PHYSICAL REVIEW B, VOLUME 63, 205108

Three-dimensional band mapping by angle-dependent very-low-energy electron diffraction
and photoemission: Methodology and application to Cu

V. N. StrocoV and R. Claessen
Experimentalphysik Il, UniversitaAugsburg, D-86135 Augsburg, Germany

G. Nicolay and S. Hiner
Fachrichtung Experimentalphysik, Univerdides Saarlandes, D-66041 Saarbken, Germany

A. Kimura, A. Harasawa, and S. Shin
Institute for Solid State Physics, University of Tokyo, Roppongi, Minato-ku, Tokyo 106-8666, Japan

A. Kakizaki
Institute of Materials Structure Science, High Energy Accelerator Research Organization (KEK), Ibaraki 305-0801, Japan

H. I. Starnberg and P. O. Nilsson
Department of Physics, Chalmers University of Technology anelaog University, SE-41296 @borg, Sweden

P. Blaha
Institut fir Physikalische und Theoretische Chemie, Technische UniveWien, A-1060 Wien, Austria
(Received 17 November 2000; revised manuscript received 2 February 2001; published 27 April 2001

A method of band mapping providing full control of the three-dimensidnis 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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[. INTRODUCTION To circumvent this problem, several schemes for absolute PE
band mapping have been developed, including trianguldtion.
The electronic band structuile(k) is a key property of They are all rather ineffective, however, in the sense that a
crystalline solids. UV angle-resolved photoemissi?E)  vast amount of experimental spectra has to be processed in
spectroscopy’ is the method that gives the most detailed order to obtain a few points d(k).?
information about the band structug€k) resolved in energy Only recently has it been demonstrdtéaat the PE upper
and, in principle, in the three-dimensional wave vedtor states may independently be determined by very-low-energy
This technique inherently involves two electron states: arelectron diffraction\VLEED), which covers the energy range
occupied lower state in the valence band and an unoccupidiklow ~40 eV typically used for the final-state energies
upper state above the vacuum lefgg). (in the following we  in PE band mapping. This is based on the fact that the PE
will refer to the bands abov&,,. generally as the upper upper states are related to the LEED states by time
bands, and also as unoccupied or final bands to stress theversaf>®
context in which they appearDetermination ofk is based The idea of VLEED band determination is clear from the
on its conservation in the photoexcitation in the bulk of thematching approach of the dynamic LEED the&ry° Within
crystal. As the photoelectron passes the surface, the surfaciiis approach the LEED process is described by matching of
parallel componenk is conserved and can be determinedthe vacuum-half-space wave function to the crystal-half-
directly from the vacuum wave vectd(. However, the space wave function. The latter is a superposition of the
surface-perpendicular compondqt is distorted and can be Bloch wavesX,T, ¢, with k satisfying, by the surface-
controlled only if thek, dispersion of one of the two in- parallel momentum conservation, the conditigr- K +g (g
volved electron states in the bulk is known. Commonly, de-is a surface reciprocal vecjorThe total elastic reflection
termination ofk, is based on an empirical free-electron-like R(E), or, more conveniently, elastic transmissio(E) =1
(FE-like) model for the upper bands. However, in many —R(E), is then connected to the band structilé, ) along
cases, especially for systems with highly inhomogeneouthe surface-perpendicular directighin the Brillouin zone
electron density, the upper bands demonstrate strong deviéBZ) defined byk =K +g. It is important that in thée(k )
tions from this model, non-free-electrgnon-FB behavior.  band manifold there are only few bands, which effectively
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couple to the incident plane wave and take up significant
1-14

partial absorbed currents,linto the crystal;""*"only these E E
couplingbands are effective in the VLEED process. When-

ever the electron energy passegitical point (CP)in thek

dispersion of these bandkke the edge of a local band gap | A >
formed, for example, on a surface-parallel symmetry)line / _______ Elops

the associated rapid variation of the wave function causes a /t(

rapid change ifl(E) signaled by an extremum idT/dE. hv| - D e
Thus the extrema in the VLEED spectrudii/dE reveal the Er

CP’s in the coupling bands. This simple idea enables quan- // A/’- ?
titative experimental determination of the energies of these / . KE)
CP’s*15From these characteristic points, the full band dis- K,

persions may be recovered: in the surface-perpendicular 4

band structurd&e(k, ) by using the technique of band fitting

to the experimental CP%!? and in the surface-parallel
; ; ) . FIG. 1. The idea of the angle-dependent VLEED-CFSPE
E(k”) by direct band mapping of the CP’s as a function method:AA’ is a surface-parallel symmetry line. The upper bands

1516 o ; - -
of K,™Pas illustrated in more detail here. smoothed by the electron absorption are shown dotted with their
Implications of VLEED in PE band mapping use the fact cp's indicated by circles. The final-state enerdiéglocatek, on

that the PE final states, implying the sudden approximafion, the AA’ line, and the CFS PE spectra as a functiorkptirectly
are the time-reversed LEED states. Moreover, the partigfield the valence bang (k) along this line.

photocurrents from the upper bands, constituting the PE final
state, are proportional to the currerisabsorbed by these method to Cu. We have chosen this material with
bands in VLEED>'***Therefore, the coupling bands found well-documente®?~23 E(k) in order to test the method ex-
in the VLEED experiment can be used as the dominant finahaustively, although the method is most effective for non-FE
bands in PE mapping of the valence band. As this combine¢haterials. A brief account of this work has been published
VLEED-PE approach employs the true upper bands not reearlier®® now we focus on the technical details and proper-
stricted to the FE-like approximations and incorporating theties of the method. We also report on the non-FE behavior of
excited-state self-energy effects, it provides superior accuapper bands of Cu, which, contrary to the common belief, is
racy and, in the sense of controlling the three-dimensiknal significant in certain regions. A separate paperesents an
an absoluteband mappind.Its additional advantage is the intriguing comparison of the upper and valence bEfk) to
possibility of using low photon energigsv, where the FE  a state-of-the-art density functional thed@FT) band cal-
approximation is generally inappropriate, to achieve maxiculation, which reveals profound self-energy effects despite
mal escape-length-limitedl;, resolution and instrumentally the less correlated nature of Cu.
limited k; resolutions.

VLEED-PE band mapping can be based either on the 1. IDEA
VLEED band fitting inE(k, ) or on the direct band mapping
in E(k;). The first method has recently been realized and The angle-dependent VLEED-CFSPE method uses the
applied to layered materials with strong non-FE behavior otPper bands determined by VLEED to guide the PE experi-
the upper bands, and provided consistent resolution of thelhent. The idea of the method is illustrated in Fig. 1. Aét’
layer-perpendiculakE(k).*8 Although the accuracy of this be a surface-parallel symmetry line whdseis constant.
method is in practice sufficient, its flaw is the use of a fitting ~ First, one proceeds with an angle-dependent VLEED ex-
procedure. In contrast, the second method should be direg€riment to determine the upper bands alongA#€ line.
and more accurate. We here present its realization as tHeor any incidenK, the states excited in the solid lie along
angle-dependenVLEED-constant-final-state PE (VLEED- a surface-perpendicular direction whadsgeis constant and
CFSPE)method. determined by the parallel momentum conservatipn K

The idea of the VLEED-CFSPE method is simple. Angle-+9d. The VLEED spectrum reflects the correspondig; ).
dependent VLEED is first applied to determine the upperAs thek =K+ g direction is perpendicular to the symmetry
band gaps whosk is located on a symmetry line parallel to line AA’, the bands irE(k,) have onAA’ extrema of their
the surface; PE out of these gaps, employing the CFS moddjspersion, which are the CP’s forming the local band gaps.
is then utilized to directly map the valence bands along thidf these bands couple to the incident plane wave, the CP’s
line. The method inherits thus the ideas of band-gag®RE. show characteristic minimum-maximum structures in the
contrast to the conventional PE band mapping procedur¥LEED spectrumdT/dE, which reflect crossing of thaA’
[employing the energy distribution cur¢EDC) mode in the line with well-definedk, . Mapping the energies of the ex-
normal emission geometry and varying the photon energperimentaldT/dE extrema as a function df; produces a
hv], our method(1) utilizes off-normal PE dataj2) does not pair of upper bands alongAA’ with k fixed three-
depend on the strength of the non-FE effects but rather utidimensionally:k, is fixed onAA’, andk is defined by the
lizes them. parallel momentum conservation. Now this picture should be

This work presents application of the VLEED-CFSPE extended to include the electron absorption, characterized by
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the potentiaV;#0, in the VLEED excited state. The absorp-
tion results in damping of the excited-state Bloch waves de-
scribed by complek, . The band dispersions on Re be-
come smooth and go continuously through the band §&bs,
as shown in Fig. 1. Their CP’s do not disappear, however,
they become the points of extremdlinverse band
curvaturé! slightly shifted ink, . The excited-state bands
intersect the symmetry lin&A’ at an energy nearly halfway
between the CP’s reflected by thd/dE extrema. Mapping
this energy as a function df, produces the experimental
excited-state upper band along t#eA’ line with well-
definedk.

Second, the valence bands are determined using angle- (b)
dependent PE measurements in the CFS mode. The final-
state energieEfCFS are varied as a function of the photoelec-

tronK to follow the VLEED-determined excited-state upper

band along thédAA’ line. k thus remains fixed oAA’, and B X
plotting the PE intensity as a function bf produces a direct i 3
image of the valence bands along this surface-parallel sym- :: k,/éK,/ kﬂiK”_zf—
metry line withk fixed three dimensionally. X r
Note that, while the conventional band mapping method =
employs scanning ik, , the VLEED-CFSPE method scans I
in k| . It probes the valence band in an extremuntgk, ), ‘\,{Kﬁr—
i.e., at a point of maximal one-dimensional density of states < s
(1DOS ¢k, /9E, which results in an intensity gain.

Ill. EXPERIMENTAL PROCEDURE AND RESULTS
A. Experimental geometry

Efficient application of the VLEED-CFSPE method as-  FIG. 2. Geometry of a VLEED CFS experiment on a {¢d0)
sumes optimization of the experimental geometry accordingurface:(a) the bulk BZ with the surface BZ inserted; the surface-
to the crystallographic structure. For fcc materials use of thearallel symmetry planEKLUX shown by shadingb) Variations
(110 surface is optimal: Fig. @) shows the fcc bulk BZ of K| in the surface BZ projected onto variations kf in the
with the inserted(110 surface BZ. Clearly, this surface I'KLUX plane of the bulk BZ using the repeated-zone scheme.

should give access to the whole surface-parallel symmetry ) _ ) )
plane'KLUX. An important issue is the energy of the band gaps used in

BZ to the symmetry lines in the bulk BZ is somewhat com-2ble photon energy range. Suitable band gaps are not only
plicated because the surface-parallel momentum conservigcated on a surface-parallel symmetry line, but also should
tion invokes, in addition to théy =K direct line, also the ~Pe formed by the bands coupling to the vacuum plane wave
kj=K;+g lines with g#0 (referred to as surfacemklapp and thus be effective in the VLEED and PE processes. A
lines). For example, the normal inciden¢emission K;=0 roggh esnma;e of their energy can be obtained using a quali-
corresponds to thie =0 direct lineI'K and thek =+ gzrv— tative analysis of the c_:orrespondmg wave functions ta_ken
umklapp linesXU in the reduced BZ. With the umklapp from any band calculatioff, or even using the FE approxi-
lines, the correspondence may be seen most clearly usingr@tion(in the reduced-zone scheme, the coupling bands cor-
repeated-zone scheme as shown in Fi@p).2Variations of 'espond in this case to a single plane wave vkt G

K| in the three main azimuths are schematically shown as & Ky). For Cu, suitable band gaps for tieX, I'KXU, and
group of three corresponding vectors, which is translateciL lines lie in the range of-15 to 30 eV(here and through-
through the repeated surface BZ’s according togalCon- Ut the paper the energies are relativ&f). These energies
sider now the reduced bulk BZ and, specifically, its surfaceideally fit standard grazing-incidence UV monochromators,
parallel TKLUX plane. Upon variation oK, the corre- a_\nd are sufficiently low to pr_owde goo_d intringig resolu-
sponding variations of the reduced take place along tion (see below. For thel'L line they rise above-50 eV,
several parallel lines, witt; coming into and leaving the which is less suitable as the resolution becomes worse.
T'KLUX plane in the reduced BZ. Then the variationsgf Other fcc surfaces may also b_e used, although less effec-
, i i ) tively. The (100 surface geometrically allows one to probe
in theI'Y azimuth of the surface BZ project onto th line

) . X ) the wholel’XWK symmetry plane and thé UW rectangles.
in the bulk BZ(in fact, to the two equivalent lineE to X, However, forl XWK the suitable band gaps are above0

andXtoI'), in I'X to 'K and XU lines, and in'Sto I'S eV (moreover, neakK =0 there will be a complication due
andXL. to a doublet composition of the coupling bafds For
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XUW these band gaps are just abdig,., which is less massive manipulator parts above the sample should be com-
convenient experimentally. Th@11) surface allows access Pensated by attaching a symmetric metal shield below the
to all LKWU hexagons at energies aboved0 eV, which is Sample. Further details are discussed in Ref. 29.
less suitable due to degrading of tke resolution, and the The VLEED experiment should give the elastic electron
I'K symmetry line in a convenient range from 25 to 45 eV.transmissiorT (E), which in principle is obtained from mea-
surements of the elastic reflectivity agE)=1—R(E).
However, in practiceT(E) may be replaced by the total
B. UnoccupiedE (k) by VLEED transmission, as its inelastic component depends smoothly
1. Experimental technique on energy. This allows measurementTqfE) from the cur-
rent absorbed by the sample. This technique is commonly
referred to as targetor tota) current spectroscopyTCS)
" (see, e.g., Ref. 28To reduce the ripple in the target current
iﬁ'gnal, we used a current-input preamplifier mounted near

The VLEED experiment was performed with a standard
four-grid LEED unit. To achieve the lowest primary ener
gies, the retarding field mode was ugéd?°Briefly, the volt-
ages on the electrodes of the gun relative to the cathode
kept as required to maintain optimal focusing of the beal
(normally from+ 100 to+ 300 e\). With the sample kept at
ground potential, the electrons are decelerated in a retarding
field between the gun and the sample to the low primaryP€l Spectrum. _ _
energiesE determined by the cathode bias relative to the The CU110 sample was electropolished and cleaied
ground. This mode enables optimal and constant-current ogitu by standard Ar sputtering and annealing cycles. Besides
eration of the gun down to zero energies. Moreover, the elecd bright LEED pattern, the excellent quality of the surface
tron energy being sufficiently large over the major part of thewas confirmed by observation of surface resonaiees be-
trajectory reduces the influence of stray magnetic figdds  low).
though their compensation using Helmholtz coils is ugeful
Focusing of the electron beam was controlled by observing
the reflected beams on the screen.

The main experimental difficulty associated with the re- The experimental angle-dependent VLEED data were
tarding field mode is that if the sample is rotated for off- Smoothed by a Gaussian with the 0.25 eV half width at half
symmetry measurements the arising asymmetry of the retardraximum(HWHM) (~ the primary beam energy spread
ing field deviates the electron trajectories depending omeduce the noise, and rendered into dfféd E spectra shown
energyE and sample rotation angle (which now differs in Fig. 3. As discussed above, this representation reveals the
from the incidence angle Tight control over the electron band structure information most directly: tH&/d E extrema
trajectories is required, however, to obtain reliable VLEEDreflect the CP’s in thé&, dispersion of the bands coupling to
data, especially concernirg;, which determines the probed vacuum(except for weaker surface resonance structures also
surface-perpendicular direction in the bulk BZ. Based on arseen in Fig. 3% Representation of the VLEED data in the
extensive electrostatic ray-tracing analysis, effective meanegative second derivative d°T/d?E , often used by anal-
sures to overcome this difficulty have recently been fotid. ogy with PE, is less appropriate: thed?T/d’E peaks are
(1) It was shown that due to the retarding field gdepen-  considerably shifted from the CP’s toward the band interior,
dence onE and o becomes close to bilinear and can beand spurious structures in the band interiors are generated.
accurately parametrized by a biquadratic functQE,«)  Note that, while in PE spectra the band structure information
=Eﬁm=0A,mE'am with the residual error equivalent to the is displayed by their maxima, in the VLEED spectra it is
sample rotation of only-0.3°. This allows one to determine contained in both the maxima and minima @&f/dE. The
K, empirically by using the parametrized dependence wittstructures are generally more asymmetric, and identification
the coefficientd\, fitted to some characteristic experimental of their energies using the second derivative is less accurate.
points and diffraction patterns. This approach not only saves The whole body of the VLEED data were further ren-
time over an explicit determination & in ray-tracing cal- dered into & dispersion mapf thedT/dE spectra shown
culations, but in practice turns out even more accurate bean Fig. 4. The shading in this map shows the spectral regions
cause it takes into account to some extent the stray magneticom the dT/dE maxima to the nearest minima higher in
and electrostatic field effect&) It was shown that the beam energy, which are identified byl(dE) (dT/dE)<0. The po-
displacement over the sample shows, apart from the energgitions of the extrema themselves are shown by bars. The
dependence, an almost linear increase with increaging amplitude and sharpness of the extrema, determining the ac-
This allows one to compensate this increase and reduce thmiracy of their position, are shown Hgl?/dE?)(d T/dE)| in
displacement below1 mm by an offset of the sample sur- a gray scale.
face from the manipulator rotation axis outward b8 mm. The experimentak dispersion map of the T/dE spec-

Of other practical matters, it should be noted that the retra is basically a direcimage of the surface-projected(E)
tarding field makes the electron trajectories extremely susef the unoccupied bandgxcept for the bands with insignifi-
ceptible to asymmetries of the experimental geometry. Thisant coupling to vacuujrt® Indeed, the shading shows the
requires use of a symmetric sample holder and careful cennteriors of the coupling bands surface-projected out of
tering of the electron beam. An asymmetry introduced by theE(k, ) along thek;=K;+g lines in the bulk BZ, and the

e feedthrough to the sample. It should be noted that the
CS technique benefits from excellent signal/noise ratio,
hich allows for a data acquisition time of less than 1 min

2. VLEED experimental results
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FIG. 3. Experimental VLEED spectra dfTf/dE in the indicated azimuths of the surface BZ: The sample rotdtidnich differs from the
true incidence ang)encrements in steps of 1°. Thin broken lines show the points of the indicated coKstaalties(the K determination
accuracy, limited by the rms errors of the biquadratic parametrization and of the fitting procedufe0i& A ~1). The spectra are clipped
up to 2 eV from the primandT/dE peak(onset of the target current a,ac+ﬁ2Kﬁ/2m). The bold lines show the minimum-maximum
structures corresponding to the band gaps inltk&V K symmetry plane used in the CFS PE experimeee the text below

points are the CP’s of these bands. We stress that our data Such reference calculations can be qualitative and use
processing is fully automatic, which provides the physicalvarious time-saving approximations. We here used the fol-
information most objectively. lowing  simplifications: (1)  No-absorption  (NA)

It should be noted that VLEED spectroscopy, like anyapproximation'* Damping of the Bloch waves due ¢
other spectroscopy, has a certamtrinsic accuracy'® It is ~ results in smoothing of the barkl, dispersions with the
characterized by intrinsic shifts ofT/dE extrema from the ~CP’s becoming the extremal points of the inverse band cur-
true CP’s due to smooth variations BE) within the band, vature. As these points are only slightly d|splaced from the
distorting influence of the surface barrier, and, mainly, overCP’'S_in the undamped\{=0) bands(see Fig. 1, the
lap of the spectral structures. These shifts are normallyy LEED spectral structures can in fact be related to the un-
within 0.1-0.3 eV. Relative to the bandwidth, this is of the d@MPedE(K). This approximation holds as long & re-
same order as in PE spectroscdpge below. Depending on  Mains gmaller than or at Igast c_omparable with the energy
broadening of the spectral structures, the shifts are minimaicParation between the CP's, which is mostly the case at the
at the lowest energies due to smé|l. In principle, the in- VLEED energies{2) Infinite-crystal approximationEven if

trinsic accuracy influence may be reduced using correctiongizo' d(.ascript.ic.)n of the VLEED process should in principle
found from a model calculatiol?:2> include, in addition to the propagating bulk Bloch waves, the

surface ones which are damped by scattering off the crystal
potential. This requires finding the corresponding complex
E(k) by solving the secular equation on the complex,

The VLEED spectra were further interpreted to identify which computationally is very haf?3® However, the
the extrema corresponding to th&KLUX surface-parallel VLEED spectral structure is formed predominantly by the
symmetry plane, and from them determine the final-state erbulk Bloch waves. This fact allows one to describe the
ergiesEcgs for the following PE experiment. The interpreta- VLEED process qualitatively based on the bulk cry&ek).
tion employedreferenceband calculations, focusing on the Use of these two approximations enables one to exclude
band configuration and coupling properties characterized bgomplexk, and reduce the reference calculations essentially
partial absorbed currentg, to link thedT/dE extrema with  to nominal bulk band calculations employing simple diago-
particular CP’s inE(k). nalization of a real symmetric Hamiltonian matrix.

C. VLEED data analysis: the CFS energies
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FIG. 4. K, dispersion map of the experimental VLEED spectra: The shading fills the maxima-to-minima aread ThdEespectra, and
the bars show the positions of the extrema themselves. Physically, this map is the surface-projected digpgysidithe coupling bands:
the shading shows the interiors of these bands framed by the CP’s. The extrema are shown in a gray scale ac¢od@idgEZo
X(dT/dE)| (~ their amplitudex sharpness The region belovE, .+ #2Kf/2m+2 eV is clipped as in Fig. 3. The dotted lines show the
diffraction beam thresholdls’\g=(ﬁ2/2m)(KH+g)2 in the low-energy part of the spectra, where the surface resonance structures may exist
(see the text below The bold lines show the final-state energies used in the PE experiment with the corresponding directions in the bulk BZ
indicated.

We realized the reference calculations using the empiricabands(large|,) of the referenceE(k), including a smooth-
pseudopotential metho®PM) with a minimal basis set of type CP near 20 eV as a band curvature extremum. Some
27 plane waves to calculatg(k). [Other band calculation energy displacements, which are due to the approximate
methods may also be used: for example, ftee employed  pseudopotential, do not affect the interpretation. There are
the first-principles full potential linearized augmented planethree CP’s placed in thEKLUX plane, specifically, at th
wave (FLAPW) codewiENg7.%%] The pseudopotential Fourier point (the spectral structures corresponding to the symmetry
components were adjusted to reproduce roughly a few regines are in fact not necessarily the strongeltthe surface
resentative VLEED spectra, including the normal incidencesffects are now taken into account, the band gaps will be
one. To calculate the band partial curremis=|T|*v. ., bridged by real lines of the complex(Rek, ). With
where Ty is the Bloch wave excitation amplitude ang,  this band configuration they will be passing tdeoint only
=JE/ ok, its surface-perpendicular group velocity, we usedbetween the band extrema of the opposite curvature sign, i.e.,
the coupling Fourier component—group  velocity between the lowest two CP’s. Taking into account the
approximation® with the wave functions generated as a by-smoothing effect oV; (see Fig. 1, the excited-state bands
product of the band calculations. It relatggo (1) the partial  will pass this point at the energy halfway between them. This
content of the couplingincidence-wave-like Fourier com-  fixes the final-state energy for the PE experim&yrs,
ponents and2) v, of the Bloch waves, using an empirical which locates at theX point. As an off-normal case, Fig. 5
formula, in a simplified form,

also illustrates the interpretation f&q=2I"Y (the center of
@ the second surface BZ; see Fig. Zhis particular case cor-
Cé) (v )P responds tdJX as the direct line and'K as theg,rv um-
klapp line, the same as for normal incidence. While in the

with the coefficientse and 8 adjusted to model matching ©ff-Symmetry cas& depends on energy, here for simplicity

calculationgsee Ref. 13 for details, including the implemen- we show one experimental spectrum whégereaches 2Y
tation). This approximation, although sacrificing some am-near the spectral structure corresponding to EHeLUX
plitude accuracy, is by a factor ef 30 faster and inherently plane (though theK| dispersion in this region is rather
numerically stable compared to the matching. Other bulkweak. The choice oEg5is again evident. Now it locatds
crystal approximatioris® may also be used. at theI" point. By virtue of the swiftness of our reference
The interpretation of the VLEED data using the referencecalculations, a similar interpretation was performed readily
calculations is illustrated in Fig. 5. The normal incidencefor the whole body of angle-dependent VLEED spedfrin
K;=0 corresponds to the direct lifeK and theg,rv um-  the investigated energy ran@grs always locatek on the
klapp line UX (see Fig. 2 The extrema in the experimental umklapp line(see Fig. 2
spectrum are all identified with the CP’s in the coupling In addition, we have performed explicit reference calcu-

| oc(
Gik”-FGH:K”
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E ?@, » ] <FEcps FIG. 6. Reference calculations, based on the semi-infinite crys-
s A tal picture and includingV;, for the normal incidence case: The
R band configuration confirms the choice Bfrgin Fig. 5.
>
()
1 bands intersect thEKLU X plane in the expected band gap,
L'." and the energy of the intersection point falls almost in the
W middle between the two CP’s as the band curvature extrema
reflected by the VLEED spectral structurgsossible dis-
placements are too small to affect the accuracy of the PE
10 ahe RSV ] experiment This confirms the above choice Bf-rs. Note
b - K,=2[Y some increase of Ik, in the band gap, which reflects stron-
e ger damping of the Bloch waves by elastic scattering off the
r kk K X <« dT/dE crystal potential.

TheK| dispersion ofE s determined for the whole body
FIG. 5. Interpretation of the VLEED spectra using the referenceo.f the eXp.e”mental spectra is shovyn in the VLEE.D d|§per—
ion map in Fig. 4. The corresponding symmetry lines in the

calculations based on the bulk band structure: Identification of th o .
dT/dE extrema with the CP's in the coupling ban@rgel , shown qlk BZ are also !nd|cat_ed. We.stress that for these energies
k is fixed three-dimensionally: ik by parallel-momentum

by gray scalgis evident. This fixes the final-state energiigg-s for . - ! ] '
the PE experiment, which locatésin the TKLUX plane. In the ~ COnservatioriwith a particularg), and ink, by being located
in the surface-paralldlKLUX plane.

_ . As a general trend seen in Fig. EceK|) disperses
by K varying within some=10% and equal to Y near 25 eV. upward upon increase mH . However, the regions of steady
dispersion of the corresponding band gap are interrupted by
lations (based on the semi-infinite crystal approach and in"VLEED structures dispersing downward, which correspond
cludingV;) for a fewK| values to check the configuration of to band gaps coming from the BZ interior into the symmetry
the excited-state bands as well as for further use in PE. Thelane. Upon further increase d¢; the first gap sharply
corresponding complek (k) was calculated within the same changes its dispersion, deviating from the symmetry plane,
EPM scheme with a realistie/; taken asV;=0.065€ and closes. Through a discontinuiti{c,gK) moves into
—Eg).%8 Such calculations are relatively simple, as localitythe second gap, which can for a while keep the downward

of the pseudopotential allows one to reduce the secular equgispersion(as in the largex region in thel'X azimuth. As
tion to a S|mplle3§|genvalue problem for a complex non-yhe excited-state band goes through the discontinuity almost
Hermitian matri®32 (other band calculation schemes involve vertically in a manner similar to Fig. 6, the energy changes
much larger computational problems, and often employ &yithin its limits result in insignificant, changes(such a

local EPM fif or thek-p expansio®®). The partial currents  pehavior is corroborated by the PE data; see below
I, which in the picture including/; are formed by electron

capture from the coherent Bloch waves and determined as

=V, [(Tedy) * Tedpdr with the integration in the crystal D. Occupied E(k) by CFSPE

half spaceé? were calculated from the amplitude$, The PE experiment was performed at the Photon Factory
determined by matchingsee Refs. 11 and 12 for details synchrotron radiation facility, Japan, at beamline BL18A

The calculated results are shown in Fig. 6. The couplingequipped with a grazing-incidence monochromator and an

K;=2I'Y case, the shown experimental spectrum is characterize
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FIG. 7. Experimental angle-dependent CFS spectra; the correspoiglinglues are indicated. The spectra taken bele® eV are
magnified by a factor of 10 and aligned with the higher-energy ones of the Kame

ADES-500 spectrometer. The photocurrent off the monosecond derivative- d?l/dE? which was thresholded to clip
chromator refocusing mirror was used to normalize the CF$he unphysical negative values and those below a small posi-
spectra to photon flux. The acceptance angle of the analyzeive &, value representing the noise ;s was taken in-
was 0.5° half width at half maximum. The light incidence versely proportional to the refocusing mirror current used for
angle was set at 45° to provide mixeg polarization. The  the normalization The whole body of these data was further
high-binding-energy spectrébelow —6 eV) were taken in  rendered into & dispersion map, shown in Fig. 8 in a
100 meV steps of the photon energy, and the spectra |ogarithmic gray scale. By virtue of our choice of the final-
closer toEg in 50 meV steps. The normal emission anglegiate energies this map in fact represents the dispersion in the
was adjusted in the EDC mode from the symmetry of theree-dimensionak. We stress that our data processing is
peak energies under analyzer rotation in two perpendiculag,y automatic(the only adjustable parameters were those of
azimuths. Its setting was accurate within0.5°, and even iha noise reduction, the Gaussian HWHM, afdic., the
better in thel'Y azimuth where by settingr to 18.6 eV we  same for all the processed datand thus provides most ob-
could follow the highly dispersivesp band nearEr. The jective information. It is preferred over, for example, evalu-
experimental angle-dependent CFS spectra were measuredadion of the peak positions using Lorentzian fitting in which
kinetic energies varying as a function Iéf according to the each spectrum should be processed individually and the ini-
Ecrsdispersion determined by VLEED, Fig3Note thatin  tial guess for the fitting parameters may influence the results.
the CFS mode every spectrum, taken at a fixed emission The obtainek dispersion map of-d?I/dE? in Fig. 8 is
angle and kinetic energy, is characterized by condtgnt essentially a direcimage of the valence band(E) (except

The raw angle-dependent CFS spedté@hout noise re- for the bands with vanishing matrix elemgnindeed, the
duction are shown in Fig. 7. A spectrum was recorded typi-positions of the—d?l/dE? maxima locate the positions of
cally in ~45 min. The major part of the data acquisition time the PE peaks, including the shoulderlike ones, which all re-
was due to relatively slow setting of the monochromator. flect the band dispersiorfalthough use of the second deriva-

Further data processing was largely similar to that used itive implies symmetric peak profil€8. Our representation
VLEED. To reduce the noise, the CFS spectra werecontains in fact more information: the-d2l/dE? peak
smoothed by a Gaussian with the 170 meV HWHM for thewidths characterize the PE peak widtfmote that the error
low-binding energy spectra and 85 meV for the spectra takebars of the PE peak positions are much smaller than these
closer toE (this insignificantly affected resolution of the widths), and the—d?l/dE? intensity characterizes the accu-
spectral peaks Then they were rendered into the negativeracy of the peak locatioitrather than their intensity, as it
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FIG. 8. Thek dispersion map of the experimental CFS spectra representedidgdE?>0. This is essentially a direct image of the
valence band (k). The bands are shifted from the DFT theoretigék), shown by thin lines, due to excited-state self-energy effects. The
constant line aEg is due to the Fermi cutoff, and the peaksF are spurious structures due to multiple upper band composition, 1DOS
maxima, and surface statésee below.

depends also on their sharpnedshe valence bands are eas- on; moreover, in our off-normal case this is misleading. The
ily identified by comparison to a DFT band calculation alsocoupling properties are rather controlled by Fourier compo-
shown in Fig. 8[the structuresA-F are not directly con- sition of the(pseudd wave functions:*

nected to the bulkE(k); see below. This calculation was The role of the coupling properties is revealed neatly by

performed using the FLAPW cotfewiEng7 and included —comparison of the normal and off-normal cases in Fitsee

scalar relativistic effects. The experimental data shows spin‘?‘ls0 Ref. 16. By the parall_el—momentum conservation these
orbit splitting and relativistic matrix element effedfg!t WO cases correspond, via umklapp, to the same surface-
Comparison of the experiment&(k) with the DFT picture perpendicular line§'K andUX (see Fig. 2, and therefore to

reveals significant and regular shifts due to the excited-statii'® S8MeE(k, ). Naively, one would expect that the VLEED
self-energy effects briefly discussed below. spectra should also be the same, but they are entirely differ-

ent. This is because the coupling bands in the s&ifig )
changed. Indeed, these bands should have their leading Fou-
IV. DISCUSSION rier componeni'*©) " resemble the incident plane wave
e'®"in terms of the surface-parallel componeHft¥hen the
change of incidenc into the second surface BZ changes
1. Role of the coupling properties this component, and thus the coupling bands. This effect is

The concept of the coupling properties, quantified by the?lS0 obvious in thdY azimuth of the VLEED dispersion
partial currents, , plays a key role in VLEED data analysis: Map in Fig. 4: although any tw#, which are symmetric
it enables one to link the spectral structures with particularelative to theY point, correspond to equivalent lines in the
points inE(k, ), even though the latter is usually a multitude bulk BZ, the experimental dispersion has no symmetry.
of bands. This is clearly seen, for example, in Fig. 5. Only ) )
the coupling bands display their CP’s as tHE dE extrema, 2. B(k) and the VLEED dispersion map
while all other bands remain ineffective and their CP’s invis-  TheK dispersion map of the VLEED spectra as shown in
ible. Figure 5 also shows that an estimate of the couplingFig. 4 is essentially the surface-projected disper&ifky) of
properties based only on the band dispersion is unreliablehe coupling bands$within the intrinsic accurady The dis-
although the coupling bands generally dispersé,inmost  persions of the CP’s in thig(k|), however, are not equiva-
strongly, the dispersion differences may be too faint to relylent to the entireE(k) along the corresponding surface-

A. Upper bands
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parallel symmetry linest1) E(k;) shows, in addition to CP’s 4. Non-FE effects

located on these lines, other CP's—those located in the inte- The VLEED data reveal that the upper bands of Cu con-
rior of the BZ (strictly speaking, ifV; is taken into account, (ain, contrary to the common belief, significant deviations

the CP's associated with the symmetry lines also show &om the FE-like dispersion in several regions lofspace.
small displacement; see Figl;12) on the other hand=(K|) g has peen noticed in some previous PE stutfiésbut

misses many bands frof(k) along the symmetry lines— onl o
X y VLEED has allowed us to observe them explicitly. In
those formed by CP's of the bands E(k,) that do not the following we treat the FE approximation in a generalized

couple to vacuum. sense as an optimal fit of the re&l(k) by a parabola

Despite the electron absorption, the dispersions in the ex 17 2 ok . -
: s - re(K) = (A/2m* ) (k+ G) + Voo With the effective mass
perimentalE(k)) are unsmoothed: retaining bands gaps, theym* and inner potential/,ooto some extent incorporating the

are discontinuous functions of energy. At first glance this is__ - ] A
surprising, because due 1 the dispersions iE(k, ) be- non-FE and self-energy effects. Note, however, that in this

approximation among all bands, characterized by different

come gmooth and go t_hrough the band gaps qontinuquslk/+ G, only oneband couples to the vacuum plane wave and
(see Fig. 3 In fact, this phenomenon shows interesting . < ic effective in VLEED and PE

physics of the VLEEDand similarly PE processYV; results In the experimental surface-project&dk;) in Fig. 4 the

n damplng O.f th_e wave functions in the = surface- non-FE dispersion behavior is seen most clearly. The very
perpendicular direction, but parallel to the surface the damp;

I : ; ... ~appearance of CP’s in thie, dispersion, reflected by the
ing is compensated by surface-parallel invariant exc'tat'o%xtrema in the VLEED spectra, is already a non-FE effect
by the incident electron beatwhose surface-parallel invari- : :

ance is limited only by the transverse coherence lengh One might neverthgless expect that the .disper.si(.)n of these

thus remains real, ari(k;) is unsmoothed ) CP’s would be_ FE-like. quever, drar_nat|c d_eV|at|ons from
Different effect’s ofV, oHn thek, andk dié ersions result that are seen in the expenmgnﬁdk“'), In particular closer

. . ' L | GISP . to the BZ borders(1) the k| dispersions demonstrate large

in different E(k) along the surface-perpendicular and

/ : iscontinuities where they meet each other and form ex-
fiuerfagii-sptirna(lleelolllrgﬁz gg;gigtzg dbgrsglr(ntrf?iitglxraletnsllﬁkB ended band hybridization regions, often involving many
Fig. 1, for example, even if thie=K| line were equivalent bands(for example, neak =2 A™* in theI'Y azimuth; (2)

by this symmetry toAA’, it would not contain theEce(k)  @lthough the continuous dispersions are seemingly FE-like,
band. they in fact can be approximated by the FE-like dispersion

only locally in the sense that the optimal values\gf,, and
m* will strongly depend on energy arkg. Correspondingly,
the experimentak dispersion ofEces, which reflects the

The VLEED dispersion map in Fig. 4 shows some specexcited-stateE(k) along the chosen lines in the bulk BZ,
tral structures located near the diffraction beam thresholdalso shows discontinuities in the extended band hybridization
Eg= (ﬁ2/2m)(KH+g)2 (dashed linesand not connected with regions near th€ KLU X plane and a nonparabolic behavior.
the bulkE(k). They occur due to the surface resonances jusThe FE approximation can in fact be reasonable only near
below the thresholds as the preemergent beam ithg  the X point and closer to the BZ borders can describe only a
travels parallel to the surface through multiple reflectionsgeneral trend. The optim&yy value will be~7 eV, which
between the surface barrier and the crystal B&ik? These is about 2 eV above the value estimated in Ref. 20 based on
structures are superimposed on a weak decrease of the totitensive PE data for higher final-state energigse the
transmitted currena d T/dE minimum) above the threshold comparison in Ref. 24
connected with onset of an additional channel of electron In the k, dispersion the non-FE behavior should be less
scattering off the crystaf pronounced due to the smoothing effect\gf. It survives

A popular point of view is that the surface resonancesnevertheless in two aspectd) Thek, dispersion cannot be
may exist only if supported by a band gap E{(k) that smoothed into a completely FE dispersion, because the en-
provides effective reflection off the crystal bulk. However, in ergy width of the band hybridization regions is in general
our data they are located where a strongly coupling bandomparable with thé/; values. MoreoverE(k,) may still
easily transmits electrons into the solid. This seeminglyfeature multiple coupling bandsee below. Both effects are
strange effect is because the bands, which couple to the imlear, for example, near thépoint in Fig. 6. They are more
cident plane wave with wave vecttij, do not couple to and pronounced in the extended band hybridization regions seen
reflect the preemergent beam wih+g. in E(k)); (2) The FE approximation oE(Rek, ) will again

The resolution of our setup was unfortunately not suffi-be only local, with the parameters depending on energy and,
cient to resolve finer details of the surface resonance stru@s seen in th& (k) plot, k. Our observations of the non-FE
tures, containing information about the shape of the surfacbehavior of upper bands agree with conclusions achieved in
barrier. To our knowledge, we present the first observation oé previous attempt at absolute PE band mapffirmt there
this phenomenon on a loosely packed (t&0) surface. This use of a symmetry line at some angle to the surface mixed
is along with the existing observations of image potentialthe effects ofV; on thek, andk; dispersions, which and
states in inverse Pf. As the surface resonances are highlydoes not allow for a direct comparison with VLEED results.
sensitive to surface contamination, their existence proves ext should be noted that the non-FE behavior is much stronger
cellent surface quality. for materials whose crystal potential is strongly modulated,

3. Surface resonances
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for example, for layered materiaig®3!
Multiple coupling band composition d&(k, ) can in fact T,s
severely impair the PE band mapping whichever method is
used, as the final-state, then becomes ambiguous. This
composition does not necessarily result in multiple peaks in
the PE spectra, because the peaks have a certain width de-

termined by the final-statle, broadening Ink, , the initial-

state energy broadeninlgiho'e, their k, dispersions, and

somewhat by the mode of data takifepe below. To sim-

plify, resolving two PE peaks requires thd) thek, sepa-

ration of the final bands is larger than the sum of their

Imk, ; (2) the energy separation of the initial states due to

their k, dispersion is larger than the sum of thaif°®.

These conditions are met, for example, in the normal

emission? from Cu100) and some layered materialwhich

in certain final-state energy ranges demonstrate multiple . . . .

spectral peaks. In other cases the multiple band composition 15 20 25 30 35 40

results only in broadening and shifting of the PE peak be-

cause of averaging ik, . This takes place, for example, in E-EF (eV)

our cases shown in Fig. 6: the final bands are resolvéd in

only marginally, and the available initidlbands are too flat. FIG. 9. Comparison of the VLEED data reflectiEgk) at thel’
To check the present experiment against multiple bangboint: the spectrum measured on the relaxed1CO surface at

effects, we investigated the whole dispersion regio@fs K =2I'Y (nearE=25 V) and the one on the unrelaxed @aY)

using the reference calculations. Only in the strong hybridface at normal incidence.

ization regions in Fig. 4, as expected, were the effects no-

table, but the main band from tH&KLUX plane still domi-  The band dispersions in Fig. 8 demonstrate excellent consis-

nated in coupling. Only in th&X azimuth closer to the Bz tency not only in thel bands, but also, very convincingly, in
border K> 2 A~1) did the additional bands acquire con- thesp bands with their largd, dispersion. The dis_persion_s
siderable coupling. Their smalk, separation of(0.1— remain smooth even where the final-state energies fall into
0.2)T'X| from the main band and somewhat increasedkJm the regions of strong band hybridization and undergo discon-
suggest additional broadening and shifting of the PE peaks ifinuities (Fig. 4). As the most critical test, in a few such

this region, and thus less accurate band mapfsiag beloy. ~ regions we measured a constéft-series of CFS spectra,
scanning the final-state energy through the discontinuity.

5. Effect of the surface relaxation Figure 10 shows a typical series. Although the intensity var-

The CU110 surface is characterized by oscillatory relax- i€ considerably due to variation of the matrix element
ation: the first interlayer spacing is contracted $y8.5%,

(110)

Fz’ rlS

(111)

dT/dE (arb. units)

and the second expanded by2.3% relative to the bulk ' ' ' ' o ' ' b ]
value®® We have investigated its effect on the electronic (Cl) ( )
structure by comparing VLEED data measured on different
surfaces. Figure 9 shows two spectra refleckiig) at thel’ Ecrs(eV) I 1
point: one is measured on tli&10) surface aK=2I'Y and g 199 5l |
the other on the almost unrelaxétill) surface at normal & 21.7 <
inc_idence“:9 Their agreemeqt is _striking. For tH&, andT 45 ; 23.5=E1CF89;__3_ - _—
points thed T/dE extrema differ in energy by less than 0.05 g i Wy I
eV. For thel' ;s point the difference reaches 0.2 eV, but this : ' W
is because in the shown (10) spectrumK increases by 24, 4
~0.1 A1 at this energy; with the relevant spectrum the 289=E%crs
difference becomes less than 0.1 eV. A disagreement of the 30.7 51
dT/dE peaks near 25 e\by ~0.2 eV) is expected, as they 325 —_—
correspond to different CP’s displaced from fhgoint into -6 E'crs  Ecrs
the BZ interior along thd' KX line and thel'L line, respec- o ” > o 2 v %0
tively. The comparison thus suggests that the surface relax - _
ation effect on the electronic structure is negligible. E-Er (eV) Ecrs-Er(eV

B. Properties of the VLEED CFS PE method FIG. 10. A constank series of CFS spectfa) and the disper-

sion of the main peaké) on varying the final-state enerdycrs

through aE&q<to-E2 ¢ discontinuity of its dispersion determined
As the first test of the VLEED-CFSPE method, we haveby VLEED (Fig. 4) for K;=1.5 A"% in the TX azimuth. The peak

checked the internal consistency of the experimental PE datanergies are almost constant through the discontinuity.

1. Testing
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FIG. 12. Development of the PE peak profile due to the final-
FIG. 11. Comparison of the VLEED-CFSPE valence band fromstatek, broadening combined with the initial-state energy broaden-
Fig. 8(in a lighter gray scalewith previous experimental data from ing. If the initial-statek, dispersion is nonlinear, the peak shifts
different sources as compiled in Ref. 22. Note that the formersomewhat toward larger numbers of tlid, states within the
shows all spectral structures, whereas the latter contain only theroadening overlap.
points interpreted as due to direct transitions, dropping the spurious

structures like those due to 1DOS. map thesp band along thd'K X line almost to thd” point;
(2) E(k) along theXL line. Its mapping inherently requires

[M;|2, the peak energies between the tfges remain the off-normal measurements, and is thus inaccessible by con-
same within 50 meV. Such small shifts may well be ventional band mapping. The VLEED-CFSPE method
caused by, for example, th|? variations within the peak equally enables access to any oblique line in the surface-
profile. This behavior of the PE peaks confirms that khe parallel symmetry planes.
dispersion of the corresponding final-state band is nearly ver- A remarkable usefulness of the method should be
tical through the whole region, as discussed above. stressed: very elegantly, one single PE experiment using one

Second, the intentional choice of Cu has enabled us 10 tégfystalline surface and one standard grating has covered al-

the method by comparing our results with a great deal of, st the whole body of previous data and delivered new
experimental data achieved by conventional meti8cs. fieces of the Cu valence band.

Figure 11 shows our results compared with the represent
tive points of virtually all available data sets as compiled in

Ref. 22. Excellent correspondence is found in both positions 3. Intrinsic accuracy

and dispersions of the valence bands. The difference in cov- Tne jntrinsic accuracy of the PE experiment is determined
ered pieces of the bands is due to differf¥g|” connected by certain shifts of the PE peaks from the true quasiparticle

with different final states. We stress that our data represerandgi.e., the peaks of the spectral functiéiw,k)]. Their
tation is most objective in showirgl spectral structures, but roots lie in the finite electron and hole lifetimes. We here

the previous data are somewhat biased in showing only thos§nalyze the intrinsic accuracy effects connected witioa-

interpreted as due to the direct transitions and deliberatel . . 7 i
dropping the minor structures like those due to 1I:)OSNnear k, dispersion of the initial state, where the VLEED

maxima. which. however can be found in the raw data CFSPE method is somewhat different from the conventional
Summarizing, our tests convincingly demonstrate that th&Ne- We remain within the bqlk banq st.ruc'ture plcturg.
combination of VLEED and CFSPE is a powerful and effi- W€ start with the mechanism of intrinsic broadening of
cient method for absolute, i.e., trukgresolving, band map- e PE peakssee, e.g., Refs. 2, 18, and)S8Briefly, the final
ping of both the PE final and initial states. Fully automaticStaté is characterized by a well-defined eneigy and
data processing has allowed for most unbiased testing. ~ Lorentzian broadening ik, , which is centered on R€
and has the HWHM Irk® . The initial state, complementa-
2. New data on the valence band(E) rily, is characterized by a well-defindd and broadening in

. . . energy, which is centered on the initial-state b&nd, ) and
Our experiment has provided new pieces of the valence 9y EII( L)

band:(1) Thesp band mapped along the whdi line. The ~ Whose HWHM is determined by the hole lifetime (a
conventional mapping of this band on tt00) surface was common method of substituting this broadening by equiva-
troublesome due to the multiple band composition of théentk, broadening"'is restricted to a lineak, dispersiof.
final state!>2! An additional problem was a very low inten- As shown in Fig. 12, the photocurreltE) occurs by adding
sity due to vanishingM|2. Our method gains in intensity up the elementary photocurrents from the direct transitions in
because the initial state is probed in a point of maximalall dk, states at the energi’=E;—hv, weighted by the
1DOS(see Fig. 1 The intensity gain has also enabled us toabove Lorentzians:
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there are no statdshe effect of in-band shiftirfty. This situ-
= (k; —Rek?)?+(Imk?)? ation is relevant for the VLEED-CFSPE method, in which
the initial states are probed in thg(k,) extrema. The in-
1 trinsic shifting effects are confirmed by one-step PE
X dk, calculations’? They normally increase upon increase of the
[EP—Ei(k, )12+ (V)2 final- and initial-state broadening parameters.
} o The integral expression for the photocurrent can be evalu-
(tr_le spectral functlon r;ormallzatlon is dropped and the amz;q analytically using the Taylor expansiongfk, ). Here
plitude factor_s l'ke|Mﬁ| are assumed constant we will retain only the quadratic terig;(k, )= akf (with an
[t Ei(k,) is nonlinear, the total number afk, states . qjicit v/ offsed. At least near the band extrema used in
within the broadening overlap relative & becomes differ-  po /| EED-CFSPE method this approximation suffices. The

ent. Correspondingly, the PE peak becomes asymmetric, anghegrand then has three poles in the upper complex half
its maximum experiences a certain intrinsic shift toward the, gne-

larger number of states, deviating from the true band energy.

In the band interior the peak will shift toward the band edge, Rek® +i1mk®, (EX+ivD/a,

where the 1DOS is larger. This effect is typical for conven-

tional band mapping, in which the band dispersion isand —(E’—iVl)/a. The corresponding residues form the
scanned ink, . In the band extrema, on the contrary, thethree terms irl (E?):

o 1 peak will shift toward the interior, as beyond the band limits
(EP)= f

|
1 1 1 1

+
ImK® (VM2+[E°— a(Rek® +i Imk®)212 2\ /aVv! VEP+iVIT(ImK®)2+ (V(EP+iVM/a—Rek?)?]

(EP)=

1 1
2 JaVE VESS VI (MK )2+ (V(ED— IV + RekO)?]

To compare the intrinsic accuracy of the VLEED-CFSPEin k, . On the whole, the two methods are characterized by
and conventional methods, we performed model calculationsomparable magnitude of the intrinsic shifting. There are,
using the above formalism. Their parameters correspondelowever, certain differencesfl) As expected, in the
to mapping of thesp band of Cu(for the d bands the intrin- VLEED-CFSPE method the peaks are always slightly above
sic shifts are smaller due to their rather flat dispersion.  the true band due to the in-band shifting Eitk, ). In the
The sp band was described by a FE quadratic dispersiongonventional method the direction of shi_ftin_g changes from
which is realistic far from thel bands. Ink, was taken as [n-band near the band bottom to opposite in the band inte-

~0.12 A1, which corresponds to our experiment at fhe rior; (2) The methods are entirely different neag, where

h i .
point (as determined by fitting the reference matching calcui drops to zero: in the VLEED-CFSPE method the shifting

lations includingV; to the corresponding VLEED spectrum; also drops to zero, but in the conventional method it still

see aboveand is representative in a wide range of the finaI-IrEerEamS' tlndeed, as th”e f'rsﬁ mI'Gli[hO?h probes the band in a
state energies\/ih was taken to vary linearly from zero Bt (k,) extremum, usually valleylike, there remain no occu-

to its value at the bottom of thep band of ~0.9 eV (as pied parts of the band upon crossifig and the PE peak

. " ) . . shri [ i ity. d method th I
determined by fitting the experimental PE peak width by th|sShrlnks into a singularity. In the second method there always

del calculati h | d using th remains an occupied part which within tike broadening
model calculation The PE spectra were evaluated using t Sinterval forms a certain width and thus an intrinsic shifting of

above analytical formula implying Constah'tih within the ¢ peak(in fact, upon crossing, the band always retain
peak profile. The Ca|Cu|ati0nS fOI’ the Conventional ban%ere a ghost peak; see, e_g_ Refs_ 52 ar)d'aﬁs advantage
mapping assumed that the final-stéte dispersion is much  of the VLEED-CFSPE method may be crucial for accurate
larger than the initial-state one, which allowed us to neglecimapping of the Fermi surface.
somek, variation within the peak profile in the EDC mode.  The values obtained of the intrinsic shifts based on real
It should be noted that in the conventional case these calciroadening parameters can in principle be immediately used
lations are likely to underestimate the intrinsic shifts, asto improve the accuracy of our experimental daftéar from
Imk, is typically larger due to higher final-state energies. the d band3.?® At largerk along thel'KX direction the in-
The result of our modeling is shown in Fig. 13 as thetrinsic shifts somewhat increase due to largerkimcon-
position of the PE peaks on top of the trEék) (a) and the  nected with the higher final-state energy.
calculated intrinsic shiftgb). Remember that the VLEED- It should be noted that our analysis neglects other sources
CFSPE method scarig(k) in k;, and the conventional one of intrinsic shifting like variations ofMg|? within the peak
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found from comparison to the band calculation. We will here
concentrate, however, on the minor structufesk which
occur due to different mechanisms.

Structures due to the multiple band composition were ex-
pected, as discussed above, in the regions of strong upper
band hybridization seen in the VLEED data. The shoulder-
like structureA falls exactly in such a region, and its weak-
ness reflects small coupling of the additional b&imdvould
be helpful to confirm this interpretation against the 1DOS
effects by varyingEcrs to check thek, dispersion. For
largek along thel'KX line the multiple coupling bands are
close ink, to the main band, which results only in widening
and shifting of thesp band peak to higher energies without
resolving separate structures.

Some structures occur due to nkbp-conserving transi-
tions into 1DOS maxima away from thEKLUX plane.
Such structures were observed already intilredependent
normal emission spectra of Ref. 20. They are seen in our data
as the shoulderB andC. The same effect is likely to form
the shouldeD. Indeed, this structure is observed néar

=I"X. By the symmetry of the bulk BZ the corresponding
E(k,) should have band extrema, and thus 1DOS maxima, at

the X point. The structure is indeed close to the experi-
mental energies of theé bands at this point and reflects their
dispersion. This interpretation should again be checked
against thek, dispersion.

The surface state structures may be distinguished from the
1DOS features by their smaller width. The pdals a docu-
mented surface stafé The narrow shouldeF can be inter-
preted as a surface state or resonance split offdtkeates,
profile* or smearing of the bulk 1DOS singularities near thenot yet documented. This interpretation is corrborated by
surface. These effects can be taken into account within thelab calculations on other surfacgs’
explicit one-step theory of PE, but such calculations are
much more difficul®%

In connection with the intrinsic accuracy it should be
noted that the use of emission from final-state band gaps, a Comparison of the experimental valence band in Fig. 8
characteristic feature of the VLEED-CFSPE method, mightwith a state-of-the-art DFT calculation, performed with the
seem a weakness compared to the conventional methoBLAPW codewieng7,>® reveals significant and systematic
some enhancement of Ik in the gapgFig. 6 might result  deviations: the experimentelbands are shifted by 0.5 eV
in an increase of the intrinsic shifting effe¢end the 1DOS  to lower energy, and thep band in the opposite direction up
effects; see below However, in practice the VLEED- to 0.4 eV (corrected for the intrinsic shiftsat the lowest
CFSPE method is more accurate. This is because this eppint. These deviations are not due to any deficiencies of our
hancement of Ik, is considerably smaller than the effect of experiment or band calculation, as the experimental results
Vi (Fig. 6 shows in fact a rare case of a rather large band gaggree with the previous experimental data and the calculated
combined with smalV;). This enhancement becomes impor- g () differs from any other modern calculation by less than
tant, as was most recently found for graphite, only if thejgo meV (the most recent analysis in Ref. 57 suggests that
band gap has an extraordinary width of the order of 13®V. the early DFT calculations, showing a deceptive agreement
As our method may be applied at low final-state energiesyjth the experiment, are irrelevant due to technical flaws
characterized by small;, on the whole Ink, and thus the  sjmilar systematic deviations effects are found in the unoc-
intrinsic accuracy limitations remain even smaller compareq;upied bands.
to the conventional method typically employing higher ener-  The observed deviations manifest in fact the excited-state
gies. In return, the accuracy &falong the direction of band self-energy corrections RES to the ground-state DFT ei-
mapping is free of the intrinsic broadening mechanisms, andenvalues, surprisingly large in spite of the less correlated
limited only by the instrumenta resolution(the latter also  nature of Cu. These effects are discussed in detail in Ref. 25.
improves at low energigs Briefly, the distinct band dependence of RE is related to
a different spatial localization of the one-electron wave func-
tions. For example, the valenckelectrons are localized in

The major peaks in the PE data in Fig. 8 all correspond tdhe core region with large electron densityr), and thus
direct transitions from the bulk valence bands, as easilyexperience a larger effective density; as compared to the

r k X

FIG. 13. Modeling of the intrinsic accuracy in the VLEED-
CFSPE and conventional band mappings forghéand of Cui(a)
the peak positions on top of the tr&gk) (thick gray line; (b) the
intrinsic shifts.

D. Excited-state self-energy effects

C. Valence band
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sp electrons delocalized over the unit cell. This gives rise toregion, attractive for the best resolution. The method has
a difference in the self-energy effettdargely determined further advantage€1) a PE intensity gain by virtue of mea-
by neg. Qualitatively, these effects can be mapped onto th&uring initial states at maximal 1DO$2) better intrinsic
electron gas exchange-correlation behavior through generaliccuracy neaEr; (3) practical utility in that use of a narrow
zation of negs as a wave function weighted density hy range and only one crystal surface allows for complete
Jadi (r) ¢(r)n(r)dr with integration over the unit cell. An  band mapping along a variety of BZ directions. For many
explicit description of the excited-state exchange and correerystals having only one stable surface, for example, layered
lation in the framework of th& W approximation provides a materials, this method is the only possibility for determining
good quantitative description of the observed band deperi(k) in a thorough and well-characterized way. It should be
dence of RaY.?® noted, however, that the VLEED-CFSPE method, providing
control over the three-dimensionk] employs more elabo-
V. CONCLUSION rate data analysis and data acquisition techniques compared
) ) to conventional band mapping.

A method for absolute band mapping with full control of Applying the VLEED-CFSPE method to Cu, we have
the three-dimensionak, the VLEED-CFSPE method, has mapped the surface-projected dispersions of unoccupied
been described in detail. The method is based on determingzngs and explicitly determined the strength of their non-FE
tion of the final-state band gap dispersions along the surfacgsenavior. Contrary to common belief, such behavior is sig-
parallel symmetry lines of the BZ using angle-dependentyisicant in extended regions & space. Through the upper
VLEED measurements. The corresponding final-state enegnq yalence bands we have also found significant deviations
gies are then used to map the valence bl(k) using PE  om the DFT picture. This reveals significant self-energy

measurements in the CFS mode. _ effects in Cu despite its less correlated nature.
The main advantage of the VLEED-CFSPE method is a

natural incorporation of the non-FE and excited-state effects
in the upper bands, which delivers an accuracy superior to
that of conventional techniques. The method can thus be ap- We gratefully acknowledge financial support by the Deut-
plied in conventionally troublesome situations like materialssche Forschungsgemeinschaft and Chalmers University of
with strong modulation of the crystal potential or the lbw-  Technology.
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