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Observation of a Bulklike Fermi Surface for a Monolayer of Ni on Cu(001)
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We find that the photoelectron angular distributions from the Fermi surface of a monolayer Ni film
Cu are identical to those from thick Ni films and single-crystal Ni(001), and agree well with theore
predictions for bulk Ni. This bulklike behavior in the monolayer film is attributed to the short screen
length of electrons in metals, the similarity of the Ni and Cu cores, and a hybridization between N
Cu facilitating an interaction with the underlying crystal field. [S0031-9007(96)02282-X]

PACS numbers: 75.70.– i, 71.18.+y, 73.20.Dx, 79.60.– i
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Multilayer structures consisting of ultrathin metal-o
metal layers exhibit unique properties derived from th
unusual electronic structure such as quantum-well st
[1], oscillatory magnetic coupling [2], and oscillatory s
perlattice conductivity [3]. The origin of these phenome
is related to properties of the interface and localization
confinement of the electron density within the layers. T
electronic structure of the film and the interface can be
vestigated with photoemission.

For an isolated monolayer there is no periodicity
the normal direction and dispersion is confined wit
the plane of the film. This two-dimensional behavior
exhibited in many layered systems such as AgyCu(001)
where 5 ML of Ag is required to establish bulklike b
havior [4]. Theoretical calculations for isolated layers
Ni(001) show that the electronic structure of a single la
is very different from the bulk, with a reduced bandwid
and markedly different density of states [5,6]. Experim
tally, however, the monolayer films must be deposited
a supporting substrate which may perturb the electro
structure.

Thin film electronic states will resemble those calc
lated for an isolated layer if the electron wave functions
localized within the film. For simple systems exhibiti
pseudomorphic growth, such as the one presented her
penetration of the electron wave function into the subst
can be estimated by assuming a simple rectangular po
tial barrier at the filmysubstrate interface [7]. For 3d elec-
trons at the NiyCu interface the potential energy differen
roughly corresponds to the band mismatch of about 2
yielding a penetration of less than an angstrom. Howe
the calculations of Wanget al. predict a charge transfe
from the Cu substrate into the Ni film [5]. This char
transfer acts to smooth out the potential barrier, allow
a larger penetration of the film electron wave functio
and subsequent hybridization with the substrate electr
states.

A localization of electrons can give rise to a tw
dimensional electronic structure, which is a uniq
property of surfaces, interfaces, and films. These t
dimensional states disperse within the plane of the sur
or film, but donot disperse in the perpendicular directio
In contrast with this behavior, we find that atomica
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thin Ni films on Cu(001) exhibit photoelectron emissio
patterns that do disperse strongly in the perpendicu
direction and are consistent with a bulklike electron
structure within the monolayer.

The experiments were performed at the Center for A
vanced Microstructures and Devices (CAMD) synchrotr
facility. The Cu substrate was prepared using stand
procedures [8]. Photoemission measurements were
formed with a display-type ellipsoidal mirror analyze
which is described in detail elsewhere [9]. This instrume
images the angular distributions of photoelectrons with
a narrow energy range which, for the measurements
scribed here, was selected to be the Fermi energy. Ene
distribution curves of photoelectrons are obtained by in
grating the emission over a 32± half-angle cone.

Since an accurate measure of film thickness and m
phology is required to determine the two-dimension
character of the films, several techniques were used
independently establish growth characteristics. The fil
were deposited on a room temperature substrate, whic
the optimum growth temperature for smooth films with a
atomically sharp interface [10]. From a combination
x-ray photoelectron diffraction (forward scattering) me
surements, 3p core-level intensity studies, and magnet
metry using magnetic linear dichroism, we estimate o
film thicknesses to be accurate within 25% [11]. In add
tion, the observation of sharp photoelectron angular dis
butions indicate that the films are well ordered. The
observations are consistent with a recent STM stu
which indicates that there is no significant interdiffusio
or three-dimensional clustering in the films [10]. The fo
ward scattering measurements also confirm a good la
by-layer growth mode [12].

Angle-integrated energy distribution curves from th
1.2 and 6 ML NiyCu(001) are shown in Fig. 1. For the
6 ML film, the spectra resemble bulk Ni, with only a wea
feature below22 eV due to emission from the Cu 3d
band. The nearly complete attenuation of the Cu 3d band
confirms that the substrate is covered by the Ni, and t
there is little or no intermixing between Cu and Ni, nor
there any Cu segregating to the surface. At 1.2 ML of N
emission from the Ni 3d band is about half that of the 3d
band of the substrate, consistent with a mean free path
© 1997 The American Physical Society
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FIG. 1. Angle-integrated photoelectron energy distributi
curves for pure Cu(001) athn  90 eV, and 1.2 and 6 ML
NiyCu(001) films for photon energies of 45, 60, and 90 e
Emission from Ni 3d electronic states is seen as a broad pe
at the Fermi energy whereas the Cu 3d emission is seen 2 eV
below EF .

photoelectrons of about 3 ML. The attenuation of the
3p core levels also suggests uniform growth with little
no intermixing. The line shapes for the Ni 3d peak in the
two films, shown in Fig. 1, are almost identical, indicatin
that there is no significant narrowing of the bandwidth.

The dispersion of these bands can be monitored by
lecting photoelectron angular distributions and monitor
their variation with photon energy (i.e.,k'). With a dis-
play analyzer, one observes an intensity mapkk of a con-
stant energy surface whosek' location depends on photo
energy. The images in Fig. 2 show the photoelectron
gular distributions from the Fermi level for photon ene
gies of 45, 60, and 90 eV. Figure 2(a) shows the patte
obtained from clean Cu(001), while Figs. 2(b) and 2
show those from a 1.2 and a 6 ML Ni film on Cu(001
The Cu(001) crystal was oriented with the [100] directi
horizontal and withp-polarized radiation incident in the
horizontal plane at 45± to the normal; alongf101g. In (d)
similar data are shown for single-crystal Ni(001); howev
the f100g direction of the 45 and 60 eV images is,15±

from the horizontal. The three photon energies pro
points in reciprocal space on a spherical shell that pa
near theG point in the center of the 45 eV image, near t
K and X points near the edges of the 60 eV images, a
near the zone boundaryX in the center of the 90 eV image

The data in Figs. 2(a)–2(d) have been corrected o
for channel plate efficiency and are plotted on a line
n
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FIG. 2(color). Angular distributions of photoelectrons orig
nating from the Fermi energy as a function of photon ene
for (a) single-crystal Cu(001), (b) a 1.2 ML Ni film on Cu(001
(c) a 6 ML Ni film, and (d) single-crystal Ni(001). The image
have been scaled to be linear inkk. (e) Calculations of the
angular distributions of photoelectrons from bulk Ni(001).

intensity scale. The images have been scaled such
they are linear in parallel momentum and the photoem
sion intensity is maximum for the brightest feature a
minimum for the darkest feature. The images exhibi
twofold rather than the fourfold symmetry of the substra
since the plane polarized nature of the incident phot
produces a left-right asymmetry with respect to the (0
mirror plane. Any top-bottom asymmetry (except th
mentioned for 2(d)] is due to a slight misalignment of t
1147



VOLUME 78, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 10 FEBRUARY 1997

o

a
c

m
e
s

n
u
c
C
1
s

h
In
o
in
a
rv

a
s

t
u

m
e

e
c
a
o
c
u
s
n
n
n
t
e

i

ia
f

t-
e

o

e

ed
rc
he

s
ss
rmi
g

n
e.
e
a-
y

c-
m
n

by
ub-
la-
he
u-
n
s,
r-

e no
n-

in

-
e-
he

-

e-
he
crystal with respect to the plane of incidence or to min
distortions inherent in the optics.

In the center of 90 eV image of Fig. 2(a), one c
see the spherical “body” of the Cu(001) Fermi surfa
This is connected with “necks” along thef110g azimuths
to four additional arcs which are the FS bodies fro
neighboring Brillouin zones. At 60 and 45 eV, the imag
probe that central Cu FS body with cross sections clo
to the center of the zone. The most intense feature
the 60 eV image is an enhancement of intensity due
multiple-scattering.

When Ni is deposited, the FS cross sections cha
dramatically. By 1.2 ML, we no longer see any C
related features due to the very high Ni Fermi surfa
density of states and, in part, to the attenuation of
photoelectrons by the overlayer. The images from
and 6 ML Ni are essentially identical. For thicker film
distinct angular distributions are lost, consistent with
surface roughening reported previously [10].

The most striking feature of the data in Fig. 2 is t
similarity of the patterns for the 1.2 and 6 ML films.
addition, these images are essentially identical to th
obtained from the bulk single-crystal Ni(001) shown
Fig. 2(d). None of the features in Figs. 2(b) and 2(c) c
be attributed to interface states since they are all obse
at the same photon energies in photoemission frombulk
Ni(001). Moreover, none of these features are surf
states, since they are also seen in the same location
the Brillouin zone ofbulk Cu(001) atEF 2 2 eV, where
similar 3d initial-state bands are found.

In order to extract the orbital character and symme
of the initial states, the photoelectron angular distrib
tions were simulated using a second principles para
terized bulk ferromagnetic Ni band structure [13]. Th
band structure was determined by the diagonalization
a 21 3 21 Hamiltonian matrix for each spin. The angl
dependent photoemission matrix elements were then
culated from the analytical derivatives of the Hamiltoni
with an artificial suppression factor for the component
incident radiation polarized perpendicular to the surfa
Broadening of the angular distributions was simulated
ing an energy and group velocity dependent photoemis
linewidth [14] convoluted with an instrumental broade
ing of 0.2 eV. All of the main features of the experime
tal images are reproduced by the calculation, as show
Fig. 2(d). The relative intensities of the features are no
well reproduced at the highest photon energy most lik
due to multiple-scattering [15].

Comparison of the polarization-dependent data w
the computations of intensity asymmetry allows one
establish the orbital symmetry of the initial states. Init
states exhibiting left-right asymmetry, brighter on the le
havedxz or dyz orbital character. Initial states with no lef
right asymmetry havedxy orbital character. The absenc
of emission in thef100g azimuth and the presence
a vertical bar in thef010g is characteristic of adx22y2

orbital. Bright emission only in the right half of the imag
1148
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FIG. 3. Fermi surface contours for the 1.2 ML Ni film. The
dashed arcs show the part of the Brillouin zone being prob
by the three different photon energies of Fig. 2. The a
lengths indicate the acceptance angle of the analyzer. T
filled diamonds represent 3d band crossings, the open circle
representsp-like states. The crosses represent dispersionle
features near the zone edge. The solid lines represent Fe
surface contours from a first-principles calculation by Wan
and Callaway [16].

originates from initial states having adz2 or sp orbital
character.

At 45 eV photon energy,dxz and dyz emission from
both the majority and minority spin subbands is see
as bright diagonal lines on the left side of the imag
The two bright diagonal lines are half of a diamondlik
structure with the right half suppressed due to polariz
tion selection rules. On rotating the sample azimuth b
45±, emission from these states forms a boxlike stru
ture, preserving the left-right asymmetry. Emission fro
the sp-dz2 hybrid band is seen as a faint circular arc o
the right side of thehn  45 eV images. However, the
intensity of this feature is greater than that predicted
our calculation. The separate spin-up and spin-down s
bands are not distinguishable in the data or the calcu
tions for the 45 and 60 eV electron images due to t
finite photoemission linewidth and experimental resol
tion. At 60 eV photon energy, the diagonal features o
the left and the arc on the right have moved inward
which are both clear indications of perpendicular dispe
sion. At 90 eV photon energy, thedxz anddyz bands have
negligible photoemission matrix elements and thesp-dz2

band has dispersed above the Fermi energy, so they ar
longer seen. A faint vertical bar passing through the ce
ter is due to majority-spindx2-y2 emission and an “X” in
the center of the image originates from the majority-sp
dxy initial state located 0.2 eV belowEF and observed
due to our finite experimental resolution. All of the de
ductions of the symmetry of the initial states from photo
mission selection rules are consistent with those from t
calculations.

To quantify the dispersion of the electronic struc
ture of the 1.2 ML film and further identify some of
the features, additional images were taken at interm
diate photon energies to those shown in Fig. 2. T
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locations of the various structures in the images w
tracked versusk' along the f10g and f11g azimuths.
These Fermi surface features are plotted in Fig. 3 alo
with Wang and Callaway’s calculated bulk Ni Ferm
surface [16].

The filled diamonds show the 3d-band FS crossings
and the open circles show the location of the ringlikesp
band which appears as a faint arc in the 45 eV imag
The crosses show the location of a dispersionless p
located at the zone boundary, the most intense featur
the 90 eV image. This feature cannot be identified with
specific initial state without inclusion of multiple scatterin
analysis [15]. The open diamonds show the location of
dxy initial states located 0.2 eV belowEF , not part of the
Fermi surface, yet observed in our image.

From these observations, we conclude that the Ni
hibits bulklike electronic dispersion, even in films as th
as 1.2 ML, with the relative intensities and polarization d
pendences in good agreement with calculations.

This bulklike electronic structure can be understood
there is significant hybridization between the Ni film an
the Cu substrate. The radial extent of the Ni 3d levels,
such as thedxz and dyz, confines their interactions to
nearest-neighbors and this interaction is strongly scree
by the sp electrons. Thesp states, however, extend t
additional neighboring sites so that interface hybridizati
with the substrate will involve the Nisp-dz2 hybrid
and the Cusp, both of which crossEF. Through that
hybridization, the Bloch periodicity of the substrate
imposed on the electronic wave functions in the film.

A tight binding study of the electronic structure of
Ni monolayer on Cu(001) illustrates the importance
hybridization effects at the interface [6]. Little differenc
was found between the dispersion of electronic states
the bulk Ni(001) surface layer and the one monolay
film of NiyCu(001). Depolarization of the Nid band was
found to occur by hybridization with the Cuspband while
the Cu 3d band was relatively unimportant. One mig
expect to observe a narrowing of the Ni 3d band due to a
reduced coordination of the surface atoms with respec
the bulk. However, no narrowing is evident in the phot
energy dependence of the emission from the “pure 3d”
dxz and dyz orbitals, due to strong screening by thesp
electrons.

This observation of hybridization of like 3d transition
metals is not limited to this single system: We ha
observed similar behavior in atomically thin CuyNi(001)
and CoyCu(001) films. We attribute this to the simila
electronic structures, differing primarily in band-fitting
and to the small lattice mismatch,,2.5% for NiyCu(001).
Recent calculations on CoyCu superlattices [17] show tha
there is a strong hybridization between the Cod bands
and the Cusp bands. Co, however, has a lower ba
filling compared to Ni, so that thesp-dz2 band in Co
lies aboveEF . Thus the mechanism for hybridization i
CoyCu involves the Cod bands and the Cuspbands. The
higher band filling in Ni results in the Nisp-dz2 hybrid
re
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band being partially filled atEF , facilitating hybridization
with the Cusp band.

The hybridization of the Nisp-dz2 band with the Cusp
band plays a crucial role in determining the nature of t
electronic structure of these films and yields a mechani
for the film to interact with the substrate crystal field
Through this interaction, a two-dimensional array of N
atoms develops the characteristics of a bulk electro
structure giving rise to a complete three-dimension
Fermi surface. The strength of this interaction w
determine the degree of bulklike versus two-dimensio
electronic behavior in other thin film systems.
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