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Evolution of the electronic structure of the Cr/Au(001) interface
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The electronic structure of Au(001)-supported Cr thin Alms from 1 to 16 monolayers (ML) thick
have been examined with angle-resolved photoemission. The evolution of the Cr electronic struc-
ture indicates layer-by-layer growth mode. For 1 ML coverage, three odd-symmetry states are ob-
served at point I with binding energies of 4.5, 0.8, and 0.5 eV. These have I 3 or d» symmetry

(4.5- and 0.5-eV structures) and I & or d„,„,symmetry (0.8-eV structure). %'hen a second layer of Cr
is Irown, a second odd-symmetry d„,„,derived band appears between 1.1 and 1.3 eV, and it marks
the development of periodicity normal to the surface. At 6 ML coverage, the Cr(001) I & surface
state appears. At 12 ML coverage, we observe the odd-symmetry 52 band that produces the nesting
electron and hole Fermi surfaces.

INiS.QDUCTION

The electronic structures of bimetallic interfaces are
currently being studied by numerous investigators for
many different reasons and applications. ' ' Common to
most of these studies is the desire to understand, from a
fundamental perspective, the unique properties of the in-
terface and the properties of layered or modulated ma-
terials. Studies of the electronic structure of noble and
near-noble-metal overlayers on similar substrates have
shown that the component of crystal momentum perpen-
dicular to the surface, ki, is not a quantum number for
monolayer films but that the d bands show bulklike be-
havior by 5-6 monolayers. ' Although the number of
experimental studies that can be compared with calculat-
ed band structures is few, there has been reasonable
agreement in band ordering and the shapes of the disper-
sion curves.

Surface and thin-film magnetism have been the central
focus for many experimental and theoretical studies of
transition-metal overlayers on noble-metal substrates. s

Spin-polarized slab calculations predict enormous mag-
netic moments with values of 3.7 Bohr magnetons (lsit)
for 1 monolayer (ML) Cr/Au(001) (Ref. 10) and 3.0pit for
1 ML Fe/Ag(001). " These same calculations predict mo-
ments for the surfaces of bulk materials that are reduced
to 2.49lsn for Cr(001) (Ref. 10) and 2.9P& for Fe(001)."
Significantly, these values should be compared with bulk
values of 0.59pz for antiferromagnetic Cr and 2.2pz for
ferromagnetic Fe. Recent results by Onellion et aI. for 1

ML Fe/Cu(100) reported reasonable agreement between
their angle-resolved photoemission results and their cal-
culated bands. Drube and Himpsel compared inverse
photoemission results for V/Ag(111) and Mg/Ag(111)
with earlier studies for a Ag —15 at. % Mn random alloy'
and assigned an emission feature 1.7 eV above E+ to
minority-spin Mn d states. Jonker et al. investigated the
1-ML Fe/Ag(100) system with spin-polarized angle-
resolved photoemission and indicated the absence of a

magnetic moment parallel to the Fe surface. The possi-
bility of a magnetic moment perpendicular to the surface
could not be ruled out, however, and was suggested by a
recent calculation. ' Electron-capture spectroscopy ex-
periments by Rau et al. ' have indicated that the Cr(001)
surface is magnetically ordered 15' below the bulk Neel
temperature, that Ni possesses local magnetic order at
twice the Curie temperature, and that short-range mag-
netic order is nonzero and nearly constant between 200
and 640 K for V(001).

The magnetic properties of Cr surfaces and Cr thin
Slms are particularly interesting because calculations pre-
dict the existence of magnetic moments 5 times the
value of bulk Cr. These large moments are produced by
an exchange splitting of 2.9 eV which has been thought
to stabilize a ferromagnetic surface on an antiferromag-
netic material. Experimentally, angle-resolved photo-
emission experiments by Klebanoff' et al. ' reported an in-
creased near-surface Neel temperature. Qualitatively,
enhanced surface magnetism has been attributed to the
reduced coordination of surface atoms. Two conse-
quences of the reduced symmetry have been discussed.
First, it has been suggested that the narrowing of surface
bands would modify the density of states at Ez and
change the efFective spin polarization. Second, the sur-
face spin polarization might be altered when reduced s-d
hybridization modiSes band dispersion near E+ and
changes in the occupation of majority- and minority-spin
bands might occur. Thin-Slm magnetism is further com-
plicated by the possibility of an overlayer-substrate in-
teraction, but the extent and effect of hybridization is not
well understood.

In this paper, we discuss the evolution of the
Cr/Au(001) electronic structure. For this system, prehm-
inary investigations by Zajac et al. ' showed that Cr ada-
toms occupy fourfold hollow sites and stabihze the (1&(1)
termination as an atomically sharp interface is formed.
Our results will show the electronic structure of a Cr
monolayer, a Cr bilayer, and the evolution of the bulk Cr
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energy bands. In addition, we will show that Cr/Au d-d
hybridization is significant and should be included in
models of a bimetallic interface.

Since we will discuss wave functions in terms of atomic
orbitals, we will use the convention that z is in the Au
[001] direction which is perpendicular to the surface and
x (y) is in the surface plane and parallel to the Au [100]
(Au [010])direction.

Angle-resolved photoelectron spectroscopy (ARPES)
experiments were performed at the University of Wiscon-
sin Synchrotron Radiation Center (Stoughton, WI) using
the Seya-Namioka monochromator and beamline. The
spectral output of the beamline, 12 (Ii v& 32 eV, was
linearly polarized with the electric 6eld vector in the sur-
face plane. In our geometry it was parallel to the
Au[100] direction. The experimental system included a
Vacuum Sciences Workshop 45-mm-mean-radius hemi-
spherical analyzer on a two-axis goniometer, four-grid
optics for lowwtMrgy electron difFraction, and standard
sample-preparation capabilities. The analyzer was
operated at a pass energy of 10 eV. The acceptance cone
of +1.5' provided an energy resolution of 200-250 meV
and a momentum resolution of -0.06 A. '. For com-
parison, the corner of the'(001) surface Brillouin zone
(SBZ), M, corresponds to 1.54 A

The Au(100) crystal was cleaned with Ar-ion sputter-
ing followed by annealing to 550'C to produce a well-
ordered, reconstructed surface, as veriSed by low-energy
electron diffraction (LEED) and photoemission. The sur-
face normal was aligned to within 0.5' of the Au [001]
direction. After the cleaning procedures, the operating
pressure of the system was 1X10 '0 Torr (base pressure
-5X10 " Torr). During sublimation of Cr from a
resistively heated Ta boat, the pressure rose to
-2X 10 ' Torr. Film thicknesses were determined with
a calibrated quartz oscillator. The photoemission spectra
were normalized to the incident photon Aux and were
used to verify, by the logarithmic attenuation of the bulk
Au d bands, the existence of a sharp Cr/Au interface and
also to cross-check the thickness monitor. Our results
showed that well-ordered Cr overlayers in registry with
the Au(001) substrate could be obtained by annealing the
interface at —100-120 C. Films less than about 2 ML
thick could be annealed after deposition onto a room-
temperature substrate. To obtain optimal ordering in
thicker films, the substrate was held at the elevated tem-
perature during deposition.

We have used three di8'erent collection geometries to
investigate the electronic structure of the evolving
Cr/Au(001) interface, termed normal-emission, odd-
symmetry, and even-symmetry modes. ' Each could be
selected along any vertical plane of the crystal. The
normal-emission mode detects odd-symmetry initial
states because the photoelectron momentum q is detected
in the Au [001] direction which is perpendicular to the
vector potential, A in the Au [010]direction. In the off-
normal odd-symmetry mode, photoelectrons are detected
in the mirror plane defined by the Au [010] direction.
Again, q is perpendicular to A to highlight emission
from odd-symmetl y In1tlal states along X. The 08-
normal even-symmetry mode detects photoelectrons in
the mirror plane defined by the Au [100] direction and,
since q is parallel to A, even states along X are detected.

RESULTS AND DISCUSSION
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FIG. 1. Normal-emission spectra for Cr coverages from 0 to
16 ML Cr. The vertical bars highlight the evolution of the 55
or d„,„,-derived bulk Cr band and the arrow points to the Cr I 5

surface state which appears at 6 ML Cr coverage. The inset
compares the spectra for clean AuK61) vnth 1 ML Cr/Au(001).
Shading highlights the Cr-induced increases in intensity.

Normal-emission spectra for Cr coverages from 0 to 16
MI are shown in Fig. 1 to summarize the evolving struc-
ture of Cr. For thin films where ki is not a valid number,
the collection geometry of normal emission with s-
polarized radiation probes states at the surface Brillouin-
zone center, I, for all photon energies. In thick films
where ki is a valid quantum number, it is possible to ex-
amine states in the bulk Brillouin zone along I -b,-X for
an fcc crystal, or along I -b, -H for a bcc crystal, by
changing photon energies. We will use the convention
that barred symbols such as I, X, and M refer to points
in the two-dimensional surface Brillouin zone (SBZ) while
symbols without bars refer to points in the bulk Brillouin
zone. For all of the energy-distribution curves (EDC's) in
Fig. 1, emission from the Au substrate extends from -2
to -7 eV binding energy. Cr contributions appear from
-2 eV to Ez and near 4.5 eV. For Cr coverages below 4
ML, changes in the spectra reQect the evolution of the
bulk Cr d„,~, -derived hs band (near Ez and marked by
tic marks). Above 4 ML, emission near Ez is dominated
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by a 1 5 surface state (arrows). To emphasize the intensi-

ty that is produced by a monolayer of Cr, we superim-
pose in the inset the spectra from clean Au and from 1

ML Cr/Au(001). The upper curve shows the diIFerence
between these two spectra. The shaded positive excur-
sions highlight additions by Cr and negative excursions
represent intensity losses.

The 6rst Cr layer grows in two-dimensional patches
which convert the (5X20) reconstructed Au layer to the
(1X1) termination. This is illustrated in the left-hand
panel of Fig. 2 where ofF-normal-emission EDC's reveal
that the Au (5X20) surface-state emission at 1.8 eV di-
minishes as a function of increasing Cr coverage. EDC's
on the right show the growth of Au (1X1) surface-state
emission as the (5 X20) surface is converted to the (1 X 1)
surface. The onset of the increase in binding energy for
the (1X1) surface state marks the completion of the first
Cr layer and the development of the second layer (not
shown}. As discussed elsewhere„ the 0.7-eV energy shift
is attributed to the conversion of the surface state into an
interface state. Ultimately, this novel surface-interface
state is lost through mixing with bulk Au states.
Second-layer atoms also cause the Cr-induced intensity
near 0.8 eV observed in normal emission (Pig. 1) to move
to greater binding energy as new structure develops at 1.1
eV. Our results and those of others indicate that the
overlayer growth is nearly ideal layer by layer.

Cr monolayer

The results of odd-symmetry ofF-normal measurements
along the X symmetry line for the 1-ML Cr/Au(001) sys-

tern are presented in Fig. 3. The left-hand panel shows
the spectra between EF and 9 eV, while the right-hand
panel emphasizes Cr features near the Fermi level.
Again, emission from the Au substrate extends from 2 to
7 eV while Cr contributions appear from 2 eV to Ez and
near 4.5 eV. Emission from the Au(001)-(1 X 1) M3 sur-
face state is observed on the left for 4S'& 8, &60', where

8, is the angle between the sample normal and the emit-
ted photoelectrons.

The Cr-derived intensity near 4.5 eV (labeled A on the
left) could only be identified at certain points along X be-
cause of the overlapping substrate emission. Therefore,
we v+11 concentrate on Cr emission near EF and deter-
mine the symmetry and dispersion of the initial states re-
sponsible for this feature. There is one broad peak at
-0.7 eV for 8, =0', which samples initial states at I,
while two features labeled 8 and C are separated by
about 0.4 eV and are visible between 8, =20' and 30'. At
8, =50', which corresponds to kii 1 52 A. ', one peak is
again observed at O.SS eV binding energy. Spectra taken
in the even-symmetry mode exhibit a single structure at
0.8 eV binding energy along X, as shown by the dashed
curve at 8, =30' in Fig. 3.

The dilerence curve shown in the inset of Fig. 1 pro-
vides evidence for Cr/Au d-d hybridization. The large
negative excursion represents a loss of intensity in the Au
d bands that is produced by the presence of Cr adatoms.
A similar feature is observed in a difFerence curve that is
constructed from spectra for 1 ML Cr/Au(001) and the
metastable Au(001)-(1 X 1) surface. The loss of intensity
in the Au d bands is proved by rehybridization of surface
layer d bands with the d states of the Cr monolayer. In-
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FIG. 2. 08'-normal emission spectra showing the loss of the
Au(001)-(5&20) surface state, left, and the growth of the
Au(001)-(1 g 1) surface state, right, for submonolayer Cr cover-
ages.

8 6 4 2 0=EF 2 1 0EF
Binding Energy (eV)

FIG. 3. ON-normal ARPES spectra for 1 ML Cr/Au(001).
Emission from three Cr-derived odd-symmetry bands is ob-
served along X at 4.5, 0.8, and 0.5 eV, labeled A, 8, and C, re-
spectively. The raw data shown as dots were obtained in the
odd-symmetry collection mode and the solid lines are 6ts to the
spectra, as described in the Appendix. The dashed curve was
obtained in the even-symmetry mode.
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FIG. 4. Experimental plots of E vs kI~(A ) for 1 ML

Cr/Au(001). The g's represent odd-symmetry states and +'s
represent even-symmetry states. The existence of two d 2 &-

derived bands at 4.5 and 0.5 eV can be explained by identifying
the bands gath majority- and minority-spin states, respectively,
as discussed in the text.

termetallic d-band hybridization has been reported by
Houston et al. to explain a spectral feature that is unique
to the 1-ML Cu/Ru(0001) interface. Although we do not
observe a Cr/Au hybrid state, the difFerence curve in Fig.
1 is in agreement with the existence of intermetallic hy-
bridization, as suggested for the Cu/Ru(0001) systems.
Indeed, mixing of Au-derived and Cr-derived d 2

states is inevitable as they are degenerate over a portion
of the Brillouin zone. The e8'ects of the hybridization
will be discussed later in terms of the monolayer Cr-band
structure.

The broad spectral intensities and relatively small band
separation of the Cr-derived states preclude determina-
tion of the band structure by simple visual inspection.
Peak deconvolution procedures were employed to obtain
the necessary quantitative information, as discussed in
the Appendix. The solid lines in Fig. 3 are calculated
from this analysis and represent the best St to the experi-
mental odd-symmetry spectra. From that analysis, it is
possible to determine the experimental band structure, E
versus k~I, shown in Fig. 4. The X's represent odd-
symmetry states and the +'s represent even-symmetry
states. To summarize, we detect four bands along I'-X-M
that are in the energy range from —0.5 to —4.5 eV,
three of odd symmetry and one of even symmetry.

Each of the experimental bands in Fig. 4 can be
identified with a particular wave function by using an
analysis based on group theory and matrix-element
effects. The appropriate symmetry group for the 1-ML
Cr/Au(001) surface is the fourfold-symmetric C4, group.
Character tables for this group show two representations
that are odd with respect to re6ection about a vertical
mirror plane. ' There is one singly degenerate I 3 repre-
sentation which transforms as x -y and a doubly degen-

crate I 5 representation which transforms as xz,yz. Since
the zone center and corner, I and M, possess the full
symmetry of the surface, we expect the I 3 and I 5 repre-
sentations to be seen as d & ~ and d„,, states, respec-

tively. In contrast, states along 6 and X do not possess
the full C4, symmetry of the surface but belong to the
C2„group representation. Correlation tables show that
the twofold-degenerate xz, yz representation in the C4,
group (at I') will split into two singly degenerate odd and
even representations in the C2„group (along X). Addi-
tional information about the initial-state wave functions
can be extracted through an analysis based on rnatrix-
element effects. W'ith light that is polarized in the xy
plane (s polarized), the photoemission intensity from a
d»-derived wave function is proportional to sin 8„
and such a state will have a very low intensity at normal
emission but will increase in intensity as the exit angle is
increased.

With this analysis, each experimental band can be asso-
ciated with emission from a specific initial-state wave
function. The band with 0.8 eV binding energy at I hasd„,character since this state splits along X into an odd
and an even band. The remaimng two odd-symmetry
features do not exhibit this behavior but, instead, increase
in intensity as the exit angle is increased. The uppermost
d 2 2 band at 0.5 eV has a sixfold increase in the intensi-

ty for exit angles between 0 and 40'. An increase is also
observed in the 4.5-eV band, but the spectral overlap
with the Au substrate precludes quantitative characteri-
zation. These two features exhibit behavior characteris-
tic of emission from d»-derived wave functions.

X

In band calculations for bimetallic interfaces, current
theories model the substrate as a five- to nine-layer slab
that is infinite in two dimensions and simulate the inter-
face by adding layers of atoms on either side of the slab
to maintain inversion symmetry. For transition metals,
these calculations require a spin-dependent potential, the
form of which is the subject of considerable theoretical
efFort. In Fig. 5, we show calculated spin-polarized
E-versus-ki curves from Fu and Freeman based
on their full-potential linear augmented-plane-wave
(FLAPW) method. Solid lines re6ect states that are at
least 70% localized in the Cr monolayer. These results
predict that the exchange splitting is -2.9 eV, producing
separate energy regions for the majority- and minority-
spin electrons. The magnitude of the splitting and the lo-
cation of Ez between the two regions combine to produce
a large spin polarization and the enhanced magnetic mo-
ments. ' '" lf an exchange splitting of -2.9 eV exists, as
predicted by the FLAP%' bands of Fig. 5, then emission
from these states should be resolved using conventional
(non-spin-resolved) techniques. This is true if either the
surface Neel temperature, Tz, is above room temperature
(the measurements were done at room temperature) or
the exchange splitting is nonzero at or above Tz. For
bulk Cr, Tz is 312 K.

The results summarized by the experimental band
structure of Fig. 4 show the dispersion of three bands for
1 ML Cr/Au(001). The dispersion of the lower d 2

derived band was masked by substrate emission. Al-
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FIG. 5. Calculated bands for l ML Cr/Au(001) from Fu and Freeman (Ref. 20). The majority- and minority-spin bands are indi-

cated with curly braces. The vertical bar highlights the calculated energy separation, 2.9 eV, between majority- and minority-spin
d 2 24erived states at I . The right-hand panel shows the square surface Brillouin zone. The ofF-normal spectra presented in this-y
paper detect states along I -X-M.

though the calculations of Fig. 5 predict a distinctive
minimum in the energy separation between the calculated
d 2 2-dertved and d~„,-denved bands along I -X-M, the

experimental bands are less dispersive. As shown, the

d~„,&erived band moves from 0.7 to 1.2 eV and the
d 2 2 band near 0.5 eV is even Ratter in k space. The
calculations predict an energy separation, between the
majority-spin d» and d„~~states at I, to be 2.1 eV.
There are two experimental energy separations that could
be compared to the predicted value. One is 3.7 eV and
corresponds to the diff'erence between the lower
d 2 g(I 3) state and the d„,y (15) state. The second is

0.3 eV and is the difference between the I'5 and the upper
I 3 states. Since the lower I 3 band eventually develops
into the bulk d ~ ~ band, we conclude that the relevant

separation is 3.7 eV. The difference between theory and
experiment is then intriguing, and may be due in part to
Crf Au d-d hybridization. (Evidence for Cr/Au dd-
bonding was found in the difFerence spectra of Fig. 1.)
This would increase the binding energy of the Cr d 2

states relative to the d,„,states.
In this comparison, we have associated the lower

d„~ 2-derived experimental band near 4.5 eV with

majority-spin electrons. Similarly, the d, -derived band
at 0.8 eV was associated with majority-spin electrons.
Although our spectra are not spin polarized and we are
not measuring spin directly, the existence of majority and
minority bands is implied by the existence of the three
odd-symmetry states at I . In particular, since the
fourfold-symmetric Cr(001) surface has C~„symmetry,
there should be two dimerent odd states at I . ' %e Snd
three odd states, and two of these have d & character.

Since the splitting of the d 2 ~ or I 3 states is -4 eV, we

suggest that the d 2 2-derived emission at 0.5 eV reflects

the minority-spin I 3 state. This would give an exchange
splitting of -4 eV for a Cr(001) monolayer, a value
which is consistent with the values predicted recently.
At the same time, this is a tentative identi5cation since
we are not spin sensitive and its confirmation must await
experimental studies using spin-polarized techniques.

Cr bileyer

In Fig. 6 we show the results of our odd-symmetry o5'-

normal measurements along the X symmetry line for 2
ML Cr/Au(001). Comparison with the spectra of Fig. 3
shows that there is a peak shift from about —0.8 eV for
the Cr monolayer to about —1.1 eV for the Cr bilayer.
DifFerence curves reveal that the energy shift results from
a new spectral feature with binding energy between —1.1

and —1.3 eV along X. In Fig. 7 we show the experimen-
tal band structure for the Cr bilayer obtained from the re-
sults of Fig. 6. Two d„,„,-derived bands are observed
along X, where only one band was observed for the
monolayer. It is important to note that the results for the
Cr bilayer cannot be described as a superposition of the
Cr monolayer bands and the new d~„,-derived band.
The upper d„,,-derived band at 0.82 eV at I disperses to
greater binding energy, but midway along X reverses
direction and moves toward Ez as it approaches M. The
minority-spin d, ,-derived band is modiSed as it now

disperses toward E+, reaching 0.4 eV binding energy near
M.

The interesting work of Ohnishi et al., which exam-
ined the evolution of the W(001) surface electronic struc-
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The two I 5 or d„,, states in the Cr bilayer are precur-
sors to the bulk Cr b, , (d„,,-derived) band that extends
from about 1 eV below EF at I to —1.3 eV above the
Fermi level at Hz5. Unfortunately, the width of these
features precludes observation of states added by third,
fourth, and subsequent layers.
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FIG. 6. Off-normal odd-symmetry photoemission spectra for

2 ML Cr/Au(001) analogous to those of Fig. 3 showing a shift
in peak intensity from 0.8 to 1.1 eV.

Multilayer Cr Slms

The Cr electronic structure continues to change as the
Nm thickness is increased from 2 to 12 ML. The third
Cr layer produces a feature at the Fermi level in oft'-

normal odd-symmetry spectra near the M point of the
SBZ, Ii v=20 eV and 8, =55' (see Fig. 1 of Ref. 5). This
feature has negligible intensity for 2 ML Cr/Au(001) and
grows with the third Cr layer. This suggests that the
third layer forms after the- second layer is nearly com-
plete.

The first appearance of the Cr I surface state occurs at
a coverage of 6 ML where it has a binding energy of 0.45

ture, along with the work of Fu and Freeman which ex-
amined the Fe/Cu(001) interface, makes it possible to
compare our Cr/Au(001) experimental observations with
the predictions of FLAP% calculations. If we compare
the theoretical bands for an isolated W(001) monolayer
with the bands from a three-layer slab, we see a trend
which is similar to our experimental results. In particu-
lar, the W(001) monolayer has a single d„,,-derived band
that disperses from 1.4 eV above Ez to 0.4 eV below EF,
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ML Cr/Au(001) from the results of Fig. 6. Two d„,~,-derived
bands exist along I"-X-M while 1 ML Cr/Au(001) has only one.
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FIG. 8. OfF'-normal odd-symmetry spectra from the Cr(110)
mirror plane for 16 ML Cr/Au(100). A dispersive A~ odd-
symmetry band is observed between 4 eV and EF for
0& 8, &40. The states in this band near EF stabilize the spin-
density wave that is responsible for bulk Cr antiferromagnetic
behavior, and these results indicate that 16-ML films are bulk-
like. The inset compares spectra for 8 and 16 ML Cr for 8=35'
to show that emission from the 42 band appears only after 8 ML
of Cr.
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eV, as indicated by an arrow of Fig. 1. This feature is
verified to be a surface state by its dispersion with k
lack of dispersion with ki, and the ease with which it is

quenched by 1 L CO (1 L = 1 langmuir = 10 6 torr sec).
The location and existence of this surface state are in
agreeinellt. Witll previous investigations of the Cr(001) sur-
face. ' '2" Its appearance at 6 ML is also additional evi-
dence for layer-by-layer overlayer growth. It is impor-
tant to note that these results were obtained with fully
annealed films and quite diFerent results can be expected
with unannealed films where a less than ideal layer-by-
layer growth mode might be observed.

Finally, at 16 ML coverage, a very dispersive band is
observed in oF-normal odd-symmetry emission, as shown
in Fig. 8. This hs-symmetry band is not observed for 8
ML Cr/Au(001), as seen in the inset of Fig. 8. The elec-
tronic structure of bulk Cr has been studied by Gewinner
et al 4us.ing normal and off-normal emission from the
Cr(100) surface. The experimental bands they obtained
are in reasonable agreement with the calculated paramag-
netic electronic structure of Asano and Yamashita. ~s In
accord with their interpretation, the feature that we ob-
served for 8, between 0' and 40' is produced by emission
from d 2 2-derived states along G, from H, 2 to N4. The

peak in the 50' and 60' spectra is produced by emission
from d~, -derived states along D, near the P~ point. For
the antiferromagnetic (AFM) Brillouin zone, this inter-
pretation would correspond to emission from states along
X and r, respectively. ~

The evolution of the magnetic properties from the
monolayer to the thick coverages can be summarized
through changes in the electronic structure. Previous
studies have shown that the h2 band, which is responsible
for the dispersive feature in Fig. 8, is critical to antiferro-
magnetic behavior in Cr because these states form the
nesting electron and hole Fermi surfaces that stabilize the
AFM spin-density wave. Therefore, the spectra in Fig.
8 suggest that bulklike magnetism requires a film thick-
ness of at least 12 monolayers.
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WPPENDIX

The calculated line shapes in Pigs. 3 and 6 were deter-
mined by the sum of three functions of the kinetic energy,
x. An exponential function was used to match the back-
ground intensity, the Fermi function was used for the
Fermi level, and asymmetric Gaussian function(s)
represented the spectral features. Asymmetric peaks
were necessary to model the interaction between the pho-
toelectron and the valence electrons. Parameters for the
exponential function,

E(x)= A exp(8x), (Al}

were obtained from a least-squares St to experimental in-
tensities outside the area of interest, between 6 and 9 eV
below Ez, and at E~. In the Fermi function

E(x)= 1

exp[(x EF ) /k—s T]+1
(A2)

(where EF is the kinetic energy of the Fermi level, ks is
the Boltzmann constant, and T is the temperature), an
artiScial temperature was used to fit the Fermi-level
cuto8'to the experimental width. The asymmetric Gauss-
ian peak function for a peak (i}, A;(x), was produced by
multiplying the low-energy side of the Gaussian function,
6 (x), with an exponential tail function,

L(x)= E(x)+g A;(x) F(x), (A4)

provides suN][cient flexibility and accuracy to calculate a
line shape as a function of energy, x. The final peak posi-
tions, xo;, and intensities, G(xo;), were determined by
minimizing an averaged least-squares function,

M = [L (x)—8 (x)] /N, (A5)

where R(x) is the intensity of the experimental data
point at an energy (x) and N is the number of data points
in the energy range that is being analyzed. The results of
this numerical analysis, shown by the solid lines in Figs. 3
and 6, accurately fitted the photoemission spectra.

a, (x)=G(x) for x &xo, ,

A,.(x ) =6(x ) +[6(xo; ) —G(x) ]exp(x —xo; )5

for x 4 xp]

where G(xo; ) is the intensity of the Gaussian function for
the peak (i) at the peak center, (xs; }. The Snal form of
these functions,
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