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Final-state effects on photoemission line shapes at finite temperature
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We have measured angle-resolved photoemission spectra fr(@@IAbver a large range of temperatures
and photon energies. These data were analyzed using a model that allows one to calculate the photoemission
intensity for transitions with the simultaneous excitation/absorption of 0, 1, 2, etc., phonons. By making a
simple simulation of the line shape, we show that the so-called direct tran@tiquasiparticlepeaks always
contain a significant contribution from photoemission events with a simultaneous excitation and/or absorption
of 1 and 2 phonons, i.e., from transitions that are actually indirect. At low photon energies and/or low
temperatures these contributions are small; but as the photon energy or the temperature is raised they increase
relative to the elastic or zero-phonon contribution and eventually become the dominant contribution to the
so-called direct transition peak. The effect of these phonon-assisted transitions is a significant change of the
photoemission line shape. Our model gives a good description of the temperature dependence in the experi-
mental data but only if the phonon-assisted contributions to the photoemission peak are taken into account.

DOI: 10.1103/PhysRevB.63.233102 PACS nuni®er79.60.Bm, 63.20.Kr

Recently, much effort has been devoted to the measurdransition peaks within the limit of our experimental accu-
ment and interpretation of the exact line shapes in angleracy. More details of the experimental procedure will be de-
resolved photoemissiofARUPS. The reason is that the scribed elsewhert.
photoemission intensity measured in ARUPS is closely re- Figure 1 shows the sets of spectra acquiredhat
lated to the spectral function of the solid. Therefore this tech=165 eV and 567 eV. The main feature in these spectra is
nigue has the potential to provide insight into quasiparticlethe peak at around 11 eV binding energy. This is the so-
lifetimes as well as into the nonquasiparticle behavior that iscalled direct transitionDT) peak which originates from a
found in highly correlated electron systems and for strongdirect, i.e.,k-conserving, transition from an occupied state
electron-phonon couplin’g. For three-dimensional bulk along thel’-X direction of the Brillouin zone to a photoemit-
states, such subtle effects are usually hidden behind the liféed final state along the surface normal. For our investiga-
time broadening caused by the uncertaintknof the final ~ tion, we have chosen to take the direct transition peaks close
state. This is much less of a problem in the case of photol© the bottom of the band, i.e., close to feoint as in Fig.
emission from electronic surface stdtesd from quasi-two- 1, in order to have them well separated from the other peaks

dimensional materiafswhere the states do not disperse with that can be found at low binding energies. Note that the
name “direct transition peaks” is rather misleading because

k, . In this paper we show that phonon scattering in the ks al tai iderabl tribut f .
photoemission event can severely change the line shape oft °S€ peaKs aiso contain consicerable contributions from In-
irect transitions, as we shall see later. The peak at about 3

peak because most scattering events involve phonons W|the5{/ binding energy in the spectra acquirechat= 165 eV is

very small rr_womentum :_;md the mela;tmglly scattered elecaue to transitions from the Shockley surface state that exists
trons are emitted nearly in the same direction and with nearl

. Yn the gap at thé point of the Brillouin zon€. The spectra
the same energy as the unscattered elegtrons. Thls meChdaarly show a decay of the DT peaks with increasing tem-
nism should be taken into account when interpreting photoperagyre. It can also be seen that the decay rate changes with
emission I|ne_ shapes from l?oth bulk and surface states.  phe photon energy: &tv=165 eV the DT peak is still visible
~ The experiment was carried out at the SuperESCA beamsyen at the highest temperature whilehat=567 eV it dis-
line of the electron storage ring ELETTRA in Trieste. Spec-agppears at around 423 K. Similar behavior has been observed
tra of photoelectrons emitted from the valence band ofor many solid§ and can be understood qualitatively in terms
Al(001) along the surface normal were collected over a widepf a simple model developed by Shevchikiote that the DT
range of photon energig$65-940 eV and sample tempera- peak also broadens and shifts while decaying. The same be-
tures(133-673 K. The angular resolution was estimated to havior is also observed in the rest of the data set, which is
be close to 2.5°, corresponding tokaresolution of about not shown here.
0.3 A1 at the highest energies shown in this paper. At a We will now analyze the decay of the DT peaks using the
photon energy of 194 eV, improving the angular resolutionmodel developed in Ref. 8 for the photoemission of valence
did not lead to a change in the shape of the bulk direcband electrons including the vibrational degrees of freedom
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FIG. 2. Calculated spectra corresponding to photoemission from
Al(001) along the surface normal atv=180 eV andT=133 and
423 K. The spectra are presented decomposed into the dldstic
ted lineg and inelastiddashed linescontributions. The upper scale
shows the electron wave vector change in units of the minimum
reciprocal lattice vector.

exponentials exp{z/\), where\ is the electron mean free
path andz is the distance from the surface. More details
about the model and/or the calculations can be found in Ref.
4 and 8.

Figure 2 shows calculated photoemission spectra in the
region of the DT peak, at two different temperatures and
decomposed into the elastim&0) and inelastidsum over
m=1) contributions. The main features to be noted in these
spectra are thafi) the relative strengths of the elastic and
inelastic contributions interchange with the temperattrg;
the elastic contribution has a sharp peak whai,
=2G09, Which is known as the “third” Laue condition;

& " Comi (eV) and, most importantlyii ) the inelastic contribution also has
a peak close to the initial energies for which the “third”

FIG. 1. Spectra of electrons photoemitted from081) along | qye condition is fulfilled. Note that this last point causes the
the surface normal dtv=165 eV and 567 eV and at several tem- |ine shape of the peak at 423 K to be very different from the
peratures in the range 133-673 K. T_he first temperature step is 4Qastic line shape: the scattering with phonons does not sim-
K from 133 K to 173 K; all the following steps are 50 K. ply add to the smooth inelastic background under the peak.

To get a better insight into which inelastic transitions
(phonon modesof the lattice. An important feature of this form the broad peak of the inelastic intensity, we have plot-
model is that it allows one to calculate separately the contrited the first four contributions to this intensity in Fig. 3. It is
butions to the intensity of photoemission transitions in whichseen thati) the temperature scarcely changes the form of the
m phonons have been excited and/or absorbed ( contributions, only their relative strengths, afiid the broad
=0,1,2 ...). Theinitial state of the electron is composed of peak is formed essentially by tme=1 and 2 contributions;
two Bloch waves, one propagating toward the surface andll the contributions wittm=3 are rather flat in the region of
one reflected back at the surface, and the final state is thaterest and, therefore, contribute mainly to the background
time-reversed low-energy electron diffraction wave function.under the peak. Thus we conclude that the peak in the cal-
The lattice vibrations are treated within the Debye modelculated spectra in the region of the experimental DT peak is
All the calculations presented in this paper correspond tdormed not only by then=0 or elastic contribution, but also
initial states along thé-X line of the bulk Brillouin zone by them=1 and 2 contributions to the inelastic intensity.
and to emission along the surface normal. The larger vibra- In Fig. 4 we have plotted the intensity of the DT peaks in
tional amplitudes at the surface have been taken into accouttte experimental spectra together with the intensities under
by defining an “effective” Debye temperature weighting the the calculated peaks for the same initial states. We show the
layer-dependent Debye temperatures reported in Ref. 9 witm=0, 1, and 2 contributions, as well as the sum of these
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FIG. 3. First four contributions to the inelastic spectra of Fig. 2. &

mis the number of phonons that have been excited and/or absorbe™— | o hv'= éO? 'eV- 100 200 300 400 500 600 700

during the photoemission transition. The small negative intensities T(K)
are caused by the cutoff in the sum over the multiple scattering
waves in the final state. o1F -~ Experiment
--------- m=0
. . . =1
three contributions. The data have been normalized such the oor \ —_— :=z
this sum and the experimental peak area have a value @ ' ® ) Sum

unity at the lowest temperature. For both experiment and
calculation the intensities have been extracted by integrating 403}
the area over a linear background. This simple but consisten N W
way to analyze the data has the advantage that no assum, 0 100 200 300 400 500 600 700
tions about the photoemission line shape have to be made. .. T(K)

is seen that the elastic contribution always falls continuously, £, 4. piot of the areas of the peaks as a function of tempera-
whereas then=1 and 2 contributions in many cases first yyre The solid circles correspond to the experimental DT peaks

increase with increasing temperature and have a broad maxjile the other curves are the results of the theoretical calculations.
mum. It can be shown, in fact, that eagicontribution must

reach its maximum strength Whéﬁﬁ|202~m, whereAk is  nhumber of phonons exchanged with the lattice increases so
the electron wave vector change during the photoemissiofloes the average total phonon wave vector, and the conser-
transition ands? is the mean square amplitude of vibration vation rules for the electron wave vector gradually relax.
of the atoms. This simple formula predicts correctly that thelherefore, then=1 and 2 contributions to the inelastic in-
maximum of them=1 contribution should occur ahy  tensity have structures in both the energy and angular distri-
=165 eV atT~180 K and below 100 K at the other photon butions similar to those of then=0 contribution, while the
energies, while that of the=2 contribution should occur at contributions withm=3, being significantly different, sim-
T~365 K athv=165 eV, around 160 K ahy=317 and Ply add up to form the background under the peak.
345 eV, and below 100 K at the other photon energies. The We have seen that the emission/absorption of phonons
main features to be noted in this figure, however, are that theuring the photoemission event can lead to a severe change
pure elastic contributiofidashed ling decays in all cases ©f the photoemission line shape. This effect will be espe-
faster than the experimental intensity while the sum of thecially important when the experimental data are taken at high
m=0,1, and 2 contributiongthick solid line describes the temperature and/or high photon energies or when the sample
experimental data rather well. This is consistent with Figs. has a low Debye temperature. We observe the effect at pho-
and 3 and proves that the experimental peak contains consi¢?n energies that exceed the energies normally used in
erable contributions from the photoemission events withARUPS. Note, however, that this does not mean that the
excitation/absorption of one and two phonons. phonon scattering can be neglected in an ordinary ARUPS
The above findings can be explained by the fact that th&xperiment. One has to keep in mind that the momentum
probability of exciting/absorbing phonons varies inverselytransfer for the photoelectron in our experiments is only a
with the modulus of the phonon wave vectérshus, the factor of 2—4 higher than for a “normal” ARUPS photon
photoemission events with excitation and/or absorption ofnergy. The change of line shape also explains the apparent
only one or two phonons involve on average a total phonorshift and broadening of the DT peak, although this might
wave vector small enough for the conservation rules of thélso be caused by an initial-state effect. Finally, it is evident
electron wave vector to remain valid to a high degree. As thehat the effect depends on theoint of the initial state; . If
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the bands are steep in the vicinity kfthen the broadening Photoemission event can lead to severe changes of the line

effect caused by the phonons will be more severe than in thghaPe because the so-called direct transition peak also con-
tains contributions from electrons that have actually under-

case of a flat band close ig. In connection with this, one gone scattering by one or more phonons. This can be under-
can expect the effect to be less important in the case of gtood by the fact that the most likely scattering happens with
quasi-two-dimensional material because of the fact that thghonons close to thE point of the Brillouin zone such that
dispersion in one direction is zero. It is perhaps not verythe wave vector of the outgoing electron is changed only
surprising that phonon scattering has such a large contribwery little. The line shape changes due to phonon scattering
tion to the photoemission signal when we recall that even th&ay have general consequences for the interpretation of pho-
direct transitions can be achieved only by an umklapp profoemission data in terms of a spectral function.

cess or, in other words, by scattering with a phonon of zero e gratefully acknowledge support by the Danish Na-
energy. tional Research Council, the European Union, and
In conclusion, we have shown that phonon scattering in & ONICET (Argenting.
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