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Three-dimensional band mapping by angle-dependent very-low-energy electron diffraction
and photoemission: Methodology and application to Cu
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A method of band mapping providing full control of the three-dimensionalk is described in detail. Angle-
dependent very-low-energy electron diffraction is applied to determine the photoemission final states along a
Brillouin zone symmetry line parallel to the surface; photoemission out of these states is then utilized to map
the valence bands in the constant-final-state mode. The method naturally incorporates the non-free-electron and
excited-state self-energy effects in the unoccupied band, resulting in an accuracy superior over conventional
techniques. Moreover, its intrinsic accuracy is less limited by lifetime broadening. As a practical advantage, the
method provides access to a variety of lines in the Brillouin zone using only one crystal surface. We exten-
sively tested the method on Cu. Several new aspects of the electronic structure of this metal are determined,
including non-free-electron behavior of unoccupied bands and missing pieces of the valence band.
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I. INTRODUCTION

The electronic band structureE(k) is a key property of
crystalline solids. UV angle-resolved photoemission~PE!
spectroscopy1,2 is the method that gives the most detail
information about the band structureE(k) resolved in energy
and, in principle, in the three-dimensional wave vectork.
This technique inherently involves two electron states:
occupied lower state in the valence band and an unoccu
upper state above the vacuum levelEvac ~in the following we
will refer to the bands aboveEvac generally as the uppe
bands, and also as unoccupied or final bands to stress
context in which they appear!. Determination ofk is based
on its conservation in the photoexcitation in the bulk of t
crystal. As the photoelectron passes the surface, the sur
parallel componentki is conserved and can be determin
directly from the vacuum wave vectorK . However, the
surface-perpendicular componentk' is distorted and can be
controlled only if thek' dispersion of one of the two in
volved electron states in the bulk is known. Commonly, d
termination ofk' is based on an empirical free-electron-lik
~FE-like! model for the upper bands. However, in ma
cases, especially for systems with highly inhomogene
electron density, the upper bands demonstrate strong de
tions from this model, non-free-electron~non-FE! behavior.
0163-1829/2001/63~20!/205108~16!/$20.00 63 2051
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To circumvent this problem, several schemes for absolute
band mapping have been developed, including triangulati3

They are all rather ineffective, however, in the sense tha
vast amount of experimental spectra has to be processe
order to obtain a few points ofE(k).2

Only recently has it been demonstrated4 that the PE upper
states may independently be determined by very-low-ene
electron diffraction~VLEED!, which covers the energy rang
below ;40 eV typically used for the final-state energi
in PE band mapping. This is based on the fact that the
upper states are related to the LEED states by t
reversal.1,5,6

The idea of VLEED band determination is clear from t
matching approach of the dynamic LEED theory.7–10 Within
this approach the LEED process is described by matchin
the vacuum-half-space wave function to the crystal-ha
space wave function. The latter is a superposition of
Bloch waves(kTkfk with k satisfying, by the surface
parallel momentum conservation, the conditionki5K i1g (g
is a surface reciprocal vector!. The total elastic reflection
R(E), or, more conveniently, elastic transmissionT(E)51
2R(E), is then connected to the band structureE(k') along
the surface-perpendicular direction~s! in the Brillouin zone
~BZ! defined byki5K i1g. It is important that in theE(k')
band manifold there are only few bands, which effective
©2001 The American Physical Society08-1
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couple to the incident plane wave and take up signific
partial absorbed currents Ik into the crystal;11–14 only these
couplingbands are effective in the VLEED process. Whe
ever the electron energy passes acritical point (CP) in thek'

dispersion of these bands~like the edge of a local band ga
formed, for example, on a surface-parallel symmetry lin!,
the associated rapid variation of the wave function caus
rapid change inT(E) signaled by an extremum indT/dE.
Thus the extrema in the VLEED spectrumdT/dE reveal the
CP’s in the coupling bands. This simple idea enables qu
titative experimental determination of the energies of th

CP’s.4,11,15From these characteristic points, the full band d
persions may be recovered: in the surface-perpendic
band structureE(k') by using the technique of band fittin
to the experimental CP’s,4,12 and in the surface-paralle
E(ki) by direct band mapping of the CP’s as a functi
of K i ,15,16 as illustrated in more detail here.

Implications of VLEED in PE band mapping use the fa
that the PE final states, implying the sudden approximatio17

are the time-reversed LEED states. Moreover, the pa
photocurrents from the upper bands, constituting the PE fi
state, are proportional to the currentsI k absorbed by these
bands in VLEED.5,12,13Therefore, the coupling bands foun
in the VLEED experiment can be used as the dominant fi
bands in PE mapping of the valence band. As this combi
VLEED-PE approach employs the true upper bands not
stricted to the FE-like approximations and incorporating
excited-state self-energy effects, it provides superior ac
racy and, in the sense of controlling the three-dimensionak,
an absoluteband mapping.4 Its additional advantage is th
possibility of using low photon energieshn, where the FE
approximation is generally inappropriate, to achieve ma
mal escape-length-limitedk' resolution and instrumentally
limited ki resolutions.

VLEED-PE band mapping can be based either on
VLEED band fitting inE(k') or on the direct band mappin
in E(ki). The first method has recently been realized a
applied to layered materials with strong non-FE behavior
the upper bands, and provided consistent resolution of t
layer-perpendicularE(k).4,18 Although the accuracy of this
method is in practice sufficient, its flaw is the use of a fitti
procedure. In contrast, the second method should be d
and more accurate. We here present its realization as
angle-dependentVLEED-constant-final-state PE (VLEED
CFSPE)method.

The idea of the VLEED-CFSPE method is simple. Ang
dependent VLEED is first applied to determine the up
band gaps whosek is located on a symmetry line parallel t
the surface; PE out of these gaps, employing the CFS m
is then utilized to directly map the valence bands along
line. The method inherits thus the ideas of band-gap PE.19 In
contrast to the conventional PE band mapping proced
@employing the energy distribution curve~EDC! mode in the
normal emission geometry and varying the photon ene
hn], our method~1! utilizesoff-normalPE data;~2! does not
depend on the strength of the non-FE effects but rather
lizes them.

This work presents application of the VLEED-CFSP
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method to Cu. We have chosen this material w
well-documented20–23 E(k) in order to test the method ex
haustively, although the method is most effective for non-
materials. A brief account of this work has been publish
earlier;24 now we focus on the technical details and prop
ties of the method. We also report on the non-FE behavio
upper bands of Cu, which, contrary to the common belief
significant in certain regions. A separate paper25 presents an
intriguing comparison of the upper and valence bandE(k) to
a state-of-the-art density functional theory~DFT! band cal-
culation, which reveals profound self-energy effects desp
the less correlated nature of Cu.

II. IDEA

The angle-dependent VLEED-CFSPE method uses
upper bands determined by VLEED to guide the PE exp
ment. The idea of the method is illustrated in Fig. 1. LetAA8
be a surface-parallel symmetry line whosek' is constant.

First, one proceeds with an angle-dependent VLEED
periment to determine the upper bands along theAA8 line.
For any incidentK i , the states excited in the solid lie alon
a surface-perpendicular direction whoseki is constant and
determined by the parallel momentum conservationki5K i
1g. The VLEED spectrum reflects the correspondingE(k').
As theki5K i1g direction is perpendicular to the symmet
line AA8, the bands inE(k') have onAA8 extrema of their
dispersion, which are the CP’s forming the local band ga
If these bands couple to the incident plane wave, the C
show characteristic minimum-maximum structures in t
VLEED spectrumdT/dE, which reflect crossing of theAA8
line with well-definedk' . Mapping the energies of the ex
perimentaldT/dE extrema as a function ofki produces a
pair of upper bands alongAA8 with k fixed three-
dimensionally:k' is fixed onAA8, andki is defined by the
parallel momentum conservation. Now this picture should
extended to include the electron absorption, characterize

FIG. 1. The idea of the angle-dependent VLEED-CFS
method:AA8 is a surface-parallel symmetry line. The upper ban
smoothed by the electron absorption are shown dotted with t
CP’s indicated by circles. The final-state energiesECFS

f locatek' on
the AA8 line, and the CFS PE spectra as a function ofki directly
yield the valence bandE(k) along this line.
8-2
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the potentialViÞ0, in the VLEED excited state. The absor
tion results in damping of the excited-state Bloch waves
scribed by complexk' . The band dispersions on Rek' be-
come smooth and go continuously through the band gaps9,26

as shown in Fig. 1. Their CP’s do not disappear, howev
they become the points of extremal~inverse! band
curvature11 slightly shifted in k' . The excited-state band
intersect the symmetry lineAA8 at an energy nearly halfwa
between the CP’s reflected by thedT/dE extrema. Mapping
this energy as a function ofki produces the experimenta
excited-state upper band along theAA8 line with well-
definedk.

Second, the valence bands are determined using an
dependent PE measurements in the CFS mode. The fi
state energiesE

CFS

f are varied as a function of the photoele

tron K i to follow the VLEED-determined excited-state upp
band along theAA8 line. k thus remains fixed onAA8, and
plotting the PE intensity as a function ofki produces a direc
image of the valence bands along this surface-parallel s
metry line withk fixed three dimensionally.

Note that, while the conventional band mapping meth
employs scanning ink' , the VLEED-CFSPE method scan
in ki . It probes the valence band in an extremum ofE(k'),
i.e., at a point of maximal one-dimensional density of sta
~1DOS! ]k' /]E, which results in an intensity gain.

III. EXPERIMENTAL PROCEDURE AND RESULTS

A. Experimental geometry

Efficient application of the VLEED-CFSPE method a
sumes optimization of the experimental geometry accord
to the crystallographic structure. For fcc materials use of
~110! surface is optimal: Fig. 2~a! shows the fcc bulk BZ
with the inserted~110! surface BZ. Clearly, this surfac
should give access to the whole surface-parallel symm
planeGKLUX.

The correspondence of the azimuths in the~110! surface
BZ to the symmetry lines in the bulk BZ is somewhat co
plicated because the surface-parallel momentum conse
tion invokes, in addition to theki5K i direct line, also the
ki5K i1g lines with gÞ0 ~referred to as surfaceumklapp
lines!. For example, the normal incidence~emission! K i50
corresponds to theki50 direct lineGK and theki56g2GȲ
umklapp linesXU in the reduced BZ. With the umklap
lines, the correspondence may be seen most clearly usi
repeated-zone scheme as shown in Fig. 2~b!. Variations of
K i in the three main azimuths are schematically shown a
group of three corresponding vectors, which is transla
through the repeated surface BZ’s according to allg. Con-
sider now the reduced bulk BZ and, specifically, its surfa
parallel GKLUX plane. Upon variation ofK i , the corre-
sponding variations of the reducedki take place along
several parallel lines, withki coming into and leaving the
GKLUX plane in the reduced BZ. Then the variations ofK i

in theGȲ azimuth of the surface BZ project onto theGX line
in the bulk BZ ~in fact, to the two equivalent linesG to X,

andX to G), in GX̄ to GK andXU lines, and inGS̄ to GS
andXL.
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An important issue is the energy of the band gaps use
the VLEED-CFSPE experiment, which should fit the ava
able photon energy range. Suitable band gaps are not
located on a surface-parallel symmetry line, but also sho
be formed by the bands coupling to the vacuum plane w
and thus be effective in the VLEED and PE processes
rough estimate of their energy can be obtained using a qu
tative analysis of the corresponding wave functions tak
from any band calculation,14 or even using the FE approxi
mation~in the reduced-zone scheme, the coupling bands
respond in this case to a single plane wave withki1Gi
5K i). For Cu, suitable band gaps for theGX, GKXU, and
XL lines lie in the range of;15 to 30 eV~here and through-
out the paper the energies are relative toEF). These energies
ideally fit standard grazing-incidence UV monochromato
and are sufficiently low to provide good intrinsick' resolu-
tion ~see below!. For theGL line they rise above;50 eV,
which is less suitable as thek' resolution becomes worse.

Other fcc surfaces may also be used, although less ef
tively. The ~100! surface geometrically allows one to prob
the wholeGXWK symmetry plane and theXUW rectangles.
However, forGXWK the suitable band gaps are above;40
eV ~moreover, nearK i50 there will be a complication due
to a doublet composition of the coupling bands12!. For

FIG. 2. Geometry of a VLEED CFS experiment on a fcc~110!
surface:~a! the bulk BZ with the surface BZ inserted; the surfac
parallel symmetry planeGKLUX shown by shading.~b! Variations
of K i in the surface BZ projected onto variations ofki in the
GKLUX plane of the bulk BZ using the repeated-zone scheme
8-3
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V. N. STROCOVet al. PHYSICAL REVIEW B 63 205108
XUW these band gaps are just aboveEvac, which is less
convenient experimentally. The~111! surface allows acces
to all LKWU hexagons at energies above;60 eV, which is
less suitable due to degrading of thek' resolution, and the
GK symmetry line in a convenient range from 25 to 45 e

B. UnoccupiedE„k… by VLEED

1. Experimental technique

The VLEED experiment was performed with a standa
four-grid LEED unit. To achieve the lowest primary ene
gies, the retarding field mode was used.27–29Briefly, the volt-
ages on the electrodes of the gun relative to the cathode
kept as required to maintain optimal focusing of the be
~normally from1100 to1300 eV!. With the sample kept a
ground potential, the electrons are decelerated in a retar
field between the gun and the sample to the low prim
energiesE determined by the cathode bias relative to t
ground. This mode enables optimal and constant-current
eration of the gun down to zero energies. Moreover, the e
tron energy being sufficiently large over the major part of
trajectory reduces the influence of stray magnetic fields~al-
though their compensation using Helmholtz coils is usef!.
Focusing of the electron beam was controlled by observ
the reflected beams on the screen.

The main experimental difficulty associated with the
tarding field mode is that if the sample is rotated for o
symmetry measurements the arising asymmetry of the ret
ing field deviates the electron trajectories depending
energyE and sample rotation anglea ~which now differs
from the incidence angle!. Tight control over the electron
trajectories is required, however, to obtain reliable VLEE
data, especially concerningK i , which determines the probe
surface-perpendicular direction in the bulk BZ. Based on
extensive electrostatic ray-tracing analysis, effective m
sures to overcome this difficulty have recently been foun29

~1! It was shown that due to the retarding field theK i depen-
dence onE and a becomes close to bilinear and can
accurately parametrized by a biquadratic functionK i(E,a)
5( l ,m50

2 AlmElam with the residual error equivalent to th
sample rotation of only;0.3°. This allows one to determin
K i empirically by using the parametrized dependence w
the coefficientsAlm fitted to some characteristic experimen
points and diffraction patterns. This approach not only sa
time over an explicit determination ofK i in ray-tracing cal-
culations, but in practice turns out even more accurate
cause it takes into account to some extent the stray mag
and electrostatic field effects.~2! It was shown that the beam
displacement over the sample shows, apart from the en
dependence, an almost linear increase with increasinga.
This allows one to compensate this increase and reduce
displacement below61 mm by an offset of the sample su
face from the manipulator rotation axis outward by;3 mm.

Of other practical matters, it should be noted that the
tarding field makes the electron trajectories extremely s
ceptible to asymmetries of the experimental geometry. T
requires use of a symmetric sample holder and careful c
tering of the electron beam. An asymmetry introduced by
20510
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massive manipulator parts above the sample should be c
pensated by attaching a symmetric metal shield below
sample. Further details are discussed in Ref. 29.

The VLEED experiment should give the elastic electr
transmissionT(E), which in principle is obtained from mea
surements of the elastic reflectivity asT(E)512R(E).
However, in practiceT(E) may be replaced by the tota
transmission, as its inelastic component depends smoo
on energy. This allows measurement ofT(E) from the cur-
rent absorbed by the sample. This technique is commo
referred to as target~or total! current spectroscopy~TCS!
~see, e.g., Ref. 28!. To reduce the ripple in the target curre
signal, we used a current-input preamplifier mounted n
the feedthrough to the sample. It should be noted that
TCS technique benefits from excellent signal/noise ra
which allows for a data acquisition time of less than 1 m
per spectrum.

The Cu~110! sample was electropolished and cleanedin
situ by standard Ar sputtering and annealing cycles. Besi
a bright LEED pattern, the excellent quality of the surfa
was confirmed by observation of surface resonances~see be-
low!.

2. VLEED experimental results

The experimental angle-dependent VLEED data w
smoothed by a Gaussian with the 0.25 eV half width at h
maximum~HWHM! (; the primary beam energy spread! to
reduce the noise, and rendered into thedT/dE spectra shown
in Fig. 3. As discussed above, this representation reveals
band structure information most directly: thedT/dE extrema
reflect the CP’s in thek' dispersion of the bands coupling t
vacuum~except for weaker surface resonance structures
seen in Fig. 3!.30,31Representation of the VLEED data in th
negative second derivative2d2T/d2E , often used by anal-
ogy with PE, is less appropriate: the2d2T/d2E peaks are
considerably shifted from the CP’s toward the band interi
and spurious structures in the band interiors are genera
Note that, while in PE spectra the band structure informat
is displayed by their maxima, in the VLEED spectra it
contained in both the maxima and minima ofdT/dE. The
structures are generally more asymmetric, and identifica
of their energies using the second derivative is less accu

The whole body of the VLEED data were further re
dered into aK i dispersion mapof the dT/dE spectra shown
in Fig. 4. The shading in this map shows the spectral regi
from the dT/dE maxima to the nearest minima higher
energy, which are identified by (d/dE)(dT/dE),0. The po-
sitions of the extrema themselves are shown by bars.
amplitude and sharpness of the extrema, determining the
curacy of their position, are shown asu(d2/dE2)(dT/dE)u in
a gray scale.

The experimentalK i dispersion map of thedT/dE spec-
tra is basically a directimage of the surface-projected E(k)
of the unoccupied bands~except for the bands with insignifi
cant coupling to vacuum!.31 Indeed, the shading shows th
interiors of the coupling bands surface-projected out
E(k') along theki5K i1g lines in the bulk BZ, and the
8-4
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FIG. 3. Experimental VLEED spectra ofdT/dE in the indicated azimuths of the surface BZ: The sample rotation~which differs from the
true incidence angle! increments in steps of 1°. Thin broken lines show the points of the indicated constantK i values~theK i determination

accuracy, limited by the rms errors of the biquadratic parametrization and of the fitting procedure, is;0.04 Å21). The spectra are clipped
up to 2 eV from the primarydT/dE peak ~onset of the target current atEvac1\2K i

2/2m). The bold lines show the minimum-maximum
structures corresponding to the band gaps in theGXWK symmetry plane used in the CFS PE experiment~see the text below!.
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points are the CP’s of these bands. We stress that our
processing is fully automatic, which provides the physi
information most objectively.

It should be noted that VLEED spectroscopy, like a
other spectroscopy, has a certainintrinsic accuracy.18 It is
characterized by intrinsic shifts ofdT/dE extrema from the
true CP’s due to smooth variations ofT(E) within the band,
distorting influence of the surface barrier, and, mainly, ov
lap of the spectral structures. These shifts are norm
within 0.1–0.3 eV. Relative to the bandwidth, this is of t
same order as in PE spectroscopy~see below!. Depending on
broadening of the spectral structures, the shifts are mini
at the lowest energies due to smallVi . In principle, the in-
trinsic accuracy influence may be reduced using correct
found from a model calculation.15,25

C. VLEED data analysis: the CFS energies

The VLEED spectra were further interpreted to ident
the extrema corresponding to theGKLUX surface-parallel
symmetry plane, and from them determine the final-state
ergiesECFS for the following PE experiment. The interpreta
tion employedreferenceband calculations, focusing on th
band configuration and coupling properties characterized
partial absorbed currentsI k , to link thedT/dE extrema with
particular CP’s inE(k).
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Such reference calculations can be qualitative and
various time-saving approximations. We here used the
lowing simplifications: ~1! No-absorption (NA)
approximation.11 Damping of the Bloch waves due toVi
results in smoothing of the bandk' dispersions with the
CP’s becoming the extremal points of the inverse band c
vature. As these points are only slightly displaced from
CP’s in the undamped (Vi50) bands ~see Fig. 1!, the
VLEED spectral structures can in fact be related to the
dampedE(k). This approximation holds as long asVi re-
mains smaller than or at least comparable with the ene
separation between the CP’s, which is mostly the case a
VLEED energies;~2! Infinite-crystal approximation. Even if
Vi50, description of the VLEED process should in princip
include, in addition to the propagating bulk Bloch waves, t
surface ones which are damped by scattering off the cry
potential. This requires finding the corresponding comp
E(k) by solving the secular equation on the complexk' ,
which computationally is very hard.8,32,33 However, the
VLEED spectral structure is formed predominantly by t
bulk Bloch waves. This fact allows one to describe t
VLEED process qualitatively based on the bulk crystalE(k).
Use of these two approximations enables one to excl
complexk' and reduce the reference calculations essenti
to nominal bulk band calculations employing simple diag
nalization of a real symmetric Hamiltonian matrix.
8-5
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FIG. 4. K i dispersion map of the experimental VLEED spectra: The shading fills the maxima-to-minima areas in thedT/dE spectra, and
the bars show the positions of the extrema themselves. Physically, this map is the surface-projected dispersionE(ki) of the coupling bands:
the shading shows the interiors of these bands framed by the CP’s. The extrema are shown in a gray scale according tou(d2/dE2)
3(dT/dE)u (; their amplitude3 sharpness!. The region belowEvac1\2K i

2/2m12 eV is clipped as in Fig. 3. The dotted lines show th
diffraction beam thresholdsEg5(\2/2m)(K i1g)2 in the low-energy part of the spectra, where the surface resonance structures ma
~see the text below!. The bold lines show the final-state energies used in the PE experiment with the corresponding directions in the
indicated.
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We realized the reference calculations using the empir
pseudopotential method~EPM! with a minimal basis set o
27 plane waves to calculateE(k). @Other band calculation
methods may also be used: for example, later34 we employed
the first-principles full potential linearized augmented pla
wave~FLAPW! codeWIEN97.35# The pseudopotential Fourie
components were adjusted to reproduce roughly a few
resentative VLEED spectra, including the normal inciden
one. To calculate the band partial currentsI k5uTku2yk' ,
where Tk is the Bloch wave excitation amplitude andyk'

5]E/]k' its surface-perpendicular group velocity, we us
the coupling Fourier component–group veloc
approximation13 with the wave functions generated as a b
product of the band calculations. It relatesI k to ~1! the partial
content of the coupling~incidence-wave-like! Fourier com-
ponents and~2! yk' of the Bloch waves, using an empirica
formula, in a simplified form,

I k}S (
G:k i1Gi5K i

CG
2 D a

~yk'!b

with the coefficientsa and b adjusted to model matchin
calculations~see Ref. 13 for details, including the impleme
tation!. This approximation, although sacrificing some a
plitude accuracy, is by a factor of;30 faster and inherently
numerically stable compared to the matching. Other b
crystal approximations33,36 may also be used.

The interpretation of the VLEED data using the referen
calculations is illustrated in Fig. 5. The normal inciden
K i50 corresponds to the direct lineGK and theg2ḠȲ um-
klapp line UX ~see Fig. 2!. The extrema in the experimenta
spectrum are all identified with the CP’s in the coupli
20510
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bands~large I k) of the referenceE(k), including a smooth-
type CP near 20 eV as a band curvature extremum. S
energy displacements, which are due to the approxim
pseudopotential, do not affect the interpretation. There
three CP’s placed in theGKLUX plane, specifically, at theX
point ~the spectral structures corresponding to the symm
lines are in fact not necessarily the strongest!. If the surface
effects are now taken into account, the band gaps will
bridged by real lines of the complexE(Rek').9,11,26 With
this band configuration they will be passing theX point only
between the band extrema of the opposite curvature sign,
between the lowest two CP’s. Taking into account t
smoothing effect ofVi ~see Fig. 1!, the excited-state band
will pass this point at the energy halfway between them. T
fixes the final-state energy for the PE experimentECFS,
which locatesk at theX point. As an off-normal case, Fig. 5

also illustrates the interpretation forK i52GȲ ~the center of
the second surface BZ; see Fig. 2!. This particular case cor
responds toUX as the direct line andGK as theg2ḠȲ um-
klapp line, the same as for normal incidence. While in t
off-symmetry caseK i depends on energy, here for simplici

we show one experimental spectrum whoseK i reaches 2GȲ
near the spectral structure corresponding to theGKLUX
plane ~though theK i dispersion in this region is rathe
weak!. The choice ofECFS is again evident. Now it locatesk
at theG point. By virtue of the swiftness of our referenc
calculations, a similar interpretation was performed read
for the whole body of angle-dependent VLEED spectra.37 In
the investigated energy rangeECFS always locatesk on the
umklapp line~see Fig. 2!.

In addition, we have performed explicit reference calc
8-6



in
f
T
e

ity
qu
n

ve
y

l

in

p,
the
ma

PE

-
the

er-
the
gies

y
by

nd
try

ne,

ard

ost
es

tory
A
an

c
th

ize

rys-
e

THREE-DIMENSIONAL BAND MAPPING BY ANGLE- . . . PHYSICAL REVIEW B 63 205108
lations ~based on the semi-infinite crystal approach and
cludingVi) for a fewK i values to check the configuration o
the excited-state bands as well as for further use in PE.
corresponding complexE(k) was calculated within the sam
EPM scheme with a realisticVi taken asVi50.065(E
2EF).

38 Such calculations are relatively simple, as local
of the pseudopotential allows one to reduce the secular e
tion to a simple eigenvalue problem for a complex no
Hermitian matrix8,32 ~other band calculation schemes invol
much larger computational problems, and often emplo
local EPM fit8 or thek•p expansion33!. The partial currents
I k , which in the picture includingVi are formed by electron
capture from the coherent Bloch waves and determined
I k5Vi*(Tkfk) * Tkfkdr with the integration in the crysta
half space,12 were calculated from the amplitudesTk
determined by matching~see Refs. 11 and 12 for details!.
The calculated results are shown in Fig. 6. The coupl

FIG. 5. Interpretation of the VLEED spectra using the referen
calculations based on the bulk band structure: Identification of
dT/dE extrema with the CP’s in the coupling bands~largeI k shown
by gray scale! is evident. This fixes the final-state energiesECFS for
the PE experiment, which locatesk in the GKLUX plane. In the

K i52GȲ case, the shown experimental spectrum is character

by K i varying within some610% and equal to 2GȲ near 25 eV.
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bands intersect theGKLUX plane in the expected band ga
and the energy of the intersection point falls almost in
middle between the two CP’s as the band curvature extre
reflected by the VLEED spectral structures~possible dis-
placements are too small to affect the accuracy of the
experiment!. This confirms the above choice ofECFS. Note
some increase of Imk' in the band gap, which reflects stron
ger damping of the Bloch waves by elastic scattering off
crystal potential.

TheK i dispersion ofECFS determined for the whole body
of the experimental spectra is shown in the VLEED disp
sion map in Fig. 4. The corresponding symmetry lines in
bulk BZ are also indicated. We stress that for these ener
k is fixed three-dimensionally: inki by parallel-momentum
conservation~with a particularg), and ink' by being located
in the surface-parallelGKLUX plane.

As a general trend seen in Fig. 4,ECFS(K i) disperses
upward upon increase inK i . However, the regions of stead
dispersion of the corresponding band gap are interrupted
VLEED structures dispersing downward, which correspo
to band gaps coming from the BZ interior into the symme
plane. Upon further increase ofK i the first gap sharply
changes its dispersion, deviating from the symmetry pla
and closes. Through a discontinuity,ECFS(K i) moves into
the second gap, which can for a while keep the downw

dispersion~as in the large-K i region in theGX̄ azimuth!. As
the excited-state band goes through the discontinuity alm
vertically in a manner similar to Fig. 6, the energy chang
within its limits result in insignificantk' changes~such a
behavior is corroborated by the PE data; see below!.

D. OccupiedE„k… by CFSPE

The PE experiment was performed at the Photon Fac
synchrotron radiation facility, Japan, at beamline BL18
equipped with a grazing-incidence monochromator and

e
e

d

FIG. 6. Reference calculations, based on the semi-infinite c
tal picture and includingVi , for the normal incidence case: Th
band configuration confirms the choice ofECFS in Fig. 5.
8-7
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FIG. 7. Experimental angle-dependent CFS spectra; the correspondingK i values are indicated. The spectra taken below26 eV are
magnified by a factor of 10 and aligned with the higher-energy ones of the sameK i .
no
F
yz
e

le
th
ul

e

sio

pi
e

d
er
he
ke
e
ve

osi-

for
er
a
l-
the

is
of

-
u-
ch
ini-
lts.

f
re-

a-

ese
-

t

ADES-500 spectrometer. The photocurrent off the mo
chromator refocusing mirror was used to normalize the C
spectra to photon flux. The acceptance angle of the anal
was 0.5° half width at half maximum. The light incidenc
angle was set at 45° to provide mixeds-p polarization. The
high-binding-energy spectra~below 26 eV! were taken in
100 meV steps of the photon energyhn, and the spectra
closer toEF in 50 meV steps. The normal emission ang
was adjusted in the EDC mode from the symmetry of
peak energies under analyzer rotation in two perpendic
azimuths. Its setting was accurate within60.5°, and even

better in theGȲ azimuth where by settinghn to 18.6 eV we
could follow the highly dispersivesp band nearEF . The
experimental angle-dependent CFS spectra were measur
kinetic energies varying as a function ofK i according to the
ECFSdispersion determined by VLEED, Fig. 4.39 Note that in
the CFS mode every spectrum, taken at a fixed emis
angle and kinetic energy, is characterized by constantK i .

The raw angle-dependent CFS spectra~without noise re-
duction! are shown in Fig. 7. A spectrum was recorded ty
cally in ;45 min. The major part of the data acquisition tim
was due to relatively slow setting of the monochromator.

Further data processing was largely similar to that use
VLEED. To reduce the noise, the CFS spectra w
smoothed by a Gaussian with the 170 meV HWHM for t
low-binding energy spectra and 85 meV for the spectra ta
closer toEF ~this insignificantly affected resolution of th
spectral peaks!. Then they were rendered into the negati
20510
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second derivative2d2I /dE2 which was thresholded to clip
the unphysical negative values and those below a small p
tive «noise value representing the noise («noise was taken in-
versely proportional to the refocusing mirror current used
the normalization!. The whole body of these data was furth
rendered into aK i dispersion map, shown in Fig. 8 in
logarithmic gray scale. By virtue of our choice of the fina
state energies this map in fact represents the dispersion in
three-dimensionalk. We stress that our data processing
fully automatic~the only adjustable parameters were those
the noise reduction, the Gaussian HWHM, and«noise, the
same for all the processed data! and thus provides most ob
jective information. It is preferred over, for example, eval
ation of the peak positions using Lorentzian fitting in whi
each spectrum should be processed individually and the
tial guess for the fitting parameters may influence the resu

The obtainedk dispersion map of2d2I /dE2 in Fig. 8 is
essentially a directimage of the valence band E(k) ~except
for the bands with vanishing matrix element!. Indeed, the
positions of the2d2I /dE2 maxima locate the positions o
the PE peaks, including the shoulderlike ones, which all
flect the band dispersions~although use of the second deriv
tive implies symmetric peak profiles23!. Our representation
contains in fact more information: the2d2I /dE2 peak
widths characterize the PE peak widths~note that the error
bars of the PE peak positions are much smaller than th
widths!, and the2d2I /dE2 intensity characterizes the accu
racy of the peak location~rather than their intensity, as i
8-8
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FIG. 8. Thek dispersion map of the experimental CFS spectra represented as2d2I /dE2.0. This is essentially a direct image of th
valence bandE(k). The bands are shifted from the DFT theoreticalE(k), shown by thin lines, due to excited-state self-energy effects.
constant line atEF is due to the Fermi cutoff, and the peaksA–F are spurious structures due to multiple upper band composition, 1D
maxima, and surface states~see below!.
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depends also on their sharpness!. The valence bands are ea
ily identified by comparison to a DFT band calculation al
shown in Fig. 8@the structuresA-F are not directly con-
nected to the bulkE(k); see below#. This calculation was
performed using the FLAPW code35 WIEN97 and included
scalar relativistic effects. The experimental data shows s
orbit splitting and relativistic matrix element effects.40,41

Comparison of the experimentalE(k) with the DFT picture
reveals significant and regular shifts due to the excited-s
self-energy effects briefly discussed below.

IV. DISCUSSION

A. Upper bands

1. Role of the coupling properties

The concept of the coupling properties, quantified by
partial currentsI k , plays a key role in VLEED data analysis
it enables one to link the spectral structures with particu
points inE(k'), even though the latter is usually a multitud
of bands. This is clearly seen, for example, in Fig. 5. O
the coupling bands display their CP’s as thedT/dE extrema,
while all other bands remain ineffective and their CP’s inv
ible. Figure 5 also shows that an estimate of the coup
properties based only on the band dispersion is unrelia
although the coupling bands generally disperse ink' most
strongly, the dispersion differences may be too faint to r
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on; moreover, in our off-normal case this is misleading. T
coupling properties are rather controlled by Fourier com
sition of the~pseudo! wave functions.14

The role of the coupling properties is revealed neatly
comparison of the normal and off-normal cases in Fig. 5~see
also Ref. 16!. By the parallel-momentum conservation the
two cases correspond, via umklapp, to the same surf
perpendicular linesGK andUX ~see Fig. 2!, and therefore to
the sameE(k'). Naively, one would expect that the VLEED
spectra should also be the same, but they are entirely di
ent. This is because the coupling bands in the sameE(k')
changed. Indeed, these bands should have their leading
rier componentei (k1G)•r resemble the incident plane wav
eiK "r in terms of the surface-parallel components.14 Then the
change of incidenceK i into the second surface BZ chang
this component, and thus the coupling bands. This effec

also obvious in theGȲ azimuth of the VLEED dispersion
map in Fig. 4: although any twoK i , which are symmetric
relative to theȲ point, correspond to equivalent lines in th
bulk BZ, the experimental dispersion has no symmetry.

2. E„k… and the VLEED dispersion map

TheK i dispersion map of the VLEED spectra as shown
Fig. 4 is essentially the surface-projected dispersionE(ki) of
the coupling bands~within the intrinsic accuracy!. The dis-
persions of the CP’s in thisE(ki), however, are not equiva
lent to the entireE(k) along the corresponding surface
8-9
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V. N. STROCOVet al. PHYSICAL REVIEW B 63 205108
parallel symmetry lines:~1! E(ki) shows, in addition to CP’s
located on these lines, other CP’s—those located in the i
rior of the BZ ~strictly speaking, ifVi is taken into account
the CP’s associated with the symmetry lines also show
small displacement; see Fig. 1!; ~2! on the other hand,E(ki)
misses many bands fromE(k) along the symmetry lines—
those formed by CP’s of the bands inE(k') that do not
couple to vacuum.

Despite the electron absorption, the dispersions in the
perimentalE(ki) are unsmoothed: retaining bands gaps, th
are discontinuous functions of energy. At first glance this
surprising, because due toVi the dispersions inE(k') be-
come smooth and go through the band gaps continuo
~see Fig. 5!. In fact, this phenomenon shows interesti
physics of the VLEED~and similarly PE! process:Vi results
in damping of the wave functions in the surfac
perpendicular direction, but parallel to the surface the dam
ing is compensated by surface-parallel invariant excitat
by the incident electron beam~whose surface-parallel invari
ance is limited only by the transverse coherence length!. ki
thus remains real, andE(ki) is unsmoothed.

Different effects ofVi on thek' andki dispersions resul
in different E(k) along the surface-perpendicular an
surface-parallel lines connected by symmetry in the bulk
~i.e., existence of the surface andVi break this symmetry!. In
Fig. 1, for example, even if theki5K i line were equivalent
by this symmetry toAA8, it would not contain theECFS(k)
band.

3. Surface resonances

The VLEED dispersion map in Fig. 4 shows some sp
tral structures located near the diffraction beam thresho
Eg5(\2/2m)(K i1g)2 ~dashed lines! and not connected with
the bulkE(k). They occur due to the surface resonances
below the thresholds as the preemergent beam withK i1g
travels parallel to the surface through multiple reflectio
between the surface barrier and the crystal bulk.42–44 These
structures are superimposed on a weak decrease of the
transmitted current~a dT/dE minimum! above the threshold
connected with onset of an additional channel of elect
scattering off the crystal.28

A popular point of view is that the surface resonanc
may exist only if supported by a band gap inE(k) that
provides effective reflection off the crystal bulk. However,
our data they are located where a strongly coupling b
easily transmits electrons into the solid. This seemin
strange effect is because the bands, which couple to the
cident plane wave with wave vectorK i , do not couple to and
reflect the preemergent beam withK i1g.

The resolution of our setup was unfortunately not su
cient to resolve finer details of the surface resonance st
tures, containing information about the shape of the surf
barrier. To our knowledge, we present the first observation
this phenomenon on a loosely packed fcc~110! surface. This
is along with the existing observations of image poten
states in inverse PE.45 As the surface resonances are high
sensitive to surface contamination, their existence proves
cellent surface quality.
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4. Non-FE effects

The VLEED data reveal that the upper bands of Cu c
tain, contrary to the common belief, significant deviatio
from the FE-like dispersion in several regions ofk space.
This has been noticed in some previous PE studies,46,47 but
only VLEED has allowed us to observe them explicitly.
the following we treat the FE approximation in a generaliz
sense as an optimal fit of the realE(k) by a parabola
EFE(k)5(\2/2m* )(k1G)1V000 with the effective mass
m* and inner potentialV000 to some extent incorporating th
non-FE and self-energy effects. Note, however, that in t
approximation among all bands, characterized by differ
k1G, only oneband couples to the vacuum plane wave a
thus is effective in VLEED and PE.14

In the experimental surface-projectedE(ki) in Fig. 4 the
non-FE dispersion behavior is seen most clearly. The v
appearance of CP’s in thek' dispersion, reflected by the
extrema in the VLEED spectra, is already a non-FE effe
One might nevertheless expect that the dispersion of th
CP’s would be FE-like. However, dramatic deviations fro
that are seen in the experimentalE(ki), in particular closer
to the BZ borders:~1! the ki dispersions demonstrate larg
discontinuities where they meet each other and form
tended band hybridization regions, often involving ma

bands~for example, nearK i52 Å21 in theGȲ azimuth!; ~2!
although the continuous dispersions are seemingly FE-l
they in fact can be approximated by the FE-like dispers
only locally in the sense that the optimal values ofV000 and
m* will strongly depend on energy andki . Correspondingly,
the experimentalki dispersion ofECFS, which reflects the
excited-stateE(k) along the chosen lines in the bulk BZ
also shows discontinuities in the extended band hybridiza
regions near theGKLUX plane and a nonparabolic behavio
The FE approximation can in fact be reasonable only n
theX point and closer to the BZ borders can describe onl
general trend. The optimalV000 value will be;7 eV, which
is about 2 eV above the value estimated in Ref. 20 based
extensive PE data for higher final-state energies~see the
comparison in Ref. 24!.

In the k' dispersion the non-FE behavior should be le
pronounced due to the smoothing effect ofVi . It survives
nevertheless in two aspects:~1! Thek' dispersion cannot be
smoothed into a completely FE dispersion, because the
ergy width of the band hybridization regions is in gene
comparable with theVi values. Moreover,E(k') may still
feature multiple coupling bands~see below!. Both effects are
clear, for example, near theX point in Fig. 6. They are more
pronounced in the extended band hybridization regions s
in E(ki); ~2! The FE approximation ofE(Rek') will again
be only local, with the parameters depending on energy a
as seen in theE(ki) plot, ki . Our observations of the non-FE
behavior of upper bands agree with conclusions achieve
a previous attempt at absolute PE band mapping,46 but there
use of a symmetry line at some angle to the surface mi
the effects ofVi on the k' and ki dispersions, which and
does not allow for a direct comparison with VLEED resul
It should be noted that the non-FE behavior is much stron
for materials whose crystal potential is strongly modulat
8-10
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THREE-DIMENSIONAL BAND MAPPING BY ANGLE- . . . PHYSICAL REVIEW B 63 205108
for example, for layered materials.4,18,31

Multiple coupling band composition ofE(k') can in fact
severely impair the PE band mapping whichever metho
used, as the final-statek' then becomes ambiguous. Th
composition does not necessarily result in multiple peak
the PE spectra, because the peaks have a certain width
termined by the final-statek' broadening Imk' , the initial-
state energy broadeningVi

hole, their k' dispersions, and
somewhat by the mode of data taking~see below!. To sim-
plify, resolving two PE peaks requires that~1! the k' sepa-
ration of the final bands is larger than the sum of th
Im k' ; ~2! the energy separation of the initial states due
their k' dispersion is larger than the sum of theirVi

hole.
These conditions are met, for example, in the norm
emission12 from Cu~100! and some layered materials4 which
in certain final-state energy ranges demonstrate mult
spectral peaks. In other cases the multiple band compos
results only in broadening and shifting of the PE peak
cause of averaging ink' . This takes place, for example, i
our cases shown in Fig. 6: the final bands are resolved ink'

only marginally, and the available initiald bands are too flat
To check the present experiment against multiple b

effects, we investigated the whole dispersion region ofECFS
using the reference calculations. Only in the strong hyb
ization regions in Fig. 4, as expected, were the effects
table, but the main band from theGKLUX plane still domi-

nated in coupling. Only in theGX̄ azimuth closer to the BZ
border (K i. 2 Å21) did the additional bands acquire co
siderable coupling. Their smallk' separation of ~0.1–
0.2)uGXu from the main band and somewhat increased Imk'

suggest additional broadening and shifting of the PE peak
this region, and thus less accurate band mapping~see below!.

5. Effect of the surface relaxation

The Cu~110! surface is characterized by oscillatory rela
ation: the first interlayer spacing is contracted by;8.5%,
and the second expanded by;2.3% relative to the bulk
value.48 We have investigated its effect on the electron
structure by comparing VLEED data measured on differ
surfaces. Figure 9 shows two spectra reflectingE(k) at theG

point: one is measured on the~110! surface atK i52GȲ and
the other on the almost unrelaxed~111! surface at norma
incidence.49 Their agreement is striking. For theG28 andG15

points thedT/dE extrema differ in energy by less than 0.0
eV. For theG258 point the difference reaches 0.2 eV, but th
is because in the shown Cu~110! spectrumK i increases by
;0.1 Å21 at this energy; with the relevant spectrum t
difference becomes less than 0.1 eV. A disagreement of
dT/dE peaks near 25 eV~by ;0.2 eV! is expected, as they
correspond to different CP’s displaced from theG point into
the BZ interior along theGKX line and theGL line, respec-
tively. The comparison thus suggests that the surface re
ation effect on the electronic structure is negligible.

B. Properties of the VLEED CFS PE method

1. Testing

As the first test of the VLEED-CFSPE method, we ha
checked the internal consistency of the experimental PE d
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The band dispersions in Fig. 8 demonstrate excellent con
tency not only in thed bands, but also, very convincingly, i
the sp bands with their largek' dispersion. The dispersion
remain smooth even where the final-state energies fall
the regions of strong band hybridization and undergo disc
tinuities ~Fig. 4!. As the most critical test, in a few suc
regions we measured a constant-K i series of CFS spectra
scanning the final-state energy through the discontinu
Figure 10 shows a typical series. Although the intensity v
ies considerably due to variation of the matrix eleme

FIG. 9. Comparison of the VLEED data reflectingE(k) at theG
point: the spectrum measured on the relaxed Cu~110! surface at

K i52GȲ ~nearE525 eV! and the one on the unrelaxed Cu~111!
surface at normal incidence.

FIG. 10. A constant-K i series of CFS spectra~a! and the disper-
sion of the main peaks~b! on varying the final-state energyECFS

through aECFS
1 -to-ECFS

2 discontinuity of its dispersion determine

by VLEED ~Fig. 4! for K i51.5 Å21 in the GX̄ azimuth. The peak
energies are almost constant through the discontinuity.
8-11
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V. N. STROCOVet al. PHYSICAL REVIEW B 63 205108
uM fiu2, the peak energies between the twoECFS remain the
same within 650 meV. Such small shifts may well b
caused by, for example, theuM fiu2 variations within the peak
profile. This behavior of the PE peaks confirms that thek'

dispersion of the corresponding final-state band is nearly
tical through the whole region, as discussed above.

Second, the intentional choice of Cu has enabled us to
the method by comparing our results with a great dea
experimental data achieved by conventional methods.20–23

Figure 11 shows our results compared with the represe
tive points of virtually all available data sets as compiled
Ref. 22. Excellent correspondence is found in both positi
and dispersions of the valence bands. The difference in c
ered pieces of the bands is due to differentuM fiu2 connected
with different final states. We stress that our data repres
tation is most objective in showingall spectral structures, bu
the previous data are somewhat biased in showing only th
interpreted as due to the direct transitions and delibera
dropping the minor structures like those due to 1DO
maxima, which, however can be found in the raw data.

Summarizing, our tests convincingly demonstrate that
combination of VLEED and CFSPE is a powerful and ef
cient method for absolute, i.e., trulyk-resolving, band map-
ping of both the PE final and initial states. Fully automa
data processing has allowed for most unbiased testing.

2. New data on the valence band E„k…

Our experiment has provided new pieces of the vale
band:~1! Thesp band mapped along the wholeGX line. The
conventional mapping of this band on the~100! surface was
troublesome due to the multiple band composition of
final state.12,21 An additional problem was a very low inten
sity due to vanishinguM fiu2. Our method gains in intensity
because the initial state is probed in a point of maxim
1DOS~see Fig. 1!. The intensity gain has also enabled us

FIG. 11. Comparison of the VLEED-CFSPE valence band fr
Fig. 8 ~in a lighter gray scale! with previous experimental data from
different sources as compiled in Ref. 22. Note that the form
shows all spectral structures, whereas the latter contain only
points interpreted as due to direct transitions, dropping the spur
structures like those due to 1DOS.
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map thesp band along theGKX line almost to theG point;
~2! E(k) along theXL line. Its mapping inherently require
off-normal measurements, and is thus inaccessible by c
ventional band mapping. The VLEED-CFSPE meth
equally enables access to any oblique line in the surfa
parallel symmetry planes.

A remarkable usefulness of the method should
stressed: very elegantly, one single PE experiment using
crystalline surface and one standard grating has covered
most the whole body of previous data and delivered n
pieces of the Cu valence band.

3. Intrinsic accuracy

The intrinsic accuracy of the PE experiment is determin
by certain shifts of the PE peaks from the true quasipart
bands@i.e., the peaks of the spectral functionA~v,k!#. Their
roots lie in the finite electron and hole lifetimes. We he
analyze the intrinsic accuracy effects connected with anon-
linear k' dispersion of the initial state, where the VLEED
CFSPE method is somewhat different from the conventio
one. We remain within the bulk band structure picture.

We start with the mechanism of intrinsic broadening
the PE peaks~see, e.g., Refs. 2, 18, and 50!. Briefly, the final
state is characterized by a well-defined energyEf and
Lorentzian broadening ink' , which is centered on Rek'

0

and has the HWHM Imk'
0 . The initial state, complementa

rily, is characterized by a well-definedk' and broadening in
energy, which is centered on the initial-state bandE

i
(k') and

whose HWHM is determined by the hole lifetimeVi
h ~a

common method of substituting this broadening by equi
lent k' broadening21,51is restricted to a lineark' dispersion!.
As shown in Fig. 12, the photocurrentI (E) occurs by adding
up the elementary photocurrents from the direct transition
all dk' states at the energyEi

05Ef2hn, weighted by the
above Lorentzians:

r
he
us

FIG. 12. Development of the PE peak profile due to the fin
statek' broadening combined with the initial-state energy broad
ing. If the initial-statek' dispersion is nonlinear, the peak shif
somewhat toward larger numbers of thedk' states within the
broadening overlap.
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I ~Ei
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1` 1
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0 !21~ Im k'

0 !2
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1

@Ei
02Ei~k'!#21~Vi

h!2
dk'

~the spectral function normalization is dropped and the a
plitude factors likeuM fiu2 are assumed constant!.

If Ei(k') is nonlinear, the total number ofdk' states
within the broadening overlap relative toEi

0 becomes differ-
ent. Correspondingly, the PE peak becomes asymmetric,
its maximum experiences a certain intrinsic shift toward
larger number of states, deviating from the true band ene
In the band interior the peak will shift toward the band ed
where the 1DOS is larger. This effect is typical for conve
tional band mapping, in which the band dispersion
scanned ink' . In the band extrema, on the contrary, t
E
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peak will shift toward the interior, as beyond the band lim
there are no states~the effect of in-band shifting4!. This situ-
ation is relevant for the VLEED-CFSPE method, in whic
the initial states are probed in theEi(k') extrema. The in-
trinsic shifting effects are confirmed by one-step P
calculations.52 They normally increase upon increase of t
final- and initial-state broadening parameters.

The integral expression for the photocurrent can be ev
ated analytically using the Taylor expansion ofEi(k'). Here
we will retain only the quadratic termEi(k')5ak'

2 ~with an
implicit V000 offset!. At least near the band extrema used
the VLEED-CFSPE method this approximation suffices. T
integrand then has three poles in the upper complex
plane:

Rek'
0 1 i Im k'

0 , A~Ei
01 iVi

h!/a,

and 2A(Ei
02 iVi

h)/a. The corresponding residues form th
three terms inI (Ei

0):
I ~Ei
0!}

1

Im k'
0

1

~Vi
h!21@Ei

02a~Rek'
0 1 i Im k'

0 !2#2
1

1

2AaVi
h

1

AEi
01 iVi

h @~ Im k'
0 !21~A~Ei

01 iVi
h!/a2Rek'

0 !2#

1
1

2AaVi
h

1

AEi
02 iVi

h @~ Im k'
0 !21~A~Ei

02 iVi
h!/a1Rek'

0 !2#
.
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To compare the intrinsic accuracy of the VLEED-CFSP
and conventional methods, we performed model calculati
using the above formalism. Their parameters correspon
to mapping of thesp band of Cu~for thed bands the intrin-
sic shifts are smaller due to their rather flatk' dispersion!.
The sp band was described by a FE quadratic dispers
which is realistic far from thed bands. Imk' was taken as
;0.12 Å21, which corresponds to our experiment at theG
point ~as determined by fitting the reference matching cal
lations includingVi to the corresponding VLEED spectrum
see above! and is representative in a wide range of the fin
state energies.Vi

h was taken to vary linearly from zero atEF

to its value at the bottom of thesp band of ;0.9 eV ~as
determined by fitting the experimental PE peak width by t
model calculation!. The PE spectra were evaluated using
above analytical formula implying constantVi

h within the
peak profile. The calculations for the conventional ba
mapping assumed that the final-statek' dispersion is much
larger than the initial-state one, which allowed us to negl
somek' variation within the peak profile in the EDC mod
It should be noted that in the conventional case these ca
lations are likely to underestimate the intrinsic shifts,
Im k' is typically larger due to higher final-state energies

The result of our modeling is shown in Fig. 13 as t
position of the PE peaks on top of the trueE(k) ~a! and the
calculated intrinsic shifts~b!. Remember that the VLEED
CFSPE method scansE(k) in ki , and the conventional on
s
ed

n,

-

-

s
e

d

t

u-
s

in k' . On the whole, the two methods are characterized
comparable magnitude of the intrinsic shifting. There a
however, certain differences:~1! As expected, in the
VLEED-CFSPE method the peaks are always slightly ab
the true band due to the in-band shifting inE(k'). In the
conventional method the direction of shifting changes fro
in-band near the band bottom to opposite in the band in
rior; ~2! The methods are entirely different nearEF , where
Vi

h drops to zero: in the VLEED-CFSPE method the shifti
also drops to zero, but in the conventional method it s
remains. Indeed, as the first method probes the band
E(k') extremum, usually valleylike, there remain no occ
pied parts of the band upon crossingEF and the PE peak
shrinks into a singularity. In the second method there alw
remains an occupied part which within thek' broadening
interval forms a certain width and thus an intrinsic shifting
the peak~in fact, upon crossingEF the band always retain
here a ghost peak; see, e.g. Refs. 52 and 53!. This advantage
of the VLEED-CFSPE method may be crucial for accura
mapping of the Fermi surface.

The values obtained of the intrinsic shifts based on r
broadening parameters can in principle be immediately u
to improve the accuracy of our experimental data~if far from
the d bands!.25 At larger k along theGKX direction the in-
trinsic shifts somewhat increase due to larger Imk' con-
nected with the higher final-state energy.

It should be noted that our analysis neglects other sou
of intrinsic shifting like variations ofuM fiu2 within the peak
8-13
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profile4 or smearing of the bulk 1DOS singularities near t
surface. These effects can be taken into account within
explicit one-step theory of PE, but such calculations
much more difficult.5,6,54

In connection with the intrinsic accuracy it should b
noted that the use of emission from final-state band gap
characteristic feature of the VLEED-CFSPE method, mi
seem a weakness compared to the conventional met
some enhancement of Imk' in the gaps~Fig. 6! might result
in an increase of the intrinsic shifting effects~and the 1DOS
effects; see below!. However, in practice the VLEED
CFSPE method is more accurate. This is because this
hancement of Imk' is considerably smaller than the effect
Vi ~Fig. 6 shows in fact a rare case of a rather large band
combined with smallVi). This enhancement becomes impo
tant, as was most recently found for graphite, only if t
band gap has an extraordinary width of the order of 10 eV55

As our method may be applied at low final-state energ
characterized by smallVi , on the whole Imk' and thus the
intrinsic accuracy limitations remain even smaller compa
to the conventional method typically employing higher en
gies. In return, the accuracy ofk along the direction of band
mapping is free of the intrinsic broadening mechanisms,
limited only by the instrumentalki resolution~the latter also
improves at low energies!.

C. Valence band

The major peaks in the PE data in Fig. 8 all correspond
direct transitions from the bulk valence bands, as ea

FIG. 13. Modeling of the intrinsic accuracy in the VLEED
CFSPE and conventional band mappings for thesp band of Cu:~a!
the peak positions on top of the trueE(k) ~thick gray line!; ~b! the
intrinsic shifts.
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found from comparison to the band calculation. We will he
concentrate, however, on the minor structuresA–F which
occur due to different mechanisms.

Structures due to the multiple band composition were
pected, as discussed above, in the regions of strong u
band hybridization seen in the VLEED data. The should
like structureA falls exactly in such a region, and its wea
ness reflects small coupling of the additional band~it would
be helpful to confirm this interpretation against the 1DO
effects by varyingECFS to check thek' dispersion!. For
largek along theGKX line the multiple coupling bands ar
close ink' to the main band, which results only in widenin
and shifting of thesp band peak to higher energies witho
resolving separate structures.

Some structures occur due to non-k'-conserving transi-
tions into 1DOS maxima away from theGKLUX plane.
Such structures were observed already in thehn-dependent
normal emission spectra of Ref. 20. They are seen in our
as the shouldersB andC. The same effect is likely to form
the shoulderD. Indeed, this structure is observed nearki

5GX̄. By the symmetry of the bulk BZ the correspondin
E(k') should have band extrema, and thus 1DOS maxima
the X point. The structureD is indeed close to the exper
mental energies of thed bands at this point and reflects the
dispersion. This interpretation should again be chec
against thek' dispersion.

The surface state structures may be distinguished from
1DOS features by their smaller width. The peakE is a docu-
mented surface state.22 The narrow shoulderF can be inter-
preted as a surface state or resonance split off thed states,
not yet documented. This interpretation is corrborated
slab calculations on other surfaces.56,57

D. Excited-state self-energy effects

Comparison of the experimental valence band in Fig
with a state-of-the-art DFT calculation, performed with t
FLAPW code WIEN97,35 reveals significant and systemat
deviations: the experimentald bands are shifted by;0.5 eV
to lower energy, and thesp band in the opposite direction u
to 0.4 eV ~corrected for the intrinsic shifts! at the lowest
point. These deviations are not due to any deficiencies of
experiment or band calculation, as the experimental res
agree with the previous experimental data and the calcul
E(k) differs from any other modern calculation by less th
100 meV~the most recent analysis in Ref. 57 suggests t
the early DFT calculations, showing a deceptive agreem
with the experiment, are irrelevant due to technical flaw!.
Similar systematic deviations effects are found in the un
cupied bands.

The observed deviations manifest in fact the excited-s
self-energy corrections ReDS to the ground-state DFT ei
genvalues, surprisingly large in spite of the less correla
nature of Cu. These effects are discussed in detail in Ref.
Briefly, the distinct band dependence of ReDS is related to
a different spatial localization of the one-electron wave fun
tions. For example, the valenced electrons are localized in
the core region with large electron densityn(r ), and thus
experience a larger effective densityneff as compared to the
8-14
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sp electrons delocalized over the unit cell. This gives rise
a difference in the self-energy effects58 largely determined
by neff . Qualitatively, these effects can be mapped onto
electron gas exchange-correlation behavior through gene
zation of neff as a wave function weighted densi
*Vfk* (r )fk(r )n(r )dr with integration over the unit cell. An
explicit description of the excited-state exchange and co
lation in the framework of theGW approximation provides a
good quantitative description of the observed band dep
dence of ReDS.25

V. CONCLUSION

A method for absolute band mapping with full control
the three-dimensionalk, the VLEED-CFSPE method, ha
been described in detail. The method is based on determ
tion of the final-state band gap dispersions along the surfa
parallel symmetry lines of the BZ using angle-depend
VLEED measurements. The corresponding final-state e
gies are then used to map the valence bandE(k) using PE
measurements in the CFS mode.

The main advantage of the VLEED-CFSPE method i
natural incorporation of the non-FE and excited-state effe
in the upper bands, which delivers an accuracy superio
that of conventional techniques. The method can thus be
plied in conventionally troublesome situations like materi
with strong modulation of the crystal potential or the low-hn
L

n

f

a
o

g
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region, attractive for the bestk resolution. The method ha
further advantages:~1! a PE intensity gain by virtue of mea
suring initial states at maximal 1DOS;~2! better intrinsic
accuracy nearEF ; ~3! practical utility in that use of a narrow
hn range and only one crystal surface allows for compl
band mapping along a variety of BZ directions. For ma
crystals having only one stable surface, for example, laye
materials, this method is the only possibility for determini
E(k) in a thorough and well-characterized way. It should
noted, however, that the VLEED-CFSPE method, provid
control over the three-dimensionalk, employs more elabo-
rate data analysis and data acquisition techniques comp
to conventional band mapping.

Applying the VLEED-CFSPE method to Cu, we hav
mapped the surface-projected dispersions of unoccu
bands and explicitly determined the strength of their non-
behavior. Contrary to common belief, such behavior is s
nificant in extended regions ofk space. Through the uppe
and valence bands we have also found significant deviat
from the DFT picture. This reveals significant self-ener
effects in Cu despite its less correlated nature.
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