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Electronic band structure of ordered CugAu: An angle-resolved photoemission study
along the [001] direction
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High-resolution angle-resolved ultraviolet photoemission spe¢&kRUPS have been recorded for
CuzAu(001) with the use of polarized synchrotron and rare-gas resonance radiation in the photon energy range
9-26 eV. A fully relativistic layer—Korringa-Kohn-Rostoker formalism was employed to calculate the initial-
and final-state bulk band structure as well as one-step model photoemission spectra. Hole and photoelectron
lifetime effects are taken into account. The calculated empty bulk bands alof@dtHedirection (A line in K
space, which carry most of the electron flux into the normal direction alpp@l], were—after a real self-
energy correction of- 2.5 eV—used to perform an experimental band mapping. The thus determined occupied
Cu-like d bands and thep band are in good agreement with the calculated “Kohn-Sham bands,” if the latter
are shifted downward in energy by 0.3 eV. For the Au-likeands, some deviations persist. Measured ARUPS
spectra agree well with their calculated counterparts, which corroborates our identification of direct bulk
transition features and our band mapping. In addition, numerous features are found to arise from surface states
or resonances. Normal-incidence inverse photoemission data taken=®&.1 eV further support our findings.
[S0163-182609)07835-2

. INTRODUCTION to the smaller simple cubic BZ of GAu.
Among the experimental methods for probing the bulk
The noble-metal binary alloy GAu has attracted much electronic structuréa collection of references up to 1992 can

attention because of the classical order-disorder phase trape found in the contribution of Lt al®), angle-resolved
sition found at 663 K. In this context, the electronic structurephotoelectron spectroscoppRPS), especially with photon
is a key quantity of great interest. The bulk band structure oknergies in the VUV regimpangle-resolved ultraviolet pho-
CuAu has therefore been studied in a number of theoreticaloemission spectroscofARUPS)], plays a dominant role.
papers by first-principles approachéBavenportetal," In two previous papergSohal et al? and Wanget al®)
Weinberger etal,” Ginatempo etal,’> Sohal etal, ARUPS measurements were used to perform a band map-
Kudrnovskyet al.® Lu et al.® Halilov et al,” and references ping of CwAu(001) along the[001] direction. The data
therein. The basic characteristics of the electronic structureyoints thus obtained exhibit, however, a fairly large scatter,
of the occupied valence bands have been discussed in det@ihich prevents a detailed comparison with calculated
in the paper of Luet al® For convenience, we summarize pands. Furthermore—in contrast to the case of pure copper
some of the most important features of orderedAluin  (see, for example, Courths and tHar’)—emission from the
terms of the densities of stat¢é®OS) presented in Fig. 1 sp band near the Fermi energy was found to be very weak
(calculational details are given belpwThe Au & states and only a few data points were obtained for thjsband.
narrow and shift away from the Fermi level as compared taOn the other hand, our ARUPS study of {Au(111) (Ref.
pure Au, whereas the energies of the Qliates are much 10) succeeded in a very detailed mapping of both the Cu-like
weaker influenced. Due to the hybridization of Cu and Auand the Au-like valence bands along tfel1] direction in
states, none of the band states is of pure Cu or Au atomigood agreement with their calculated counterparts.
origin. The large spin-orbit coupling of Au also enhances the The comparatively unsatisfactory situation for the bulk
mixing of states. Thus, the Cu and Au atoms share a combands of CyAu along the[001] direction has motivated the
mon sp band and commod bands where the hybridization present thorough investigation by means of ARUPS mea-
is considerable. Although the atomic character of the bandurements in conjunction with theory. Some preliminary re-
states is not pure, it is nevertheless meaningful to distinguisbults have already been given in a recent publicatiamich
between Au-like bands between 7- and about 5-eV energhias mainly been devoted to the identification and character-
below E¢ (region “Au” in Fig. 1) and Cu-like bands be- ization of surface states on tfi@01) surface of CyAu.'! In
tween about 4 and 1.5 e/Cu” ), respectively. The mixing that work we have given experimental evidence for the ex-
is especially pronounced in the region between the Cu-likestence of a wealth of surface states and resonances which
and Au-like band$“ M ). The band structure of the Cu-like partly dominate the ARUP spectfdepending on the photon
bands is rather complex because of backfolding effects duenergy used Their identification was therefore a necessary
to the reduction of the fcc Brillouin zon@Z) of pure copper  step prior to mapping the bulk bands.
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10 -8 -6 4 2 0 FIG. 2. Cut of the bulk Brillouin zone@BBZ) of Cu;Au and fcc
Cu (dashed lines and index Cu at the symmetry point latstng
Energy E - E_ (eV) the (100) plane through the center assuming the same lattice con-

stants. The centers of the BBZ's of £Au are indicated by the
FIG. 1. Atom- and angular-momentum-resolved total densitiedilled circles. The dotted lines indicate the projections of bulk sym-
of states of CyAu. Cu: thin lines. Au: thick lines. metry points onto thd-A-X line of the (001) surface BZ. The
shaded ring roughly marks the region finspace which is most
The use of angle-resolved photoemission for the determitelevant for photoemission withy~20 eV from initial states of
nation of bulk and surface electronic bands of single crystalsgnergiest;~—2 eV (for details see text In particular, the arrow
its successes and difficulties have been reviewed in severedpresents the dominant wave vedtor k+ G of a direct transition
articles®*>3 The occupied bands and their dispersions arenear theX point of the BBZ.
determined by observing direct interband transitions, which i R )
are swept over the Brillouin zonéBZ) by using tunable correct final-state wave \_/ectKr and hence the radius of the
synchrotron radiation. One of the major problems is the oG IS Not knowna priori but has been taken from our re-

cation of the direct transitions ik space, because the com- SUlts given in Sec. IV. For smaller photon energissge-
creases. It is thus plausible that photon energies between

ponent of the wave vectd%=|2jé of the photoelectronF( about 10 and 20 eV map the bands aldhg A—X in the

is the reduced wave vector ai@lis a reciprocal-lattice vec- second Brillouin zone of GiAu(001). While a free-electron
tor) perpendicular to the surfadél is not conserved in the final state involves a fairly crude approximation, the use of
photoemission process. Figure 2 displays the Brillouin-zoné&alculated unoccupiedinal-state bands, with proper adjust-
structure of the emission plane lﬁwspace used in this work. :giElttslglvq”igﬁ?v)\;’evgésc:feeﬂagr’lg\/\l/)rv]a ttgkgr']erl]dearp?ﬁg cﬁf}g;r
Free-electron{FE-) like bands are often used as final state, ointsf and X wheré gaps of the unoccupied bands are
which requires a good guess for the effective mass and th ridged by “gap states'{so-called “gap emission™ to be

zero potential. However, these quantities are not well degic\ssed in Chap. IV Part of our present work fo’cuses on
fined. In addition, the FE approximation often yields dis-nis nroblem. More direct contact between experiment and
torted band dispersions due to the bad approximation t0 thgeqry can be made by comparing measured PE spectra with
dispersion of the “true” final state, especially near the bandiheir counterparts calculated within a one-step model, which
gaps of the unoccupied band structure calculated with a reghcludes both excitation and electron damping. In this paper
potential. By way of illustration, the shaded ring in Fig. 2 we also present such comparison.

gives thelz-space location of the FE final states of energy

E;re=E;+hv, which are reached at photon enerpy IIl. EXPERIMENTAL

=20 eV from initial states with energies;=2.0 eV on a The experiments were performed at the synchrotron light
ring with a radiusK slightly less than the distandé-X. The  source BESSY in Berlin on beamline TGM2, using photons
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with energies 9 e\<hv=<41 eV, and in our home labora- respectively. The inner potential is 15.05 €Welow the
tory, using Ne and He resonance radiation. As photoelectrodacuum level.

spectrometers an ADES 400 systeBESSY) and an The resulting occupied one-electron energy bands, which
ESCALAB system from Vacuum Generators were used. Fopave already been shown in earlier wéﬂ%,gssentiglly agree
the synchrotron radiation experiments the total-energy resgVith those obtained and discussed in detail by other

_4 . .
lution (photons plus electrons, full widthvas about 80 meV groups.™ There are, however, some differences, which we

for 9 eV <hw=24 eV and increased to about 150 meV at theattribute mainly to different values of the atomic sphere ra-

highest photon energy, whereas for the laboratory experig“' In particular, our Cu-like bands are about 0.15-eV lower

ments the resolution was about 60 meV. The electron angdr—1 energy. . . . .
lar resolution was about 3ull angle of acceptande For the purpo_se_of analyzing and interpreting our experi-
Electrons were collected along the surface nornzabi( mental photoemission data, we further calculated an unoccu-

[001] direction of Cu;Au(001). The measuring plane was pied one—electrqn _bulk band structure as well as one-step-
the (100 yz mirror plane. The coordinates used in this papermc’deI photoemission spectra. To these ends, we employed a

are given in Fig. 2. The photons were incident in that mirrorfu”y relativistic layer—Korringa-Kahn-Rostoker{kkR-)

plane with an anglé ,, with respect to the surface normal, type Green-_functlon forma_llsm for semi-infinite crystallme
The linearly polarized synchrotron light90% degree of fer_romagne_tlc systems, which has been presente_d in Ref. 18.

o ) . o This formalism can handle several atoms per unit cell. Fur-
polarization was oriented in the plane of incidence ¢r yz

polarization and photoemission spectra were taken withther' it incorporates the hole lifetime from the start.
0 ,n=62° [2(y) light] and®,,=20° [y(2) light], respec- The effective one-electron potential for the layer-KKR

tively, in order to vary the electric-field components per en_calculations was constructed by firstly casting tea)
Y, y P PEIPENy vito potential into the muffin-tin form. The radii of the

dicular (z2) and paralleky) to the surface. The light from the touching Au and Cu spheres were chosen such as to mini-

resdonance_tlﬁlmps Wals i.nci((jjent(agh=40° in tlhe.ynglantﬁ mize discontinuities, which gave values 1.39 and 1.23 A,
and was either unpolarized gz(p) or x(s) polarized wi respectively. The occupied bulk energy bands obtained from

0 i
ab(')Aut ?0/0 delgrtae .Of poIanzatl?n. isSiGARIPE) ¢ this muffin-tin potential by our layer-KKR method are prac-

ngle-resolved INverse photoemissi spectra tically the same as those from the original LMTO calcula-
were collected in the isochromat mode at=h9.7 eV with tion

normally incident electrons. The photons were collected by It is important to note that the above muffin-tin potential

an elliptical mclirror_ aroung thetsurface ntormil_lhantd ttrlle ﬂuxis the Kohn-Sham one-electron potential of the ground state.
Wasln:_easure ug:ln? goo ose\-/ype counter. The total-energy, gescribe the quasiparticle states, which are relevant for
resolution was abou mev. photoemission, its real uniform part,Vhas in general to be

The single crystal of ordered GAu(001) was cleaneth modified b :
. ) y energy-dependent self-energy corrections for the
situ by repeated cycles of Arion bombardments500-eV lower and the upper state. In the absence of first-principles

beam energyand subsequent annealing up to 64Qk¢low knowledge, we presently take these corrections, which cor-

the_ phase-transition temperature of 66Bfer several hours. respond to shifting the lower and the upper bands, as param-
This procedure was done until sharp superstructure low:

. ) eters to be determined by comparison with our experimental
energy electron diffractiodLEED) spots[a c(2X2) struc- photoemission data y P P
ture as compared with the @01) LEED patterr indicated )

I-ordered f The i .. Furthermore, quasiparticle lifetimes are taken into ac-
a well-ordered surface at room temperature. The Intensity, ¢ 1y means of uniform imaginary potential parts for both

and the energetic position of the photoelectron emiSSiOI?he lower and the upper states. For occupied states of energy
from the Tamm-type surface state at 1.53 eV below theEl we choose/;;= — (E;— E¢) X 0.025 eV, i.e., a form lin-
) I . y 1Ty

Fermi energy(Ref_s. 11 _and Bwas also use_d to check the early increasing in magnitude away from the Fermi energy
guality and the orientation of the surface with respect to theE For the unoccupied states of enerBy relative to the
analyzer. The chemical cleanliness of the surface Wa%aFc.uum level E we use the formV,,=—25/1

vac: i2— .

checked by means of x-ray excited core-level emissions L
; o > exd —(E,—22.61)/6.78} +0.49 eV, which is suggested by
'Ef)(;?ct(rg?ln;eeec)ifae ;lrrgﬁn;smﬂln i?igr?unlf rv]\?ei?e_zrfnsgall\;i?ezhfz—r LEED experiencdcf. Ref. 19, Chap. 4 For the kinetic en-
P P ergiesk, from E, ,. to about 15 eV, which are reached in

comparison. our present photoemission study, the values of\ysrange
from —0.5 eV to—1.0 eV. We note that the value 1.0 eV
for E=15 eV is close to the one determined by a photoemis-

IIl. THEORETICAL sion experiment®

The electronic structure of the ground state of bulkAuw

(with the experimental lattice constant of 3.748 Was self- IV. RESULTS AND DISCUSSION
consistently calculated by the linear muffin-tin orbital
(LMTO) method within the framework of Nobel prize-
winning density-functional formalism with a local-density ~ We start the presentation of our results by demonstrating
exchange-correlation approximatibhThe calculations were by experiment the validity of the division of the valence
scalar relativistic throughout the self-consistency cycle, bustates in Cu-like and Au-like states, respectively. In Fig. 3
spin-orbit coupling was included in the last step. In eachwe show a series of PE spectra, which we have measured for
step, the atomic sphere radii were chosen to ensure chargéoton energies in the range 20-150 eV, covering several
neutrality. The final radii for Au and Cu are 1.63 and 1.40 A, Brillouin zones alond001] (see Fig. 2, and compare them

A. Density of states
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FIG. 4. Unoccupied ground-state band structure forATu
along the[001] direction (A line in k space with double group
symmetryAg calculated for the real ground-state potential(left
pane) and for the complex potentidl, + V;,, (right panel. In the
left panel, the bold dash-dotting emphasizes e band parts

Energy E - E¢ (eV) which carry most of the electron flux along tf@01] surface nor-
mal of CisAu(001). In the right panel, the bold dashes represent an

FIG. 3. Above: Series of normal-emission photoemission speceffective flux-carrying band, which in its central part and in its
tra for CuAu(001) with photon energies between 20 and 150 eV.upper and lower parts follows two different calculated bands; fur-
Below: Smoothed total density of states. For details see text. ther it contains two smooth transition parts between these two

bands.
with the calculated total bulk DOS. The spectra have been
normalized to equal integral intensity betweeM.5 and ~ maximum (FWHM)=0.33 e\]. As is evident from Fig. 3,
—2 eV energy belovEr . Compared to that energy range the overall good agreement with the experimental peak energies
emission below—4.5 eV has low strength at low and high is obtained if the theoretical DOS is shifted downward in
photon energies, but has considerable strength in betweamergy by about 0.3 eV.
and particularly around =50 eV. This intensity variation Similar results have already been obtained by Eberhardt
reflects the dependence of the Awl Zross section for et al,?> Wertheim and co-workers2° Weinbergeret al.
photoionizatior?' which is maximum at about 40 eV and Krummacheret al.?® and Sohakt al? (all cited authors used
slows down with increasing photon energy to a very weakphotoemission experiments either in the angle-resolved or
Cooper minimum at aroundi210 eV. Experimentally, angle-integrated mode, the latter including XP® agree-
the states with dominant Audscharacter are thus found ment with our finding, Wertheiret al,?* Weinbergeret al.,
between —7.3 and —5.7 eV (region “Au”). Between Krummacheret al,?® Sohalet al.* and Lauet al!® have al-
—5.7 and—4.5 eV the mixing of Au and Cu states is con- ready pointed out that, in order to obtain better agreement
siderable(region “M"). The Cu-like states are found be- between experimental and calculated valence-band energies,
tween —4.5 and—2.0 eV (region “Cu”). Concerning the the latter have to be shifted downwards byA& of some
energy width of these three regions, the agreement with theenths of an eV relative to the Fermi enerBy, since the
calculated total DOS is very good. In order to take into con-calculated Fermi energy falls short lyE. The exact value
sideration lifetime effects and the experimental resolutionpf AE depends sensitively on the theoretical method used by
the calculated DOS was first convoluted by an energythe different authors, since for noble met&islies in thesp
dependent Lorentzian with half widtk;; (see the theory band, which has a very small DOS. It should be mentioned
section) and subsequently by a Gaussjaffull width at half  that the spectra shown in Fig. 3 do not simply reflect the bulk

Calculated total DOS
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FIG. 5. Left panel: Series of normal-emissisp-band ARUP spectra taken from ¢Au(001) with photon energies between 9 and 13
eV taken with synchrotron light witlz(y) polarization @ ,,=62°). Thesp-band features (1) have been aligned for the position of the
low-energy side of the emission profile, which agrees with the alignment afgmnd maximum visible above 10.5 ghhe (1)]. The line
with the labelE¢ indicates the Fermi energy. The open square labeleffdfTFermi transition marks thesp-band excitation at the Fermi
energy(Fermi level crossing corresponding to 10.2-eV photon energy. Center panel: ARUP spectra for photon ehergiesndicated.
Prominent features are numbered by 2, 3, and 4. The two open squares Bbeateark transitions near thE point. Right panel: Inverse
photoemission spectrum for photon energy 9.7 eV and electron incidence along the surface normal and at p@lar4aiglespectively.
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FIG. 6. Location of thesp-band photoemission featutélled triangles, the Fermi transitiorfopen squane and the ARIPE transition
(open rectangulauin IZspace alon@001]. Left: Energy dispersion of thep-band feature 1 in Fig. 5 with photon energy. Center: Energy
dispersion with wave vector Kin the second BZcf. Fig. 1), as obtained by using the final-state band in Fi@p) 4The solid line represents
the calculated p band. Right: Same as in the center panel but obtained by using the upward-shifted final-stédtg, pdridh is shown in
Fig. 7. The dashed line represents the calculatethand shifted down in energy by 0.3 eV.
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with solid lines were calculated within the one-step layer-KKR for-

FIG. 7. Band structure of GAu along the[001] direction and  malism, employing real self-energy corrections of 2.5 (@gward
possible direct interband transitions. The two uppermost occupiesghift) and —0.3 eV (downward shift for the unoccupied and the
valence bandsincluding the unoccupied part of trep band are  occupied bands, respectively.
shown as calculate¢thin solid lineg and shifted down by 0.3 eV
(thin dashed lings The upper-state banfd(thin solid line is the
effective one from Fig. &), and f* (thick solid line is the “ex-
perimental” upper-state baridsed for band mapping in this work The calculated occupied bulk bands along[tb@l] direc-
which is obtained by shifting bandupward by 2.5 eV. In the left  tion have already been given in a recent pélp@ee Ref. 1D
panel, arrows indicate some special ultraviolet photoemission spegor bands along111]) and will be presented below together
troscopy transitions: the Fermi transitiom'('F), the T transition  ith the experimental band structure. In order to perform
from the uppexd band fvr), and theX transition from the lowed 54 manning from the experimental photoemission data and
band hvy). In the right panel the arrow indicates the experlmental,[‘:J interpret the latter in a one-electron picture in terms of

IPE transition of Fig. 5 assuming two different upper states, . . .
namely, the calculated baridand the “experimental” band*, d_|rect bulk mterbanql tranS|_t|ons, the band structure of the
respectively. final-state electrons is required.

In the left panel of Fig. 4 we show an upper band struc-

DOS, but contain more or less intense contributions from théure, which we calculated using simply the real one-electron

surface DOS12425.275 rface emission is weak at the top of potential obtained in the self-consistent ground-state calcula-
the Cu-liked bands. but can be rather strong within thepAu tion. Due to the relativistic selection rulSpnly final states

M, and Cu regions, depending on the photon energy. AIx{vith Ag (1) symmetry(nonrelativistic notation is given in pa-
example is the intense feature appearing-&3 eV around renthesesare allowed to emit along the surface normal of an

hy=50 eV in Fig. 3(surface stat&, in Ref. 11. From the (001) terminated crystal. The thick dash-dotting emphasizes

experimental side there is thus no doubt that the top of th&10S€4Ae(1) bands, whose wave fU”Ct'O’JS have a dominant
Cu-like bulkd bands is located near 2.0 eV, that tieand  contribution of wave vectoK=Kk(001)+ G(001) along the
width of the Cu-like states is about 2.5 eV and that the over{001] surface normal and therefore carry most of the electron
all d-band width(Cu and Au bandsis about 5.0-5.5 eV. flux into the direction under investigation. The oth&g
Worth mentioning is also the work of Studt al,?® who  bands result from backfolding and have low emission
have displayed the atom-resolved DOS using the techniqugtrength alond001]. Hence they can be neglected in first
of XPD. approximation for the evaluation of the experimental data.

B. Final- (upper) state band structure
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As is well known, however, the upper states are more
adequately described by quasiparticles, the complex self-
energy of which accounts for many-body effe¢ts. e.g.,
Ref. 30 and references thergiwWe recall that the real self-
energy part can approximately be treated as an energy-
dependent raising\V, of the uniform inner potential. The
imaginary self-energy part, which accounts for the lifetime
of the photoelectron, can be taken into account by a uniform
imaginary partV; of the inner potential. The effect of
AV, on the band structure is simply #anergy-dependent
upward shift of the bands. We treal, as a parameter to be
determined with the aid of our experimental data. For the
determination of the band structure of copper, unoccupied
bands calculated with a ground-state potential have been
used successfully as final states for bulk direct interband
transitions in the low photon-energy regitrisee also Fig. 2
of Ref. 10, which means thaAV, is very small in copper.
For the case of gold, however, it was necessary to apply a
rigid energy shift of+0.7 eV to the unoccupied bands re-
sulting from a ground-state potential to obtain the experi-
mental occupied band structutelt is therefore necessary to
perform a careful adjustment of the theoretical final bands
prior to its use as final states in angle-resolved photoemis-
sion. In our investigation of ARUPS from GAu(111) (Ref.

10) we have found that a rigid shift of 2.5 eV has to be
applied to the “Kohn-Sham” bands to yield a reliable ex-
perimental valence-band structure.

Photoelectron lifetime effects, which are always present
in reality, have frequently been neglected, in many cases
without too much harm. On the other hand, cases are known
(cf. e.g., Ref. 3], where they play a crucial role. To assess
their importance in the present context, we show in the right
panel of Fig. 4 the real part of the complex band structure,
which was calculated for the real ground-state potential aug-
mented by an imaginary pawt, as specified in Sec. lll. The
main effect ofV;, is a smearing out of gaps along theline
[e.g., the gap between the real potential bands at about 10
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FIG. 9. Dispersion with photon energy of the Cu-like features in
et{}e experimental spectra.

in Fig. 4(a)] and at the centerI{ point) and the border X

the photon energhve for the transition between the lower

pOiI’lt) of the Brillouin zone. Near the critical points, the gaps and the upper branch of tmp band at the Fermi wave
are bridged by band segments, which have a very steep digectork. (called Fermi transition or Fermi-level crossing in
persion. Excitation into these bands segments explains th@e following) along the[001] direction. This has been dem-

“gap emission” observed in many ARUPS experime(sse

onstrated by Eastmaet al?>3? using normal photoemission

Ref. 14 and references thergiThis disappearance of the from Cu001) and by Himpsel and Orteghusing inverse
gaps at the critical pointévhere the dispersion is not at all photoemission from QE01), Ag(001), Au(001), and
free-electron-lik¢and the rather free-electron-like dispersion cy,Au(001). This Fermi-level crossing is shown in Fig.
along theA line in between the “gap regions” should be 5(5), where a series of ARUP spectra from the occupsigd
taken into account. Therefore the continuous band showBand near the Fermi energfeature 3 are plotted. The dis-
with bold dashes in the complex-potential band structurgersjon of thes p-band feature with photon energy is given in

(which we denote as barfdn the following) will be used as

the left panel of Fig. 6. As interpolated from these data, the

a template, besides an energy shift to be determined belowerm; transition occurs atir=10.2 eV, being in perfect
for the dominating final band. We will show below that the agreement with the IPE result of Himpsel and Ortétgor

use of this band shifted by 2.5 eV to higher enefgich
then is denoted as barfd) explains our(001) photoemis-
sion spectra very well.

C. Emission from the sp band near the Fermi level,
photoemission near critical points, inverse photoemission,
and energy corrections for the calculated band structure

higher photon energies the center of the excitation, which is
given by the vertical line in Fig. 5, is well belo®w; and the
feature has the common peak shape. In contrast, for photon
energies lower than 10.2 eV the peak shape is deformed by
the Fermi distribution and the center is abdye.

The Fermi transition in the band structure is given in Fig.
7(a). The final statef* is by about 2.5-eV higher in energy
than the relevant bandl in the calculated complex band

A key band-structure feature that can be determined withstructure, demonstrating that an unshifted bamannot be
out assumptions about the final band of a direct transition isised for a mapping of the occupied bands. In the center
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panel of Fig. 6 we demonstrate the errorkirspace which I DL B B L
) . : ) CuzAu(001)

results if one does not properly adjust the final bdtré ARUPS _
angles 1 and open circles 2}-%Jsing the uncorrected final hv = 16.85 eV 15
bandf, the (EJZ) points 1 are obtained as shown by filled normal emission _

- —A4AN° experiment.
triangles. Although the theoretical dispersidi/dKk of the Opr=40 e
calculated occupiedp band is well reproduced, which only °  plyz)

demonstrates the correct dispersion of the final biartte
experimental points are displaced erranously, as compared t
the calculated sp band, aloﬁgowards theX point by about
20% of I'X. Shifting bandf successively by 0.5 eV tHe(k)
points given by the open circles labeled 2—6 are obtained —
Nearly perfect agreement between experiment and calcula
tion is obtained with the final banid =f+ 2.5 eV, as shown
in the right panel of Fig. 6. At the Fermi level, the agreement
can be made perfect if the calculated occupsgdband, in
addition to the final-state shift, is shifted down by 0.3 eV. In
Fig. 7(a) the downward shifted occupied bands are indicated
by dashed lines.

This downward shift of the occupied bands is confirmed
by the spectra from the upper Cu-likkbands taken with 8
photon energies between 9.4 and 13 eV presented in thi [

center panel of Fig. 5. For these photon energiesﬁtbpace L
region around thé' point in the second bulk BZ alor{@01]

is sampled(see Fig. 2. Note that the direct transitiond A
—f* labeled 2—4(in Ref. 11 they were labeled 133how B
flat-band behavior belowir=11.25 (*=0.25) eV (interpo- L

lated valug¢ and downward dispersion at highew.hThis X
means that the excitation at that “critical” photon energy -8
occurs very close to thE point. Thus we denote this photon Energy E-Ep (eV)
energy as hp, although this critical transition occurs at
about 10% ofl’X away fromI" alongA where the onset of FIG. 10. Upper panel: Comparison of experimental spectra from
the flat-band character of the initial states can be localize§usAu(001) taken with polarized 16.9-eV radiatigdata points
approximately as judged from the calculated bands. Thavith the corresponding theoretical spectra obtained in the same way
critical I" transition in the band structure is given in Figa)y ~ @s those in Fig. 8. Lower panel: Calculated occupied bands of sym-
where as initial energy that of feature 3 in Fig. 5 was takenMetry A (dotted lines and A, (solid lines together with the ex-
Within the experimental error, the agreement with final band?efimental upper-state barfd shifted downward by the photon
f* is excellent. The downward shift of the occupied band isenergy. Intersections indicate theoretically possible interband tran-
confirmed as well sitions. The open circlessurface emissionsand the filled circles
Figure 1a) also. shows the critical transition of feature 3 (direct transitionsrepresent the experimental features from the top
near theX point (see also Fig. 2 which again becomes ap- panel.

p?r?n; bynlnrltlal-*s]taiez(f)lzét-bfrédzks)ehavor n(_)vl g 050ur:|/)ng atenergy by 0.3 eV does not appear to be justified ali®ve
photon energy i#=20.0 (x0.25) eV &= 2 EV). in contrast to the ARUPS data. However, this small incon-

Again, the experimental final-state energy agrees with that Oéistency just abov&r does not influence the band mapping
T .
bandf* within the experimental error. _ _ of the occupied states via interband transitions iftto
Finally, evidence for the final-state bafitl is also given The present energy corrections 60.3 eV and+ 2.5 eV
by the inverse photoemission spectrum presented in Figoy the Jower and the upper bands, respectively, are in line
5(c). Peak | at final-state energy 0.5 eV abdie, whichis  ith the values—0.45 eV and+ 2.05 eV, which were deter-

due to a transition into the unoccupied part of #@band,  mined in Ref. 7 on the grounds of spin-resolved photoemis-
cannot be understood as a transition from bfasl the initial sion data for only two photon energi%f‘s.

state, because such an interpretation would result in an ab-

surdly large energy shiftor k shift) of the sp band. How-
ever, using band* as the initial state one gets rid of this ) o o
problem. The location of the ARIPE transition is given in A collection of normal-emission energy-distribution
Fig. 6 in an expanded scale. Note that the Fermi distributiorgurves (EDC's) from the copperd-like valence states be-
together with the broad instrumental resolution may defornfween 2- and 4-eV binding energgnergy belowEg) taken
peak | so that the center of the transition is by some tenth ofn the direct transition regime with photon energies between
eV at somewhat lower final energy. Even if one takes thisl>.7 and 18.8 eV are shown in Fig. 8. For these photon
into account(which has been done in Fig. 6 by representingenergies, thé&-space region between thheand X symmetry
peak | by the long rectanglea shift of thesp band to lower  points in the second half of the second bulk Brillouin zone

ntensity

D. Emission from the Cu-like d bands
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FIG. 11. Left: Series of normal-emission ARUP spectra taken froAG(001) with photon energies between 16.1 and 25.4 eV and
y(2) polarized synchrotron light&,,=20°) representing the emissions from the Au-litebands. Right: Dispersion of the Au-like
emissions with photon energy.

(BBZ) along[001] (see Fig. 2 is sampled. Figure 8 also photon-energy range of Fig. 8, are immediately identified as
shows two theoretical spectra, which have been calculatelulk direct-transition structures by their dispersion with h
with inner potentials comprising the final-state shift-o2.5 The character of the other features becomes evident from
eV, which we deduced from the experimental Fermi-levelthe energy-vs-h plot for the whole range investigated. This
crossing of thesp band, as well as the above-found initial- plot can roughly be divided into three regions: Left and right
state shift of—0.3 eV. The agreement with the correspond-from the two lines of constant final enerdy;=9.3 and 17.6
ing experimental spectrel6.1 and 18.3 eV, respectivelis eV, respectively, no dispersion is observed. In between these
very good for the dominating direct transition features 3 andines, dispersion is found for the structures 1-7, which iden-
4. This is an impressive confirmation of our above-tifies them as direct transitions. At the left border of the
determined energy shifts, by which the naively calculatedyirect transition regime the transitions infé occur very
“Kohn-Sham bands” have to be corrected. Experimentalnear thel' point (see Figs. 4 and)Awhere the initial-state
and theoretical spectra agree less well in energy regionsands become flat, whereas the right border corresponds to
where surface emissiofuenoted byS) interferes with bulk  near theX point. At lower and higher photon energies the
emission. We attribute this to the present rather Simple POtransitions approach the and X point, respective|y, ending
tential approximation in the surface region. in the “tails” of the final-state bands towards the critical
The dispersion of the spectral features with photon ensymmetry points. According to the calculation shown in
ergy, including thesp-band emission, is given in Fig. 9. Figs. 4 and 6, the final-stafeé’ reaches thex point at about
Some of the transitions appear as strong peaks. Others ap@ ev. Dispersion of the direct transition features should
only visible as shoulders or with weak intensity, but arethys appear well above that energy at correspondingly higher
clearly detected as peaks in the second derivative of the efshoton energies not used in our study. The energy range of
ergy distribution curvéEDC) (not shown here; see Fig. 5in the final state* as shown in Fig. 7 is well reproduced by the
Ref. 10. The pronounced intensity differences have theirexperimental data of Fig. 9. The energies of the Cu-tike
origin in IZ-dependent transition matrix elements, on the onébands very near thE and theX point can be taken imme-
hand, and in the low-emission strength of the backfoldedliately from that figure for photon energies below about 11
band of CyAu as compared with Cu, on the other hand.eV and above about 22 eV, respectively. Most of the addi-
Some features, for example, features 3 and 4 in the limitetional dispersionless spectral features have been identified as
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surface featureéS1-S6 in a recent publication® Feature 5 O —r—T—T
at w=20 eV is probably a density-of-states feature as has °
also been found in photoelectyron spectra from pure copper. :
Figure 10 presents a comparison between experiment an
theory for spectra taken wite- and p-polarized Nel light °
(16.85 eV). Over the entire range of Cu- and Au-like excita- P Ag symmetry
tions, we observe direct transitiofmarked by filled circles
and numbers 2 to }las well as surface emissiofmarked A : | I —
by empty circles and labels S1 to SWe wish to stress ©
three items(i) The origin of the direct transitions in the band ‘o
structure. For this purpose we shain the lower panglthe ;
calculated occupied band structure aldiyX shifted down
by 0.3 eV together with the final-states bafrfdshifted down
by the photon energy. Intersections betwd&rand the oc- _
cupied bands indicate theoretically possible direct transi- 3 -2 jwo
tions. The experimentally observed ones are represented b v

CuszAu

bulk band structure along [001]
theory shifted down by 0.3 eV

A, symmetry

the filled circles.(ii) The abundance of surface emissions
both in experimentopen circles and theory. These must be
identified prior to a mapping of the bulk bands, which has

L
i
w

>

2
[0}
e
L

7*(25"

-6
8*(25"

been done recently by d&iii) The overall good agreement
between theory and experiment in the whole range of the8*(12)
valence bands. -3

E. Emission from the Au-like d bands

Selected spectra from the goldlike states and the depenz+(s)
dence of the energy of the spectral features with photon en
ergy are given in Fig. 11. As in Fig. 7 for the Cu-like states, g+(s)
the photon energies used scan the region betweehR #ed -4
the X points in the BBZ. Dispersion is observed for features
10 and 11, which are thus identified as direct transitions.
Two features around 5-eV binding energy, S7 and S8, have
been identified as surface stdfesnd overlap with feature 9, r A X r A X
which, because of its weak dispersion in its small window of
observability, might also be a direct transition.

FIG. 12. Comparison between experimental and theoretical oc-
cupied band structure of GAu along[001]. The calculated bands
have been shifted downward in energy by 0.3 eV. Left: Upper
band and Cu-likel bands. Right: Au-liked bands.

In Fig. 12 we present the experimental occupied band
structure alond"AX, which was determined using the “ex
perimental” empty band* and energy conservatioE; (k)
=E;¢, (K) — hv, where the initial energ§; corresponds to the
measured binding energy. Comparison is made with the ca
culated bands after rigidly shifting them downwards in en-
ergy by 0.3 eV, the value established above for the Cu-lik
bands.

F. Experimental and calculated band structure

" example, the experimental band 2 is below the calculated
one near thd’ point and beyond the midwal point, but
Fommdes with it just left of the midway point. The rigid
downward energy shift of the calculated bands by 0.3 eV is
éhus not equally appropriate for all bands, but has rather to
be regarded as an average value. Table | summarizek the
point energies measured and calculated in the present work

H H 10
1. Cu-like bands and in our previous study on GAu(111):

Good overall agreement between experiment and theory 2 Audlike band
is achieved in the region of the Cu-like bands. In particular, - Au-like bands
the dispersions of the experimental featuressb pand, The experimental structure 10 in Fig. 12 is seen to agree
2-5, 7, and 8 are reproduced by theory almost exactly. Thevell with the calculated\g band in the right-hand part of the
experimental structure 6 coincides with the calculated A line, but to disperse more weakly in the left-hand part.
band from theX point to about midway of thé line. Going  Likewise, the experimental feature 9 disperses only very
further towards thd" point, however, it disperses much less weakly. Feature 11 behaves similarly. Our shift b{.3 eV
than the calculated band. This segmdrepresented by thus appears appropriate near thepoint, but not in the
empty circles in Fig. 1Ris therefore likely to be not due to left-hand part of theA line. In particular, the experimental
direct transitions from bulk states, but rather from surfacesnergies neal’ are higher than théshifted theoretical ones
states or resonances. The same holds for the data points €ef. also Table ) by amounts that are different for the three
dowed with the question mark. We also notk @ependence bands. In search for an explanation of these discrepancies,
of differences in energy between experiment and theory. Foone may think of the known shortcomings of the local-
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TABLE 1. T' point energies from angle-resolved photoemission experiments gAuCLl1) and
Cu;Au(001) and from calculation witkreal) Kohn-Sham potential. Energies are given in e¥=(extrapo-
lated;i= interference with surface emission; avaverage.

1. Experiment 2. Theory 3. Difference of-12

Number(see Fig. 1% (111 (001 (001

symmetry label (Ref. 10 (this work) (this work)

1) Cu-like d bands

2 —-1.81 —1.40 —-0.41

3 -2.00 —2.00 -1.60 -0.40

4 —2.23 —1.88/~1.94 —-0.32

5 —2.43 —2.06 —-0.37

6/8"(12) —2.90 [—3.10(i)] —2.56 —-0.34

717%(25") —3.62 —3.55 —3.28 —-0.31

8/8%(25') -3.80 -3.55 -0.25
—0.34(av)

2) Au-like bands

9 -5.40 -5.5(¢e) -5.16 -0.34

—17%(25)/ty, —-5.68 —-5.43 -0.25

10/8"(25)/tyg —6.00 -6.0(e) -5.80 -0.20

11/8Jr(12)/eg —6.92 —6.90 —7.00 —0.09
—0.22(av)

Average difference between experiment and theory for all bands -0.30

density approximation for exchange and correlation in thespectra have been evaluated to determine an experimental
ground state as well as &tdependent real self-energy cor- valence band structure along tf@01] direction. In the Cu-
rections. like range, these bands and their dispersions are in good
agreement with the calculated bands if the latter are shifted
V. SUMMARY downward in energy by 0.3 eV. In the Au-like range, how-
] ] ever, there are some significant discrepancies. In order to
We have presented experimental and theoretical anglgsyercome these, we feel that improvements on the theoretical
resolved photoemission spec@RUPS from the crystal-  sige are needed. In particular, one might think of going be-

line CpAu(001) surface. The theoretical spectra were obyong the presently used local-density approximation for ex-
tained within a one-step model using a fully relativistic change and correlation.

layer-KKR photoemission formalism. Experiment and theory

agree rathe_r _WeII_ if—in addition to the imaginary pote_ntial ACKNOWLEDGMENTS
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