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Accurate band mapping via photoemission from thin films

A. Mugarzal? A. Marini,? T. Strassef,W. Schattke’ A. Rubio?* F. J. Garca de Abajd’ J. Lobo® E. G. Michel®
J. Kuntz€? and J. E. Ortegef
!Departamento de Bica Aplicada I, Universidad del PsuVasco, Plaza Cate 2, E-20018 San SebastjaSpain
2Centro Mixto CSIC/UPV and DIPC, 20018 San SebastBpain
3Institut fir Theoretische Physik und Astrophysik, Christian-Albrechts-UnivrsiteKiel, Leibnizstrasse 15, D-24098 Kiel, Germany
“Departamento de Bica de Materiales, Universidad del Ravasco, E-20018 San Sebasti&pain
SDepartamento de Bica de la Materia Condensada and Instituto Nicol@abrera, U. Autnoma de Madrid, 28049 Madrid, Spain
(Received 23 July 2003; published 22 March 2004

Electron bands in solids can be determined in angle-resolved photoemission experiments from thin films,
where the perpendicular wave vectds, | uncertainty that characterizes photoemission from bulk crystals is
removed. However, the comparison with state-of-the-art quasiparticle band-structure calculations has never
been done. In this work we have mapped both initial-statzupied and final-statdempty E(k,) bands
along theA axis of aluminum, from photon-energy- and thickness-dependent quantum-well spectra of alumi-
num films. For final states the best fit is obtained with inverse low-energy electron diffraction band structure
calculations. For initial-state bands of Cu and Al, thin-film data display excellent agreement with bulk quasi-
particle theory, suggesting the use of thin films as model systems to investigate fine effects in the crystal band
structure.
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An appropriate description of the electron band structures In this paper we compare initial- and final-state bands
is of general interest as a fundamental property of crystallingneasured in thin Al and Cu films with state-of-the-art band
solids that explains most of their observable behavior. Manyajculations. Although thin films have been already used to
different spectroscopic techniques probe electronic stategyap initial-state bands in a number of systénfsthe com-
but only photoemission from well-defined crystal surfacesyarison with quasiparticle band theory is still missing. Espe-
allows the  thorough ~determination ofE(k) band  ¢iayly in noble metals, where disagreement is found with
dispersions. Angle-resolved, valence-band photoemission round-state band® Here, we show that experiments and
spectra are generally dominated by peaks that correspond fy - inaticle theory agree for Al and Cu films with unprec-
the so-called vertical transitions from initial to final bulk edented accuracy, demonstrating the validity of the thin-film

states, i.e., those where the wave ve&tds conserved in the roach. Such accuracy opens ub a new wav to explore
reduced Brillouin zone. The energy and the wave vector par"Elpp e y op P y P
orrelation or electron-phonon coupling effects in the band

allel to the surface can be determined with a high accurac )
depending on the system resolution. However, the broke tructure neaEg. Furthermore, detailed knowledge of the

symmetry at the surface gives rise to a fundamental uncefDitial state allows us to determine final states by photon-
tainty that affects the perpendicular component of the wav&nergy-dependent photoemission in the corresponding bulk
vector k, . Occupied bands are usually mapped assumin§'ystal- We show that two different experiments are not
free-electron-like final-states to defike , but the actual fi- ~Strictly necessary, since the final state can be directly mapped
nal state band structure is often more complex as proved iHsing the same film with CIS-like photoemission, i.e., by
constant initial-statéClS) experiments. Such final states can measuring photon-energy-dependent quantum-well intensity.
be determined experimentally by very low-energy electronThis allows mapping several photoemission final-state bands
diffraction(VLEED).>® However, this method is limited to beyond 30 eV, and comparing data with different theoretical
high-enough reflectivity, i.e., electron energies below 30 eVapproaches. We find that complex, final-state band-structure
The k, uncertainty is removed in thin films, whekg is  calculations provide the best fit.
fixed by thickness and boundary conditions at the surface Photoemission data were acquired with a VSW angle-
interface? This leads to discrete quantum-wéQW) states  resolved analyzer coupled to the undulator VUV beam line at
in the photoemission spectra, with peak& atE) values that  the Synchrotron ELETTRA in Triest@étaly). The light wasp
fulfill constructive interference conditions® If the film is  polarized with an incidence angle of 70° from surface nor-
not too thin and the crystal structure is the same as in bulknal. The energy resolution was-40 meV(photons+ elec-
materials k, (E) values actually sample bulk(k) bands at trons. Si(111) wafers were prepared by repeatedly flashing
discretek, points? Furthermore, if it is assumed that bound- to 1500 K. Al films were evaporated with a deposition rate of
ary conditions at the surface and the interface do not change 0.5 A/min from a BN crucible operating at a pressure be-
by varying the film thickness, (E) can be obtained directly low 2x 10~ 1° mbar, which ensures clean Al films. The thick-
from the so-called QW structure plot, i.e., the QW peak enfess is determined with a quartz microbalance, and cross
ergy distribution as a function of film thickne$s'°Thus, the  checked by comparing quantum-well spectra with those of
fundamentak, uncertainty in bulk crystal photoemission is Aballe et al'° In order to obtain sharp Al/Si interfaces and
transferred to an experimentally, controllable thickness unvery smooth films we follow the procedure given in Ref. 10,
certainty in thin films. i.e., depositig a 2 ML Al buffer film at 120 Kwith a short
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FIG. 1. (a) Valence-band spectra from thin(ALLY) films grown w-r
on Si. QW state peaks are clearly observed. Their energies at a w2 i : i“)g‘:;iivgm
given thickness are correspondingly represented in the structure plot BEZ=" GW
of (b). The lines are fit to data points using a phase accumulation [ ) ) . \
model that determines the band disperditk, ) for bulk Al. 05 06 07 08 09 1.0
. I k /k
postannealing to 500 K. Subsequent layers in thickness- L "Bz

dependent measurements were deposited on top of this buffer
layer at 300 K, which was the measuring temperature. Th%1i

quality of the film is mhe_rently proved by the sharpness OfThe line thickness accounts for the experimental error. The resulting
the quz_intum-well peaks_ in the spectra. Low-e_nergy_ eIeCtro‘aand fits sharply to a PW-LDA band calculation for bulk At)
diffraction(LEED) analysis and surface x-ray diffraction ex- ganq gispersion along the axis measured for G100 films. Di-
periments indicate that Al films exhibit the same crystaliect and inverse photoemission data have been taken from Refs. 6

structure as bulk At . . o and 8. In this case, the fit to GW bands is excellent.
Figure Xa) shows a typical series of photoemission spec-

tra for varying Al thickness taken &tr=61 eV. As we in-  vacuum barrier and still a linear function for the interfae.
crease the number of layers, new quantum-well peaks croshe fact is that the fit is strongly dependentlqr{E), which

the Fermi level, shifting towards the band edge at arounddetermines the density of lindQW periodicity), and rather
—4.6 eV!? The very last peak at this energy correspondsinsensitive tog(E). Thus, k, (E) is obtained with a high
to the Al(111) surface state. Figurgld) contains the structure accuracy that is basically limited by the thickness uncer-
plot with the quantum-well peak energy dispersion as &ainty.

function of thickness. It includes data from Fig(al and The experimentdt, (E) obtained from the fit to the struc-
another series of spectra from 8 ML to 13 ML. Most of ture plot in Fig. 1b) is shown in Fig. 2a) using a thick gray
the data points lie below the absolute substrate band gap khe. The line thickness accounts for the experimental error,
~—0.5 eV, and hence they are resonances rather than puvwhich is maximum at the Fermi energyAk, max
quantum-well states, similar to those found in other systems=0.006 A~ 2. In Fig. 2b) we also show the band dispersion
like Cu films® The thin lines fit simultaneously all data determined from a similar structure plot analysis of( {0

FIG. 2. (a) Band dispersion for Al along thd axis as deter-
ned in the structure plot analysis of Figb2 (thick gray line.

points using the expression quantum well states in thin films grown on fcc @60).58
Thin solid lines in Fig. 2 represent first-principle density-
n—1+¢(E) functional bands calculated in the local-density approxima-

dn(E)= “1-k,(E) (1) tion (LDA) along theA and theA axis for bulk Al and Cu,

respectively. Thin dotted lines contain self-energy correc-
whered,(E) is the film thickness in layerk, (E), in units  tions, calculated within the standard GW approximation,
of the fundamental wave vectornZa, is a parametrized which are considerable in Cu and negligible in Al. Except at
band dispersion obtained from the two-band model, andhe X, edge in Cu, which is obtained from the asymptotic
¢(E) accounts for the total phase shift at the surface and themit of the d,(E) lines, quasiparticle bands and data agree
interface. The fit is very good, except for the small change oextremely well. This demonstrates the appropriateness of
slope neaEg, which is probably due to the presence of theboth the experimental and the theoretical approaches. The
edge of the band gap in the Si substrét®’Equation(1) can  self-energy correction to ground-state bands in Cu can ex-
be deduced from both the envelope function model of thelain the deviations observed between experiment and theory
wave function inside a quantum wélbr the phase accumu- in Ag(100) films.® Such correction is expected from the par-
lation model**® The phase shift can be either assumed to beial d character of the,p band in Cu and Ad®in contrast to
a linear function of the energy with two fitting parametrs, the pures,p character in Al. As shown in Fig.(B) the mea-
or approached with a more realistic WKB function for the sureds,p band is wider than the ground-state band. This
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30 40 50 60 70 80 FIG. 4. Final-state band mapping. Data points correspond to the
Photon energy (eV) peaks (tick markg in Fig. 3, with their size reflecting the peak

) ) . intensity. The blue line is the primary-cone, free-electron band in an
FIG. 3. Normalized, photon-energy-dependent intensity of th&pner potentiaE— V,=8.8 eV. The green lines are complex band-
QW and surface-state peaks for the 20 ML Al thin film in Fig22 gy cture calculations. Both line intensity and thickness are propor-

We observe fine features that correspond to transitions to differgjon,) 1o the photoemission matrix element calculated with pseudo-
ent final-state bands. Their dispersion is discretely sampled aﬁotential bands for the thin film.

each curve.
such deviation appears reasonable given the strong direc-

indicates a lower hybridization witd bands, which are in-  tional character of the escape depth. Notice that the width of
deed shifted down in the excited state. the surface-state cross section peak at 54 eV is the same as

Assuming the vertical transition scheme in the reducednhe one measured from a (L) single crystal? From this
Brillouin zone, we have an accurate setkQf(E) values for  wjdth it is also possible to obtain an estimate of the escape
each QW peak of Fig. (&). This allows one to probe the deptha=7 A,'?which is consistent with the present analy-
photoemission final state in the crystal by measuring the QWjg.
photon-energy-dependent intendityhis is done in Fig. 3 The spectra of Fig. 3 sample final-state bands at six dif-
for the 20 ML spectrum of Fig. (). Each peak in Fig. 3 ferent k, values. The result is shown in a reduced zone
Corl’esponds to a direct transition to a final state. Note thaécheme in F|g 4. The Size Of the data points represents the
the energy range is unreachable by VLEEDistinct peaks relative intensity of the transitions in Fig. 3, and the error
(marked with tick$ can be consistently fitted using Lorentz- bars reflect the peak width. GW self-energy, quasiparticle
ian lines. As a case example, we include the results of the fgorrections do not provide a reasonable description of the
for one of the curves. The full width at half maximum for photoemission final state in this case. In this high-energy
different features in all curves is always lower thAlE  excited state, electrons leave the solid before they are dressed
=6 eV. Broader features could hide more than one tranSiby the Screening cloud, which is the main physica| mecha-
tion, since they can be as sharp a&=3 eV, like the njsm described by GW self-energy calculations. For a com-
shaded peak dtv=49 eV (E—Eg=47 eV, when correct- parison with the experiment we have separately tested bulk
ing for the QW binding energy At around 50 eV, the QW | DA bands and complex band-structure calculations. The
peak broadeningXk,) contains the contributions of both |atter give the best fit and are included in Fig. 4 as green
the finite photoelectron escape depthk¢) and the initial-  Jines. The solutions of the bulk complex band structure are
state broadening/Ak;), which is due to the finite thickness calculated with an empirical pseudopotentfaincluding an
of the film® For a numerical estimate we assumdE  imaginary part in the optical potential.8 eV at 50 eV ki-
=3 eV, E=47 eV, and the group velocity as deduced fromnetic energy that describes the damping of the wave func-
our band mapping in Fig. 4€/dk, ) *=(18 eV A)"1. We  tion towards the crystal. Furthermore, we have determined
obtain Ak, =AE(JE/dk,) *=0.167 A"1. The thickness the final photoemission state by matching these solutions to
broadening can be estimated from the uncertainty principléghe vacuum solution. The latter defines an inverse LEED
to be of the order ofAk;~k,p/20=0.067 A"1.8 Therefore final-state wave function in the presence of a step potential to
the escape depth broadening 4A%k;~0.100 A™1, and A represent the surfad@.Inside the crystal, the final state is
=1/Ak;~10 A. This value is three times larger than the composed of a sum over bulk solutions of differéntand
calculated inelastic mean-free path for bulk*Alalthough  the magnitude of the corresponding expansion coefficients is
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indicated by the thickness of the green lines in Fig. 4, suclthe Fermi energy, such as correlation effects. Also, high-
that the bands which contribute significantly to photoemis+esolution, low-temperature photoemission from thin films
sion can be identifieé? Theory and experiment exhibit gen- can be devised as a suitable technique to measure absolute
eral agreement in intensity and the dispersion of the bandslectron-phonon couplings, both from the QW peak width
are reasonably well probed, but theoretical bands dispersgnalysis(iimaginary pantand from the exact band dispersion
faster away fromk,g. Such deviation could be related to a (real pary.

stronger hybridization witld-like bands around 40 eV, which

would not be appropriately addressed within the empirical

pseudopotential. By contrast, LDA bands A&f symmetry Thig work has been supported in part by the Universidad
display the same group velocity as the more intense, freedel Pas Vasco (A.Mu. and J.E.O. under Contract No.
electron-like experimental bands of Fig. 4. 00057.240-EA-13668/2001, and A.Ma., A.R., and F.J.G.A.

In summary, state-of-the-art GW theory and photoemis-under Contract No. 00206.215-13639/20the European
sion experiments using thin films show excellent agreemen€ommunity (EC) research training network NANOPHASE
for occupied valence bands in metals. Furthermore, initialf{A.Ma. and A.R.(Grant No. HPRN-CT-2000-0016]f and
state bands allows mapping high-energy bands beyond 3fie Spanish Ministerio de Ciencia y TecnoladiA.Ma.,
eV, where the reported theory describes correctly the obA.R., and F.J.G.A(Grant No. MAT2001-094% and J.L. and
served strong deviation with respect to free-electron band<€.G.M. (BFM2001-0244]. Experiments at Elettra were sup-
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