (in the horizontal plane) 
varies from ~ 0 . 8  at 20 eV to -0.6 at 60 eV. A Vacuum Generators ADES 400 system 
was used, the base pressure during this work being -9 x 10-llmbar. The electron 
energy analyser had an angular acceptance of about +2", the combined analyser and 
monochromator resolution being 140 meV. The COO sample (lo-'' a-' cm-') was 
cleaved in situ to expose a clean unreconstructed (001) surface, as determined by 
Auger spectroscopy and LEED. Normal-emission spectra were recorded in the range 
19 C hv G 90 eV at two angles of incidence, 6, = 30" and 8, = 70" with respect to the 
sample normal in the (horizontal) [110] azimuth. Measurements were carried out with 
the sample at 393 K ( TNeel = 292 K [2]) to prevent sample charging. At this temperature 
the surface was found to stay clean for extended periods. The binding energy (BE) scale 
of the ARP spectra shown below is referenced to the Fermi energy (EF)  recorded from 
the Cu sample holder. 

In figure 1 we compare an hv = 30 eV AIP spectrum of CoO(Oo1) from [13] with 
normal-emission ARP spectra recorded at hv = 30 and 55 eV. On the basis of photon 
energy-dependent cross section behaviour [13, 141, the spectra can be divided into 0 
2p- and CO 3d-derived features. The CO 3d (0 2p) features lie above (below) about 4 eV 
BE. The broad peak at about 10 eV BE seen in the spectra of figure 1 has been assigned 
to a multi-electron satellite [20]. 

The presence of the satellite shows that correlation effects play an important role in 
determining the photoemission spectra, just as they do in Ni metal [16]. The initial 
assignment of such satellites in the spectra of TM oxides was to an 0 2p + TM 3d shake- 
up feature [21]. The corresponding assignment of the valence band 3d emission structure 
to unscreened 3dnP1 hole states, as indicated on the AIP spectrum in figure 1, follows 
from the assumption of correlation-localised 3d electrons in the ground state [13, 141 
(i.e. the Mott-Hubbard model). More recently, resonant photoemission studies [15] 
have shown that this assignment cannot be correct for NiO, which has led to a re- 
interpretation of the photoemission spectra in terms of a modified Mott correlation 
picture [3-51. In this model the satellite represents unscreened dn-' states, the valence 
band 3d emission arising from the formation of mainly d"L-' states, the initial d hole 
having been screened by charge transfer from the ligand (L-' signifies a hole on a ligand 
site). Such models explicitly assume that the d levels are totally localised (i.e. the 
dispersion band width is zero) and that the translational symmetry can be ignored. This 
approach, which has also been used to interpret photoemission spectra of the high- 
T, superconducting oxides [22], would also be appropriate for COO since it displays 
resonance behaviour [23] similar to that of NiO. 

Within these localised descriptions of the valence band d electrons, there is little 
reason to expect the 3d-electron wavevector to be conserved in the photoemission 
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Figure 1. A comparison of a CoO(OO1) AIP spectrum recorded at 
hv = 30 eV (after [13]) with normal emission, 0, = 70" ARP spectra 
recorded at photon energies of (A) 30 and (B) 55 eV. On the AIP 
spectrum the 0 2p (-.-.-) and CO 3d (----) contributions are 
shown and the vertical lines indicate the calculated positions and 
intensities of localised d6 final states (after [13]). 

process. Hence, the CO 3d profile in ARP spectra is expected to be unchanged with photon 
energy and just vary in intensity following the photoemission cross section. In contrast, 
the larger bandwidth of the 0 2p bands is expected to reduce correlation effects such 
that their contribution to ARP spectra can be interpreted on the basis of a one-electron 
model [24], Hence, 0 2p structure should disperse in ARP spectra in a manner reasonably 
consistent with the one-electron band structure. Indeed, the difference in the 0 2p 
relative intensity in the hv  = 30 eV ARP spectrum of figure 1 compared with the AIP 
spectrum is probably due to band-structure effects. While the differences between the 
two normal-emission spectra shown in figure 1 are in line with expectations regarding 
the 0 2p features, the CO 3d structure cannot easily be accounted for within a purely 
localised model. In particular, the disappearance in the photon energy range hv  = 45 to 
55 eV of the intense 3.5 eV BE peak in the hv = 30 eV spectrum is anomalous. It is 
extremely unlikely that these changes arise from a redistribution of CO 3d emission 
intensity into different final-state channels through changes to the component asymmetry 
parameters, since such large effects are usually associated with threshold phenomena 
[25]. The alternative origin of the spectral change involves peak movement and is 
evidence for band-like (itinerant) behaviour of the CO 3d electrons. 

In figure 2 we show a representative selection of our normal-emission ARP data, 
recorded over the range 25 s hv  6 55 eV. Within an itinerant-electron model ARP fea- 
tures represent direct transitions from the r-A-X direction in the bulk Brillouin zone. 
Selection rules [26] only allow initial states of A and A5 symmetry-A when the photon 
E vector lies perpendicular to the surface, A5 when it is parallel. Analysis of peak 
dispersion in the normal-emission spectra allows the determination of the band structure 
along I?-X [12]. Figure 3 shows the results of such an analysis based on an extensive 
data set which includes spectra recorded at 8, = 30" and Oi = 70". Spectra in the range 
57 s hv s 74 eV were not used because of CO 3p resonance effects and we note that the 
important changes shown in figure 3 occur well away (2 10 eV) from threshold. A nearly 
free-electron final state was assumed, of the form E = h2k2/2meB - Eo,  where E is 
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Figure 2. Selected normal-emission spec- 
tra of CoO(OO1) ( T  = 393 K, 8, = 70"). An 
hv = 55 eV spectrum recorded at 8, = 30" 
is included to illustrate the polarisation 
dependence of the ARP data. 

Figure 3. The empirical A-line band structure of COO in the 
reduced-zone scheme (0) derived from ARP data including 
those shown in figure 2. The full curves are the 0 2p bands 
calculated by Mattheiss [28]-the inset shows the cor- 

0 responding 3d bands, where the rlTrE( separation is 6E r Crystal momentum A (units of n / a )  0.41 by the eV. broken The empirical curve. CO 3d band dispersion is highlighted 
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referenced to EF,  and k is the electron wavevector [12]. A value of Eo = 8 eV was used, 
being derived from the inner potential obtained in a low-energy electron diffraction 
(LEED) study [27]. The effective electron mass, meif, was adjusted to give symmetric 
dispersion of bands about r and X. This is achieved when meff = 1.15m, m being the 
free-electron mass. 

The calculated 0 2p A-line band structure for paramagnetic COO [28] is also shown 
in figure 3, the theoretical results being rigidly shifted to match experiment at rI5. In 
general, the behaviour of the 0 2p bands is consistent with the one-electron calculations. 
The polarisation dependence, an example of which is shown in figure 2, shows the high- 
BE peak to be A,-derived and the predicted dispersions of the A ,  and A 5  bands, 2.2 eV 
and 0.7 eV, respectively, are in reasonable agreement with the observed values of 2.5 eV 
and 0.5 eV. The empirical d bands in figure 3 also show itinerant behaviour. The features 
marked 3d, and 3dz disperse 0.4 eV and 1.7 eV, respectively, between and X. Only a 
weak polarisation dependence of the CO 3d bands is observed. 

While comparison of the empirical 0 2p bands with theory is relatively straight- 
forward, the d bands present a fundamental problem. The inset in figure 3 shows the 
calculated d bands of Mattheiss [28]. Since there are formally only seven d electrons per 
CO atom in COO, a simple band-structure picture predicts that these d bands are partially 
occupied with no insulating gap. Similar problems arise for MnO and NiO. From a band- 
structure perspective some perturbation of the band structure is required to create the 
insulatinggap; in the modelof Oguchiandco-workers [7-91 thisis the exchange potential. 
While their model predicts that the AF order along [111] induces an exchange potential 
gap in MnO (between the majority eg and minority t2g bands) and NiO (between the 
majority and minority eg bands), for COO E F  lies within the minority t2g band. Although 
at first sight this casts severe doubts on the veracity of the AF band-structure model, it 
has been argued that this discrepancy arises from inaccurate treatment of correlation 
and the exchange potential within the theoretical method employed [7-91. As for a band- 
model description of the paramagnetic phase band gap, it has been suggested that short- 
range magnetic order could maintain the exchange potential gap [7-91. Recent spin- 
polarised photoelectron diffraction studies [29] have shown that short-range magnetic 
order in MnO persists up to -4.5TN,,,. Although in principle, the model of Oguchi and 
co-workers [7-91 provides a means of reconciling the presence of dispersing d bands in 
the TM monoxides with their insulating character, there is as yet no calculation of the 
band structure. Consequently, it does not provide us with a ready assignment of the 
bands 3dl and 3d2. Furthermore, since the experiment reflects an excited state the results 
should be compared with the calculated quasi-particle band structure. 

While there are clearly many problems associated with the band structure picture, 
this work shows that such an approach can still not be ruled out. As for the localised 
approach, while it can readily explain the insulating nature of the monoxides it cannot 
explain the 3d-electron dependence on k observed in our data. It is conceivable that a 
correct description of the electronic properties could come from a theoretical approach 
that starts from the localised (charge-transfer model) limit and includes the translational 
properties of the solid. At present there is no such model. As to the origin of the optical 
gap, we believe that the resolution of this problem lies in achieving a proper theoretical 
description of the electronic structure, which we hope will be assisted by the results 
presented here. 

In summary, we have shown that the 3d electrons in the paramagnetic phase of COO 
have itinerant character. Although a full understanding of the data awaits further 
theoretical work, this result can be understood within a previously proposed electronic 
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structure model of the TM monoxides [7-9, 301. In this model the antiferromagnetic 
nature of the monoxides gives rise to their insulating gaps, with local magnetic order 
maintaining the gap above TNtel. While the understanding of the electronic properties 
of the TM monoxides is in itself of considerable interest, these results may also have a 
significant bearing on models of high-ir, superconductivity that are couched in terms of 
band structure [31] and/or magnetic effects Ell]. 

We are grateful to J R Drabble for providing the COO crystal used in this study. This 
work was supported by the Science and Engineering Research Council (UK). Additional 
support was received from the United Kingdom Atomic Energy Authority and Vacuum 
Science Workshop Ltd. 
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