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We have used angle-resolved photoemission, low-energy electron diffraction, and work-function
measurements to probe the crystallographic and electronic structure of the Cr/Au(100) interface
formed at temperatures in the 300—500-K range. The first Cr monolayers (ML) diffuse inward and
occupy Au lattice sites, forming a random substitutional Au,y_,Cr, fcc alloy with a Cr concentra-
tion increasing gradually up to ~50% with increasing Cr coverage. The alloy formation process is
diffusion limited and the total amount of Cr involved in the reaction varies from 2—-3 ML at 300 K
to 4 ML or more at temperatures above 400 K. This metastable epitaxial interfacial alloy exhibits a
high structural quality and a large local magnetic moment (~4uz) on Cr. Upon further Cr deposi-
tion at temperatures below 400 K a disordered Cr-rich phase is first formed in the 4—6-ML range
but at 7-8 ML or higher the interfacial alloy behaves as an excellent template for epitaxial growth
of well-ordered bce Cr films. In particular, in the 10-60-ML range the valence-band photoemission
spectra are identical to those measured on a single-crystal Cr (100) surface as far as bulk transitions
are concerned. Distinct differences visible in the surface electronic structure can be traced back to
Au segregation at the film surface as well as a substantial surface roughness. In the 7-10-ML range,
important deviations from bulk Cr electronic structure become apparent and the results show a nar-
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rowing of the d bands and an evolution towards a two-dimensional band structure.

I. INTRODUCTION

Over the last several years, the formation of ordered
metal overlayers on single-crystal surfaces has been at-
tracting considerable attention.! The restricted geometry
in thin films may lead to significant modifications in their
electronic properties as compared to the relevant bulk
material. In particular, one would like to know how the
bulk and surface states evolve as the film thickness is pro-
gressively reduced to a few atomic layers. For instance,
previous photoemission work has shown that, by ~5
ML, silver on Cu(100) already exhibits a bulklike
valence-band structure.? However, for free-electron-like
sp bands which strongly disperse with k|, the component
of momentum perpendicular to the surface, quantum size
effects associated with a discretization of the energy spec-
trum for a given k|, the component of momentum paral-
lel to the surface, have been observed in thin silver films
on Si(111) for thicknesses as large as 15 ML.!3 Ideally, a
good system for such studies would be one where the film
grows epitaxially in a layer-by-layer mode, exhibits no
strain, and does not interact with the substrate.

We present here photoemission measurements on the
Cr/Au(100) system which seems interesting for several
reasons, including the exceptionally close lattice match
(0.02%) for the Au(100)||Cr(100) and Au[010]||Cr[011]
epitaxial relationship, a limited overlap in energy of the
adsorbate and substrate valence bands, and the fact that
Cr is a transition metal showing antiferromagnetism with
a small magnetic moment ( ~0.6up) in its condensed bcc
form and a very large moment ( ~Sug) in its atomic form
suggesting that interesting magnetic effects might be ob-
served in ultrathin Cr layers. Yet, though earlier
work*™® assumed generally that the interface formed at
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400 K is quite sharp, we have demonstrated recently that
alloying with the substrate must occur in order to explain
the experimental results. !® The data presented in this pa-
per confirm that finding and characterize the interfacial
compound as an epitaxial random substitutional
Au g0, Cr, fcc alloy (x =50) involving 2—-3 ML of Cr
for room-temperature (RT) grown interfaces and much
more at higher temperatures. The photoemission data
are actually consistent with solid solution thermodynam-
ic data of Cr in Au and magnetic measurements on the
relevant alloys. In spite of the diffuse nature of the inter-
face, we present here clear-cut evidence for epitaxial
growth of bcc Cr on top of the interfacial alloy which
even at RT acts as an excellent template. While there are
indications of a substantial surface roughness implying
deviations from simple layer-by-layer growth, the Cr film
thickness still appears to be fairly uniform. We were also
able to detect significant changes in the bulk electronic
structure of these films when their thickness is reduced to
~4 ML corresponding to a total Cr coverage (including
the interfacial alloy) of 7—-8 ML. These modifications in-
clude a narrowing of the d bands and a quenching of the
photoemission transitions from rapidly dispersing d
bands.

The outline of the paper is as follows. Section II con-
tains experimental details. In Sec. III we demonstrate
and characterize the formation of an interfacial alloy for
coverages in the 0—3 ML range. Section IV is mainly de-
voted to the study of the epitaxial Cr films formed in the
7—-60 ML range.

II. EXPERIMENTAL PROCEDURE

The experimental system used for the present investi-
gation includes an UHV chamber equipped with low-
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energy electron diffraction (LEED), angle-resolved ultra-
violet photoemission spectroscopy (ARUPS), and x-ray
photoemission spectroscopy (XPS) techniques. Typical
angular and energy resolutions are 3° (15°) and 200 meV
(1000 meV) (full width at half maximum), respectively, in
ARUPS (XPS). Absolute values for the work function @
were evaluated by measuring the width of the photoemis-
sion energy distribution curves at normal emission with
the sample negatively biased (—10.00 V) with respect to
the ground.

A Au single crystal cut within 0.5° of the (100) orienta-
tion was mechanically polished with 0.5-um diamond
paste and chemically polished prior to insertion into the
vacuum system. Under ultrahigh-vacuum conditions the
sample was repetitively cleaned with 600-eV Ar ions
sputtering and annealing at 800 K until the surface
showed the characteristic (5X20) LEED pattern and no
impurities could be detected by XPS or UPS. Cr layers
in the 0-60 ML range, as monitored by a calibrated
quartz balance, were condensed onto the surface held at
temperatures between 300 and 500 K from a Cr source
operating at a typical rate of 0.5 ML/min [1 ML
equivalent to the surface density of Au(100)] and at a
pressure of 5X 107 !° Torr. Most of the data presented
here are for a substrate held at RT.

Epitaxial Aug_,Cr, alloys on Au(100) were also
prepared by coevaporation of Au and Cr onto Au(100).
The thickness was about 20 A and the concentration x
was estimated either from the Au and Cr evaporation
rates or by means of core-level intensity measurements.
The x values inferred from these methods are in reason-
able agreement and the absolute uncertainty is ~5 at. %.
Even with the substrate at RT during evaporation, the al-
loy surface exhibited a good (100) (1X1) LEED diagram
indicating that the alloy grows epitaxially on Au(100)
provided that x <50. For x > 50, no ordered LEED pat-
tern can be seen suggesting the formation of a disordered
phase. This behavior is in agreement with the Au-Cr
phase diagram which indicates first that a fcc
Au,g-,Cr, phase with x =47 exists with a lattice pa-
rameter close to that of pure Au, and second that no or-
dered Cr-rich phase can be formed, the solubility of Au
in bee Cr being actually quite small ( =0.05 at. %). The
Aup—,Cr, (x =50) alloy formed by coevaporation on
Au(100) at temperatures in the 300—400-K range was a
random substitutional alloy since no superstructure could
be detected by LEED.

Angle-resolved photoemission spectra were also
recorded from clean Cr(100). The chromium single crys-
tal was spark cut after orientation and mechanically and
electrolytically polished using standard techniques. The
in situ cleaning procedure has been described in detail
elsewhere. ! 713

III. FORMATION OF AN INTERFACIAL ALLOY

A. Valence-band structure

The alloying of the first monolayers of Cr deposited on
clean Au(100) is demonstrated in Fig. 1 which presents a
series of spectra taken at normal emission with 7o =16.8
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FIG. 1. Normal emission spectra taken with #iw=16.8 eV for
various Cr coverages of the Au(100) substrate held at RT.

eV photons. The substrate temperature is held at RT but
similar results are observed at 400 K. Features at 2.6-,
3.5-, 6.3-, and 7.2-eV binding energies (BE) on clean
Au(100) (5X20) are transitions from Au 5d bands.
Deposition of 1 ML of Cr results in the appearance of a
new feature near 0.8 eV and changes in the Au 5d emis-
sion, in particular, the suppression of the Au 5d transi-
tions in the valley between the 2.8- and 3.5-eV peaks.
LEED indicates a reversion of the (5X20) to a (1X1)
surface structure on Cr deposition in the submonolayer
range in agreement with previous studies.*'* This
structural conversion is accompanied by a change in k,
selection rules and surface electronic structure which ex-
plain the modification observed at this stage in the Au 5d
band.!> The Cr-induced feature at 0.8 eV has essentially
the same width and position as observed in previous pho-
toemission work on AugyCr,, alloys by Reehal and An-
drews. !¢ This points towards surface alloying but does
not prove it since isolated Cr species on the surface are
expected to give a similar virtual bound-state feature in
photoemission. '8 However, the important point here is
that the Cr 3d feature becomes broader, shifts to ~1.0
eV BE but persists on increasing the Cr coverage up to
~3 ML. Actually a much larger Cr 3d band should be
formed above 1 ML if the interface were sharp. More-
over, it is quite apparent in Fig. 1 that the Au 5d features
do not show the uniform attenuation expected in the case
of a simple layer-by-layer overgrowth. Note, for in-
stance, the drastic decrease of the high-lying 2.6-eV
feature with increasing Cr coverage in contrast with the
lower-lying transitions at 3.5, 6.3, and 7.2 eV. Addition-
ally there is a distinct shift towards higher binding ener-
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gies of the feature located at 3.5 eV BE on clean Au(100).

These data strongly suggest the formation of an inter-
facial alloy. In order to demonstrate this effect unambi-
guously we compare in Fig. 2 the spectra taken at normal
emission with 21.2-eV photons for 1, 2, and 3 ML of Cr
deposited on Au(100) held at room temperature, on the
one hand, and coevaporated Au,y,_,Cr, alloys with
x =15, 30, and 45, on the other hand. It is obvious that
there is a striking similarity. One observes essentially a
one-to-one correspondence between the spectra of these
series. The difference apparent in the 6.3-eV peak height
comes form a contribution of the pure Au(100) substrate
in the case of Cr/Au(100) where the interfacial alloy
thickness is comparable to the electron escape depth.
Figure 2 also shows that in the alloy the Au 5d band be-
comes narrower and moves to higher BE as the Au con-
centration decreases. The high-lying 5ds,, spin-orbit-
split part near 3.8 eV is more strongly affected by the al-
loying process than the low-lying 5d,,, features at 6.3
and 7 eV. This behavior along with a general smearing
out of the host band structure relative to the pure metal
case has been reported before for Au alloys.'?° In the
dilute limit (small x or submonolayer coverages) the Cr
3d feature near 0.8 eV is a virtual bound state which can
be identified with the occupied part of the spin-split Cr
3d states since, as shown below, in such alloys the Cr
species carry a large local magnetic moment. With in-
creasing Cr concentration Friedel’s virtual bound-state
model’! must be replaced by a split-band model’>??
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FIG. 2. Normal emission spectra taken with #iw=21.2 eV:
(a) 20 A of coevaporated epitaxial Au,g_,Cr, alloy films on
Au(100), (b) Cr deposited on Au(100) kept at RT.

which describes concentrated alloys when the atomic
number difference is large as in the case of Au and Cr. It
is clear from Figs. 1 and 2 that the concept of
Au,gy—,Cr, valence bands split into two resolvable com-
ponents at different energies offers an appropriate
description of the photoemission spectra. Each com-
ponent is identified with electrons having greater proba-
bility density at the relevant metal site. The Cr 3d de-
rived states form a narrow band near 1 eV BE because
the interatomic distance is large ( ~2.88 A) relative to
the bee Cr bulk lattice spacing (~2.49 A). The Au 54
states, however, still form a rather large band since 5d or-
bitals are less localized and the interatomic distance in
these alloys is close to that of pure Au.?*

Thus, the data of Figs. 1 and 2 imply the formation of
a Auyg_,Cr, alloy at the Cr/Au(100) interface with x
increasing progressively up to ~50 with increasing Cr
coverage. LEED observations show a good (1X1) pat-
tern over the whole coverage or concentration range. We
therefore conclude that the interfacial Au;q,_,Cr, alloy
must be an epitaxial random substitutional alloy with Cr.
species occupying sites of the fcc Au lattice, in agreement
with the Au-Cr phase diagram which indicates a solubili-
ty limit of Cr in fcc Au of 47 at.%. According to
Miedema’s semiempirical scheme the solution energy for
Cr in Au is indeed negative: E (Cr/Au)=—0.01
eV/atom.?® Thus, the alloying process observed at the
Cr/Au(100) surface is not surprising. In principle, for a
given Cr deposit interdiffusion will continue until the sub-
strate becomes a dilute alloy of the two materials. How-
ever, near RT the small diffusion coefficient limits the for-
mation of the epitaxial substitutional alloy, which stops
once the solubility limit is reached in the overlayer. For
the RT-formed interface, this happens when the Cr cov-
erage approaches 3 ML. Indeed, it can be seen in Fig. 1
that by 4 ML the single Cr 3d peak near 1 eV.characteris-
tic of the alloy is replaced by two structures near 0.6 and
1.3 eV suggesting that the interaction between Cr species
now becomes much stronger.

B. Magnetic properties

The Augy_,Cr, alloys are known to be magnetic.
Magnetic and neutron-diffraction measurements reveal a
spin-glass behavior at dilute Cr concentrations (x <10)
and a nature of long-range antiferromagnetism at high
concentrations.?*?” The magnetic interaction is of the
Ruderman-Kittel-Kasuya-Yosida (RKKY) type between
localized Cr moments via conduction electrons. Figure 3
shows some typical Cr 2s spectra which demonstrate that
the Cr atoms, indeed, carry a high local magnetic mo-
ment up to several monolayers of Cr on Au(100). To
determine the multiplet splitting, the spectra were fitted
to two Gaussians as shown in the case of 3 ML deposited
on the substrate held at 480 K. A good fit is obtained for
a splitting AE, =5.1+0.2 eV and relative intensities of
the components of ~1.5/1. The multiplet splitting
arises from the exchange interaction between the single 2s
electron left behind after the photoemission process and
the magnetic moment of the unfilled 3d valence subshell.
Van Vleck’s formula?® gives
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FIG. 3. Cr 2s core line photoemission $pectra excited with
unmonochromatized Mg Ka radiation for various coverages
and substrate temperatures. A nonlinear mean-squares fit of
two Gaussians was used to determine the multiplet separation
as shown for 3 ML deposited on the substrate held at 480 K.
Note the Cr 2s core line shape in the case of 3 ML deposited on
the substrate at RT, due to the presence of a Cr-rich phase on
top of the interfacial alloy.

where S is the resulting spin of the initial state and
G*(2s,3d) is a Slater exchange integral. This is a good
quantitative approximation for interaction between sub-
shells of different principal quantum numbers.? Assum-
ing a constant G%(2s,3d), a simple comparison with the
case of Cr,0; where S =3 (Cr**) and AE; ~4.1 eV (Ref.
30) yields $ =2.0 for Cr in Au,y,_,Cr,. Converted into
. a magnetic moment, this corresponds to ~4up (4.9ug
effective moment). This is in reasonable agreement with
the value of 4. 1up inferred from magnetic measurements
by Wachtel and Vetter.?® Note also the multiplet
branching ratio of (§ +1)/S8 =32 in good agreement with
the observed ratio. The data of Fig. 3 indicate that the
magnetic moment does not change substantially with x or
coverage as long as the Cr species are indeed accommo-
dated in the substitutional alloy. The 480-K spectra, for
instance, only reveal a very small decrease (nonsignificant

within the present approximations) in multiplet splitting

in the 0—4-ML coverage range. This shows that at such
temperatures at least 4 ML of Cr are readily incorporated
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into the Cr lattice. In contrast, for the room-temperature
data it is found that by 3 ML a simple fit to two Gauss-
ians is no longer satisfactory. In fact, at this stage the
spectrum can be represented by the sum of the two
Gaussians describing the multiplet components of Cr in
the interfacial alloy and a third component which resem-
bles the Cr 2s spectrum of bulk bcc Cr. This suggests
that a new Cr-rich phase definitely different from fcc
Augy—,Cr, (x =50) must be present on top of the inter-
facial alloy since we expect the drastic reduction in multi-
plet splitting to be connected with enhanced Cr-Cr in-
teractions. Again we find that by 3 ML deposited on the
substrate held at RT, the limiting solubility of Cr in Au is
already reached in the overlayer.

The magnetic properties of the alloy are reflected in
other Cr core lines too. The example of Cr 2p;,, is
shown in Fig. 4 which presents a series of spectra versus
Cr coverage for a substrate held at RT. In the alloying
regime it can be seen that the line exhibits a broad asym-
metric shape with some resolved structure because of the
exchange interaction of the 2p hole with the open 3d
shell. As demonstrated previously in the case of MnF,, a
large number of multiplets is distributed over the whole
2p3,,-2p; ,, spectral domain.?' However, for a quantita-
tive interpretation, detailed calculations of the p’d”"
configuration energy levels must be performed similar to
those reported by Gupta and Sen*’ for n =5. An in-
teresting consequence of the presence of these multiplets
in the Cr2p spectrum is an apparent increase in the spin-
orbit splitting as measured between the centroids of the
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FIG. 4. Cr 2p;,, core line photoemission spectra excited with
#io=1253.6 eV for various coverages of Cr on Au(100) held at
RT.
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FIG. 5. Binding-energy shifts relative to pure Cr metal for the Cr 2p,,, and Cr 2p;,, core lines vs Cr coverage of Au(100). These
shifts are taken from difference spectra, as explained in the text, in order to reflect the properties of the topmost layer.

2ps,, and 2p, ,, components.®' The exchange interaction
breaks the degeneracy of J with the states of higher J
shifting to lower binding energy for 2p;,, and to higher
binding energy for 2p,,,. Note that the apparent in-
crease in spin-orbit splitting is a good measure of the
amount of unpaired spin on a Cr site.

C. Core-level shifts

Figure 4 indicates a drastic core-level shift for the first
Cr monolayers deposited on Au(100). Again the per-
sistence of an important shift up to several Cr mono-
layers implies Au-Cr alloying. Figure 5 presents the Cr
2ps,, and Cr 2p,,, core-level shifts relative to bulk bcc
Cr as a function of coverage ©. These data are obtained
as follows. For © <1 ML, the shift is merely determined
from peak centroid location in the rough spectrum. For
©>1 ML, however, the value indicated for © is inferred
from peak centroid location of the difference spectrum
obtained by subtracting the spectrum for © —1 with the
appropriate attenuation from that for ©. In this way the
data in Fig. 5 reflect the core-level shift in the topmost
layer rather than a weighted average over the whole over-
layer thickness which is much smaller than the depth
probed by XPS. The difference between Cr 2p;,, and Cr
2p,,, data reveals the apparent increase in spin-orbit
splitting reflecting the magnitude of the local magnetic
moment on the Cr sites.

For B species embedded in an A4 4_,B, alloy the
core-level shift is a function of x which drops progressive-
ly from a maximum value in the dilute case (small x) to
zero for pure B.* Thus, the data of Fig. 5 suggest that
the Cr concentration in the top layer of the interfacial
Au; o, Cr, rises progressively with ©. A concentration
gradient normal to the surface is apparently established,
as expected for a diffusion-limited alloying process. The
observed sign and magnitude of the Cr 2p core line shift
can be qualitatively predicted from a thermodynamic
model. It can be shown that within the equivalent-cores

approximation, the core-level shift is closely related to
thermodynamical properties by means of Born-Haber cy-
cles. In the case of alloys, the core line shift relative to
the pure element is expressed in the heats of formation of
binary compounds weighted by environment factors.?
Let us just consider here the initial shift which corre-
sponds to the dilute alloy case (x —0) developed in Ref.
34. In that case the binding-energy shift is

AE =+E (Mn,Au)—E (Mn,Cr)—E(Cr,Au) ,

where E( 4,B) is the solution energy of a metallic atom
A4 in a matrix B. Using the solution energies calculated
with the semiempirical scheme of Miedema® one gets
AE=—0.50 eV. This is significantly lower than experi-
ment (—0.90 eV for Cr 2p,,,) but yields the right sign
and order of magnitude. Note that in Miedema’s theory
of solution energies the alloys are taken in their liquid
phase and that thermodynamical entities are thermal ex-
citation energies as opposed to core-level shifts which
correspond to vertical excitation energies. 3*

Another approach to the interpretation of core-level
shifts is the classical chemical shift point of view in which
the potential at the Cr atom embedded in Au is altered by
charge transfer to or from the solute. In this picture,
since Au has the highest electronegativity one would ex-
pect a core-level shift to higher (lower) binding energies
for Cr (Au), exactly the opposite to the observed behav-
ior. Actually, this simple relationship is often not ob-
served experimentally®> 3¢ and the potential felt by a core
electron of a given species is determined by the character
of the acceptor or donor (s-, p-, or d-like) orbital rather
than the total charge transferred.*® The problems associ-
ated with relating chemical shifts in alloys to charge flow
was considered in some detail for gold alloys by Watson
et al.’” Mossbauer isomer-shift data, which are measure-
ments of electron density at the nucleus, indicate a sub-
stantial flow of s-like electron charge (up to one 6s elec-
tron) onto Au on alloying, as expected from electronega-
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FIG. 6. Change in work function vs Cr coverage of Au(100) held either at RT or 400 K during deposition.

tivity considerations. However, this is accompanied by a
compensating depletion of d charge and it turns out that
these competitive d effects actually determine the core-
level shifts. Note that the Coulomb interaction of the
core state is stronger with d-like than s-like valence
states. For Auin Au;y,_,Cr, the measured shift relative
to pure Au is AE(4f)=+0.50 eV for x =45. According
to the above considerations, the total charge transfer is
relatively small and a substantial atomic configuration
change relative to the pure metal case must occur for
both partners upon alloying. In the present case, the
charge transfer is s —d for Cr and d —s for Au species.
This result suggests that the d°>~¢s' "€ configuration of Cr
metal evolves towards the free-atom configuration upon
alloying with Au. In this regard, note the large local
magnetic moment carried by the Cr species, close to the
value of the free-atom d°(°S) ground state.

D. Work-function measurements

Figure 6 presents the work function versus coverage
for two substrate temperatures: RT and 400 K. In the
alloying there is a sharp reduction in work function with
increasing coverage. The relevant data for coevaporated
Au,g,_,Cr, are also shown for x =15, 30, and 45. It can
be seen that these data essentially confirm the relation-
ship between Cr coverage on Au(100) and Cr concentra-
tion in the superficial Au,y,_,Cr, alloy as found in Secs.
IIT A and III B. We again come to the conclusion that at
RT the limiting solubility must be reached in the 2-3-
ML range. Clearly the temperature strongly affects the
work-function data. It is apparent that the work function
and in turn the Au concentration in the overlayer is
higher at 400 K than at RT. One reason for that behav-
ior is obviously the enhanced diffusion at 400 K which re-
sults in a lower mean Cr concentration in the alloy over-
layer. The second reason is that there is a strong tenden-
cy for Au segregation at the Au,y.,Cr, surface, forming
Au (100) patches particularly at 400 K and above. This is
demonstrated in detail elsewhere!®!* in relation with the

remarkable persistence of the Au(100) (1X 1) M, surface
state at the Cr/Au(100) interface first observed by O’Neill
and Weaver.*® Clearly, considering the high surface en-
ergy of Cr (a midseries transition metal), the segregation
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FIG. 7. Off-normal emission spectra taken with #iwo=21.2 eV
for various Cr coverages of Au(100). The emission plane is (001)
and the polar angle of emission is 40°. The substrate is kept at
RT during deposition, except the dashed curve which is for a

substrate at 400 K.
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of Au at the Aug,_,Cr, alloy surface is not surprising.
According to Ref. 25, at T =0 K, the surface energy of
Cr is 2400 mJ/m? as compared to 1550 mJ/m? for Au
surfaces. The formation of a surface alloy with an Au-
rich surface is just one way to reduce the very large sur-
face energy of a uniform ultrathin Cr film on Au(100).

IV. FORMATION OF EPITAXIAL bec Cr FILMS

A. Photoemission evidence

Quite convincing evidence for epitaxial growth of bce
Cr on Au(100) comes from Fig. 7. This is a series of pho-
toemission spectra for various Cr deposits on Au(100)
held at RT. The photon energy is 21.2 eV and the emis-
sion plane is (001) with a polar angle of emission of 40°
with respect to the surface normal. Also shown is the
relevant spectrum from clean Cr (100) single-crystal sur-
face. This collection geometry has been chosen for the
0.2- and 0.9-eV features, very characteristic of clean
Cr(100). Previous studies have shown that the 0.9-eV
feature reflects mainly surface-state emission’®®® with a
smaller component due to bulk emission.°

Let us now consider the evolution of the spectrum
from Cr/Au(100) as a function of coverage. As already
pointed out in Sec. III A, by ~4 ML the Cr 3d feature
exhibits a splitting with peaks near 0.6 and 1.3 eV sug-
gesting enhanced interaction between Cr species, i.e., the
formation of a Cr-rich phase. Upon further deposition
this structure persists up to ~6 ML and then evolves
gradually towards the bee Cr(100) signature. For © > 12
ML, the spectra closely resemble the reference spectrum
from clean Cr(100). Obviously the data of Fig. 7 indicate
that an epitaxial Cr(100) film grows on top of the interfa-
cial alloy on Au(100). The major difference between the
Cr/Au(100) and Cr(100) spectra is in the features at 4.8
and 6.3 eV which are not present on clean Cr(100). This
additional structure reflects emission from Au 5d states
and a possible origin is emission from Au(100) or
Aujgy—,Cr,(100) substrate. However, as shown below,
there is evidence for a film structure which is quite uni-
form in thickness rather than three-dimensional crystal-
lites with bare substrate patches in between. Thus, for
© =10 ML where the thickness of the film is large as
compared to the electron escape depth, a different origin
must be invoked. Actually the narrow shape of both
features points towards an interpretation in terms of
essentially isolated Au species. Since the solubility of Au
in bee Cr is very small, we attribute this structure to the
5d spin-orbit-split doublet from Au species segregated at
the surface of the Cr film. The measured spin-orbit split-
ting of 1.5 eV is in excellent agreement with photoemis-
sion data from Au species dissolved in Si, for instance.°
On increasing the substrate temperature one expects
enhanced Au diffusion towards the film surface and in
turn enhanced Au segregation. The dashed line in Fig. 7
relevant to 15 ML deposited on a substrate held at 400 K
shows that this is indeed the case. Au segregation at the
film surface is also reflected in the work-function data of
Fig. 6. Since Au segregation is expected to increase the
work function, this readily explains the significantly
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higher values observed for the 400-K substrate relative to
the RT substrate. It is also interesting to note that the
work function decreases steadily in the 10-60-ML range
but remains always higher than measured on clean
Cr(100): 3.90%0.1 eV (Ref. 41). Again, this behavior
reflects the progressively smaller amount of Au capable
to diffuse to the surface with increasing film thickness.
Note that even by 60 ML deposited on the substrate at
RT there is a very small amount of Au segregated at the
film surface, accounting for the ~0.15-eV-higher work
function relative to clean Cr(100).

B. LEED observations

The LEED observations for the substrate held at RT
reveal that by 3 ML an important diffuse background be-
comes apparent but the pattern still remains (1X1). By 5
ML the (1X1) spots are very faint with a dominant
nonuniform diffuse background. Surprisingly, on further
Cr deposition the (1X 1) pattern reappears progressively
and for coverages above 6 ML a low background (1X1)
diagram can be observed again. This diagram is found to
persist with little change up to 60 ML, the largest cover-
age investigated in this study. This implies that in the in-
termediate 4—6-ML range the phase formed on top of the
epitaxial Auy_,Cr, alloy is disordered. In fact, once
the Cr concentration in the top layer exceeds the limiting
solubility of Cr in Au (i.e., by ~3 ML at RT), only a
disordered Au-Cr phase can be formed since according to
the phase diagram there are no ordered Au;z_,Cr, al-
loys for x = 50. Apparently at this stage the Au concen-
tration in the top layer remains sufficient to prevent nu-
cleation of bcc Cr which according to the phase diagram
is not able to dissolve a substantial amount of Au, exceed-
ing 0.05 at. % or s0.2* On further Cr deposition the Cr
concentration increases progressively since the Au supply
is limited by diffusion and eventually the end phase, i.e.,
bee Cr (with a very small amount of Au in solution) be-
gins to nucleate. LEED suggests that this happens near 6
ML and the bee Cr film grown in this way must be epit-
axial. In the intermediate 4—6-ML coverage range, one
observes indeed a qualitative modification in the LEED
I-V curves which change from a shape characteristic of
the ordered Au,y_,Cr, epitaxial alloy (x <50) to a
shape similar to that of a single-crystal Cr(100) surface.
Finally, it is noteworthy that the diffraction spot width
shows a pulsating behavior versus primary beam energy.
This reveals the presence of steps with a random distribu-
tion of terrace widths** and in turn significant deviations
from simple layer-by-layer growth. In this respect let us
consider the Au 4f,,, core line intensities versus cover-
age shown in Fig. 8. The data show a good fit to an ex-
ponential attenuation rate for a mean free path of ~15
ML or 21 A in the case of a substrate held at RT. At
higher temperatures, the important Au segregation ob-
scures the interpretation. The RT result suggests a quite
uniform Cr film thickness in spite of the high surface en-
ergy of Cr which in principle favors the formation of
three-dimensional crystallites. Note, however, that Au
segregation probably reduces the surface energy and sta-
bilizes the thin-film structure. Thus we believe that the
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FIG. 9. Off-normal emission spectra, taken with #w=21.2
eV for clean Cr(100), as a function of polar angle of emission in

the (001) plane. The light incidence angle is 45°.
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film surface exhibits a stepped structure at the scale of
the monolayer height but the overall film thickness seems
to be fairly uniform. More detailed structural informa-
tion can hardly be extracted from the results of Fig. 8 be-
cause of the large scattering in the data points. This is
due to the fact that each measurement belongs to a
separate experiment. Actually, after the measurements
relevant to a given Cr deposit, the substrate has to be re-
cleaned because of the very high reactivity of Cr.

C. Valence-band structure of the epitaxial Cr films

Figures 9 and 10 present angle-resolved photoemission
spectra versus polar angle of emission taken with
#iw=21.2 eV on clean Cr(100) for the (001) and (011)
emission planes, respectively. The relevant data collected
in exactly the same conditions for a 15-ML RT-formed
Cr film on Au(100) are displayed in Figs. 11 and 12, re-
spectively. A glance at these spectra reveals the striking
one-to-one correspondence between both series of spec-
tra. This leaves no doubt about the epitaxial bcc struc-
ture of the Cr films grown on Au(100) above 10 ML. The
actual spectral differences still observed between clean
Cr(100) and epitaxial Cr films on Au(100) can be traced
back to differences in the surface electronic structure. As

. pointed out above, Au segregation at the film surface is

responsible for the 4.8 and 6.3 eV peaks in the epitaxial
film spectra. A remarkable consequence of this segrega-
tion is a significant reduction in the intensity of the sur-
face state observed at normal emission at 0.65 eV on
clean Cr(100). Previous work!>*%%3 has shown that this
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FIG. 10. Same as Fig. 9 but for the (011) emission plane.
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feature is extremely sensitive to surface contamination or
surface disorder. Possibly the disorder inherent in the
stepped film surface also contributes to the attenuation of
this feature. Another small structure is visible at normal
emission near 0.1 eV in the epitaxial film spectrum but
not in our single-crystal spectrum. However, since
Klebanoff et al. in their Cr(100) spectra also observe a
similar feature®® we conclude that this is characteristic of
Cr(100) though in our Cr(100) spectra such a feature be-
comes visible only at collection angles slightly off-normal.

The majority of the prominent peaks in the spectra
reflect direct transitions from bulk states. A notable ex-
ception, already mentioned in Sec. IV A, is the conspicu-
ous feature near 1 eV at large polar angles a. Consider-
ing now the bulk transitions it was demonstrated in Ref.
13 that off-normal emission spectra in the (011) plane
probe Brillouin zone points very close to the HN symme-
try line for iwo=16.8 eV and 0° <a <45° or fiw=21.2 eV
and 25°<a <50°. A similar statement holds for the I'H
symmetry line and emission in the (001) plane. Thus, us-
ing the data taken with Nel and Hel radiation from a
40-ML Cr film we can determine the relevant band
dispersions as for Cr(100) in Ref. 13. The direct transi-
tion model assumes a free-electron final-state band disper-
sion with an inner potential ¥;=10.8 eV. The data are
shown as circles in Fig. 13 where the continuous lines
represent the experimental band structure deduced previ-
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e 2 4 6 8
BINDING ENERGY (eV)

FIG. 11. Off-normal emission spectra, taken with #w=21.2
eV for 15 ML of Cr deposited on Au(100) held at RT, as a func-
tion of polar angle of emission in the (001) plane. The light in-
cidence angle is 45°.
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ously from Cr(100) single-crystal measurements.'® The
amount of available data is limited but where a compar-
ison can be made the agreement is excellent.

Finally, let us consider the case of very thin Cr films in
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FIG. 13. Experimental band structures for 8 and 40 ML of
Cr deposited on Au(100) held at RT. The continuous lines
represent the experimental band structure for bulk Cr reported
in Ref. 13. The data are presented in the paramagnetic Bril-
louin zone as in Ref. 13 for comparison.
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the 6—10-ML range. Figure 7 indicates the progressive
appearance of the typical transitions of bcc Cr in that
coverage range. Keeping in mind the presence of the in-
terfacial alloy, the effective Cr film thickness in that
range is expected to vary from ~3 to 7 ML. Two obser-
vations are noteworthy. First, on reducing the film thick-
ness, the intensity of spectral features progressively de-
creases and their energy location shifts away from the
limiting bulk position. This shift is quite visible in Fig. 7
for the prominent feature near 0.9 eV which moves to-
wards lower binding energies in ultrathin Cr layers.
Second, the intensity of some transitions is particularly
sensitive to the film thickness reduction. This is the case
for the 0.2-eV peak in the spectra of Fig. 7.

To see more specifically these effects we have also
represented as squares in Fig. 13 the experimental band
structure along I'H for an 8-ML film deposited at RT us-
ing the same method as for the 40-ML film. An estima-
tion of the effective film thickness taking into account the
presence of the interfacial alloy is ~4 ML. One observes
a substantial shift (~0.4 eV) to lower binding energy of
the A, band near H, and a disappearance of the transi-
tions from the rapidly dispersing A} band. In contrast,
note that little change is visible near N,. Since H, is a
3d band edge these observations suggest a d band narrow-
ing associated with the reduced film size. In very thin
films it is also expected that &k, is no longer a good quan-
tum number and the direct-transition model of photo-
emission breaks down. Direct photoemission transitions
from rapidly dispersing bands are then more strongly
affected than emission from flat bands.

Alternatively, these effects might result from the pres-
ence of Au in these ultrathin films. We have shown that
Au is capable to diffuse to the film surface. Yet the solu-
bility of Au in bee Cr seems too small to account for the
strong perturbation in the band structure observed near
H,,.

The possibility of enhanced magnetism might also be
responsible for the changes in the band structure of ul-
trathin films. Our core-level data such as the Cr 2s multi-
plet splitting do not indicate the presence of a local mag-
netic moment much stronger than in bulk Cr for the Cr
overlayers on top of the interfacial alloy. However, the
low resolution and signal-to-noise ratio precludes a pre-
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cise evaluation of the local moment from our data. Note
also that a critical discussion of XPS data shows a poor
correlation between the Fe 3s splitting and the magnetic
moment in alloys and inorganic compounds.* Neverthe-
less, in a recent study of the Cr/Ag (100) system, New-
stead et al.'? also arrive at the conclusion that the mo-
ment in ultrathin Cr layers is considerably less than pre-
dicted theoretically.®’

V. CONCLUSION

We have shown that the first monolayers of Cr on Au
form an epitaxial substitutional alloy which acts as a
good template for epitaxial growth of bee Cr films. These
Cr films have a fairly uniform thickness but exhibit a
stepped surface. Distinct deviations from bulk electronic
structure are visible in ultrathin films. However, the
presence of the interfacial alloy complicates the interpre-
tation of these thin-film effects. In addition, since this al-
loy is itself magnetic, its presence also obscures the inves-
tigation of the possibly enhanced magnetism in ultrathin
Cr films. The Cr/Ag(100) system seems to be a better
choice for such studies since Ag is immiscible with Cr
and the mismatch in the lattice parameters is also very
small. Note however, that interdiffusion of overlayer and
substrate is one way to relief of misfit strain at the inter-
face. Furthermore, Au segregation at the Cr surface also
reduces the very large excess of surface energy of ul-
trathin Cr films on Au(100) relative to clean Au(100).
Clearly, this stabilizes the thin-film structure on Au(100).
The absence of this stabilizing effect at the Cr/Ag(100)
interface might well favor the growth of three-
dimensional crystallites rather than a uniform ultrathin
film.

Finally, in a recent paper® O’Neill and Weaver also
present photoemission measurements on the Cr/Au(100)
interface but interpret their data in a layer-by-layer
growth model. In our opinion, these authors do not
present convincing evidence for but rather assume impli-
citly that growth mode in their comparison of the Cr-
derived electronic structure with theoretical calculations
based on an atomically sharp ‘interface model. We be-
lieve that the data of Ref. 45 should be reinterpreted in
the light of the above findings.
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