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Dominance of the Final State in Photoemission Mapping of the Fermi Surface of Co=Cu�001�
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The Fermi surface of tetragonally distorted fcc Co films grown on Cu(001) has been investigated with
first-principles calculations and compared with an experimental determination using angle-resolved
photoemission. The angular distributions for h� � 21–45 eV are dominated by the structure of the final
states rather than by the shape of the Fermi surface. Theoretical estimates of the photoemission matrix
elements support this observation. This suggests that photoemission can have limitations in mapping
Fermi surfaces, especially for materials that exhibit flat, closely spaced valence bands.
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essential. to perform a spin-polarized linearized augmented plane
The electronic structure of the Fermi surface (FS)
determines many physical and chemical properties that
are relevant in material and device design. In thin
films, coupling of Fermi surface periodicities with quan-
tum well states is known to both stabilize film thicknesses
at characteristic values [1] as well as transmit spin-
dependent information between layers. In giant magneto-
resistance and in magnetic tunneling junctions employing
this phenomena, spin-dependent scattering at the Fermi
surface gives rise to enhanced magnetic sensitivity. In
addition, investigations of the structure of the Fermi
surface of cuprate superconductors have been instrumen-
tal in improving our understanding of those materials.
For these reasons, it is important to develop and charac-
terize new tools for extracting Fermi surfaces.

In these diverse materials, it is not always possible to
apply a traditional de Haas–van Alphen measurement of
the FS due to its need for pure, crystalline material with
long scattering lengths. For this reason, Fermi surface
mapping using angle-resolved ultraviolet photoelectron
spectroscopy (ARPES) has become common. There have
been many recent efforts using this method to study the
3d transition metals, superconductors, as well as other
materials [2–6].

The implicit assumption in FS mapping is that the
spectral weight in angle-resolved photoemission is domi-
nated by the structure exhibited by the Fermi surface of
the material. Actually, the photoemission process is an
excitation from the initial state, the FS, to a final-state
located h� eV higher in energy. In this Letter, we show
that photoemission from Co films grown on Cu(001) gives
angular distributions that are dominated by the struc-
ture of the final state in the photoexcitation process,
and the locus of intensity in k space does not resemble
cross-sectional slices through the Fermi surface. First-
principles calculations are used to predict these photo-
emission matrix elements, and they are found to agree
reasonably well with the spectral weight found in the
experimental data. This suggests that caution be used
in interpreting Fermi surfaces mapped with photoemis-
sion and close coupling with a theoretical description is
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In the model of photoemission that is typically used
to evaluate data, the final-state momentum of the de-
tected free electron lies on a sphere with a k-space radius
determined by its kinetic energy. It is coupled into the
bulk excited state, essentially a time-reversed LEED
state, via kk conservation. k? is determined by using an
approximation of a parabolic free-electron-like band in a
constant inner potential V0 [7]. This final state is essen-
tially a slice through the Brillouin zone establishing the k
values from where the excited electron can originate. The
locus of points where this sphere intersects with the Fermi
surface establishes the k values where photoemission in-
tensity is expected. By changing the photon energy, the
excited Fermi-level electrons change kinetic energy, and
different initial (and final) k states within the Brillouin
zone are sampled.

The matrix elements in the photoemission process re-
flect the overlap of the initial (occupied) states with the
final (unoccupied) excited states, and the manner in
which they couple to the detected photoelectron. The
existence of a photoemission transition resulting in a
detected electron means that there must be a coincidence
of initial and final states at these points in k space, sepa-
rated in energy by h�, and having symmetries that can
couple through the momentum operator.

In the calculations below, we compute the photoemis-
sion matrix elements using realistic calculations of the
final-state bands for all the potential k points that are
sampled by the detected electron. In Cu, these calcula-
tions have been shown to give accurate predictions of the
final bands in detailed comparisons with ARPES and
VLEED measurements [8]. For the case of Co=Cu�001�,
we will find that the final state dominates the shape of the
angular distribution of photoelectrons from the Fermi
level, and not the Fermi contour itself. This effect can
be especially significant for materials with flat bands
near EF such as 3d metals and superconductors and
suggests that a close coupling between theory and experi-
ment be maintained in interpreting such data.

To compute the photoemission angular distributions
and their asymmetries, we have used WIEN97.9 [9,10]
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wave first-principles calculation including spin-orbit in-
teraction. In these calculations, the generalized gradient
approximation was used to treat exchange and correlation
and a basis set of 375 plane waves was used for each spin
which includes additional local orbitals added to improve
the quality of the empty final states [11]. The Co was
assumed to have a bulk tetragonally distorted structure
[12–14] with in-plane lattice parameters that of Cu
(3:615 A) and out-of-plane spacing that is compressed
by 3:7% (3:42 A). The Co was magnetized in-plane along
the [100] direction.

Using an fcc structure without the tetragonal distor-
tion, our own calculation of the Co band structure is
essentially consistent with other calculations in the lit-
erature [15,16]. For the tetragonal distortion here, the
main difference is that the bands with �5

# and �5
" char-

acter split into two inequivalent bands due to the reduced
symmetry.

Figure 1 displays three-dimensional representations of
the FS calculated for this bulk tetragonally distorted fcc
Co. The top-left surface 1(a) is the single majority-spin
3d-4sp hybrid band centered at � with an open orbit at
the L point. This band is very similar to the 3d-4sp
hybrid Fermi surface in Cu, and has a strong contribution
from majority 3d bands (d#

z2
and d#xy) at energies close

to EF, as mentioned in Ref. [17]. The other surfaces are
three different minority-spin surfaces. In Fig. 1(b), the
ellipsoidal hole pockets and the closed surface in Fig. 1(d)
are primarily of dxy and dxz�yz symmetry. As is evident in
Fig. 1(d), the tetragonal distortion induces an asymmetry
in these states along the [001] direction in comparison
with [100] or [010]. The minority-spin surface in Fig. 1(c)
contains large open orbits and is primarily of dx2	y2
and dz2 character.

Figure 2 outlines the states probed in the photoemis-
sion experiment. The spheroidal arcs drawn in Fig. 2(a)
show the region of the Brillouin zone (BZ) that is probed
FIG. 1. Calculated Fermi surfaces of 3:7% tetragonally dis-
torted (z-compressed) fcc Co. (a) spin-up with primarily
4sp-like and (b)–(d) spin-down 3d Fermi surfaces.
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by photon energies of 21, 31, and 45 eV, respectively, using
the FS of Fig. 1(d) as an example. If one looks down on
these BZs from the top, one would see the initial (FS) and
the final (excited) states’ DOS as given in Figs. 2(b) and
2(c). Those figures include contributions from neighbor-
ing zones and those in 2(b) include contributions from all
of the FS structures in Fig. 1. The calculated Fermi sur-
face cross sections in Fig. 2(b) are given by the solid lines
while the gray features give the density of states (DOS)
within 
0:25 eV of EF. Since the dipole transition in-
volves �‘ � 
1, the contours shown in Fig. 2(c) give the
corresponding pz and pxy excited states lying h� in en-
ergy above EF; there are no f levels there. It is the overlap
of these states in 2(b) and 2(c) coupled with the momen-
tum matrix operator that give rise to photoemission. In
2(c), note the narrow regions of k space that have an
appreciable DOS.

The photoemission experiments were performed at
Louisiana State University’s Center for Advanced Micro-
structures and Devices (CAMD) synchrotron at the Plane
Grating Monochromator (PGM) beam line [18]. Mea-
surements of Fermi surfaces using photoemission can be
accomplished in two manners. While varying the detec-
tion angle, spectra can be accumulated as a function of
binding energy and, when a peak moves through EF, a FS
crossing is recorded. Alternately, data can be acquired by
FIG. 2. Illustration of the region of the Brillouin zone
sampled for three different photon energies h� � 21, 31, and
45 eV. The spherical slice intercepting the third spin-down
Fermi surface is the free-electron final state that is detected
in the experiment and its intersection with the Fermi surfaces
gives the loci of k points sampled. (b) Density of states within

0:25 eVof EF (the initial states in photoemission) and the
solid black lines give the contours of EF as they intercept the
free-electron spheres in (a) above. (c) Density of states of the p
final states at h�
 0:25 eV above EF. The center of each panel
in (b) and (c) is along the �-X line and the edge of each panel is

1:74 A (corresponding to the �-X distance).
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setting the spectrometer at EF and measuring the spectral
intensity while scanning the detection angle. In general,
one assumes that the locus of points at which intense
emission from the Fermi surface is observed describes
the shape of the Fermi surface [19]. We used a two-
dimensional display-type ellipsoidal-mirror analyzer to
image the energy-resolved angular distributions of elec-
trons ejected from surfaces [20].

The Cu substrate was prepared by cycles of Ar� sput-
tering at 1 keV and annealing to 700 K. Co films
(� 10 monolayers thick) were then grown at room tem-
perature by electron bombardment of cobalt wire of high
purity in a UHV chamber. Co films on Cu(001) are well
known to grow in a pseudomorphic face-centered cubic
structure compressed by 3:7% in the z direction [12–14].
The films were thick enough that the underlying Cu
substrate was not observed in photoemission. In the
present experiments, linear p-polarized light was incident
on the sample at 45� and the angular distributions were
collected in a 27� half angle about the sample normal and
the energy resolution was �0:3 eV. More information
about the details of the experimental setup can be found
in Ref. [21].

In Fig. 3(a), images of the angular distribution of
photoemission from the FS of a 10 monolayer (ML)
Co=Cu�001� film are shown for photon energies of 21,
31, and 45 eV. The solid angles accepted in the images are
FIG. 3. Photoelectron angular distributions from the Fermi
surface of 10 ML Co=Cu�001� for h� � 21, 31, and 45 eV
measured with a display-type analyzer. (b) Calculated photo-
emission angular distributions corresponding to the initial
states in 2(b) and the final states in 2(c) with the bounding
box dimensions being 
1:74 A	1. The data in (a) are scaled to
match in A	1. In (c), we overlay the calculated angular
distributions from (b) as black contours on top of the DOS
within 
0:25 eV of EF from 2(b). These contours do not match
the shape of this initial DOS; rather, they match the shapes of
the final states 2(c).
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scaled to provide a linear representation in k space and
can be compared directly to the states in Fig. 2 and the
predicted photoemission angular distributions in 3(b).
Despite the fourfold symmetry of the film along the
crystal’s normal [001], both images exhibit a twofold
emission pattern due to the polarization direction of the
incident photon beam. Any top-bottom asymmetry is due
to the slight misalignment of the crystal along a rotation
axis normal to the film plane. In Fig. 3(a), the 21 eV image
shows an intense x-like structure centered at the �-X axis
with intensity along the [110] and 110� directions, re-
spectively. The 31 eV image, slicing the FS closer along
the �-X direction, gives a pattern with two intense di-
agonal features, similar to the corner of a diamond, with a
single more intense unresolved feature on the left. The
45 eV image is more complicated with the most intense
features being two diagonals with several lower-intensity
structures.

From the calculated electronic band structure, it is pos-
sible to produce an estimate of the photoelectron angular
distribution at given photon energies and this is shown in
Fig. 3(b). This is accomplished by calculating the momen-
tum matrix elements between the initial states (the FS)
and the final states in the usual approximation of a slowly
varying photon field [22]; the intensity is given by

d�
d�

/ jA � h ijPj fij2��Ef 	 Ei 	 h��:

The (complex) momentum matrix elements are ob-
tained at the locations in the Brillouin zone given by
the final-state electron’s momentum, the arcs in Fig. 2(a).
An inner potential of 13.4 eV (accounting for the work
function) was used in the calculation and the results were
rather insensitive to the specific choice (within 
2 eV).

In Fig. 3(b), the predicted photoelectron angular dis-
tributions are shown using p-polarized light incident in
the horizontal plane at an angle of 45� from the normal.
This polarization choice (matching that of the experi-
ment) is responsible for the left-right asymmetry in 3(b).
In order to account for both k broadening and a nonzero
experimental energy resolution, we have computed the
matrix elements using a 
0:25 eV energy width in both
the initial and final states. This rather large energy width
accommodates the limited number of k points in the
calculation.

One can see from this figure that the essential aspects
of the measured patterns are reproduced; the x-shaped
feature for h� � 21 eV image is clearly seen and the scale
in reciprocal space is close to that observed experimen-
tally. For h� � 31 eV, the calculation also gives a rea-
sonably good match. The two ‘‘arms’’ of intensity are
seen directed towards the intense, unresolved lobe to the
left. Even the feature directed at 11 o’clock from the
top arm is visible in the experimental data. There is a
lobe of intensity to the right that is not predicted in the
calculation.
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The h� � 45 eV data also shows a correspondence to
the calculated data with square-shaped structures one
within another and the polarization of the light making
it most intense to the left. In this case, though, we expect
departure from the better agreement observed at the lower
photon energies due to the limited number of plane waves
used which restricts the validity of the empty states in the
45 eV panel of Fig. 3(b). We expect that the addition of
more local orbitals at energies exceeding 45 eV above EF
may provide better agreement with experiment.

In Fig. 3(c), we reproduce the density of states within

0:25 eV of EF, from Fig. 2(b), and we overlay them
with a thresholded copy of Fig. 3(b), where all points
exhibiting a calculated photoemission matrix element is
rendered black. Despite the good agreement of those cal-
culations with the angle-resolved photoemission data,
these matrix elements do not at all resemble the ‘‘shapes’’
of the Fermi surface initial state DOS. Especially when
compared with the black contours of EF in Fig. 2(b), the
lack of correspondence between measured angular distri-
bution and the initial state is clear. Finally, when the
computed angular distributions in Fig. 3(b) are compared
with the final state DOS of Fig. 2(c), one finds that the
good agreement makes a compelling case that we are
primarily observing the contours of the final state rather
than the Fermi surface.

For all three photon energies, the initial state has a
quite different shape from that seen in both the calculated
and experimentally observed photoemission pattern. The
initial state is quite broad in both E and k due to the small
dispersion (or ‘‘flatness’’) of the bands at the Fermi level.
The final state, on the other hand, disperses much more
rapidly in E�k�. Since the photoemission spectral weight
results as an overlap of these two states, coupled by the
momentum matrix operator, the rapid dispersion of the
final state provides the strongest influence in determining
the locations in k, where photoemission transitions occur.
Consequently, the photoelectron angular distributions re-
flect the structure of that final state to a greater degree
than the contours of the initial state, the Fermi surface.

This phenomenon is generally to be expected for ma-
terials with flat bands and we have observed similar
strong final-state effects in ARPES from Ni films and
from the 3d bands of bulk Cu. In the latter case, the d
bands occur at higher binding energy, yet their angular
distributions are also dominated by the final state. For Cu,
the Fermi surface arises from sp-like states which dis-
perse much more rapidly. This results in Cu FS photo-
emission angular distributions that exhibit the features of
both the initial and final states.

In summary, we have used first-principles calculations
to predict the angular distribution of photoelectrons from
the Fermi level of Co=Cu�001�, and we have compared
them with experimental determinations. The predicted
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angular distributions agree with observations but the
shapes of the angular distributions are found to reflect
those of the final states rather than the initial occupied
state, which in these measurements was the Fermi sur-
face. In the case of Co and other flat-band materials, the
lack of strong dispersion of the initial state means that the
angular distribution will be more heavily influenced by
the final state which disperses much more rapidly, and
provides for significant matrix elements within much
more limited regions of k space. This suggests that photo-
emission measurements of Fermi surfaces for flat-band
materials such as heavy fermions and cuprate supercon-
ductors be coupled closely with theoretical descriptions to
identify the origin of the observed angular distributions.
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