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One of the fundamental properties of an electronic system is its dimensionality. Novel photoemission
apparatuses enable a direct determination of the Fermi surface of metals in all three dimensions but the data
obtained from transition-metal monolayers appears to defy established experimental and theoretical insights.
Our experimental approach resolves all of the existing conflicts surrounding Ni/Cu�100� and similar systems.
We suggest the measurement of Fermi-surface projections to optimize spin-dependent transport properties.
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I. INTRODUCTION

The world that surrounds us is made of three-dimensional
objects and this fact determines their physical properties. On
the lengthscale of the atomic interactions, however, one dis-
tinguishes between three-, two-, and lower dimensionality.
The quantum Hall effect, the layered high-TC superconduct-
ors, and the oscillatory magnetic interlayer coupling of giant
magnetoresistive �GMR� multilayers all reveal important as-
pects of two-dimensional physics in three-dimensional mat-
ter. Experimental progress has in recent years enabled the
measurement of Fermi surfaces in three dimensions by pho-
toelectron spectroscopy so that several studies exist by now
with bulk Cu chosen as a prototype system.1,2 Motivated by
the GMR applications of Co/Cu and Ni/Cu multilayers,3 pho-
toelectron spectroscopy has recently been applied to ultrathin
Ni and Co films to obtain the Fermi-surface geometry in
momentum space directions parallel and perpendicular to the
film plane. In the photoemission experiment it was found
that 1 monoatomic layer �ML� Ni/Cu�100� displays a Fermi
surface which is identical to that of bulk Ni, as represented
by a 6 ML film.4 More precisely, the angle distribution pat-
tern of electrons from the Fermi level was found to vary
between photon energies h�=45 and 90 eV in exactly the
same way for 1 and 6 ML and clearly differently from that of
Cu�100�. Furthermore, the width of the Ni d band does not
change between the monolayer and bulk Ni. These findings
for Ni and also for Co were interpreted as resulting from a
three-dimensional electronic structure in the monolayer at-
tributed to the short screening length of electrons in metals,
the similarity of Ni and Cu cores, charge transfer which acts
to smoothen out the 2 eV potential step between Ni and Cu,
and Ni-Cu hybridization.4

On the other hand, inverse photoemission of 1–5 ML Ni/
Cu�100� reveals distinct quantum-well states above the
Fermi energy �EF� proving strong electron confinement in

the Ni layer.5 Angle-resolved photoemission along �100�
showed at constant photon energy that the Ni d band changes
with thickness and is narrower for 1 ML Ni/Cu�100� than for
bulk Ni, a result which agrees with the theoretical expecta-
tion for systems of reduced dimensionality.6 This is impor-
tant for the magnetism of Ni since band narrowing in this
strong ferromagnet leads to a reduced magnetic moment
which is indeed experimentally observed at the Ni/Cu
interface.7 There are, therefore, important unresolved prob-
lems in terms of the findings in Ref. 4. Moreover, the same
authors conclude in a subsequent study of thick Co/Cu�100�,8
that for 21–45 eV photon energy, the angle distribution does
not correspond to the shape of the Fermi surface but to the
structure of the final states. This was explained by the flat-
ness of the E�k� dispersion of transition-metal d bands.8 Be-
cause final states are three dimensional, this result raises the
question whether the three dimensionality of the Ni and Co
monolayers4 is a final-state effect as well. Other theoretical
studies also note the role of the final state in Fermi-surface
measurements, and first calculations have been published for
bulk Ni.9

The present situation is unsatisfactory leaving fundamen-
tal questions open: �i� Are the experimental findings4 repro-
ducible? �ii� Are the expectations for the electronic structure
from reduced dimensionality wrong when the Fermi surface
is considered or when Ni/Cu�100� is concerned? �iii� The
magnetic interlayer coupling is described based on electron
confinement in multilayers.10 How can the GMR effect exist
despite formation of a three-dimensional electronic structure
and Fermi surface at Ni/Cu and Co/Cu interfaces? �iv� How
can the contradiction with quantum-well states be resolved?
�v� What does the alleged three-dimensionality mean for itin-
erant magnetism in low dimensions? �vi� Can we learn any-
thing about the Fermi surface of transition metals from pho-
toemission and can we discuss its dimensionality despite
final-state effects? �vii� If confinement is really so weak, is
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much stronger confinement possible by cutting off remaining
interactions, and which novel transport and spin-transport ef-
fects might result?

II. EXPERIMENTAL

Photoemission experiments have been conducted with lin-
early polarized light with a display-type analyzer,2 a hemi-
spherical analyzer �Fig. 1�, and a second generation toroidal
analyzer11 �Figs. 2–5�. Samples were prepared as described
previously6 and measured at room temperature. All measure-
ments are for the �100�-surface, therefore, we will refer to the
systems simply as Cu, 1 ML Ni, and 6 ML Ni.

III. NORMAL-EMISSION PHOTOELECTRON SPECTRA

Normal emission spectra are shown in Fig. 1 for clean Cu,
1 ML Ni, and 6 ML Ni. Conventionally, the photon energy is
varied to probe direct transitions into free-electron final
states which corresponds to varying the electron wave vector
perpendicular to the surface normal �k�� along �X. It is seen
that the d states in Cu around 2–4 eV binding energy show a
significant dispersion with k�, especially after surface
photoemission is removed by Ni deposition �Fig. 1�b��, and
about the same dispersion occurs with the d states of 6 ML
Ni which are situated 2 eV higher, at EF. In contrast, the Ni d
states of 1 ML Ni �red arrows� stay at fixed binding energy
without any dispersion. This textbook example of reduced
dimensionality of the electronic structure of a monolayer

film is in stark contrast to the formation of a three-
dimensional Ni electronic structure found in Ref. 4.

IV. ANGLE DISTRIBUTION AT EF

Figure 2 shows for h�=60 eV the angular distribution of
photoelectrons from EF plotted vs. k� = �kx ,ky�, i.e., the elec-
tron wave vector components parallel to the surface plane.
The measurement was achieved by azimuthal scans. During
an azimuthal scan the sample rotates about its surface normal
while electrons emitted along polar angles −90° to +90° are
measured simultaneously.11,12 In Figs. 2�a�–2�d� we see the
distribution from clean Cu with features from the belly of the
Fermi surface in the first and second Brillouin zone. Domi-
nating features in the first Brillouin zone are in Fig. 2�a�
intense and broad emissions �A� situated inside of a circle at
1.1 Å−1. Intense features in Fig. 2�d� define again a circle
�B� but it is larger �1.3 Å−1� than in Fig. 2�a� even though
only the light polarization has changed. The sharp emission

B occurs along �01̄1�. Along this direction, the Cu Fermi
surface has necks which lead to small bulk band gaps at EF
when projected onto �100�. Feature B was recently observed
and attributed to a surface state13 which is well known from

photoemission at the X̄-point of Cu�100�.14

Figures 2�b� and 2�c� show that feature A is preserved at 1
ML Ni �here partially due to Cu background� and becomes

FIG. 1. �Color online� Angle-resolved photoemission in normal emission. Ni d states do not disperse with h� or k� for 1 ML �two-
dimensional� but disperse strongly for 6 ML Ni �three-dimensional�. For 1 ML, ticks mark �1 states at 0.9 eV and �5 states at 0.3 eV. For
6 ML, solid ticks mark �1 states and dashed ticks mark �5 states.
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slightly more elongated for 6 ML. Considering feature B,
some intensity is left for 1 ML �Fig. 2�e��. This persistence,
unexpected for a surface state, comes along with the appear-
ance of a similar feature C with slightly smaller k�

�1.05 Å−1� which dominates the pattern together with other
new features. �The red circle at k� �2 Å−1 in Fig. 2�e� is an
artefact of the detector.� Feature C appears very similarly for

6 ML �f� but somewhat closer to the center �k� =0.9 Å−1�.
Also Figs. 2�b� and 2�c� show A-type features similar to each
other. Thus for both light-incidence geometries, the overall
appearance of 1 ML and 6 ML Ni is, in spite of some differ-
ences, rather similar confirming for h�=60 eV the previous
finding of a certain thickness independence.4

FIG. 2. �Color online� Angle distribution of photoemission intensity at EF, h�=60 eV. Predominantly k�E �top� and k �E �bottom�
�Ref. 12�. Fermi-surface contours are similar for 1 and 6 ML Ni and very different from those of Cu.

FIG. 3. �Color online� Angle-dependent photoemission spectra, h�=60 eV �Ref. 12�. Dispersions with k� are less pronounced for 1 ML
than for 6 ML Ni while they intersect EF at similar k� vectors.
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V. ANGLE-DEPENDENT PHOTOELECTRON SPECTRA

Angle-dependent photoemission spectra were taken

through both �01̄1� and �001� azimuths as shown in Fig. 3.12

For Cu, we can identify the features which cross EF, i. e., A
and B, both of which disperse with k�, and other d-type fea-
tures around 2 eV binding energy �C� ,D��. Concerning fea-
ture B, its dispersion from EF downward by 2 eV connecting
it to the d states shows that it is a three-dimensional feature
and not the two-dimensional surface state claimed before13

because that surface state disperses very differently forming
a parabola which reaches its bottom already 58 meV below
EF.14

Turning to Ni and comparing monolayer and bulk disper-
sions of features C and D shows that these bands cross EF at
similar k� vectors for 1 and 6 ML Ni but each disperses in
very different ways with k� for 1 and 6 ML Ni. For thick Ni
each band shows a much more pronounced k� dependence, in

particular along �01̄1�. Even though the Fermi surface has a
similar appearance, the Ni monolayer can clearly be distin-
guished from bulklike Ni when comparing the band disper-
sion away from EF not only with k� as in Fig. 1 but already
with k�. This observation reconciles conclusions drawn from
Figs. 1 and 2.

Concerning the Ni features A, C, and D, we note that their
intensity is highest near EF and rapidly drops at higher bind-
ing energy. This was recently measured for Ni�100� �Ref. 15�
and studied in detail employing one-step photoemission
calculations.9 The intensity drop was explained in terms of a
final-state gap at 43 eV. In the calculation,9 the effect
depends sensitively on the photon energy and requires
42 eV�h��43.5 eV. This explanation may, however, not
be appropriate in view of the photon energy of 60 eV used in
Fig. 3, and this calls the suitability of the theoretical descrip-
tion into question.

VI. ANGLE-RESOLVED CONSTANT-INITIAL STATE
SPECTROSCOPY (ARCIS)

A central observation in Ref. 4 is the photon energy de-
pendence of monolayers. We show in Fig. 4 ARCIS spectra
at EF by scanning the photon energy from 30 eV �inner arc�

FIG. 4. �Color online� Angle-resolved constant-initial-state spectroscopy at EF. Characteristic features C of 1 ML Ni and E of bulk Ni
appear in Cu band gaps which prevent coupling to the substrate.

FIG. 5. �Color online� Calculated orbital character at EF of Cu
and Ni bands compiled using Ref. 17. The fourth minority-spin
band of Ni �Ni↓ band 4� corresponds to feature E in Fig. 4�f� which
develops for 6 ML Ni and not for 1 ML Ni. It is of pure d character.
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to 90 eV �outer arc�. The spectra have been mapped abso-
lutely in k by employing a free-electron final state with an
inner potential of 12 eV. The Cu feature B appears without
dependence on k�. The broader feature A follows the pre-
dominantly spherical shape of the Cu Fermi surface with k�

and can also be observed very clearly as A� in the neighbor-
ing Brillouin zone and at lower photon energies, also
�45 eV. Looking at Figs. 4�b� and 4�c� and Figs. 4�e� and
4�f�, the first impression is that of a very similar k� depen-
dence of 1 and 6 ML Ni as was reported before.4 The Ni
features appear less defined than the Cu features. Moreover,
most features observed for Ni in Figs. 4�b�, 4�c�, 4�e�, and
4�f� already appear with similar intensity modulation for Cu.
The modulation, e.g., the strong intensity at k�=4.2 Å−1, is
not due to initial states, in Figs. 4�a� and 4�d�. These are
final-state effects in Cu and Ni, and they are not caused by
the flatness of d bands8 because the states at the Fermi sur-
face of Cu are neither d nor flat.

Reference 4 suggests as reason the short electron screen-
ing length and charge transfer smearing out a 2 eV potential
step between Ni and Cu. There is, however, no need to in-
voke such arguments because practically no interface charge
transfer occurs already in the single-particle picture of local-
density theory without any screening ��0.01 electrons/atom
from Ni to Cu �Ref. 16��. It is hence not straightforward to
attribute any special qualities to the Fermi energy except that
for Cu, band gaps at EF are small. We have seen strong
two-dimensional confinement for energies below EF in Fig.
1. Considering EF directly, we can in the entire Fig. 4 see
only two Ni features that do not appear similarly in Cu: One
is the sharp feature C for 1 ML Ni. The other one is the
feature E at the X point in 6 ML Ni. C is a monolayer sp
feature which for 6 ML Ni moves away and broadens in k,
and E is from the bulk majority spin Fermi surface �pure
d-character according to Ref. 17� which is invisible in the Ni
monolayer data because the bulk Ni Fermi surface has not
yet developed as a whole. Figure 4 shows that C and E have
in common that they are the only features which are situated
in the rare gaps of the Fermi surface of the Cu substrate
projected on �100�: C inside of the necks at the L-point and E
at X in between the spheres. These gaps are crucial in con-
fining Ni electrons at EF to the overlayer the thickness of
which determines the dimensionality.

VII. CONCLUSION

The questions posed at the outset can now be answered:
�i� The experimental behavior is confirmed. �ii� Simple ex-
pectations from the ground-state electronic structure about
dimensionality and confinement are fulfilled. There is no
need to invoke a particular role of the electrons at EF. For the
Fermi surface, the �100�-projection of the bulk Ni states on
the bulk Cu states is to be considered. Only regions which jut
out are two-dimensionally confined, the large degenerate re-
gions are potentially three-dimensionally extended, however,

quantum-well resonances are possible and do occur. �iii� In
particular, the caliper vectors10 describing long-range oscil-
latory magnetic coupling in GMR systems are an example of
such resonances. �iv� Consider intensities. The quantum-well
states and resonances are present along with three-
dimensional bulk direct transitions which in the spectra are
often spectroscopically suppressed by choosing, e.g., for
Cu�100�-derived quantum wells either h��15 eV �Ref. 10�
or h��10 eV.18 While in previous normal-emission
measurements10,18 the bulk transitions did not compete for
spectral weight, they dominate the present Fermi-surface
scans. �v� Consider symmetries. Figure 1�b� shows two Ni
peaks but these have contributions from two pairs of
exchange-split states of even and odd symmetry.6 The even-
symmetry ones have the character of resonances whereas the
odd-symmetry ones are fully confined. The confinement is
indeed strong because apparently bulk direct transitions in Ni
are not spectroscopically suppressed and would appear under
the measurement conditions in Fig. 1 if they were strong.
Nevertheless, normal-emission Ni features are weak as com-
pared to off-normal ones as seen directly in Figs. 3�b� and
3�e�. Unlike previously suggested,4 the Ni d states cannot
hybridize with substrate Cu d states due to the large energy
separation ��2 eV�. The Ni 3d magnetic moment is reduced
at the interface due to confinement-induced band narrowing
and sp-d hybridization within Ni. The symmetry-allowed
Ni d states can hybridize with Cu sp states but the spacial
localization of the Ni 3d wave functions �about 1/2 of the
nearest-neighbor distance� prevents extension of an induced
moment into Cu. Even at the Co/Cu interface with �3�
larger magnetic moment, the Cu moment is only 0.05�B.19

�vi� There is much progress in calculating final-state
effects8,9 but the comparison to experiment is not convincing
as yet. Final-state effects are strong but they do not obscure
our insight into dimensionality. �vii� Much stronger confine-
ment is indeed possible but it will be interesting whether it
can be achieved to tune spin-transport properties as they will
depend on the ratio between majority- and minority-spin
transmissions. It has been argued that reliable calculations of
spin-dependent transport must in the future use Fermi-
surface projections as employed here.20 This emphasizes the
potential of Fermi-surface measurements by angle-resolved
photoemission for magnetotransport, in particular when spin
resolution is added.

Note added. The reader is suggested to consider also Ref.
21 which was published after the submission of the present
paper.
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