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Abstract 

The surface structure of CrzO3(0001 ) was investigated by quantitative low-energy electron diffraction and molecular dynamic 
simulations. In qualitative agreement with each other, both methods indicate strong vertical relaxations at and near the surface. 
These relaxations are concomitant with a charge reduction and depolarization, which stabilize the surface, yielding energies close to 
those found for non-polar oxide surfaces with non-divergent surface potentials. The lateral arrangement of oxygen atoms is identical 
to that in the bulk, i.e. there are no lateral distortions to accomodate the strong interlayer relaxations. The latter extend deep into 
the surface, with the experimentally determined changes of the first four interlayer distances being - 3 8 % ,  - 2 1 % ,  --25% and + 11% 
with respect to the unrelaxed bulk values. 

Keywords: Chromium; Electron-solid interactions, scattering, diffraction; Insulating surfaces; Low energy electron diffraction (LEED); 
Surface energy; Surface structure, morphology, roughness, and topography 

Polar surfaces of ionic oxides are inherently 
unstable due to the divergence of the electrostatic 
surface potential [1,2]. The divergence of the sur- 
face potential leads to massive reconstructions of 
the so-called octopolar type in the case of (111) 
surfaces of rock salt oxides, such as NiO [3,4]. In 
this case metal terminated and oxygen terminated 
(111) surfaces are structurally equivalent, therefore 
both terminations behave similarily with respect 
to structural changes. For corrundum-type oxides 
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the situation is different. Fig. la shows a schematic 
representation of the stacking of layers along a 
direction prependicular to the (0001) plane. 
Basically, flat oxygen layers alternate with buckled 
metal ion layers. If this stack of layers is cut 
between an oxygen plane and a buckled metal ion 
plane, one oxygen-terminated and one metal-ion- 
terminated surface are created. The metal-ion- 
terminated (0001) surface is plotted in Fig. lb as a 
top view. Such a surface is electrostatically unstable 
due to the divergence of the surface potential. The 
situation may, however, be reconciled by cutting 
the stack of layers (Fig. la) not between the oxygen 
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Fig. 1. (a) Schematic representation of the stacking of oxygen 
and chromium ions in CrzO 3 along the (0001) direction into 
the bulk volume. (b) Top view of the Cr203(0001) surface 
terminated by a full Cr ion layer. (c) Depolarized Cr203(0001) 
surface with half a layer of chromium ions. 

and metal ion layers but rather in between the 
buckled metal ion layer, such that only half of the 
number of metal ions is left on each surface created. 
This surface is shown in Fig. lc, as viewed from 
the top. The structure of this surface has been 
subject to a number of theoretical investigations, 
ranging from empirical pair potential treatments 
[5] to fully self-consistent ab initio studies both at 
the Hartree-Fock level [6] and via density func- 
tional methods [7]. The specific example treated 
theoretically most frequently has been the 
A1203(0001) surface. It is expected that similar 
results would be obtained for other corrundum- 
type surfaces, including transition metal oxides 
such as CrzO3(0001 ) [8] and Fe203(0001 ). The 
main result of all calculations is a very pronounced 
relaxation of interlayer distances even though the 
surface is depolarized by the presence of only half 
of the number of metal ions in the surface. Ab 
initio calculations via density functional theory 
employing pseudopotentials [7] predict a very 
large relaxation of the last atomic plane of 
A1203(0001) (-86%),  while Hartree-Fock calcula- 
tions yield a smaller value of - 4 6 %  [6]. In some 
calculations, in-plane displacements of the oxygen 
atoms have been predicted [9]. These predictions 
have, so far, not been tested experimentally by 
electron energy diffraction due to charging of the 
insulating bulk material. Very recently, X-ray scat- 
tering from a bulk AlzO 3 single crystal (0001) 
surface has been reported [10]. This study was 
performed under ultrahigh vacuum (UHV) condi- 
tions and surface composition was checked via 
Auger measurements. In line with the theoretical 
predictions, strong relaxations were deduced from 
the experimental data. 

In the present study we report on the first study 
we report on the first study of a UHV stable 
transition metal oxide, namely Cr203(0001), by 
quantitative and fu!l dynamical low-energy 
electron diffraction (LEED). The CrzO3(0001) sur- 
face has been characterized with a series of different 
surface sensitive tools, including XPS, ARUPS, 
EELS, IRAS and ISS [11-16]. Unlike the 
Fe203 (0001) [ 17,18] surface, CrzO3(0001) is stable 
under ultrahigh vacuum conditions and can be 
studied at low temperatures with LEED if it is 
prepared as a thin epitaxial film of a thickness of 
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about 40 ~t. We have complimented the experimen- 
tal study and analysis of the I(E) data by a 
molecular dynamics study, which allows us to 
compare predictions with experiments: We also 
find large relaxations, which are in part compatible 
with the X-ray analysis of the AlzO3 (0001) surface. 
The relaxations found experimentally and theoreti- 
cally are in qualitative agreement. Furthermore, 
the simulations allow us, in particular,  to explore 
alternative possibilities for the surface structure in 
order to get an idea of how stable the surface is 
on a relative scale. This comparison may be of 
importance in understanding the observed phase 
transition on Cr203(0001) [15] when the surface 
is heated from 90 to 150 K. 

The Cr203(0001) film was prepared as described 
in detail in Refs. [ 11-16]. The polished chromium 
single crystal with a (110) oriented surface was 
cleaned by p ro longed  sputtering with argon at 
elevated temperatures, near 800 K, until no con- 
tamination with nitrogen could be detected. The 
oxide was prepared by exposure to 300 L of 02 
while linearly increasing the temperature to 780 K. 
After O2-dosage the sample was briefly flashed to 
1000K to facilitate ordering of the surface. 
Subsequently, a sharp and low background (1 x 1) 
LEED pattern was observed. Prior to each meas- 
urement the sample was cleaned by this flashing 
procedure at a base pressure of 5 x 10 -11 Torr. 
The sample temperature was monitored by a 
Ni/CrNi thermocouple. In some cases the prepara- 
tion conditions were slightly modified in order to 
check the reproducibility of the LEED data. In 
fact no variations in the data have been found. 

LEED intensity versus  energy I(E) data were 
taken using a computer-controlled video LEED 
system, described in more  detail in Refs. [19,20]. 
A conventional four grid reverse view LEED optics 
was used to perform the diffraction experiments. 
LEED spot intensities were recorded by means of 
a low-noise video camera. The video signal was 
accumulated, averaged and digitized by a frame 
grabber board. Data  processing has been per- 
formed in an on-line fashion by software designed 
in-house, The program includes a spot search and 
track algorithm and routines for background 
subtraction and intensity integration. Data  pro- 
cessing cycles are repeated at each particular 

energy while the I(E)spectra evolve 
grabber board offers a maximum data acquisition 
speed determined by the video rate, the effective 
board speed is mostly governed by the averaging 
procedure and data transfer between board and 
computer CPU. Each !~E) spectrum was recorded 
within 360 s. All I(E) spectra were recorded with 
the sample cooled to 90 K at normal incidence of 
the primary electron beam and up to a maximum 
energy of 500 eV. According to the sixfold symme- 
try of the diffraction pattern, spectra of symmetri- 
cally equivalent beams could be averaged to 
improve the quality of data. Residual gas adsorp- 
tion during, data aquisition was not observed to 
influence the I(E) data. 

Molecular dynamics simulations wereperformed 
in the isobaric isothermal ensemble by employing 
the method of Parinello and Rahman [21].  We 
assume a completely ionic model and the forces 
applied to atoms were derived from pair potentials, 
which include-electrostatic interactions (between 
formal charges + 3, and - 2), short-range repulsion 
(A exp(~-BR)), O - O  dispersion (D/r 6) as well as 
C r - O  and O - O  polarization terms (C/r4). The 
interaction parameters A, B and D are taken from 
the work by Lawrence et,~tl. [22]; and the polariza- 
tion terms are chosen to reproduce crystal energy, 
lattice parameters and phonon frequencies of the 
Cr203 bulk. We have used slab models with 1470, 
2430 and 3240 particles. The slabs are periodic in 
three dimensions, with a void of approximately 
140 A between periodic images perpendicular to 
the surface. All molecular dynamics simulations 
were done with the program MO LD Y  [23]; The 
time step was 1 fs and the velocities were scaled 
during 5 ps before production runs of 20 ps. The 
time evolution was followed at several temper- 
atures (7, 150 and 300 K). 

The full dynamical LEED analysis was per- 
formed in two steps: first, standard computer pro- 
grams [24,25] were applied to retrieve the rough 
structural features, i.e: the sites of the top metal 
atoms and the interlayer distances. This was done 
by testing four possible sites (see below) and apply- 
ing a grid search in  each case for the vertical 
interlayer distances. In a second step, the best-fit 
model found in step 1 was refined using the pertur- 
bation method t ensor -LEED [26-28]  a n d  an 
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;tructural search procedure [29 ], which 
also allowed for lateral atomic shifts. The validity 
of the eventually found best-fit structure was con- 
firmed by a final full dynamical calculation. The 
Pendry R-factor [30] was used for the quatitative 
comparison of the experimental and calculated 
spectra, guiding the structural search. Error limits 
for the structural parameters were retrieved from 
the variance of the R-factor. The intensity calcula- 
tions were restricted to a maximum electron energy 
of 300 eV, leaving a total data base width of 
1000 eV. This is, on the one hand, to save computer 
time and on the other to allow the layer doubling 
procedure to be applied for the stacking of compos- 
ite layers with distances as small as 0.94 A. As 
many as 499 symmetrically non-eqttivalent beams 
were used in the layer stacking procedure. The 
layers were composite layers with two oxygen 
sublayers and two chromium double layers, i.e. 
with ten and nine atoms in the unit cells of bulk 
and surface composite layers, respectively. Their 
diffraction was calculated in angular momentum 
representation by matrix inversion allowing for 
any degree of intersublayer relaxation. We empha- 
size that the treatment of several of such large and 
thick composite layers is a demanding task even 
when powerful computers are at hand and this 
makes the present LEED analysis largely non- 
routine. Five of such 3.59 fit thick composite layers 
were stacked, which (according to their cumulated 
width of 14.39fit) made consideration of the 
underlaying bulk unnecessary due  to electron 
attenuation. The latter was simulated through an 
imaginary part of the inner potential as usual (best 
fit value: 4.5eV). The atomic scattering was 
described by eight relativistically calculated and 
spin-averaged phase shifts for the two elements, 
corrected for thermal vibrations, which were 
assumed to be isotropic, and using Debye temper- 
atures of 91 and 630 K for oxygen and chromium, 
respectively [31]. 

In the introduction we alluded to the metal-ion- 
terminated surface with only half of the ions pre- 
sent in the topmost layer. In Fig. lc, one of the 
several possible sites for the chromium ions, namely 
the one that corresponds to the bulk position, has 
been artificially chosen. It is quite conceivable that 
other positions can be occupied. In principle there 

are four different positions available. These are 
marked as 1, 2, 3 and t (tetrahedral) in Fig. lc. 
The site corresponding to the bulk situation is 
position 2. In order to perform an I(E) analysis it 
is important to have an idea of the relative stability 
of the surface if different sites are occupied in the 
terminating metal ion layer. Table 1 collects the 
surface energies for the different sites as evaluated 
by Marvin's program [32] with full ionic pair 
potentials. 

It is interesting to note that the surface with the 
lowest surface energy is that with the chromium 
site occupied according t o  the bulk situation. 
Starting from different configurations in which 
sites 1, 2, 3 and t had been initially occupied, and 
independent of temperature, all chromium ions 
occupied site 2 after equilibration had been 
achieved. The energy is comparable with the most 
stable non-polar rock salt surfaces of NiO, for 
example. The NiO(100) surface has an energy of 
1.38 J m -2. However, while the rock salt surfaces 
are only weakly relaxed [2], the molecular 
dynamics simulations indicate rather pronounced 
relaxations of the interlayer spacing in the present 
case. Also, very recently Hartree-Fock calculations 
[ 8 ] on the Cr20 3 (0001 ) surface have been reported 
and strong relaxations are predicted. In Table 2, 
together with Fig. 2, the relaxations calculated for 
the Cr203(0001 ) surface via the molecular 
dynamics simulation as well as via the 
Hartree-Fock calculations are compared. Table 2 
also contains the available information on the 
corresponding Al203(0001) surface. 

The predicted relaxations alternate and reach 
from the surface to about five layers down into the 
solid. All theoretical results indicate a strong 
inward relaxation of the top chromium ion layer. 
This is expected because the chromium ions in the 

Table 1 
Surface energies for various sites of chromium ions on the 
surface; for assignment see Fig. lc  

Site Esurf (J m -2) 

1 4.36 
2 1.60 
3 6.34 
t 2.69 
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Table 2 
Surface relaxations (%) of bulk interlayer distances a 

System a b c d Ref. 

Cr2Oa 
MD simul. - 58 0 - 36 + 17 
H F  calc. - 50 + 3.3 0 0 
LEED -38__.4 - - 2 1 + 6  - 2 5 + 1 6  +11+__9 

This work 

[83 
This work 

A1203 
DFT calc. -- 86 + 3 -- 54 + 25 [7]  
HF  calc. - 4 6  Not given [6]  
Empirical slab - 65 - 5 - 32 + 14 [33] 
Empirical semi-infi -- 59 + 2 -- 49 + 26 [ 5 ] 
X-ray -- 51 + 16 - 29 + 20 [ 10] 

C r - O  interlayer distance: 0.94 .~, A1-O interlayer distance: 0.84 A, Cr -Cr  interlayer distance: 0.39 ~h A1-A1 interlayer distance: 
0.485 A. For a, b, c and d see schematic drawing in Fig. 2. 

. . . . . . . . . . . . . . . . . . . . . .  C r  
a 

b 0 
Cr 

d 
0 

Cr  
Fig. 2. Schematic representation of the stacking of layers with 
respect to the depolarized surface. 

top layer miss half of the oxygen ions and are, 
therefore, electrostatically attracted into the sur- 
face. Interestingly, there is no significant lateral 
shift of the oxygen ions in the surface, indicating 
that the chromium ions are sufficiently small so as 
to avoid Pauli repulsion with the oxygen ion cores 
even after an inward relaxation of 50-60%. Also, 
there is no indication from the calculations of a 
significant change of the ionicity in the surface as 
compared with the bulk. While this is not surpris- 
ing in the case of AlzO3, because aluminium does 
not have a strong tendency to change its valence 
state, such an effect might be expected for chro- 
mium. However, the available Hartree-Fock calcu- 
lations [8] predict, basically, a conservation of the 
bond character between chromium and oxygen, 
and, if anything, a very slight lowering of the 

ionicity of the chromium ions in the top layer. In 
the MD simulations for C r 2 0 3 ,  a change in the 
ionicity cannot be accounted for as full ionic 
charges have been used both for bulk and surface 
ions. The high ionicity is also responsible for the 
fact that the relaxation of the top Cr-O layer 
distance is larger in the theoretical simulation than 
in the experimental geometry. The predicted relax- 
ations of deeper layers differ quantitatively and in 
sign, depending on the calculation. In most calcula- 
tions the distance between the top oxygen layer 
and the second chromium layer increases by a few 
percent, but there are also predictions of a slight 
contraction of this interlayer distance. Again, all 
calculations predict a strong smoothing of the 
buckling of the second full metal ion layer. The 
Hartree-Fock calculations on Cr203 do not seem 
to have taken this into account. The next chro- 
mium-oxygen interlayer distance into the volume 
of the material is contracted with respect to the 
bulk situation. In summary, the contractions and 
expansions of the interlayer distances alternate 
when going from the surface into the volume. In 
this respect the situation is basically similar to 
metal surfaces, where similar alternative relax- 
ations are found. However, in the case of polar 
surfaces of ionic oxide materials it seems that the 
magnitude of the effects are considerably more 
pronounced as compared with metal surfaces. This 
is, in fact, not too surprising because, in the case 
of metals, screening due to the presence of the 
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. . . . . . . . . . . .  rons helps to damp the oscillatory 
behaviour. The more localized electronic structure 
of dielectric materials does not support this 
electronic damping and thus the strong electro- 
static interactions are fully revealed by the geomet- 
ric structure. 

The quantitative analysis of the LEED data 
yields best-fit R-factors for sites 1, 2, 3 and the 
t-site of 0.62, 0.32, 0.68 and 0.55, respectively. By 
the variance of the R-factor, var(R)=0.057, sites 
1, 3 and t can be definitely excluded. The overall 
best-fit, spectra for site 2 are compared with the 
experimental data in Fig. 3, showing apparently 
good agreement. The best-fit interlayer relaxations 
together with the theoretical predictions are given 
in Table 2, including the error limits as found by 
the variance of the R-factor. The errors increase 
with depth because of electron attenuation and are 
particularly high for the small distance within the 
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Fig. 3. C o m p a r i s o n  of measured I(E) curves with theoretical 
fits. 

chromium double layer (note that the absolute 
errors for layer distances a-d are 0.04, 0.06, 0.09 
and 0.09 A, respectively). The arrangement of the 
oxygen ions within the oxygen layers is almost 
identical with that in the bulk. In particular, there 
are no lateral distortions. Except for the strong 
contraction of the second chromium-oxygen 
interlayer distance, the results are consistent with 
the predictions. Firstly, the predicted contraction 
of the top interlayer distance is, indeed, revealed 
by the measurements. Secondly, the relaxation 
reaches well into the volume of the material. The 
present experiments, however, indicate that both 
the top chromium-oxygen interlayer distance, as 
well as the second chromium-oxygen interlayer 
distances contract: The buckling of the subsurface 
layer of chromium ions is smoothed and the next 
chromium-oxygen distance down in the bulk is 
enlarged. The result of the surface relaxation is a 
separation of the top Cr-O-Cr  unit of layers from 
the bulk. This may have consequences for the 
electronic structure near the surface and should be 
explored theoretically in the future. 

The structural relaxations revealed in this study 
have consequences with respect to the interpreta- 
tion of the electronic excitations discussed in the 
literature. On the basis of electronic EELS data 
and ab initio calculations [15] the site for the 
chromium ions in the surface has been assigned. 
The calculations were based on the unrelaxed 
geometry of the surface, and it was indicated that 
the final assignment would depend on a detailed 
knowledge of the geometry, because considerable 
changes in the ligand field at the chromium posi- 
tions are to be expected if the chromium ions relax 
into the oxygen layer, and consequently the d-d 
excitations will change in energy. We have repeated 
the quantum chemical ab initio calculation for the 
d-d excitation energies of Cr 3 + ions occupying site 
2 at the relaxed Cr203(0001 ) surface. The excita- 
tion energies are 0.99, 1.25, 1.42 and 1.62 eV for 
the surface .structure, as obtained by molecular 
dynamics, and 0.75, 1.10, 1.30 and 1.40 eV for the 
experimental geometry. Given an uncertainty of 
0.1 eV in the calculated excitation energies, the 
data are in reasonable agreement with the two 
prominent surface excitations at 1.24 and 1.40 eV 
in the experimental EELS spectrum [-15]. 
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Therefore,  the  ass ignment  of  site 2 ins tead  of site 1, 
which  was the  p r o p o s e d  site accord ing  to  Ref. 1-15], 
is c o m p a t i b l e  wi th  the  presen t  da ta .  

In  summary ,  we have  p resen ted  the first fuli I (E)  

L E E D  s tudy  of  a t h e r m o d y n a m i c a l l y  stable,  depo-  
la r ized  Cr203(0001)  surface. This  surface is a p ro -  
t o type  for  t r ans i t ion  me ta l  oxides of  cor rundum~ 
type  structure.  The  surface is c h r o m i u m  t e rmina t ed  
and  the in te r layer  d is tances  are  s t rongly  relaxed.  
The  top  c h r o m i u m - o x y g e n  in te r l ayer  d is tance  con-  
t rac ts  by  a b o u t  38%. Also,  the  fo l lowing  two 
in te r layer  d is tances  con t r ac t  by  m o r e  t han  20% 
(21 a n d  25%).  O n l y  the  th i rd  in te r layer  d is tance  
enlarges  (by  11%). Thus,  the  r e l axa t ion  reaches  
d o w n  five to  six layers  in to  the  volume.  The  
exper imenta l ly  de t e rmined  re laxa t ions  are  in qual i -  
ta t ive  ag reemen t  wi th  p red ic t ions  f rom a mo lecu la r  
dynamics  s imula t ion .  This  s imula t ion  also pre-  
dicted,  in h a r m o n y  wi th  the  exper imen ta l  da ta ,  site 
2 (in Fig.  lc)  as the  mos t  s table  site in the  surface 
for the  c h r o m i u m  ions. The  surface energy of  the  
re laxed Cr203(0001)  surface has  been ca lcu la ted  
to be 1.6 J m -2 ,  which  is r a the r  close to  the energy 
of  a n o n - p o l a r  N i O ( 1 0 0 )  surface. 
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