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Using molecular beam epitaxy 1-20 ML thick CoO (100) films were grown monolayer by monolayer on
Fe;0,4 (100) substrates. The stoichiometry of the films was verified by low-energy-electron diffraction and
reflection-high-energy-electron diffraction patterns, as well as x-ray photoelectron spectroscopy. Auger mea-
surements as a function of CoO film thickness indicated a layer-by-layer growth mode. Ultraviolet photoelec-
tron spectroscopy (UPS) was used to monitor the thin film electronic properties. The evolution of the density
of states in the O 2p/Fe 3d and O 2p/Co 3d bands exhibits a shift in the position of the CoO valence band for
ultrathin films relative to bulklike thick films. The measured spectra (when aligned to cancel the band shift) are
compared to models of the spectra that would be expected based on the bulk compounds, with and without
additional interfacial electronic states. Electronic states at the Fe;04-CoO interface have been identified, and

their UPS spectrum has been determined.
DOI: 10.1103/PhysRevB.77.085313

I. INTRODUCTION

The growth of one oxide thin film on another oxide is a
research field of intense current interest. Of particular inter-
est is film growth involving Fe;0,, which is motivated by
the all-oxide spin valves proposed utilizing the half-metallic
character of Fe;0,.! Fe;0,-CoO has been proposed as a
component in such a tunneling device.! The system is also
interesting because the interface is between a metallic in-
verse spinel ferrimagnet (Fe;O,4) and an insulating rocksalt
antiferromagnet (CoO). Although the two oxides have differ-
ent crystal structures, they share the same face-centered cu-
bic (fcc) oxygen sublattice. While Fe;0, has a lattice con-
stant of 8.396 A, nearly twice of that of CoO (4.26 A), they
both have the same square arrangement of oxygen ions on
their (100) faces; the sizes of the primitive unit cells of the O
sublattices differ by only 1.45%. In addition, the oxygen af-
finities of FeO and Co—the first reduction species for the
two oxides—are comparable.? Therefore, when Co atoms are
deposited onto Fe;O,, they will not tend to reduce the iron
oxide and thus the interface should be fairly chemically inert.
All these features, in principle, make it easy to fabricate the
Fe;04-Co0 interface, similar to the Fe;0,-NiO interface.’

The Fe;04-CoO system exhibits the exchange biasing
effect,* in which the hysteresis loop of a ferro- or ferrimag-
net is shifted asymmetrically along the field axis when the
ferromagnetic material is in contact with an antiferromag-
netic material, due to magnetic interactions across the oxide-
oxide interface; this effect is also observed in the Fe;04-NiO
system.® Such an effect is found to be present even for a CoO
layer as thin as 5 A7 More recent research, both
experimental®® and theoretical,'®!> has focused on the spin
structure across the Fe;04-CoO interface. However, little is
known about the intrinsic electronic properties of the inter-
face.

In this work, we use epitaxially grown thick Fe;0, (100)
films as substrates and then deposit ultrathin CoO (100) films
from 1 to 20 ML (monolayer). In this way, we are able to
track the evolution of both the structural and electronic prop-
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erties at the Fe;04-CoO interface as a function of film thick-
ness and examine how the structural and electronic structure
at the interface differs from those of bulk Fe;O, and CoO.

II. EXPERIMENTAL DETAILS

The growth and characterization experiments were per-
formed in an interconnected multiple-chamber ultrahigh
vacuum (UHV) system consisting of an oxide molecular
beam epitaxy (MBE) growth chamber, a sample preparation
and analysis chamber, and a chamber equipped with a scan-
ning tunneling microscope. For these experiments, the oxide
MBE growth chamber is equipped with reflection-high-
energy-electron diffraction (RHEED), one electron beam
evaporator (Fe), one high temperature effusion cell (Co), and
one standard effusion cell (Mg). A quartz crystal microbal-
ance is used to monitor the evaporation flux from each
source. A microwave electron cyclotron resonance (ECR)
oxygen plasma source supplies atomic oxygen during
growth. The preparation and analysis chamber contains
Ar*-ion bombardment, low-energy-electron diffraction
(LEED), Her1 and He 11 ultraviolet photoelectron spectros-
copy (UPS), Mg K« and Al K« x-ray photoelectron spectros-
copy (XPS), and Auger electron spectroscopy (AES), utiliz-
ing a cylindrical mirror analyzer. In this work, AES spectra
were taken using a primary electron energy of 2 keV, and the
peaks were detected by differentiating the energy distribution
function [e.g., dN(E)/dE].

Since the surface of MgO is very sensitive to H,0,!? care
must be taken during substrate preparation. The single-
crystal MgO (100) substrates (from Princeton Applied Re-
search) were annealed in a dry air flow at around 1000 °C
for 10 h before transferring into the UHV chamber. To elimi-
nate surface charging of MgO during UPS spectroscopy, an
annular ring of Ni or Co was deposited around the outside of
the face of the MgO wafer; this ring was then grounded to
the sample holder. (The conductivity of the Fe;O, films
grown on top of the MgO was sufficient to leak off surface
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charge.) The MgO (100) surface was further prepared by
sputtering with 0.5 keV Ar?* ions for 30 min, annealing in an
oxygen plasma at 250 °C for another 30 min, followed by
MBE growth of a buffer layer (~180 A) of MgO.

Fe;0, films were then grown heteroepitaxially on MgO
(100), using the procedure that has been perfected by Kim er
al.,'* i.e., Fe deposition in oxygen excited by an ECR plasma
source, using an O, partial pressure of 2 X 1076 torr, an Fe
deposition rate of ~0.6 A/s, and a substrate temperature of
525 K. The growth conditions for Fe;O, are critical since the
film could be either FeO, if there is insufficient oxygen or
Fe, 05 if too high an oxygen pressure is used. For the growth
of CoO on Fe;0,, the control of oxidization is even more
critical since not only exposure of the substrate of Fe;O, to
O, can oxidize it to Fe,O5 but also the CoO film could be
oxidized to Co30,. The growth rate was maintained at
1 A/min. Similar to our previous growth of NiO,?> when
growing ultrathin (1-5 ML) CoO films, we first deposit just
enough of Co to be oxidized into a monolayer of CoO, and
then expose the Co film to 10 L (1 L=107% torr s) of mo-
lecular oxygen; for films beyond 5 ML, Co was deposited in
an oxygen ambient of 10 L. The growth was conducted at
room temperature. As a standard for comparison to our CoO
films, Co;0,4 was also grown directly on an MgO (100) sub-
strate; in this case, Co was deposited at the same growth rate
of 1 A/min at a growth temperature of 523 K but oxidized
with atomic instead of molecular oxygen. An oxygen partial
pressure of 1.0 X 10~ torr was used for the oxygen plasma.

II1. RESULTS AND DISCUSSIONS
A. Stoichiometry of Fe;0, and CoO films

The RHEED patterns for the three iron oxides (FeO,
Fe;0,, and Fe,03) are very different from each other and
thus provide a sensitive way to determine the film structure.
Figure 1 compares the RHEED patterns of the MgO sub-
strate [(a) and (a’)] and of a 400 A thick epitaxial Fe;0, film
[(b) and (b")]. The halving of the diffraction line spacing
along [110], corresponding to the doubling of the lattice pe-
riodicity as Fe;O,4 grows, is clearly visible. The quarter-order
streaks in the zeroth-order zone of the RHEED pattern along
[100] correspond to the (|2x,2) R45° reconstruction of
Fe;0,, as verified in the LEED patterns [Figs. 2(a) and 2
(a’)]. These patterns, as well as the XPS spectrum [Fig. 3(a)]
of Fe;0, films, are similar to those that we obtained from
contamination-free natural single crystals of Fe;0,,* ruling
out the possibility of FeO, or Fe,O; formation. AES shows
that there is no diffusion of Mg into the Fe;O, film. The
quality of the Fe;O, films is further verified by transport
measurements, which show that the films exhibit the charac-
teristic “Verwey transition” of Fe;Oy, i.e., the resistance in-
creases abruptly when cooled down to around 122 K.'> The
films also exhibit a giant planar Hall effect, which demon-
strates the potential use of magnetite films for nonvolatile
magnetic memory applications.'®

The stoichiometry of the CoO films was also verified by
LEED/RHEED patterns and XPS spectra. CoO has the rock-
salt structure with a lattice constant of 4.26 A, whereas
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FIG. 1. Typical RHEED patterns [(a) and (a’)] of the MgO
(100) substrate, [(b) and (b")] of Fe;0, (100) films, and [(c) and
(c”)] of CoO (100) films, taken along [100] and [110] directions.

Co;0, has a spinel crystal structure (all the Co®* ions are
located in the octahedral sites and all the Co?* ions are in the
tetrahedral sites),!” with a lattice constant of 8.09 A. Figure 2
(h") shows a LEED pattern of a Co;0, film, which exhibits a
(2X2) structure with respect to the surface structure of the
single-crystal MgO substrate. Our LEED patterns for the 20
ML CoO film, however, show the 1X 1 surface structure
[Figs. 2(g) and 2(g’)] of single-crystal CoO.'® The two-
dimensional square phase is further confirmed by the
RHEED patterns, where the streak interval increases by a
factor of 2 when the sample is rotated 45° [Figs. 1(c) and 1
(c’)]. These patterns are similar to those of MgO [Figs. 1(a)
and 1(a’)] since CoO and MgO have the same rocksalt struc-
ture. As can be seen in Fig. 2, from 2 ML, the LEED pattern
has begun to show the features of a thick CoO film. For film
thicknesses of 3 ML and greater, the surface symmetry is
unchanged, with only an increase in spot intensity.

Figure 3(a) shows the evolution of the Mg Ka XPS spec-
tra of the Fe 2p and Co 2p core levels and the Oy, Auger
transitions of the Fe;0, substrate and the CoO films. As the
film thickness increases from 1 to 100 ML, the Oy signals
remain constant, but the CoO overlayer attenuates the sub-
strate Fe 2p core-level signals; the substrate signal is barely
visible beneath 10 ML of CoO. XPS spectra also confirmed
the correct stoichiometry of the CoO film. In the Co 2p spec-
tra of all the CoO films [Fig. 3(a)], two satellites were ob-
served in addition to the two main peaks from the spin-orbit-
split components 2p;,, and 2ps,,. The distance between the
main 2p,, peak and its satellite is about 6.3 eV, whereas the
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FIG. 2. (Color online) (Left) LEED patterns of Fe;0,4 (100) and 1-3 ML CoO (100) films, taken with primary energies of [(a)-(d)] 65 eV
and [(a’)—(d’)] 100 eV. The p (1X 1) unit cell and the (2 X 2) R45° superlattice on the Fe;0,4 (100) surface are indicated by the dashed
square and solid square, respectively. The crystallographic axes are also indicated. (Right) LEED patterns of 5, 10, and 20 ML CoO (100)
films, taken with primary energies of [(e)—(g)] 65 eV and [(e’)—(g’)] 100 eV. Also shown is the LEED pattern for a 20 ML Co30, film taken

at (h’) 100 eV.

distance between the main 2ps,, peak and its satellite is about
5.9 eV. These values are in agreement with those obtained
from CoO powder'® and cleaved single-crystal CoO (100).%
If Co;0, were present, we would expect a 10 eV separation
of the satellite structures with respect to their main lines.!'%?!
No obvious satellites were present in the O ls core-level
spectra [Fig. 3(b)]; the large broad peak located at higher
binding energy than the O 1s core level is due to a Co Auger
transition.

B. Growth mode of CoO films on Fe;04

The streaky RHEED patterns of CoO films [Figs. 1(c) and
1(c’)] indicate the smoothness of the films. The evolution of
the LEED patterns, as well as the XPS core-level spectra,
rule out the possibility of a three-dimensional growth mode.
The growth mode can be further confirmed from Auger spec-
tra. Figure 4(a) shows an Auger spectrum of the Fe;0, sub-
strate and that of a 20 ML CoO film. The peak energies of
596, 649, and 704 eV correspond to Fe;;,, Fepyy, and
Fe, v Auger transitions, respectively, whereas Coy ., Auger
transitions generate the three peaks at 654, 715, and 775 eV,
as well as the two peaks (noted by “¥¢”) near the Fej .,
Auger peak at 596 eV.2> No Fe;0, Auger peaks are present

for a 20 ML CoO film. A quantitative analysis of the attenu-
ation of the substrate Auger signal and the increase of the
overlayer Auger signal is presented in Fig. 4(b). The experi-
mental peak-to-peak amplitudes of the Fe 596 eV and Co
775 eV Auger peaks are represented by triangles and
squares, respectively. Those two peaks were chosen because
they are well separated from other spectral features and are
of reasonable intensity. The data points are then fitted using
the following formula:??

I*(m) = Iy exp(- md/\g), (1)

1°°(m) = I5°[ 1 — exp(= md/Ng,)], (2)

where m is the number of CoO monolayers, with a thickness
of d for each monolayer (here, a value of 2.13 A is used). Ige
and Igo are the intensities of the clean Fe;O, substrate Auger
peak and the 20 ML CoO Auger peak, respectively [Fig.
4(a)]. N is the inelastic electron mean free path and is the
only adjustable parameter; it is chosen to best fit the experi-
mental data, as shown in Fig. 4(b). The fitted curves for Fe
(dotted line) and Co (solid line) yield the values of Ag.
=11.1 A and \,=9.4 A. There values are close to what
would be expected from the “universal curve” of electron
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FIG. 3. (Color online) (a) Mg Ka XPS spectra of Co2p and
Fe 2p and Auger spectra of O as 1-100 ML of CoO (100) is grown
on Fe;0, (100). (b) Mg Ka XPS spectrum of O 1s and Auger spec-
trum of Co from a 20 ML CoO film.

mean free paths in solids.?* This also indicates a nearly layer-
by-layer growth mode.

C. Geometry of the Fe;04-CoO interface

As shown in Fig. 2, the CoO films begin to show bulklike
LEED patterns when as thin as 2 ML. For 1 ML, the surface
exhibits a (1X 1) structure of the Fe;O, substrate, corre-
sponding to a (2 X 2) superlattice with respect to bulk CoO.
Since Co30, has the same structure as Fe;0,, and the LEED
pattern of 1 ML CoO [Fig. 2(b")] is similar to that of Co;0y,
one might suspect that the 1 ML CoO thin film could have
been oxidized to Co;0,. This possibility can be ruled out by
the XPS spectra. As shown in Fig. 3(a), the core-level Co 2p
spectrum for the 1 ML film is similar to that of 100 ML CoO
but very different from the features for Co;0,, as discussed
in Sec. III A. The observed LEED pattern for the 1 ML film
could originate from the interplay between the overlayer and
the substrate.
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FIG. 4. (Color online) (a) Auger spectra of the Fe;O,4 substrate
and a 20 ML CoO film. The substrate features cannot be seen in the
20 ML CoO spectrum. (b) The AES intensity for Co and Fe peaks
as a function of film thickness. The simulation curves (solid for Co
and dashed for Fe) agree with the experimental data points (squares
for Co and triangles for Fe) (see text for details).

Because of the extremely close lattice match, CoO (100)
grows heteroepitaxially on Fe;O, (100). We can thus specu-
late about the manner in which the interface might form (see
Ref. 3 for a more detailed discussion of this for the similar
Fe;0,4-NiO system). Fe;O, has the complex inverse spinel
structure based on a fcc oxygen sublattice. Two-thirds of the
Fe cations are Fe3*, with one-half in tetrahedral lattice sites
and the other half in octahedral sites; the remaining one-third
of the Fe cations are Fe>* occupying octahedral sites. The
(100) surface of Fe;0, could be either an A termination con-
taining only half a layer of the tetrahedrally coordinated Fe
cations, i.e., the charge neutral “1/2 Fe,,~ model,”® or a B
termination composed of oxygen anions and octahedrally co-
ordinated Fe cations with the wavelike pattern that has been
calculated to be energetically stable.”® We therefore discuss
the possible interface formation based on those two substrate
surfaces and compare them with the LEED observations.

Assuming that the surface is terminated by the 1/2 Fe,
model, there are three types of surface O sites on Fe;O4
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FIG. 5. (Color online) Models for 1 ML CoO on Fe;0, (100)
whose surface is (a) terminated by half of the tetrahedral Fe ions or
(b) terminated by the distorted oxide layer. For comparison between
the substrate and the overlayer, only part of the substrate is covered
by CoO in the figures. The solid lines represent the unit cell of a
(y2X 2) R45° reconstruction on the Fe;Oy; the dashed lines indi-
cate the (1 X 1) unit cell for bulk Fe;0, (a) when Co-Co dimers are
formed for the first ML of CoO or (b) when the distortion of the
octahedral Fe ions relaxed back to their original position. Both
models agree with observed LEED patterns.

(100) [see Fig. 5(a)]; Co ions would sit atop all three O-ion
sites, as in the case for Ni ions when NiO is deposited on
Fe;0, (100).3 The “A-type” O ion is bound to two octahedral
Fe ions within the oxygen plane and one tetrahedral Fe ion in
the plane below, as shown in Fig. 5; in this site, the Co is in
the same position as an octahedral Fe ion would have been in
the bulk magnetite structure. The “C-type” O ion is bound to
three octahedral Fe ions, two within the oxygen plane and
another directly below in the next oxygen plane; in this site,
placing a Co atop would complete the four O-cation bonds
that are present on every bulk O ion in Fe;0,4, with possibly
different bond angles. The “B-type” ion is bound to the same
three octahedral Fe ions as the C-type ion, but it has an
additional bond with a tetrahedral Fe ion on the top plane;
placing a Co atop would constitute a fifth O-cation bond to
that O ion, as well as creating an extremely short Fe-Co
distance of 1.85 A at the interface. The above model sug-
gests that the interface would reconstruct in some way so as
to eliminate the short Fe-Co bond length; one possibility is
that the Co on the B site would be repelled from the tetrahe-
dral Fe ion and then form a dimer with the Co on the C site
[Fig. 5(a)]. Such a reconstruction would result in a (1X1)
structure of bulk Fe;0,, in agreement with the LEED pat-
terns for 1 ML CoO [Figs. 2(b) and 2(b’)]. If the surface
were a distorted B termination [Fig. 5(b)],% then as soon as
the first monolayer of CoO was deposited, it should remove
the distortion; this could also cause the LEED pattern to go
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FIG. 6. (Color online) He IT UPS spectra for CoO films grown
on Fe;0,. Peaks A and B are associated with the Co 3d [specifically
3d’ (L)] emission and its satellite; the peaks in between are prima-
rily O 2p-derived states (Ref. 29). The dotted curve underneath the
spectra indicates an integral inelastic Li background function (Ref.
30).

from (,2x,2) R45° to (1X 1) of bulk Fe;0, for 1 ML CoO
[Fig. 5(b)]. In this model, the three types of surface O sites
on Fe;0, (100) mentioned above reduce to two, types A and
C; types B and C become the same. When Co is placed atop
an O anion, each O site would form four O-cation bonds as
in bulk Fe;O,4; however, the bond angles for the two C sites
could still be different since Co is not in the same position as
an octahedral Fe ion would have been in the bulk magnetite
structure. Therefore, we cannot distinguish the two possibili-
ties from the observed LEED patterns.

D. Electronic properties of the Fe;04-CoO interface
1. Band shift

Figure 6 shows the evolution of He 11 UPS spectra as a
function of CoO layer thickness; each spectrum has been
corrected for additional lines in the He discharge lamp.?’ In
the Fe;O, spectra, the broad feature between 3 and 12 eV
binding energy consists of hybridized O 2p—Fe 3d orbitals;
the shoulder of emission between 3 eV and Ey is due prima-
rily to the 3d® electronic configuration of the Fe?* ions. The
finite emission very close to E shows the weakly metallic
nature of Fe;0,. The features in the spectrum of the 20 ML
film that are most distinguishable from those of the substrate
Fe;0, are the five peaks located between 2 and 11 eV below
Ep; these are hybridized O 2p—Co 3d orbitals, in agreement
with the data from cleaved single-crystal CoO (100)
surfaces.’®? Peaks A and B are associated with the Co 3d
[specifically 3d” (L)] emission and its satellite; the peaks in
between are primarily O 2p-derived states.’” For thinner
CoO films, the valence band maxima in the UPS spectra
were found to shift by up to 0.42 eV toward higher binding
energy, similar to what we observed for the growth of NiO
films on the same substrate.? The shift is more obvious when
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FIG. 7. Band bending at the interfaces of Fe;04-CoO and
Fe304-NiO, based on the Schottky barrier model (Ref. 33).

an inelastic Li background®® (as in Fig. 6) has been sub-
tracted from each spectrum (not shown). [The background
function used is a Li background, which is described in Ref.
30. Unlike the integral (or Shirley) background appropriate
for higher photon energy XPS, the Li background explicitly
includes the secondary-electron cascade process and gives a
much better fit to the background for UPS photon energies.
Reference 30 gives examples for several metal oxides. ]

When greater-than-band-gap light incident on a sample is
too intense for the photoinduced charges on the surface to
leak off completely, it will result in the so-called “surface
photovoltage,” which has been found to cause band shifts.!
To examine whether the origin of this band shift is related to
the intensity of the UV light, we took UPS spectra for dif-
ferent helium pressures. The helium discharge lamp emits
most of its UV radiation at 21.2 eV (He 1) and only a small
amount of radiation at 40.8 eV (He11), the photon energy
that we normally use to take UPS spectra. The total intensity
of the UV radiation from the lamp increases proportional to
helium pressure in the lamp. We took He 11 spectra at helium
pressures of 1.2 and 1.8 torr, as well as HeT spectra at
3.0 torr. (At a lamp pressure of 3 torr, the He Il intensity,
which decreases rapidly with increasing He pressure, is too
small to be useful.) We found that all the data exhibit about
the same band shift, regardless of the UV light intensity.
Thus, surface photovoltage is not the cause of the band shift.

This band shift, which occurs for both CoO films in this
work and NiO films in our previous report,? is not due to
surface charging either since it would only occur for thicker
films (for ultrathin films, electrons can tunnel from the me-
tallic substrate to neutralize excess surface charge) and it
would have shifted spectra to higher apparent binding energy
for thicker films, opposite to our observations. The shift is
probably not caused by band bending at the metal-insulator
interface either since the work function of Fe;O, (100)
(5.3 eV) (Ref. 26) is larger than that of CoO (100) (4.3 eV)
(Ref. 32) and NiO (100) (4.2 eV),’? and a simple Schottky
barrier model (Fig. 7) (Ref. 33) would then predict a band
shift opposite to that observed.

The origin of the band shift might relate to the strong
electron correlation present in CoO and NiO films. In
strongly correlated oxides, the electronic structure is deter-
mined by several important quantities, e.g., on-site Coulomb
interactions U, charge transfer energy A, and electron band-
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width W.3* The values U and A are found to be modified
when oxides are scaled down to thin films grown on conduc-
tors; this could potentially change the band gap of the films.
For example, Altieri et al.> performed XPS experiments on
MgO films grown on the Ag (100) surface and found that
their U and A values were changed from the bulk values for
very thin films. These modifications were attributed to a
combination of the image potential of the ionic charges in the
film generated in the metallic substrate and an effect of op-
posite sign associated with the polarization energy loss due
to the reduced ligand coordination near the interface. In our
case, both CoO and NiO films? are deposited on a conducting
Fe;0, substrate. Although Fe;0, (100) cannot be treated as a
simple jellium metal surface as was Ag, values of the U and
A for CoO and NiO could also change, due to the image
potential and the polarization energy, and thus cause the band
shift that we have observed. However, if that were the case,
we would expect a larger band shift for thinner films and
smaller shift for the bulklike 10 or 20 ML films. This is not
what we observed for either CoO or NiO films.

The band shift could be due to the difference of electronic
structure between the thin CoO or NiO film and bulk CoO or
NiO. For these insulating materials, the Fermi level of the
sample lies somewhere in the band gap and is not pinned at
a specific energy as it is in metals. Thus, small differences in
the properties of the sample or its surface, as can occur dur-
ing the growth of ultrathin films, can change the position of
Er by a significant amount. (This issue is addressed in depth
in Ref. 36, where examples are given for metal oxides.)
Since UPS spectra are referenced to a common Fermi energy,
this effect appears as a relative energy shift between different
spectra. When UPS spectra are subtracted from one another,
as is done in the analysis below, such a shift results in spu-
rious features in the difference spectra that are not related to
any other properties of the spectra. [Such features can be
very large in spectral regions such as band edges where the
slope of the spectra are large; an example of such residual
artifacts that could not be completely removed can be seen as
the small, narrow feature at about 1 eV binding energy in the
difference spectra of Fig. 8(c) below.] Even when such band
shifts are present, however, useful information can be ob-
tained from difference spectra if the UPS spectra are aligned
in energy before subtraction.® In the analysis below, the
UPS spectra were aligned at the upper edge of the valence
band for the thickest films before taking differences.

2. Interface states

a. Ultraviolet photoelectron spectroscopy modeling with-
out interface states. Since UPS spectra sample several
monolayers below the surface of a sample, spectra measured
for ultrathin films deposited onto a substrate will consist of a
superposition of emission from the substrate, any interfacial
states that may be present, and the overlayer film, with each
weighted by electron escape depths. Assuming layer-by-layer
growth, the spectral intensity / as a function of thin film
thickness d, if no interface electronic states were present, is
given by

1(d) = 156304 exp(—d/\) + 1500[1 —exp(-d/N)],  (3)

where 753%4 and I5°© are the UPS spectra for semi-infinite
samples of each material. Differences between measured
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FIG. 8. (Color online) (a) UPS spectra of Fig. 6 after the align-
ment of the Co 3d peak near the Fermi level and the subtraction of
an inelastic background. (b) Model spectra for (a), assuming no
interface states. (c) Difference spectra between (a) experimental and
(b) model spectra, separated for clarity.

UPS spectra and the above model may then result from the
interfacial electronic structure.

Figure 8(a) shows the UPS spectra of Fig. 6 after the
subtraction of the inelastic background. We simulated the
experimental data with the simple additive model given by
Eq. (3); the results are shown in Fig. 8(b). The experimental
clean Fe;0, substrate spectrum and the 20 ML CoO spec-
trum were taken as the respective bulk spectra, 153304 and
1§°0. In order to accurately determine the changes in the UPS
spectra for CoO films of different thicknesses, the experi-
mental UPS spectra for the clean Fe;O, substrate and the
thickest CoO film from each experimental run were used for
1,539+ and 15°° in the analysis of that run. In addition, since
slight differences in the position of the sample in front of the
spectrometer can give slightly different UPS spectra (due to
photoelectron diffraction effects, etc.), the substrate was po-
sitioned in front of the electron spectrometer and not moved
during CoO growth. A value of 6.4 A for X was determined
from the best fit of the attenuation of the Co 3d peak at 2 eV
to [1—exp(—d/N\)] Figure 8(c) presents difference spectra in
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which the model spectra [Fig. 8(b)] have been subtracted
from the experimental ones [Fig. 8(a)]. It can be seen that
there are three main peaks in the difference spectra. These
three features show up even when the inelastic background is
included in Figs. 8(a) and 8(b). These features could origi-
nate from interface states.

b. Sequential differences from ultraviolet photoelectron
spectroscopy spectra. Two approaches have been used to
confirm that interface states are present and to determine
their UPS spectra. The first is simply to take sequential dif-
ferences between the experimental UPS spectra as CoO lay-
ers are deposited onto the Fe;O,. The purpose is to separate
out the electronic structure of each CoO layer by subtracting
from it the intensity due to the background, the substrate
Fe;0,, and the CoO layers underneath. Assuming that the jth
NiO layer is grown on top of the ith layer, the equation,

Liw=1;~1I,exp(=dj/\), (4)
yields the intensity from only the jth layer, which has thick-
ness d;. I; and I; represent the total intensities from the
sample after the jth and the ith films are grown, respectively.
Thus, for the data in Fig. 9(a), the “fourth+fifth” layer dif-
ference spectrum is obtained by subtracting the 3 ML spec-
trum from the 5 ML one in Fig. 8(a), with d;=2 ML; the
third layer spectrum is obtained by subtracting the 2 ML
spectrum from the 3 ML one, with d]:l ML, etc. The first
layer spectrum is obtained by subtracting the substrate spec-
trum, with d;=1 ML. The intensity of each resultant spec-
trum is then normalized to the bulklike 20 ML film, as shown
in Fig. 9(b). Figure 9(c) shows the difference between each
spectrum in Fig. 9(a) and the bulklike spectrum in Fig. 9(b).
It can be seen that, from the second monolayer of CoO, the
spectra are nearly identical to bulklike CoO. However, the
features in the first monolayer of the film are very different,
especially around a binding energy of 10 eV. (An implicit
assumption in this procedure is that each additional CoO
layer does not perturb the electronic structure of the layers
beneath it; this assumption will be relaxed in the analysis
procedures described below.)

c. Ultraviolet photoelectron spectroscopy modeling with
interface states. Our second approach is to use a specific
model for the extent of the interfacial region and to model
the resulting UPS spectra, including interface states. Fe;0, is
weakly metallic, while CoO is an insulator with a band gap
of about 6 eV.’7 In general, the electronic states at a metal-
insulator interface are more likely to extend farther into the
metal than into the insulator.3® Because of the large band gap
of CoO, the interface states here most likely involve prima-
rily the first ML of CoO, although they could extend a bit
farther into the Fe;0,. (The sequential difference spectra de-
scribed in Sec. III D 2 b are consistent with that assumption.)
We thus construct a model assuming that the interface states
involve only the first monolayer of CoO plus the top mono-
layer of the Fe;O, substrate, making the total interface layer
2 ML thick [Fig. 10(a)]. (While it is possible that the inter-
face states extend deeper than 1 ML into the Fe;O, substrate,
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FIG. 9. (Color online) (a) Sequential differences taken from the
data in Fig. 8(a). The intensities have been normalized to the bulk-
like 20 ML CoO spectrum in (b). (c) shows the difference between
each spectrum in (a) and the bulklike spectrum in (b).

that would make only minor differences in the results ob-
tained below from this model.) When interface states are
included, the modeling of the spectral intensity I’ as a func-
tion of thin film thickness d is given by

AI(d) - I53°4 exp(= dIN)[exp(= d;/\) = 1] = 15°C exp(= d/\) [1 —exp(di/N)]}
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1
d CoO overlayer |
_____ Interface d=2 ML
i Interface I

Fe;0, substrate

(a)

d CoO overlayer l

Interface

Fe;0, substrate

(b)

FIG. 10. (Color online) Two models of interfacial electronic
states. The interface states in (a) involve 1 ML of CoO and the first
ML of the Fe;0, substrate, while those in (b) involve only 1 ML of
CoO. d is the total thickness of CoO deposited and d; is the inter-
face layer thickness. The dashed arrows indicate the stoichiometric
Fe;0,4/Co0 interface.

I'(d) = I53%4 exp[— (d + dis)/N] + 15°°{1 — exp[— (d — dyp)/\]}
+ I | — exp(— d;/\) Jexp[— (d — djp)/\]. (5)

The model difference spectra AI(d) can be obtained by sub-
tracting I(d) in Eq. (3) from I'(d) in Eq. (5),

Al(d) = 156304 exp(—d/N)[exp(-d;/\) — 1]
+ Igoo exp(—=d/N) [1 —exp(di/N\)]}
+ Ii)merface[l —exp(—dy/N)Jexp[— (d - dy)/\]. (6)

AI(d) is now the difference between the model spectra with
interface states and the model spectra without interface
states. Since the spectra in Fig. 8(c) represent the difference
between the experimental spectra and the model spectra
without interface states, with the assumption that the experi-
mental spectra contain interface states, we can use the differ-
ence spectra in Fig. 8(c) as AI(d). Then, the interface state
spectra ['“™ can be determined from

interface __
Iy =

. 7
[1— exp(— d/M)Jexpl— (d  d)/] 7
For the model proposed in Fig. 10(a), d;;=d;p=1 ML and d;=2 ML, Eq. (7) becomes
AI(d) — I53°4 exp(— dIN){exp[ - (d/2)/N] = 1} = I5°C exp(= d/N){1 — exp[(d/2)/\]} @®)

Iinterface _

[1—exp(—=di/N\)]exp[— (d—di/2)I\]
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FIG. 11. (Color online) The calculated UPS spectra for interface
states 13" for the two interface models in Figs. 10(a) and 10(b),
respectively (see text for details).

The calculated I51"™* spectra are shown in Fig. 11(a) using
the difference spectra AI(d) in Fig. 8(c) (only the spectra of
d=1, 2, and 3 ML are used because they have more clearly
discernible features). It can be seen that these three /i<
spectra are very similar to each other. This suggests that the
interface model in Fig. 10(a) is very close to the actual case.

As a check on the above model, we calculated a new set
of Ijye™ spectra using the model shown in Fig. 10(b). In
that model, the interface is assumed to involve only the first
ML of CoO, without extending into the Fe;O, substrate.

Thus, d;;=0, d;y=d;=1 ML, and Eq. (7) becomes

Jiterface _ AI(d) - 150 exp(—d/N)[1 —exp(di/N)]
2 7 [1-exp(~dy/N)]expl- (d - d)/\]

)

The calculated [53™ spectra are plotted in Fig. 11(b). The
three interface spectra that result are quite different from
each other, unlike the case for the 5™ spectra in Fig.
11(a). Thus, the first interface model in Fig. 10(a) gives bet-
ter values for d;, dy, d;, and I} than does the second
model. ‘

The average of the calculated UPS 7™ spectra in Fig.
11(a) is our best estimate of the electronic structure at the
Fe;0,4-CoO interface. Figure 12 compares that interface state
spectrum (thick solid curve) to the spectra of the Fe;O, sub-
strate (thin solid curve) and the bulklike CoO film (dashed
curve). The interface spectrum is significantly different from
those of either the substrate or the overlayer, with three main
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FIG. 12. (Color online) Comparison of the spectra for the Fe;0,
substrate, the thickest CoO film [both from Fig. 8(a)], and the in-
terface electron state, averaged from the three spectra in Fig. 11(a).

peaks located at energies of about 10, 5.5, and 2.5 eV. These
interface electronic states could originate from a bonding
configuration at the interface that is different from those in
the substrate and the overlayer, as shown in Fig. 5.

Our results indicate a promising probe to identify embed-
ded interface electronic states using UPS spectra. However,
it is important to keep several points in mind when using this
method. The application of Egs.(1)-(9) assumes a layer-by-
layer growth mode; if three-dimensional islands are present,
the equations are no longer strictly valid. Since any band
shift has a profound effect on the differences taken between
experimental and model photoemission spectra, the validity
of the analysis requires the correct treatment of band shifts.
Also, the use of UPS requires that at least the substrate has to
be sufficiently electrically conducting that the sample surface
will remain at a constant potential. In the case of an insulat-
ing substrate, aids such as an electron flood gun would be
needed for charge compensation.

IV. SUMMARY

LEED, RHEED, XPS, and AES are applied to investigate
the stoichiometry and the growth mode of Fe;O, (100) films
deposited onto single-crystal MgO (100), as well as CoO
(100) films grown on Fe;O, (100). Two models for the
atomic structure of the interface are proposed based on two
different models of the substrate surface structure; both mod-
els are found to be consistent with the measured LEED pat-
terns. In addition, we have performed UPS experiments on
CoO (100) films grown on Fe;0, (100). We observed a shift
of the valence band maximum relative to Ep for ultrathin
CoO films. When the evolution of the density of states in the
O 2p/Fe 3d/Co 3d band as a function of overlayer thickness
observed in UPS is compared to the UPS spectra that are
predicted for various models of interface structure, electronic
states at the Fe;0,4-CoO interface can be identified. A struc-
tural model of the interface is also proposed.
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