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A method for atomic-orbital orientation determination at each k point has been developed. The three-
dimensional Cu Fermi surface �FS� structure was measured and visualized by stacking a series of photoelectron
intensity angular distribution �PIAD� at different photon energies. PIADs from the Cu�001� surface were
obtained using a display-type analyzer and linearly polarized synchrotron radiation. The atomic orbitals com-
posing the FS were determined to be mainly 4p orbitals with their axes pointing outward. Atomic orbital
orientations at different k coordinates on FS as well as the FS cross-section structures were revealed directly
from experiment and were confirmed by ab initio calculation.
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I. INTRODUCTION

The analysis of the Fermi surface �FS� is essential for the
study of all kinds of physical properties of metals, e.g., elec-
tronic and magnetic properties, chemical reactivities, and the
optical response. The increasing demand to investigate the
unique physical and chemical properties of new materials
like the high-TC superconductors has led to a rapid evolution
of Fermiology by high-resolution photoemission studies with
synchrotron radiation1–3 �SR�. The method is based on the
fact that angle-resolved photoelectron spectroscopy gives di-
rect access to the FS defined in k space and its use has been
demonstrated in a number of cases.4–9

Recently, research has been touching upon several prob-
lems where in addition to the shape of the FS, knowledge
about the atomic orbitals constituting the FS and their orien-
tation would be desireable. To name one example, the FS of
a liquid lead monolayer supported on a Cu�111� surface has
been measured most recently.10 It was reported that different
sheets of the FS have distinct coherence lengths and this
finding has been attributed to a strong dependence of the
localization lengths on the character of the constituent
atomic orbitals.10 Another example is the FS of a 1.2 mono-
layer Ni film on Cu�100� which has been found to be similar
to the bulk Ni FS �Ref. 11�, although the electronic structure
of the Ni monolayer is different from that of bulk Ni.12 In
similar transition-metal films, coupling of the electronic
structure to the Cu�100� substrate was discussed in conjunc-
tion with atomic-orbital composition based on band structure
calculations.4 Yet another example is the unusual behavior of
surface states on stepped Cu�111� surfaces.13,14 Here, a
strong tilt of orbital orientation was recently predicted at the
step edges.15 Furthermore, the key role of the atomic orbital
degree of freedom in the science and technology of corre-
lated electrons, regarded as “orbitronics,” has been one of the
stimulating issues in the latest frontiers of solid state

physics.16 These examples illustrate the demand for a direct
experimental method to analyze the atomic orbitals resolved
in three-dimensional k space. Nevertheless, such method was
still lacking and is the topic of the present report.

FS mapping has typically been performed with a small
acceptance angle energy analyzer by rotating a sample holder
on a goniometer. For example, several groups have mapped
the FS of Cu using a narrow energy window by rotating the
sample.4,5 When combined with a tunable SR, various cross
sections of the three-dimensional FS can be obtained.17,18

In the rotating-sample method, the azimuthal symmetry
information of initial state �magnetic quantum number m� in
the photoelectron intensity angular distribution �PIAD� is
lost during the sample rotation. An alternative to the above
method is a two-dimensional photoelectron spectroscopy
�2D-PES� using a display-type analyzer which can acquire a
full image of the PIADs in a narrow energy window at one
time.7–9,19 Recently, we have proposed a new method, the
orbital determination from angular distribution �ODAD�, to
analyze the component ratio among atomic orbitals, such as
pz or dx2−y2, from PIADs obtained by using linearly polarized
SR and a display-type analyzer.20 This analysis is based on
the idea that the PIAD can be represented as a product of the
one-dimensional density of states �1D-DOS� and angular dis-
tribution from atomic orbitals �ADAO�. This analysis has
successfully described experimental data from many differ-
ent systems, such as graphite,21,22 Bi2Sr2CaCu2O8,23 and
TaSe2.24

In the general case, the materials are not layered like the
above mentioned examples and a dispersion along the kz di-
rection perpendicular to the surface has to be taken into ac-
count. The three-dimensional Cu FS has been surveyed by a
series of PIAD measurements at various photon energies.
Here, we present the analysis of atomic orbitals constituting
the Cu FS by 2D-PES combined with linearly polarized SR.
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II. EXPERIMENTAL DETAILS

The experiment was performed at the linearly polarized
soft x-ray beamline BL-7 of Ritsumeikan SR Center in
Shiga, Japan.22 The range of photon energies �h�� covered by
a modified Rowland mount spherical-grating monochromator
is 35–130 eV. The chamber base pressure was �7
�10−11 Torr. The Cu�001� single crystal sample was cleaned
in situ by repeated cycles of Ar+ bombardment and annealing
to 600 °C. The surface quality was checked by low energy
electron diffraction and ultraviolet photoelectron spectros-
copy.

The ODAD analysis from PIAD is most effectively done
by using linearly polarized light and a display-type analyzer.
SR is introduced through a hole in the outer sphere of the
analyzer and is perpendicularly incident on the sample sur-
face. The direction of the electric vector of the SR is hori-
zontal. The PIAD at a particular kinetic energy is projected
onto a fluorescent screen with the emission angle preserved.
Thus, the momentum of the photoelectrons parallel to the
surface can be deduced directly from the position of the
PIAD peak on the screen. The energy and the angular reso-
lution of this analyzer are 1% and 1°, respectively. The raw
images were normalized by the analyzer transmittance angu-
lar distribution. The averaged pattern of the secondary elec-
trons was used as the analyzer transmittance pattern. Typical
acquisition time for one PIAD was 5 min.

In order to confirm the result of atomic-orbital analysis
from measured PIADs, the atomic-orbital component ratio
distribution in k space is calculated using ab initio code
WIEN2K.25 This uses the full-potential augmented plane wave
plus �APW+LO� method26 with the generalized gradient ap-
proximation �GGA�.27 The muffin-tin radii RMT for Cu atoms
were 2.0 a.u. The cutoff of the plane-wave expansion Kmax
was 3.5.

III. MEASUREMENT OF FERMI SURFACE

A series of PIADs shown in Fig. 1 was measured using
photons of energy from 40 to 80 eV. The periphery corre-
sponds to the emission angle of �±40° from the surface
normal. These PIADs contain information on the shape and
the symmetry of atomic orbitals composing the Cu sp band
at the Fermi level. The �110� direction of the Cu surface
coincides with the electric vector of the incident light indi-
cated as a horizontal arrow in the figure.

All the PIADs show twofold symmetry due to the linear
polarization of the incident light. For instance, four bright
segments appear along the sides of a diamond in the PIAD of
photon energy 41.5 eV. As the photon energy increases, the
segments move inward. The PIAD at 55.5 eV photon energy
shows a nearly circular feature with breaks at upper and
lower directions. Further, it gradually turns into a square-like
shape at 61.5 eV. Photoelectron intensities seen outside of
the square at the photon energy of 71.5 eV correspond to the
“necks” between neighboring Brillouin zones �BZs�. Finally
the pattern in the first BZ converges to two spots and then
disappears.

Qu et al. also have reported PIADs with light incident at
an angle of 45° to the surface normal.17 The trend seen in the

above series of PIADs is consistent with their observation
using photon energy of 95 eV for the excitation where the
photoelectron intensity from the first BZ is considerably sup-
pressed. In particular, the dependence of the PIAD on the
photon polarization is clearly observed in the present case
and, as will be shown below, contains information on atomic
orbital of initial state.

We have also calculated the Cu FS using ab initio code.25

Figure 2�a� shows the Cu FSs and BZs arranged in a bcc
lattice. The narrow part connecting neighboring Cu FSs
along the �-L direction is often called a neck. On the other
hand, there are protrusions in the �-X directions.28 The char-
acteristic shape appearing in the cross section at the �110�
plane is known as a “dog bone” structure.4–6

The radii of the four spherical curved surfaces drawn
around the BZ labeled B represent the wave vectors of the
photoelectrons excited from the Fermi level with photons of
41.5, 51.5, 61.5, and 71.5 eV. The origin of the vector is set
at the center of the BZ labeled A. A work function of 4.7 eV
and an inner potential of 8.5 eV are assumed for calculating
each wave number.17 Intersection of sphere and FS indicates
the emission angle of photoelectron. Note that the sphere
representing the excitation by photons of 71.5 eV touches
the FS in the BZ labeled D.

Figures 2�b�–2�e� are the combination of the above calcu-
lation and actual PIADs. The FS labeled B and C in Fig. 2�a�
are shown in Figs. 2�b� and 2�c�, while the FS labeled B and
D are shown in Figs. 2�d� and 2�e�.

FIG. 1. PIADs from the Fermi level of Cu�001� surface excited
by a normal-incident linearly polarized light. The electric vector of
the incident light is in the horizontal direction.
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The sphere for photoelectrons excited by photons of
41.5 eV crosses FS near the �XWK plane. The cross section
in the BZ labeled B shows a diamond-like shape. The
maxima in the PIAD corresponds to the cross section at the
�-K direction. In the case of excitation by photons of
51.5 eV, the cross section becomes more circular shaped,
showing good agreement with observed PIAD. The sphere
for photoelectrons excited by photons of 61.5 eV crosses the
FS near L points. The cross section of the FS at the BZ
labeled B shrinks and becomes square-like. Finally, the
neighboring BZs are observed in the PIAD excited by pho-
tons of 71.5 eV. The wave number reproducing PIAD in Fig.
2�e� is about 3% larger than the wave number of photoelec-
tron assuming inner potential of 8.5 eV. This is mainly due
to the limited energy resolution of the measurement. This

neck structure has also been reported by Aebi et al.5 They
used He I �21.2 eV� for excitation. This corresponds to the
lower part of the FS in the same BZ.

IV. PRINCIPLE OF ORBITAL DETERMINATION

The analysis of the PIAD from a tight-binding approxi-
mated valence band and a Bloch-wave final state showed that
the photoelectron intensity I�� ,�� in the direction of polar
angle � ��=0° at surface normal �001� direction� and azi-
muthal angle � ��=0° at horizontal �100� direction� can be
expressed as

I��,�� � D1�k����
�

A��2
, �1�

where D1�k�� is the 1D-DOS �Ref. 29� and 	A�	2 is the ADAO
from the �th atomic orbital 	�.30 A��� ,�� for s and p orbitals
in the case of normal incidence can be expressed as

As = 
	Ek,k	
 · r		2s� � sin � cos � ,

Apx
= 
	Ek,k	
 · r		2px

� � 2�1 − 3 sin2 � cos2 �� ,

Apy
= 
	Ek,k	
 · r		2py

� � 3 sin2 � sin 2� ,

Apz
= 
	Ek,k	
 · r		2pz

� � 6 cos � sin � cos � . �2�

	A�	2 for p orbitals are depicted in Fig. 3�b�. For instance,
the ADAO from the pz orbital has a zero intensity line along
the vertical direction ��= ±90° � and maxima in two direc-
tions of �=0 and 180°. These features are observed in the
PIADs excited by photons of 61.5 eV or higher in Fig. 1.
These PIADs correspond to the cross section of the FS
around the X point.

On the other hand, Apy
has its maxima in four directions

of �=45°, 135°, 225°, and 315°. The PIADs excited by 40

FIG. 2. �Color� �a� The Cu FS together with the spheres corre-
sponding to the wave vector of photoelectrons excited with various
photon energies. �b�–�e� The top views of Cu FSs and the spheres
representing the photoelectron wave vectors together with observed
PIADs. FSs labeled B and C are shown in �b� and �c�, while FSs
labeled B and D are shown in �d� and �e�. �f�–�i� Same as �b�–�e�,
but for sample rotated by 45°. �j� The Cu FS with atomic orbitals
constituting each point in k space. The direction of the p orbital
axes pointing outward is derived from the experimental analysis. FS
is colored according to the 4p orbital ratio distribution calculated by
using the ab initio code. Blue, red, and green colors correspond to
4px, 4py, and 4pz orbitals, respectively.

FIG. 3. �a� PIADs with various azimuthal rotation angles. Pho-
ton energy of 45 eV is used for exciting the electrons of FS in the
�XWK plane. �b� ADAO from px, py, and pz orbitals. �c� Cross
section of the FS at the �XWK plane. �d� and �e� ADAO and simu-
lated PIADs from p orbitals with their axes pointing radially,
respectively.
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�50 eV photons corresponding to the cross section of the
FS near �XWK plane have such characteristic features. How-
ever, we cannot simply conclude that the constituting atomic
orbital at the FS within the �XWK plane is py, since the
Cu�001� surface has fourfold symmetry.

To determine the constituting atomic orbitals at each k
point, we have measured the PIADs with rotating azimuthal
angles �s. Photons of 45 eV are used to excite the FS just in
the �XWK plane. Figure 3�a� shows the PIADs with rotating
�s from 0° to 45° in 9° steps from left to right in counter-
clockwise direction. The py-like pattern �maxima in four di-
rections� observed at the angle of �s=0° becomes a pz-like
pattern �maxima in two directions� at the angle of �s=45°.

The photoelectron intensity for the �11̄0� and �1̄10� direc-
tions is weak at �s=0° and becomes strong at �s=45°, while

the photoelectron intensity for the �110� and �1̄1̄0� directions
diminishes at �s=45°. The photoelectron intensity for the

�100�, �1̄00�, �010�, and �01̄0� directions remains weak at all
angles.

Several conformations of atomic orbitals including contri-
bution of s orbital had been tested but only one of them
showed good agreement with the observed PIADs. Figure
3�c� is the calculated cross section of the FS. Figure 3�d�
shows the derived arrangements of p orbitals together with
the contour map of ADAO calculated using the following
equation:

	AFermi��,��	2 = 	Apx
��,��cos � + Apy

��,��sin �	2. �3�

Figure 3�e� is the series of simulated PIADs corresponding to
the observed ones in Fig. 3�a�. D1 and 	AFermi	2 are essential
in this characteristic rotational dependence, i.e., the different
�s dependence for the �100� and �110� directions is due to
the variance in the emission angle �.

Variations of PIADs with a sample rotated by 45° are
shown in Figs. 2�f�–2�i�. The pz-like features observed in the
PIAD ��s=0° � excited at photon energy of 51.5 eV or
higher remain also at the angle of �s=45°. The FS of Cu is
concluded to be composed of 4p orbitals with their axes
pointing outward from the � point.

In Fig. 2�j�, the directions of p orbitals at various points
on the FS revealed from experimental atomic-orbital analysis
are depicted. For example, px, py, and pz orbitals are placed
in the �100�, �010�, and �001� directions, respectively. On the
other hand, FS is colored according to the 4p orbital ratio
distribution calculated by using the forementioned ab initio
code. Blue, red, and green colors correspond to 4px, 4py, and
4pz orbitals, respectively. The calculated 4p orbital ratio dis-
tribution shows good agreement with the result of the
atomic-orbital analysis from present measured PIADs.

Moreover, the contributions of 4s and 3d orbitals to Fermi
surface were calculated. For example, the partial densities of
state for 4s, 4p, and 3d orbitals at the Fermi surface near the
X point were 0.18%, 0.53%, and 0.29%, respectively. We
attribute the reason why the s-orbital contribution did not
appear in the PIAD analysis to the small photoemission cross
section of s orbitals at a photon energy of 45 eV. Contribu-
tions of each d orbital could not be determined due to ambi-
guity.

V. CONCLUSIONS

A method for analyzing the atomic orbitals of crystals at
each k point has been developed. The three-dimensional
structure of Cu FS was explored by use of a display-type
analyzer and linearly polarized SR. Comparing observed PI-
ADs and simulated ones using transition matrix elements and
FS cross section calculated, the atomic orbitals constituting
the FS were found to be aligned with their axes pointing
outward. Furthermore, the atomic-orbital component ratio
distribution in k space is calculated using ab initio code
based on the full-potential APW+LO method. Good agree-
ment between the results of experimental and theoretical
atomic-orbital mapping in k space confirms the validity of
the present method, which provides key information for the
orbitronics science and technology.
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