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‘Novel electronic and magnetic properties of ultrathin chromium oxi‘d_e films
grown on Pt(111)
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J. van Ek”
Seagate Technology, Bloomington, Minnesota 55435

3. Chaturvedi and J. A. Rodriguez®
Department of Chemistry, Brookhaven National Laboratory, Upton, New York 11973

M. Kuhn? and U. Diebold® o
Department of Physics, Tulane University, New Orleans, Louisiana 70118

{(Received 28 October 1997; accepted 19 January 1998)

The growth of epitaxial metal—oxide films on lattice-mismatched metal substrates often results in
the formation of unique overlayer structures. In particular, epitaxial chromium oxide films grown on
Pt(111) exhibit a p(2 X 2) symmetry through the first two monolayers of growth which is followed
by a (y3Xy3)R30° phase that is attributed to the growth of a Cr,04{0001) overlayer. Ultraviolet
photoelectron spectroscopy measurements have been performed on the CrQO_/Pt(111) system. The
electronic structuzes of CrO,, Cry0;, and Cry0y were calculated using the linear muffin-tin orbital
method in the atomic sphere approximation. Comparison of the photoemission valence band spectra
with the calculated density of states indicates that the CrO, initially grows in a cubic spinel Cr;0,
structure. Beyond ~0.2 monolayers, the metallic behavior of the CrO, overlayer begins a
transformation to an insulating state. The measured valence emission for the p(2 X 2) phase beyond
~0.2 monolayers is more consistent with either a p-Cr,0.(111} overlayer or possibly a

reconstructed Cr,O3(0001) overlayer. © 1998 American Vacuum Society.

[S0734-2101(98)03503-9]

1. INTRODUCTION

In recent years, the study of the growth of epitaxial
metal—oxide/metal interfaces has become a topic of great
interest within the surface science community. Besides the
advaniage of eliminating sample charging problems while
performing electron or ion spectroscopies on insulating sur-
faces, this technique of growing metal oxides also opens up a
whole new class of materials that can be studied, For in-
stance, the interaction between the substrate and the metal—
oxide overlayer can often result in new structures that are not
thermodynamically stable in their bulk forms. One example
of this is iron oxide growth on Pt(111) where a well-ordered
FeO(111) overlayer, which is not a stable bulk phase of iron
oxide at room temperature, is observed during the first
monolayer (ML) of growth."? For NaCl structured metal ox-
ides, stable, polar, surface terminations are not-observed for
bulk single crystals without the introduction of surface im-
purities. However, a p(2X2) reconstructed polar NiO(111)
surface can be formed during the first few monolayers of
growth on the Au{l11) substrate.>* In addition, for several
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metal oxides high-quality bulk single crystals are not readily
available, yet well-ordered ultrathin films can often be grown
on various single-crystal metal substrates.’

Chromium oxide ultrathin films are of interest due to the
wide variety of their technological applications. The most
stable phase of chromium oxide is the corundum structured
Cry0,. This form of the oxide is an important industrial cata-
iyst which is often used in polymerization reactions. In ad-
dition, the passivating of stainless steel is accomplished by
the formation of a Cr,03/NiO surface complex. Another
stable form of chromium oxide is CrQ,. It is a conducting
ferromapnet and is vsed in magnetic recording media be-
cause of its resistance to corrosion and its high coercivity.
Above 280 °C, CrO, decomposes into Cr,O3.% The stable
form of chromium oxide above ~ 1600 °C is a tetragonally
distorted Cr;0, spinel phase.” The formation of a cubic spi-
nel y-CryCy has also been reported under certain thin-film
growth conditions.® Well-ordered single crystals of any of
the phases of chromium oxide are not readily available.

The growth of chromium oxide on the Pt(111) surface has
been studied previously by Zhang et al. using low energy
electron diffraction (LEED), scanning tunneling microscopy
(STM), x-ray photoelectron spectroscopy (XPS), and ion
scattering spectroscopy (ISS).” The LEED results indicate
the formation of a film with a p(2X 2} pattern with respect
to the Pt{111) substrate during the initial 2 ML of growth
which is followed by the formation of (¢3 X y3)R30° patiern
at higher coverages. The growth morphology observed with

©1998 American Vacuum Society 990




PR

991 Robbert et al.: Novel electronic and magnetic properties of chromium oxide 931

STM shows that the CrQ, initially nucleates at step edges
and then propagates out in a step flow growth mode with a 2
ML film height. Monitoring of the Cr 2p core emission with
XPS has revealed a broadening of the emission in the p(2
% 2) regime with respect to the (y3Xy3)R30° regime. In
addition, ne intermixing of Pt in the CrO, film is observed
with ISS. The (43 X y3)R30° epitaxial phase has been attrib-
uted to a Cr,0,(0001) overlayer since this would produce a

(3% y3)R30° LEED pattern with respect to the Pt{111).

substrate. The results for the p{2X2) phase give evidence
for the formation of a Cr30, cubic spinel phase. Along the
[111] direction, the spinel structure consists of close-packed
oxygen layers in an ABC—-ABC stacking pattern. Between
each oxygen layer is a chromium layer with either only oc-
tahedrally coordinated or both tetrahedrally and octahedrally
coordinated Cr ions. Therefore, broadening of the Cr2p
emission is expected since there are two distinct Cr coordi-
nations, and a 2 ML growth mode is expected since the re-
peat unit consists of two close-packed oxygen layers with
their respective Cr intralayers.

In this article, the results of synchrotron-based uoltraviolet
photoelectron spectroscopy (UPS) measurements of the va-
lence structure of chromium oxide films grown on a Pt(111)
substrate are presented. Calculations of the bulk electronic
structures of CrQOy, Cra0y, and Cr;Oy using the linear
muffin-tin orbital method in the atomic sphere approximation
(LMTO-ASA) have also been performed. These calculations
predict metallic behavior for both CrO; and Cry0,. In addi-
tion, CrO, is predicted to have the unique property of being
a perfect half-metallic ferromagnet, and the CryO4 calcula-
tions show an almost perfect half-metallic ferrimagnetic be-
havior. For Cr,04, an insulating antiferromagnetic behavior
is predicted. The results of the electronic structure calcula-
tions are compared with the UPS measurements, Within the
{(yIXY3)R30° chromium oxide growth regime, there is
good agreement between the valence structure measured
with UPS and the ealculated electronic structure of CryO;.
At coverages less than ~0.2 ML, a metallic behavior for the
overlayer is observed, and the electronic structure calculated
for CryQy closely mimics the UPS measurements. The mea-
sured valence structure of the p(2X2) overlayer beyond
~0.2 ML shows a transition to an insulating behavior similar
to the (y3Xy3)}R30° regime, This valence structure is in-
dicative -of either a y-Crp,O3(111) or a reconstructed
Cr,04(0001) overlayer.

The reactivity of the CrQ, films towards H,S adsorption
has also been examined with UPS. Since the primary empha-
sis of this article is the electronic and magnetic structure of
the CrO, films, the chemical properties of these films have
been published in a separate article.!®

Il. EXPERIMENTAL PROCEDURE

The UPS measurements were performed at the National
Synchrotron Light Source (NSLS) at Brookhaven National
Laboratory. The primary measurements for this study were
carried out at beamline U4A which is equipped with a 6 m
torvidal grating monochrometer {TGM}. The ultrahigh
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-vacuum (UHV) end station incorporates a hemispherical ana-

lyzer for detection of the photoelectrons, a LEED apparatus,
and a sputter gun for cleaning the sample. The base pressire
of the chamber was 4 X 107" Torr. Cleaning of the Pe(111)
crystal was achieved by sputtering with Ne ions at 1000 eV
for ~45 min, followed by annealing the sample to 1000 °C
for 5 min. The sample was heated by electron bombardment
from a Ta filament. The x—y sample manipulator which was
used for the measurements at U4A could not bring the
sample within the focal point of the fixed position LEED
spectrometer which made determining overlayer structures
difficult. Therefore, to confirm the transition from the p(2
X 2) to the (y3 X ¢3)R30° regime, measurements were also
made at U7B which had a movable LEED spectrometer. The
comparison of the coverages in each system was achieved by
measuzing the relative heights of the Cr2p and Pt 4f core
emissions. The U7B beamline is equipped with a plane grat-
ing monochrometer (PGM). The end station incorporates
similar instrumentation as U4A, except the base pressure was
only 8% 107!° Torr, and the heating of the sample was
achieved by resistive heating of two 0.25 mm diameter tung-
sten wires that were spot welded to the back of Pt(111} crys-
tal. The maximum sample temperature achieved using resis-
tive heating was ~700 °C. Since the system resclution at
U4A is much higher than that at U7B (~100 and
~500 meV, respeciively) over the energy range of interest in
this study, only UPS spectra from the U4A run are presented
in this article.

Chromium was deposited in both systems using a Cr pel-
let which was enclosed in a resistively heated tungsten wire
basket, The evaporator was equipped with a Ta thermal
shield and a shutter to control deposition times. The Cr(,
films were grown by backfilling the chamber with O, to p
=2X107% Torr and evaporatng Cr at a rate of
~0.2 ML/min while maintaining the Pt(L11) crystal at
~300"C. As mentioned previously, Zhang ef al.? have de-
termined that the conversion of the LEED from a p{2X2) to
a {3 X y3)R30° pattern occurs at 2 ML of CrO, coverage.
This was determined from coverage measurements with a
quartz crystal microbalance (QCM) and ISS results. Since
neither chamber at the NSLS had a QCM or 1SS capabilities,
our CrO, coverages are hased on the conversion of the
LEED image from the p(2X2) to a (y3 X y3)R30° pattern
and are estimated to be accurate within *+350%.

Il METHODOLOGY OF BULK BAND STRUCTURE
CALCULATIONS

The electronic structure calculations were performed us-
ing the LMTO-ASA method.!' Exchange and correlation ef-
fects are treated within the local spin-density approximation
(LSDA) of density functional theory (DFT).!? Self-consistent
solutions to the Kohn—Sham equations are obtained for all
electrons in the system using the exchange-correlation poten-
tial as parameterized by von Barth and Hedin.!* The core-
electron states are solutions of the single-particle Dirac equa-
tion. Scalar relativistic terms are included in the Hamiltonian
for the valence and conduction bands. The LMTOQ basis set
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Fig. 1. Calculated spin-resolved density of states for CrQ., Cr;0Q;, and
Cry0,4. The majority/minority spin channel is plotted as a positive/negative
density of states value.

included 4s, 4p, and 3d-type functions for Cr, and 25 and
2p-type functions for O. Pivotal energies on each site were
chosen at the center of gravity of the occupied partial density
of states. For CrO, empty spheres were introduced in order
to improve the description of the interstitial region. Positions
of the empty spheres and the sphere radii for all sites were
taken from Ref. 14. Atomic sphere radii were taken to be
equal for all atoms in Cr,0y and Cry0, and no empty
spheres were employed. A sufficient number of k points was
used to sample the irreducible wedges of the Brillouin zones
of the three crystals.

The calculations for the rutile-structured CrQ, and the
corundum-structured Cr,04 were performed using the ex-
perimentally determined lattice parameters.® We know of no
previously published experimental data for a bulk-phase, cu-
bic, spinel structured Cr;O4. In comparison to the related
iron oxide phases, it is noted that there is only a 2% differ-
ence in the O-0O spacing of a-Fe,04 and Fe;0,. Therefore,
a lattice parameter of a,=8.09 A, which corresponds to the
same O O nearest neighbor spacing as Cr,0; (dg.g
=286 A) was used to calculate electronic structure of the
cubic, spinel structured Cr;Oy. This assumption results in a
mismatch of 3% between the surface nets of Cr,0,(111) and
a p{2x2) Pt(lll) which is consistent with the previous
LEED results.”

IV. RESULTS
A. Spin-resolved electronic structure calculations

The calculated density of states (DOS) for CrQ,, Cry0s,
and Cr;O, is shown in Fig. 1. For CrO,, the majority spin
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states cross the Fermi level while the minority spin channel
is insulating. Hence, CrO; is a half-metallic ferromagnet
which is in agreement with the theoretical results of Refs, 14
and 15. As a result of this behavior, the perfect bulk value of
the magnetic moment per formula unit is integer 2 45 , where
#p is the Bohr magneton. Spin-orbit coupling has very little
effect on the half-metallic ferromagnetic character of the
DOS, as judged from the calculated moment per formula unit
of 1.9992 pp. The majority and minority Cr 34 bands are
exchange split by about 2 eV,

The calculated DOS of Cr,Q; is shown in Fig. 1. This
oxide is an antiferromagnetic insulator, With values of plus
and minus 2.8 sy, the moments on the Cr atoms in Cr,04
are larger than those in CrO,. The Cr3d valence band is
only ~1 eV wide and is separated from the conduction band
by an energy gap of 0.9 eV. Since the experimentally deter-

- mined band gap of Cr,05 is 3.2 eV,'5"7 these calculations

significantly underestimate the magnitude of the band gap
which is typical for DFT calculations. The energy separation
between the O 25 and O 2p bands is the same as in CrO,, but
both bands are shifted by ~2 eV to higher binding energy. In
addition, the O 2p band of Cr,0; is ~5 eV wide which is
~0.5 eV narrower than that for CrO,.

The calculated DOS for a hypothetical Cr;0, having the
spinel structure of its iron oxide analog Fe,Q, is shown in
Fig. 1. The width of the O 2p band is ~4 eV which is nar-
rower than that for either CrQ, or Cr,Q5. In addition, both
the O 2p and O 2s bands have shifted ~1.5 eV higher in
binding energy than the Cr,0; oxygen bands. The width of
the 34 band is close to that of the CrO, band, and the system
is very close to being a half-metallic ferrimagnet. Moments
on the two inequivalent Cr atoms are approximately
~-1.7 pg and 3.2 up, respectively, The ferrimagnetic order-
ing in Cr30, is similar to that found in Fe;0, from LSDA
calculations.

Since the photoemission measurements reported in this
article are not spin resolved, a compilation of the calculated
total density of occupied states (sum of minerity and major-
ity DOS multiplied by the Fermi function) is shown in Fig. 2
for comparison with the photoemission measurements. There
are several differences which are observed in the calculated
electronic structures of CrO;, CryOs, and Cry0, As de-
scribed in the previous section, both CrO, and Cr;0, are
predicted to be metallic, and there is a successive shift to
higher binding energies for the O 2p band from CrQ, to
Cr304. In addition, the relative height of the Cr 34 DOS to
that of O 2p is approximately unity for CrO; and CryO;
whereas, the height of the Cr 3p DOS is approximately twice

that of O 2p for Crp03.

B. Ultraviolet photoelectron spectroscopy
measurements

A series of UPS spectra for CrQ, coverages up to ~4 ML
is shown in Fig. 3. At a coverage of 4 ML, no emission
features from the Pt{111) substrate are observed; whereas, a
superposition of Pi(111) and CrO, features are observed for-
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Fia. 2. Calculated total density of occopied states for the valence region of
Cr0;, Cr05, and Cry0y.

the three lower coverages. Spectra from both the clean
Pt(111) surface and the surface dosed with 50 L of O, are
also shown in this series. Slight changes in the valence emis-
sion are observed after oxygen dosing which indicates that
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Fig. 3. Measured UPS spectra for CrQ, /Pt(111) coverages up to ~4 ML.
The O;/Pt(111) spectrum corresponds to the dosing of 50 L of oxygea on
the clean Pt surface without dosing Cr. All spectra were taken with
p-polarized light at an angle of incidence of @=45", a photon energy of 50
eV, and norma! emission.
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FiG. 4. A series of UPS difference spectra generated by subtracting the

normalized Oy /Pr(E11} spectrum from each CrQ, /Pt(111) spectrum. The

three lowest CrO, coverages correspond to the cbservance of the p(2X2)
phase and the 4 ML coverage to the (¢3 X y3)R30° phase.

trace amounts of oxygen are adsorbed on the Pt surface. In
addition, two small peaks at ~9eV and ~12eV are ob-
served which corresponds to the adsorption of COQ during the
oxygen dosing,.

To better differentiate the CrQ, emission features from

the Pt features, a series of difference spectra were generated

by subtracting the normalized Q,/Pt(111) spectrum from
each CrO,/Pt(111) spectrum and are shown in Fig. 4. The
oxygen dosed Pt spectrum was chosen for the subtraction
instead of the clean Pt to account for trace amounts of oxy-
gen which adsorb on the Pt regions of the surface during
CrO, growth. The scale factors for the normalization were
determined by calculating the ratio of the height of the emis-
sion near the Fermi edge of each CrQ, /P((111) spectrum to
the height of the Q,/Pt(111) Fermi edge. To check the accu-
racy of this procedure, difference spectra were also generated
using the relative attenuation of the Pt 4f emissions to deter-
mine the scale factors, and these spectra showed similar re-
sults to those generated vsing the ratios of the Fermi edges.
The three lowest CrO, coverages in Fig, 4 are within the
region where a p(2 X 2) overlayer is observed, and the 4 ML
spectrum is within the (y3Xy3)R 30° region and corre-
sponds to a Cr04(0001) averlayer. From comparison of the
4 ML spectrum with the DOS for CryO, in Fig. 2, it can be
seen that the Cr 34 band is shifted ~1 eV higher in binding
energy than is predicted by the DOS calculations, and the

-0 2p band is shifted ~1.5eV to lower binding- energy.

These shifts are in agreement with previously published UPS
results for the Cry03(0001)/Cr{110) system.'® There is no
apparent shift in the positions of the Cr 34 and O 2p bands

of the 0.5 and 0.8 ML coverages with respect to those of the

4 ML overlayer. However, there is a change in the ratio of
the heights of the Cr 3d intensity to that of the O 2p inten-
sity: 0.7 for the 0.5 ML coverage, 1.0 for the 0.8 ML cover-
age, and 1.4 for the 4 ML 'coverage. The most dramat_ic
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changes in the UPS spectra occur for the 0.2 ML coverage.
At this coverage, emission near the Fermi level is observed,
the O 2p emission is only ~4 eV wide, and the onset of
O 2p emission is shifted ~2 eV higher in binding energy
than for the spectra at higher coverages. Anather feature
which is observed for the three lowest coverages is two
“‘negative’” peaks at —~9 eV and ~12 eV. These peaks arise
from CO which has adsorbed on the oxygen dosed Pt{111)
surface and is not present on the surface after CrO, growth at
300 °C,

V. DISCUSSION

The UPS spectrum in Fig. 4 which most closely resembles
the DOS of the Cr304 is from the 0.2 ML CrQ, coverage. An
~0.5 eV wide emission feature is observed just below the
Fermi level which indicates that the overlayer is metailic. A
remnant of this peak is also observed for the 0.5 ML cover-
age but is missing at higher coverages. In addition, the onset
of emission from the O 2p band is shifted ~2 eV to higher
binding energy in comparison with the other coverages
which agrees with the difference in the calculated onsets for
CryO5 and Cry0,. Although the onset of emission from the
O 2p band is ~1.5 eV lower in binding energy than what is
predicted by the calculated DOS, this same behavior is ob-
served for the 4 ML spectrum when compared to the calcu-
lated DOS for Cr,O5 which indicates that this is a systematic
error of the calculation technique.

The nature of the p(2X2) phase which is observed be-
yond ~0.2 ML of CrQ, coverage is somewhat uncertain.
One possible explanation is that the calculated ground state
electronic structure of CryO, incorrectly represents the elec-
tronic structure observed. via photoemission. A previous
spin- resolvad photoemission study of polycrystalline CrO,
films'?
of Cr0,. Almost 100% spin polarization was observed for
the Cr3d emission from their polycrystalline CrQO, films
which agrees with the prediction that the minority spin chan-
nel has no DOS below the Fermi level. However, the onset
of the Cr 3d emission was observed at ~ 1.5 eV below the
Fermi level which contradicts both our and previous DOS
calculations'*"® and experimentat resistivity measure-
ments®® which indicate that CrO, is metallic, It was pro-
posed that an interatomic exchange interaction may be the
source of these discrepancies. If this were the case for Cr;0,,
it is expected that both the Cr 3d and O 2p emissions should
shift to higher binding energy. This is not observed in the
UPS spectra; therefore, it is unlikely that such an exchange
interaction is significantly influencing the electronic struc-
ture.

Another possible explanation for the nature of the p(2
X 2) phase is that it corresponds to a y-Cr,04(111) phase. In
analogy to y-Fe,0;, the y phase of Cr,0O; is also a cubic
spinel structure with random, missing Cr, point defects.
Since the v phase has the same stoichiometry as the corun-
dum structured CryOj, it might also have a-similar valence
structure. Because the crystal structure is an ill-defined de-
fect structure, calculations of the DOS have not been per-
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indicates that this is the case for the calculated DOS.

formed to confirm this. Both octahedrally and tetrahedrally
coordinated Cr ions are present in this structure which would
give rise to the broadening of the Cr 2p core emission which
has been observed in previously published XPS data for the
p(2X2) phase.® Another factor that should be considered is
the experimentally deternuned lattice constant of -CryO4
which is 2;=8.36 A.% If the p(2X2} overlayer maintained
the same lattice constant as the bulk y-Cr;0; value, a split-
ting of the Pt(111) and the p(2X2) LEED spots would be
observed since there is a relatively large 6% lattice mis-
match. No splitting was observed which indicates a pseudo-
morphic growth mode.

The possibility that the p(2X2) phase corresponds to a
reconstructed Cr,03(0001) surface has also been considered.
If the Cry,04(0001) surface” were to recomstruct in a (3
X y3)R30° pattern with respect to a bulk-terminated
Cr,0;(0001}) surface, this would resuit in a p(2x2) LEED
pattern with respect to the Pt(111) substrate. In fact, a previ-
ous study of the Cr,04(0001)/Cr(110) system has revealed
that this surface reversibly transforms from a (I1X1) sym-
metry with respect to the Cr;05(0001) surface at room tem-
perature 10 a (y3X y3)R 30° overlayer structure at ~ 150 K
which then converts back to a (1X 1) symmetry as the tem-
perature is lowered below ~100 K.?! Since the onset of an-
tiferromagnetic ordering is often accompanied by lattice dis-
tortions, they proposed that the transformation from the room
temperature -(1 X 1) symmetry to the (y3X/3)R 30° over-
layer structure at lower temperatures might be driven by an-
tiferromagnetic coupling of the surface chromium ions to
those in the second layer. It is possible that the magnetic
interaction within the initial p(2X2) bilayer of CrQ, on
Pt(111) is significantly different than the interaction for sub-
sequent multilayers which may increase the temperature at
which a reconstruction might occur to room temperature. On
the other hand, no structural analysis of the (3 X /3)R 30°
Cry05(0001)/Cr(110) overlayer has been published at this
time. Therefore, it is also possible that the Cr,0,(0001)
fCr(110) system is undergoing a transformation to the
v-Cr;05 phase at low temperatures instead of a simple sur-
face reconstruction. As mentioned above, a broadening of
the Cr 2p levels is observed with XPS.? For a reconstructed
Cr,04(0001), significant broadening is not generally ex-
pected since a rearrangement of the surface Cr ions should
not have much of an effect on their local chemical environ-
ment.

Another point of interest is the apparent lack of new UPS
features which would correspond to the mixing of Pt and
Cr,05 states for coverages greater than ~0.2 ML. This may
be explained by considering the growth morphology of the
CrO, film. The previously mentioned STM analysis of this
system shows a step flow growth mode with a 2 ML film
height.” If there were any changes in the electronic structure
and these changes were confined to the interface region, the
new features would be buried under the bilayer and may not
be easily detected in surface-sensitive UPS spectra. Another
consequence of the step flow growth mode is the possibility
that the crystal structure of the CrO, overlayer could be con-
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trolled by changing the substrate miscrientation. Since the
initial formation of Cr304 may be a direct result of the inter-
action of the CrQ, with the step edges, it might be possible
to grow a uniform CryO4 overlayer through the first two
monolayers of growth by using a vicinal substrate.

VI. CONCLUSIONS

The similarity of the calculated DOS of CryO4 and the
measured UPS spectra for low CrO, coverages indicates that
chromium oxide initially crystallizes in a cubic spinel struc-
ture. For coverages higher than ~0.2 ML, the measured UPS
spectra of the p(2X2) phase deviate significantly from the
ealculated DOS of Cry0y. The most probable origin of the
p(2%2) phase is a pseudomorphic y-Cr,03(111) overlayer,
but it is also possible that the p(2X2) phase results from a
reconstructed Cry05{0001) film. Ultimately, further struc-
tural analysis of the p(2x2) phase using a technique such as
LEED-1V is required before the crystalline structure can be
definitely determined.
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