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Excited-state self-energy effects in the electronic structure of Cu, a prototype weakly correlated system
containing states with different degrees of localization, are investigated with emphasis on the unoccupied states
up to 40 eV above the Fermi level. The analysis employs the experimental quasiparticle states mapped under
full control of the three-dimensional wave vectorusing very-low energy electron diffraction for the unoc-
cupied states and photoemission for the occupied states. The self-energy corrections to the density-functional
theory show a distinct band- akddependence. This is supported by quasipar®W calculations performed
within the framework of linearized muffin-tin orbitals. Our results suggest however th&\Wapproximation
may be less accurate in the localizeédbands of Cu with their short-range charge fluctuations. We identify a
connection of the self-energy behavior with the spatial localization of the one-electron wave functions in the
unit cell and with their behavior in the core region. Mechanisms of this connection are discussed based on the
local-density picture and on the non-local exchange interaction with the valence states.
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[. INTRODUCTION Cu has long since been believed to be a prototype weakly-
correlated metal for which the DFT ground-state picture pro-
Many-body exchange-correlation effects in the inhomogevides an accurate description of the excitation spe(ses,
neous interacting electron system of solids, reflected by the.g., the review, Ref.)6 Only recently, based on comparison
quasiparticleE(k) band structure observed in the experi- of new angle-resolved photoemissiiE) data obtained un-
ment, are still far from complete understanding. The standarder full control of the three-dimensional wave veckowith
Density Functional TheoryDFT) accounts for these effects state-of-art DFT calculations, we have demonstrated that the
only in the ground state, yielding the static properties of theself-energy correctionds =E(k) —e(k) to the DFT in the
solids such as the charge density or the total energy. Of thealence band of Cu display a clder and band dependence,
DFT eigenvalues:(k), however, only the highest occupied reaching values as large as 0.5 eV in théands. These
one yields the correct excitation energy by a DFT analog taesults gave a serious indication for the importance of self-
the Koopmans theoremwhile the others, strictly speaking, energy effects even in such a supposedly simple metal as Cu.
have no physical meaning as energy levels or excitation ern fact, the previous misconception had arisen only due to
ergies. Description of the quasiparticle excited states, createztrors of the early DFT calculations which accidentally
by external photon, electron, etc. impact, is by far more dif-matchedA S .8 Our preliminaryGW calculationd have con-
ficult (see, e.g., Refs. 2,3Their energie€ (k) deviate from  firmed the general trends of the observed self-energy behav-
e(k) owing to the difference of the excited-statlgnamic ior. The most recer®W calculation&® performed within the
exchange-correlation potential, or the self-energy, from theseudopotential framework have yielded a striking agree-
ground-statestatic exchange-correlation potentisl,- used ment with the experimental valence band of Cu concerning
in the DFT. The former is described by a complex energythek- and band dependence of th&, shifts as well as their
and k-dependent nonlocal self-energy operalbr whose absolute values.
imaginary part In®, describes the lifetime broadening of the  While the self-energy effects in the valence band can be
excitation. Whereas for materials with strong local on-sitestudied using PE spectroscopy, the unoccupied states still
correlations the excited-state many-body effects are usuallfemain largely unexplored. Conventional spectroscopies of
described by model Hamiltonians, this approach cannot béhe upper states using x-ray absorption or Bremsstrahlung
extended to weakly correlated materials with Iong-rangqohenomenjé provide onlyk-integrated information such as
charge fluctuations. Only a few perturbational low-order apthe matrix element weighted density of states. The
proaches, such as tf@W approximatior’,*° are suggested k-resolving techniques such as inverse PE still involve two
for this case. electron states and suffer from uncertainties in the surface-
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perpendicular wave vectdr, . Only recently it was realized

that in the energy region above the vacuum level the quasi-

particle E(k) can be mapped under full control of the three-
dimensionalk using Very-Low-Energy Electron Diffraction
(VLEED) (see Refs. 7, 12, 13, and references therdis the
PE final states are the time-reversed LEED stHtékis in-

formation can then be used in PE spectroscopy to achieve

three-dimensional mapping of the valence ba{#).” 3

Here, we extend the self-energy analysis to the unoccu-
pied states in the energy region from the vacuum level up to

40 eV above the Fermi levét based on the VLEED ex-

perimental data. Contrary to a commonly accepted view, in

this energy region thd2 shifts also show a cleds - and
band dependence. We support our findings@ calcula-
tions performed within the framework of linearized muffin-

tin orbitals, which include the valence and core states on

equal footing. We show that the3, anomalies correlate with
the spatial character of the one-electron wave functipps
and endeavor to identify the essential physics of this. Ou
results on the valence band suggest thaiGh¥ approxima-
tion underestimates the self-energy shifts due to the shor
range charge fluctuations characteristic of dHgands of Cu.

II. EXPERIMENTAL PROCEDURE AND RESULTS
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FIG. 1. VLEED quasiparticle unoccupied ban¢tots com-
Eared to the DFE(k) (solid lines. The deviations reveal the band-
nd k-dependent excited-state self-energy effects. The bands with
sufficient coupling to the vacuum are marked by gray shading. The
HuasiparticIeGW calculations are shown by open circles.

bulk E(k), recovered in th&/;=0 limit, within a few tenths
of eV. To improve the accuracy &3, evaluation, based on
comparison with the DFT implyiny;=0, we corrected our

Our analysis employs the results of the recent VLEEDVLEED data from theV;-induced shifts using a model cal-

and PE measurements performed on thé1CO surface’

culation.

The information about the bulk band structure, reflected in The model calculation employed the empirical pseudopo-
the VLEED spectra, was insensitive to a slight oscillatorytential method including/; . E(k) and ¢, with complexk;

relaxation of this surfac®. This was confirmed by measure-
ments on different surfackss well as dynamical VLEED
calculations'®

Mapping of the unoccupied quasiparticie(k) using
VLEED (see Refs. 7, 12, 13 and the references thgrisin

values were obtained by solving the Safinger-type equa-
tion,

h? .
- ﬁvz+vps_|vi d=Edx,

based on the fact that the diffraction process is connected

with E(k,) along the Brillouin zongBZ) direction deter-
mined by parallel momentum conservatiofexternal
K=internalk). In particular, the extrema in the differential
VLEED spectrund T/dE of the elastic electron transmission
reflect the critical pointCP9 in the k, dispersions of the
bands whose Bloch waveé, efficiently couples to the inci-
dent plane waveK| dispersion of thedT/dE extrema, re-
flecting the CPs wittk, lying on a surface-parallel symme-
try line of the BZ, yields therE(k) along this line resolved
in the three-dimensiond. In our case the angle-dependent

VLEED data withK| varying in thel'Y azimuth of the sur-
face BZ yieldedE(k) along thel'X line of the bulk BZ’

The direct mapping of the T/dE extrema reflects how-
ever the CPs in the quasipartid€k) near the surfacecor-
responding top, excited by the VLEED beam and damped
towards the crystal interior due to the finite electron lifetime,
expressed by the electron absorption potentigdIm 3.
SuchE(k) is smoothed irk, (the dispersions ik remain

whereV s is the pseudopotential. The VLEED spectra were
calculated within the matching approa@dee details in Ref.
12). In principle, matching calculations directly on top of the
DFT calculations would be more straightforward, but this
would require more complicated techniques such as the
k-p expansior” In addition to the standard matching for-
malism, we included the surface barrier as an additional layer
with a skewed-cosine like potential and performed matching
on the vacuum-barrier and barrier-crystal planes. Compared
to the step-like barrier, this improved the VLEED spectral
structure energies by-0.3 eV. The shifts between theé
=0 CPs anddT/dE extrema, found in the model calcula-
tions, were then used to correct the experimental points back
to theV;=0 limit to reflect the bulkE(k). This procedure
also compensated the slight shifts of the VLEED spectral
structures caused by the surface barrier and overlap of spec-
tral structures.

The obtained unoccupied quasipartiél€k) is shown in

nevertheless unsmoothed by virtue of the surface-parallel inFig. 1 compared to the DFT ar@dW calculations(see be-

variance of the VLEED processompared to the quasipar-
ticle E(k) in the bulk’*2 The CPs appear as the points of
extremal(inversg curvature of the thék, dispersions, and

low). The experimental points reveal only the bands with
significant coupling to vacuum, and others are not seen. We
omitted the points where strong multiple-band hybridization

are intrinsically shifted from the corresponding CPs in theeffects made it difficult to identify the CPs on th&X line
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In our case{ ey} are the LDA-DFT wave functions and
eigenvalues. The screened interactiiis given by

W(r,r’;w)=f dr'v(r=r")e Xr".r":w),

where the dielectric matrixe is calculated within the
random-phase approximation without employing the
r X plasmon-pole approximation. The presé&iW calculations
o employed one-electron calculations wusing the LDA
FIG. 2. PE quasiparticle valence band compared to the DFly, change-correlation and the Linearized Muffin-Tin
e(k) and to theGW calculations similarly to Fig. 1. Orbitals-Atomic  Sphere  Approximation (LMTO-ASA)
) ) method. In contrast to the pseudopotential framework, this
reliably. The lowerX,-point measured by VLEED on the method allows to treat exchange-correlation with the core
Cu(100 surface® is also added. states on the same footing as the valence states. Details of the
Here we will also scrutinize our previous results on thecompytation may be found in Ref. 5. The calculated
valence band(k) from Ref. 7. They are perfectly consistent yajyes were added to the FLAPW eigenvalues whose com-
with the whole body of previous experimental data compiledsytational accuracy at higher energies is better. GNé cal-

in Ref. 6, but have a superior accuracy by virtue of employ-cyjations on Cu are technically rather demanding due to the
ing a combined VLEED-PE method in which VLEED was presence of the-states.

used to achieve full control of the three-dimensiokallhe The results of the DET an&W calculations are also
experimentaE(k) is shown in Fig. 2 also compared with the shown in Figs. 1 and 2.

calculations. The original data from Ref. 7 was processed to
include only the peaks relevant to the bulk states and com-
pensate the lifetime induced intrinsic shifts of the PE peaks
notable in the bottom of thep-band (~0.1 eV). In prin- The unoccupied quasipartici(k) in Fig. 1 deviate from
ciple, the accuracy of these data can be further improved byhe DFT results on the whole by1 eV. However, the upper
correcting for possible intrinsic shifts due to the surface andy ;-pand displays an anomalously large shift by as much as
matrix element effects, but this would require demanding-2 8 ev. Nearl' the bands are shifted also very unevenly.

IV. SELF-ENERGY CORRECTIONS

calculations within the one-step PE thedty. These anomalies, missed in the previous stutfibsye been
resolved here by virtue of the single-state dadesolving

H 0,22 H
IIl. DFT AND QUASIPARTICLE CALCULATIONS nature of VLEED. Reported prewousW, a pecullar

renormalization relative to the DFT is also observed in the
valence band in Fig. 2, where the shifts of ggband(up to

Our DFT calculations used the Generalized Gradient A o
p+O.4 eV in its bottom and thed-bands(about —0.5 eV)

proximation (GGA) (Ref. 19 for Vyc. For Cu the results i L ;
were however almost indistinguishable from the LDA. A €Ven differ in sign. In the bottom of the-bands the devia-

self-consistent full-potential linearized augmented planetions become sgmaller, which is due to hy_bridization ofdhg
wave (FLAPW) method implemented in the/eng7 code® and sp-bands®® Through the unoccupied and occupied

was used, with the basis extended by local orbitals to reducitates, the experimental shifts from the DFT are thus intrigu-
ingly band- andk-dependent.

the linearization errors in the extended energy region of thd h < h . h )
unoccupied states. Spin—orbit coupling was also included. It 1 ne deviations can have two sources. First, the siglic

should be noted that nowadays all state-of-art calculations off N0t known exactly, and any DFT calculation has to resort
Cu agree within~100 meV (at least in the valence band to a reasoqable approximation such as the GGA. However,
which implies that the true DFE(K) is achieved on this the small difference between LDA and GGA results and the

energy scale. Th&A corrections to the DFT eigenvalues, excellent .description .of.grqun_d_—state properties suggest that
given by the expectation valueef o (£— Vi) ddr’ for Cu t'h|s'problem |s.|n5|gn|f|cgnt. The second, therefore
with the integration over the unit cef), were calculated in predominating, source is the excited-state self-energy effects
the framework of th&s W approximatiort*®In this approxi- due to the difference of the dynamic exchange-correlation
mation the self-energy is given by from the. sta’qc oné/y.. Our comparison of the experimen-
tal quasiparticle and DFT energies thus directly yieids.
) The AY values in the X-point, corresponding in our
S(rr'; )_'_f Ao’ €7 G(r.r" o+ 0 YW(r.r o) experiment to K;=0, are given in Table | compared to the
T Rt oeTe e GW calculations.
Inclusion of the dynamic exchange-correlation within the
In practical calculations, the Green functi@is approxi- GW approximation are seen to vastly improve description of
mated by a noninteracting one, the experimental excitation energies. In the unoccupied states

195104-3



V. N. STROCOVet al. PHYSICAL REVIEW B 66, 195104 (2002

TABLE I. The DFT eigenvalues in th&-point and the corre- AX(eV)

spondingA3 corrections: experimentAX gxp), our GW calcula- ' " high densi —)/\/\/\— '¢k'2
tions using LMTO-ASA A2 sw_mT0), @andGW calculations us- e
ing the pseudopotential schem&Y s\ pp from Ref. 10. Energies 6 ® ® ®
are in eV relativeEg .
4
EbFrrapw ASexp ASow-mto AZgw-pp P
/ ] \./\/\/

X, 20.34 2.44 251 2 » é‘r’w_dze”“’y > NN
X3 17.63 0.45 0.43 > Lol vl p)
Xs 12.98/13.16  0.77/0.59 0.68 e ®©® ® &
X1 7. ;g 0.54 (‘)3-2801 ) electron gas real crystal
X4r 1 . = : g 7 :

1 2 4 E/E
Xs —1.55~139 —0.44/-060  —0.26 ~0.64 ¢ g d F
X2 —-1.68 —0.50 —0.47 FIG. 3. Mechanism of the spatial localization effeteft): A,
X3 —4.51 —0.34 0.05 0.10 for the free electron gas. Its behavior depends on the electron den-
X4 —4.98 -0.29 0.13 0.16 sity. (Right): In real crystals a wave function concentrated in the

core region experiences a high effective density, whereas larger
weight in the interstitial regioriexaggerated, in reality this case
the agreement is almost ideal, in particular for the anomalousnplies a more homogeneous distributideads to a lower density.
shift in upperA ;-band, with the only clear exception in the This results in differenfX behavior.

I',, point. In the valence band the agreement is also excellent

for the sp-band. In thed-bands the calculation correctly re-

produces the sign of tha3 shifts, although underestimates by the DFT analog to the Koopmans theorkis,essentially

their magnitude. _Interestmgly, previous _flrst-prlnuplesthe staticVyc . The resulting dependencies &8 on E/E.
many-body calculations on Cu using formalisms other thanare shown in Fig. 3left). The crucial parameter to determine
GW (see, e.g., Ref. 24ailed to reproduce thA 3, behavior 9. ) P

even qualitatively. their behavior is the electron density.

The observed self-energy anomalies in the unoccupiecf.hm real crystals the electron density is inhomogeneous.

bands should be taken into account in LEED surface crystalt-) € eIectrqn gas platimon dipzfrﬁl Is (jladn1pe§{dasheddlirk1)§3
lography (see, e.g., Ref. 35which so far relied on a mo- y averaging over the varying local densitfr) and by

notonous energy dependence &E. In our case, for ex- in_terband transitio_ns. Most importanjtly, as shown in Fig. 3
ample, the observed shifts of the VLEED spectral structure rg@éxth:rieif(r:ee(g“ée :lgﬁg?eqegfgﬁlga_\/znfingggﬁeéq:een:gs
would be interpreted as due to a surface relaxation, but the P . Y a Or o tion dep

are only due to the band- ariddependent self-energy be- ow on its spatial localization: i, has large weight in the

havior. The observed excellent relevance of & approxi- core _:eglon whgren(r)dls h'%‘é I Vr\]"" e>f[pe_r|e(rjlcbe a Iatrge—
mation for the unoccupied states suggests to use it in LEE ensily energy dependencer, characterized by a strong

crystallography. _E rep_ulsior_1 fromEg . If _gzsk gxpands_ well into the inters_ti—
tial region with lown(r), it will experience a small-density

dependence with its small&3, repulsion fromEg. Such a

V. MECHANISMS OF THE SELF-ENERGY BEHAVIOR SL mechanism goes beyond the usual wave function local-

Although the observed self-energy behavior is well repro-zation effect(see, e.g., Ref. 37as not only the strength of
duced by theGW calculations, their physical mechanisms the localization(measured by the bandwidtimatters but
remain obscured by the heavy computational machinery, wé!So the region of its localization.

will now endeavour to identify the possible mechanisms, at !N the valence band of Cu the SL mechanism has certainly
least on a qualitative level. some relevancésee also Ref. 22 The d-bands localized in

the high-density core region experience large effective den-
sity and, reflecting thé 3, behavior in Fig. 3, shift lower in
energy, whereas thep-band with its charge spread out into

The observed anomalies i3, can be traced back to the low-density interstitial region experiences small effective
different spatial localization(SL) of the one-electron Bloch density and shifts in the opposite direction. A qualitative sup-
waves ¢y, i.e., the distribution of their weight within the port of this picture was obtained by calculating the effective
unit cell. Such a mechanism was originally suggested in Refdensities(¢,|n(r)|¢y) (see Ref. § which correlate well
22. It assumes the local-density concept, i.e., neglects theith the experimentalAY values both in thed- and
nonlocality ofX. sp-bands. Exclusion of the core states from the tofa)) did

We start with a discussion of thA> behavior in the not affect the correlation. However, the SL mechanism alone
homogeneous electron gas. The dynamic exchangeannot provide any quantitative description of the self-
correlations, as function of momenturk and electron den- energy behavior mainly due to neglect of the nonlocality of
sity n was calculated for this model system by Hedin andthe 3, operator. Indeed, the corresponding calculfiae-
Lundquist?® From their data we derived3, as the differ- turned an unrealistic plasmon dip Af, in the unoccupied

ence ofY to its value at the Fermi wave vectkg, which,

A. Local-density picture
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bands and, although properly reproducing the sign of\the

shifts in the valence band, severely underestimated their — 1o
magnitude. AZ(r)

In the unoccupied states, the SL mechanism could not be N PV *AX(r)
reconciled with the experimental self-energy anomaly in the L X;=20.34 eV|

upper A;-band even qualitatively unless we included into | A

n(r) all core states down to theslstate having a binding /
energy of~9 keV. Any significant effect of such a deep __/ Xa=17.63 eV
level on the dynamic exchange-correlation within the local 1 'j{ N
density picture seems unrealistic. This hints on an extremely >3 A s
non-local mechanism of interaction with the core states, as yd \/’\ o Xe=12.98/13.16 6V
we discuss below. +# et
B. GW picture \\ N N
PR o S 1=/.13 e
We will now analyze a connection betweef, and the T - :\ e i
self-energy effects within th&W framework, taking into o B
account the nonlocality of th& operator acting ag ¢, \ Xy=1.39 eV
=[o2(r,r")p(r')dr’ . First, we introduce a local quantity + b s ~__ T

A3.(r) comprising local contributions td3,, obtained by

integrating out the nonlocality af as /
Xs=-1.55/-1.39 eV

AZ(r)= ¢y fg{z(f,r’)—ch(f)rS(f—f')}¢k(f’)dr'-

Integration of A3 (r) over the unit cell with the weighgr?
gives the total self-energy correction

A2:477j r2AS(r)dr.
Q

The calculated¢,|2, A3 (r) andr2-weightedA3 (r) for
the valence and unoccupied states in ¥apoint, obtained
within the GW framework, are shown in Fig. 4. We note, 0 0050105 1 15 2
first, that the totalAY is always formed by a balance be-
tween positive locaA>(r) values in the core region and FIG. 4.|,|? andGW calculated local 3 (r) andr2-weighted
negative values in the interstitial regi{which is seen 'be.tter AS(r) for the unoccupied and valence states in ¥apoint. Note
in the r?*A3(r) curved. Such a behavior oA%(r) is in  the change in thescale at 0.1 a.u. The curves are normalized to set
fact general. Indeed, i is assumed to be diagonal in the their variation to 1A3(r) is positive in the core region and nega-
LDA Bloch basis ask(r,r') =2 (r)Zdi (r'), from the  tive in the interstitial region. TheX, states with the anomalous

above equation we obtain positive A, values have the gtcharacter.
AS ()~ (= Vyxe()| b2 pered by the,, offset, which is also sensitive to the charac-
ter of ¢, in a highly involved manner.
In the core regiorismallr) the negative/yc blows up, forc- In view of the limitations of the SL mechanism, another
ing A% (r) to become large and positive in this regid,, mechanism of the observed self-energy behavior can be sug-

determined by the particulap,, acts as a constant negative gested. Figure 4 shows that the valence and two unoccupied
offset. In the interstitial regiorilarger) Vyc decreases and X;-states are different from others in that thejr has a large
3, forcesA3(r) to become negative. In our case the off- 4s component, blowing up at the nucleus<0). These—
diagonal elements at are small, and such a pattern holds and only these—states experience an anomalosiiveA >,
well for all states despite strong variations in the characteshift on top of the general trend that th&, repulsion from
of ¢y. Er graually increases upon going away frdfp.

At first glance, the SL mechanism seems to revive in this To extend this observation to other points in the BZ, we
picture, with an amendment that the figure of merit is in factscrutinized the FLAPW calculations to determine ttsepfo-
the weight of ¢, in the core region rather than that in the jections(partial 4s charges of ¢, inside the atomic spheres,
high-density regiorithese two can somewhat diffeindeed, which are given by coefficients in the expansiaf,
if the weight of ¢ shifts into the core region, the positive =3, ALUimn(r)Ym(80,¢). The calculated ¢ projections are
contribution would increase and the quasiparticle levelshown in Fig. 5. Their comparison with the experimental
would shift higher in energy. However, this is much ham-results in Figs. 1 and 2 demonstrates that the anomalous

195104-5



V. N. STROCOVet al. PHYSICAL REVIEW B 66, 195104 (2002

TABLE II. The exchange and correlation energies for unoccu-
pied bands in the&-point. All energies are in eV.
EDFT—FLAPW 2>< 2c ch

Xy 20.34 —10.07 —5.89 —19.83
X3 17.63 -14.91 —5.90 —22.46
Xs: 12.98/13.16 —6.64 —5.68 —14.19
Xy 7.13 —18.10 —3.45 —23.74
Xqr 1.39 —10.48 —2.18 -13.92

statesXs , X3, andX; which have almost the same correla-

tion energyX ., as can be seen in Table Il. It implies that

< T A X differences in the self-energy shifts can only be due the dif-
FIG. 5. Calculated ¢ and 3 character of, , expressed by the ferences in the exchange eneiy andVyc. The trend in

corresponding projections within the atomic sphediiaselectrons,

and represented by the size of the circles.

2x= —zq: J B (1) g (Nv(r—=r")g(r’) y(r")drdr’,

positive A3, correspond everywhere to the -states having
large 4s character. Moreover, in Fig. 6 we show the experi-
mentalAY, values as a function of energy and the g¥ojec-
tions for the wholel’X line. Again, the anomalous positive where g spans the occupied states, can be understood by
A3 on top of a regular energy dependence correlate everyanalyzing the character of the states. Indeed,Xbestate,
where with the large 4 character of, , with the only clear which has a large @ character, has the small€sf among
exception in thd ,5 -point. the three states. This is because the occupied states have very
The observed connection cannot be explained within thédittle 4p character, which makes the above exchange integral
above local picture, because théweighting cancels the small. TheXs-state, on the other hand, has a significadt 3
contribution of A3 (r) from the nucleus region to the total character, which gives a large exchange with the occupied
A3 | see Fig. 4. Moreover, other states suciXasandX,,,  3d bands resulting in the largesty. The X;-state, the
which have even more total weight in the high-density regionanomalous one, has a large éharacter but the occupies 4
than the states with thes4character, can nevertheless not valence states are plane-wave-like so thgtis somewhere
experience anomalous positive>,. The observed connec- in between those of th¥s -state andX;-state. The trend in
tion can only manifest a nonlocal exchange-correlation efVyc seems clear from the charge distribution of the states,
fect, acting through th&, offset in theA3 (r) dependence. with the Xs-state being the most localized inside the muffin-
In the following we propose a qualitative explanation for tin sphere. The physical picture arising from this qualitative
the above anomalous behavior. Let us focus ourselves on tlanalysis is that theX;-state has an anomalously large shift
because it has a larges4character, which makes its ex-
AZ(eV) change relatively small, and at the same time its charge dis-
' ' ‘ ' ‘ ' tribution has a large weight inside the muffin-tin sphere
3r|ros 1 where the exchange-correlation potential is deep, which
™ | makesVyc large. These two effects result in a large self-
. energy shift. We note that the amount &f éharacter alone is
2 00 s | probably insufficient to make a quantitative connection to the
self-energy correction. For example, the lower unoccupied
1l 4 ] X,-state is less anomalous although it has a largearac-
] X " __p--ﬁ;'r“ ter too. This can be understood from the fact that it has a
M ________ ¢ 3 7 significant 31 charactefFig. 5), which increases the amount
4 * of exchange and reduces the self-energy shift. Such an effect
| | of the 3d character is consistent with the negatiV® shifts
p-band. of the valence 8 bands. Moreover, our qualitative picture
' neglects the exchange-correlation with the core levels, while
the recenGW calculation$® suggest that the contribution of
FIG. 6. ExperimentahS, vs the DFT energy andsicharacter  the 35 and 3o levels is significant.
of ¢, from Fig. 5, represented by the size of the vertical bars. The The exchange contribution from the valence states, con-
dashed line is a guide for the eye showing a regular energy depefiected with the wave function character, explains therefore
dence ofAS for the states with negligiblegicharacter. The anoma- the self-energy anomalies on top of the SL mechanism. In the
lous positiveAS, values correlate with thesdcharacter of the one- unoccupied states of Cu the exchange contribution becomes
electron states. critical.

0.25

1o 0 10 20 gEy (eV)
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VI. IS THE GW APPROXIMATION ACCURATE FOR THE calization in high-density regions, in agreement with the SL
LOCALIZED ORBITALS? mechanism.

The unoccupied bands of RRef. 33 featureAY, anoma-
lies resembling those of Cu. It seems that they are typical for
floble metals. The valence band of (See, e.g., Ref. 34, and
Feferences therejnis characterized by a narrowing of the

The recentGW calculation by Mariniet al,*° performed

within the pseudopotential framework, have demonstrated
good agreement with the experimental valence band of C

both on the delocalizedp-band and the localized-bands. - A shifts towardsE,) which is opposite to Cu.

They conluded _that th&W approximation, prlg_lnally Pro- rhis self-energy effect has a different origin—strong on-site
posed to describe long-range charge oscillations, well ex-

tends to the localized orbitals and short-range correlationcorrm"’ltions in the partially filled! -shell. The narrowing of
found in Cu 9 fhesp—band is however similar to Cu. Interestingly, in Ref.

. 23 thek-dependence oA, in the whole valence band was
Our GW results are somewhat different however. Theyd{acomposed into constant contributions from & and

also demonstrate almost ideal agreement with the experimeH bands whose weight was determined only by the band hy-
on the delocalized bands such as the valexgband, but on bridization. Narrowing of delocalized bands has also been

thg Iocahzedd'—bands they tend to un(_jeresumate th_é observed for simple metals like N,
shifts. Interestingly, both calculations yield a wrong sign of
A3 in the bottom of thed-bands(see also Table) Iwhere
they hybridize with thesp-band. Compared to the pseudopo- VIll. CONCLUSION
tential framework, our LMTO-ASA framework has two fun-
damental differenceg1) use of the true one-electron wave-
functions rather than pseudo-wave-functioni®) explicit
inclusion of all core states, not only thes &and 3 states as

in Ref. 10. We believe therefore that d@iV calculations are
technically more correct. Moreover, another rec@éW cal-
culation based on the full-potential LMTO also yields small
GW corrections® The deviations from the experiment, re-
maining in the d-bands, would indicate therefore certain
shortcomings of th& W approximation in the description of
localized orbitals and short-range correlations. However, an
unambiguous conclusions on this point require further analy
sis, because the observed mismatch between diffeB&t
calculations is comparable with their numerical accuracy.

Excited-state self-energy effects in the unoccupied and
valence band electronic structure of Cu were investigated.
The unoccupied quasiparticle bands in the energy region up
to 40 eV aboveEr are mapped under full control of the
three-dimensionat using VLEED. They demonstrate, simi-
larly to the valence bands, a significant band- and
k-dependence of th&Y self-energy corrections to the DFT.
The observed\Y, behavior in the unoccupied and valence
bands correlates with the spatial localization of the one-

lectron wave functions in the unit cell, and with their be-
navior in the core region expressed by treahd 3 projec-
tions. These effects are described, correspondingly, by the
spatial localization mechanism based essentially on the local-
density picture, and by the nonlocal exchange interaction
with the valence states. In the unoccupied bands of Cu the
latter is particularly important. OuBW quasiparticle calcu-

Experimentak-resolved data on the self-energy effects inlations performed within the LMTO-ASA framework yield
the unoccupied bands of other materials is still scarce. I@lmost ideal agreement with the experiment on the delocal-
graphitég we have found only a small and regul&a®, shift ized bands such as the unoccupied and valepelgands, but
to higher energieg0.1-0.5 eV relative to the GGA-DFT on the localizedd-bands they underestimate tAe, shifts.
which however notably increased above a distinct absorptiodhis suggests certain limitations of ti@&W approximation
threshold at 35 eV. A similar situation has been found inapplied to the localized orbitals and short-range correlations.
NbSe,.1” Such an increase is not surprising, because the enfhe observed band- ariddependent self-energy effects in
ergy dependence of Reis linked to that of In® via the the unoccupied bands have an important implication in
Kramers—Kronig relations. Interestingly, it was not repro-LEED studies of the surface crystallography.
duced byGW calculations. In the valence band of grapffite
we have identified the SL mechapism .to cause diffeﬁ-:‘ﬁt. ACKNOWLEDGMENTS
shifts of theo- and w-states, having different overlap with
the in-plane oriented valence electron density. In Refs. 31 We thank R. Feder for valuable discussions. This work
and 32 it was speculated that widening of the valence band iwas supported by Deutsche ForschungsgemeinstBadint
graphite and other nonmetals could result from electron loNo. Cl 124/5-).
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