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Excitation of phonons and forward focusing in x-ray photoemission from the valence band
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A model is presented to explain the transition of the angular distribution of valence-band photoelectrons
from the low-energy regime, characterized by emission only along the Mahan cones, to the high-energy
regime, characterized by emission patterns very similar to those of core-level photoelectron diffraction. The
two main ingredients of the model are the excitation/absorption of phonons during the photoemission, and the
multiple scattering of the electron in the final state. Using simple assumptions about the valence-band initial
states of AI001) and a Debye model to describe the lattice vibrations, we calculate angular distributions of
photoelectrons that are in excellent agreement with recent experimental rES01t63-18206)06643-X

[. INTRODUCTION photoemitted electron emerges frorsingleatomic site and,
on its way to the surface, interferes with the secondary waves
The energy- and angle-resolved photoemission oproduced by the scattering on the neighboring atoms. The
valence-bandVB) electrons has two regimes. At low ener- maxima of intensity at the main internuclear directions are

gies there is a strict wave-vector conservation rule and theaused by a special type of interference caliedvard fo-
electrons are emitted along directions, known as Mahagusing

directions; defined by To explain why at high photon energies the VB photo-
I emission looks like the emission from a single atomic site,
Ke=Kij+ Oni, Osterwalderet al* postulated a localization of the hole left

_ . i 8 critici s are
wherek; andk; are the wave vectors parallel to the surfacebehInOI by th_e photoglectron. Sa_rraa_al. criticized this ar
gument, saying that if such localization occurred, the energy

i/negt]grIglftlt?:eaggr;:ﬁ:?giStrgtce; ?;t;[:; e'IAetcrt]rioE, ﬂfrlsiei thespectrum should exhibit some atomiclike character, which is
b ’ 9 9 not observed in the case of Al. They argued that the reason

excitation of phonons during the photoemission completely . o
relaxes this wave-vector conservation rule, and the electron¥@S the complete zone averaging caused by both the limited

are emitted in all directions. The transition from one regime"”"r]gular resolution and the energy integration performed by

to the other was studied first by Shevchdnd then by Fad- Osterwalderet al. Hermanet al® made the experiment in
ley and co-workers.They found that in a first approximation W(110 at 295 and 803 K, and argued that another cause

the photocurrent can be written as could be the zone averaging produced by the excitation of
phonons during the photoemission. However, to our knowl-
I(e)=e Mpr(e)+(1—e W)Iypr(e), edge, no one has presented a mathematical model to illus-

_ o . _ ~ trate how these effects would produce the observed maxima
wherelpr is the contribution of thekj-conserving or “di-  of intensity at the main crystallographic directions.

rect” transitions andlyp7 is the contribution of the non This transition from aZH-conserving regime at low ener-

kj-conserving or “nondirect” trar:sﬁmns; the exgonent of gies to a nori-conserving regime dominated by forward
the Debye-Waller factor i8V=3|Ak?(uZ), whereAk is the  focusing at high energies is of the same kind as the one
wave-vector change of the electron aquf) is the mean- observed in the “elastic” backscattering of electrons from
square thermal displacement of the atoms. crystalline surfaces. In these experiments one observes a
In a recent letter, Osterwaldest al* reported that in low-energy electron-diffractioflLEED)-like angular distri-
Al(001), at hv=1254 eV, the angular distribution of VB bution of electrons at low energies that changes to an x-ray
photoelectrons presents strong maxima of intensity at thphotoelectron diffractio{XPD)-like angular distribution at
main crystallographic directions and minor peaks at othemedium energie§1°! Since we have successfully modeled
directions, resembling very closely the angular distributionthis last transition by including the excitation/absorption of
of photoelectrons from the 2core level. This was quite phonons in a cluster-type LEED modélit seemed natural
unexpected because, unlike the core states, the VB states tof extend that work to the field of VB photoemission. There-
Al are known to be completely delocalized, and because onfore, in this paper we present a model which explains the
expects that, at high energies, when all the peaks corresponexperimental results of Osterwaldet al. in terms of the
ing to the direct transitions have vanished, the angular distriexcitation/absorption of phonons during the photoemission.
bution shall be rather smooth and only slightly structured. Using simple assumptions about the VB initial states and a
The occurrence of maxima of intensity at the main inter-Debye model to describe the lattice vibrations, we calculate
nuclear directions is a well-known phenomenon in core-leveln angular distribution of photoelectrons that is in excellent
x-ray photoemissiofi-” In this case, the localized nature of agreement with the experimental results. Our approach is
the core state plays a crucial role; the wave representing thimilar in many aspects to the one in the works of Sheveéhik.
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The key difference is our inclusion of multiple scattering in  To go further we need expressions in the coordinate space
the final state. In this way we account for both the relaxatiorfor the stateg®;({R})) and |q;'—E§ED({F§})*>_ We will use
R

of the wave-vector conservation rule and the forward fOCUSEjirect eneralizations of known expressions for the case in
ing at high energies. 9 P

The paper is organized as follows: in the Sec. Il Wewhich all the atoms are at rest at the equilibrium positions.

present the model. In Sec. Il we present the results of Jhese generalizations will be valid provided the displace-

calculation based on the model and compare with the experg—:ﬁgﬁs of the atoms from the equilibrium positions remain
mental results of Osterwaldet al. In Sec. IV we analyze Iné'de the solid* the bound states of a semi-infinite crvs-
the role played by the phonons in the transition. Finally, in ! al u =ntint y

Sec. V we summarize our main results. tal with wave vectoﬂzi” can be constructed as a combination
of the states of the infinite crystal with the same energy and

Il. THEORY IZi”. If we choosee; near the bottom of the valence band,

N only two states will enter in the combination, one propagat-
A. Transition rate ing toward the surface and the other reflected back at the

We want to analyze the effect of including the vibrational surface. Therefore, in the tight-binding approximation, we
degrees of freedom of the lattice in the photoemission of afave
electron from the valence band. Therefore, besides consider-
ing the interaction of the active electron with the radiation > S ik R, K Roy 4 (F— B
fiegld, we must consider explicitly its interaction with the at- <r|®i({R})>_§n: (% Tn+Re JAi(r=Ra), 4)
oms of the vibrating semi-infinite crystal. This is done in the L
Appendix, where we show that the probability per unit timewhere kit=ki”ikizi, with k;, a root of the equation
of emission of an electron with energy along the direction 8(|Zi“ ki,)=¢, wheres(IZ) is the dispersion relation of the

ki from an initial (bound state with energy; and wave nfinite crystal.4;(r —R,) is a combination of atomic orbit-

vector parallel to the surfade can be written as als centered aR,, and is the reflection coefficient. The
1 (= sum in Eq.(4) runs over all the atoms of the semi-infinite
R | dve o (R bRy ovsal , |
—o For the final state we will use a cluster-type expansion of

(1)  the LEED wave functiort®!®
wherehv is the photon energy,
. (TSR ) =| €90 T+ 3 ()
bis({R) =(V 5 (RN | = —A-pl@({R)) () ’

*
is the photoemission matrix element calculated for the crys- +2 2 YD+ (B
tal with the atoms displaced from the equilibrium positions N on'#n

to positions indicated bR}, and where — K, = — (2me; /%2) % is the wave vector of the in-

bif({ﬁ},t)=eiHph"ﬁbif({ﬁ})e‘inh‘/h 3) cident electrony, is the wave griginateq in the scatteri.ng of
. o . . . _ ~ the plane wave by the atom R, ¢, is the wave origi-
is the photoemlssmn matrl_x element in thg mtera_ctlon PiCated in the scattering of the waws, by the atom aﬁnu
ture, with Hy, the Hamiltonian of the vibrating lattice, and 5,4 so on. The sums in E€B) also run over all the atoms of
where the symbol()) denotes the thermal' average of the iha semi-infinite crystal.
argument over th% phonon states of the laffgme Eq(A5)]. The next step is to replace Edd) and(5) in Eq. (2). At
In Eq. (2) above,A is the vector potential of the radiation this point we will make some simplifying assumptions: we
field, p is the momentum operator of the electron, andwill set %% equal to zeroA constant, and we will consider
|®;({R})) and| W T-°({R})*) are eigenstates of the electron explicitly only the first two terms on the right side of E&).
. T ) L The derivation of the terms corresponding $+0 is
Hamiltonian with the lattice atoms at positionfR}.  girajghtforward, and we will incorporate them directly into
|q)i|_(E{ERD})l is the initial state of the electron, and o fina| results. Settingk constant is justified because the
W2 ({R})*) is the time-reversed LEED state correspond-photon wave vector is in general so much smaller than the
ing to an electron impinging on the crystal with energy  €lectron wave vectors that one can neglectdipolar ap-
along the direction-k; .13 proximation). At the enq one can recover the malnéeffect of
Note thate; need not be equal to,+ hv. In particular, if ~ the spatial variation oA replacing in the equationk;; by
e¢#¢e;+hv we calculate the transition rate of a photoemis-lZi"Jrﬁphowm . These two simplifications are only for the sake
sion event in which the photoelectron gives to or takes frormof mathematical simplicity. The purpose of the third approxi-
the lattice an energfw=¢e;—&;—hv. If we neglect the lat- mation is to retain only the minimum basis set required to
tice vibrations, the transition rate takes the usual form account for effects like the forward focusing. This is known
in core-level photoemission as the “single-scattering ap-
proximation.” Inclusion of more terms in Ed5) is justified

1
= ]2 — e —
R ﬁ7|b'f| o(eg=2i=hy). only if one needs better quantitative agreement with the ex-
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FIG. 1. Schematic representation of the electron paths corre-.

sponding to:(a) a direct wave(DW) and (b) a single-scattering
wave (SSW).

periment or to give account of effects liksefocusing®
which are beyond the single-scattering approximatioho

obtain a simple expression for;({R}) we still need to make
a further approximation. In replacing Edg) and(5) in Eq.

(2) we will have to integrate//n(F) in the neighborhood of
the atom atR,. To make this we will approximate the
spherical wave zﬁn(r) in the reglon aroundﬂ by a plane
wave with wave vectok,,=k; R, (R,=R —R,).**

Now the photoemission amplitude;({R}) can be set as

bi({RH=2 by +2X > by, (6)
n n I#n
where
bn |Ak ”M(k )e Ln/2n (7)
and
bnl |Ak ”M(k ) |Aﬁ2»§|f(0f‘|n)ean|/2)\’ (8)
with AKT=k;" =k, A|Z1+=Ei+—12m, AKy=Kip— k¢, f(0)

the elastic-scattering amplitudé; |, the angle betweek;
andk,,, and

M(IZ):f A e KT Rq. eby(F). ©

SinceM(IZ) is the matrix element for the photoelectric tran-

|kr

sition from the initial statep; (r) to the final statee we

can viewb, as the amplitude of the wave emitted from the

atom at ﬁn directly into the directionkf, and b, as the
amplitude of the wave emitted from the atomRyt in the
direction ﬁ,n and then redirected towarfdf by the (elastig
scattering aRR,. Figures 1a) and Xb) show schematically

the electron paths corresponding to the direct wéb@/)
and the single-scattering wau&SW), respectively. Note

that Ak™ andAIZl+ are the wave-vector changes in the pho-

toelectric transitions, whila k, is the wave vector change in

the scattering alﬁ| .
In the second term on the right-hand side of Eg), we
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FIG. 2. Schematic representation of the interferences that con-
tribute to the first and second terms of EG0O): (a) interference
between two DW's andb) interference between a DW and a SSW.

by the potential of the emitting atom. In Eq8) and(8) we
also introduced the effect of the inelastic collisions of the
photoemitted electron with the other electrons of the crystal
by weighting each amplitude with an attenuation factor
e "2 wherel is the total electron path inside the solid
(from the photoemission site to the surfaand \ is the
electron mean free path. Finally, in the derivation of E@$.
and(8) we made use of the translational symmetry parallel to
the surface to exchange the order in the evaluation of the
sum over atoms with the spatial integration. This is a valid
procedure only when the displacements of the atoms from
the equilibrium positions remain small.

Having writtenb;;({R}) in terms of the amplitudeb,

andb,,, we can obtain a similar expression for ({R},1).
Then, it only remains to make the thermal average of the
product b ({R})* bis ({R},t), for which we make two last
approximations{i) we keep the dependenceshgf andb,

on the displacements of the atoms from the equilibrium po-

sitions, U, =R, — R0 only in the phase factors; and) we
assume that the Iattlce vibrations can be treated within the
harmonic approximation. Then, we can use the Glauber

formulal® ((e'AY)=e~ Y&(A*) and obtain

1 (> . -
R= sz . éwt[ 2 (by)*bye Wk
— 00 n'nr

@~ Wa(AK) g([AKT - Up ITAKT -Up(1)])

+2ReY, X (b),)*bfj e W (3K g Wa(ak)

n,n’ I#n

« @~ Wi(Akg) g (TAKy -Ugl[Akp-uy]))

5 @UIAKT U JLAK - Un(OD)+ ([AKT Uy T AR U (O D) |

(10

whereb, andb;}; are now evaluated for the crystal with the
atoms at the equilibrium positior{sﬁo}, how=g;—g;—hv,

and W, (k) = 2([k- u,(t)]?)). The first term in this equation

is the sum of the interferences of two DW'’s emitted at dif-
ferent times, and the second term is the sum of the interfer-
ences of a DW and a SSW emitted at different times. Both

omitted the termsb,, because they are not amplitudes of types of interferences are shown schematically in Fig. 2. We

SSW'’s but first-order corrections to the amplitudes by
considering the change of tljplane-wavefinal state caused

omitted for simplicity the term corresponding to the interfer-
ences of two SSW's emitted at different times.
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Equation(10) is our final expression for the transition rate This conservation law is a direct consequence of the transla-

R. It gives the transition rate from the initial state; (k)  tional symmetry of the problem. o
to the state ,k;) in terms of the inelastic energjw, Therefore, both elastic and inelastic photoemission events

the photoemission amplitudd:s,f and brTI (calculated for obey strict wave-vector conservation rules that restrict se-

the crystal with the atoms fixed at the equilibrium positigns ve_rely the exit directions of the photoelgctron: _However, we
and the time-dependent  correlation functionsWill show below that the sum of the intensities of many

S-S inelastic photoemission events gives rise to an intensity pat-
(([Ka- Gr][Kg-Gy(t)])). The first term of this equation is the b d y P

. . . tern which is very similar to the core-level intensity patterns.
result derived previously by Shevchikhe only difference y yPp
would be in the election of the final state for the matrix

eIementM(E), which is a plane wave in our case and an _ )
augmented plane wave in Shevchik’s treatment. The second L&t us consider an ideal energy- and angle-resolved pho-
term of the equation contains the multiple-scattering effectsi0€mission experiment with an infinite energy resolution
This term, which is absent in Shevchik's treatment, is thelA&=0). Then, the intensity of the electrons photoemitted in
one which will give rise to the XPD-like angular patterns atthe directionk; with energy ; will be proportional to

C. Observed intensity

high photoelectron energies. R(e ,IZi” ;e1,Ks) summed over all the occupied initial states
(& ,IZiH). In real experimentd e is not zero but of the order
B. Phonon expansion of 1 eV. Then, theobservedntensity will be

The phonon expansion G2 consists of replacing in Eq. R o+ A 000UPIEd R
(10) the exponentials of the time-dependent correlation func- I opd & 1kf)ocj 2 R(s; !EiH req Ke)deg .
tions by their Taylor serié&'? si—As
oL Exchanging the order of the integral and the sum, and inte-
o TRa- Gl kg (D] — s {[Ka-uyl[kg-u(t)IHm grating overiw=¢;—¢&;—hv instead of overs;, the ob-
m=0

m! - (1D servedintensity can be set as
) ) ) occupied o
In this way one can speak of tle=0, 1, etc. contributions lond €1 &f)oc D J R(e, ,Ein ;ﬁw,ﬁf)d(hw),
to R. In them=0 contribution toR the two time-dependent i —

exponentials in Eq(10) are replaced by one. Then, the quan-
tity within braces in Eq(10) loses its time dependence, and
the integration ofe'“! gives ad(w) factor. Therefore, the )
m=0 contribution toR is different from zero only when :‘jrom (;A8’+Afsk) to (_ﬁm’fgm%h NOW’l i \(/jve neglect thef
g¢=¢;+hv, i.e., itis the elastic or zero-phonon contribution. ependence olk: on .w’ € only depen enc_it 0
One can further show that this contribution is different fromR(&i.kij;fiw,Ks) on % is through the phase fact@'*’;

zero only WhenIZfH=IZiH+§hk. Then, in the elastic photo- _then th? mtegranpn oven gIves aé(t). functlon,.and the
emission events the electrons emerge from the crystal onl ptegration ovet gives the quantity within braces in EG.0)

along a discrete set of directions, which are precisely th valuatgd atiime=0. Thgrefore, recovering the terms cor-
Mahan directions responding tdR#0, the final expression for thebserved

In the m=1 contribution toR the two time-dependent intensity is
exponentials in Eq(10) are replaced by their arguments. In occupied i
tpis case, since the time dependence of the displacements (.. k)« > > (bg,)*b;{'efwn’m"(r)
u,(t) is through phase factors of the foret'“«(QDt where i
wa(@n) is the frequency of the phonon mode of wave vector
QH and quantum numbet, the time integral gives terms

proportional tod(w *+ wa(Q”)). Then, them=1 contribution
to R is composed of many term@wo terms per phonon

where we assumed that, sinde is much larger than the
phonon energies, the limits of the integral can be extended

a0’ | nn’

5 @~ Wn(AK™) g(IAK” U TTAK” - Un]))

+2ReY, Y, (by,)*bye WAk e Wh(akT)

mode, and is different from zero only when na' 170

er=ei+hvFho,(Q)), i.e., it represents the contribution to % o~ Wi(AKy) = ([AK] - Gpll AKy- Ui]))

R of the photoemission events with excitation or absorption

of one phonon. It can also be shown that this contribution is 5 @{AKT Gy TATKY - Upl )+ (T AK - U [ AKy-Gy])) ’

different from zero only WherﬁfH=IZi”+§th QH- There-

fore, in the photoemission events in which one phonon is (12)

excited or absorbed, the electrons also emerge from the crys-

tal only along a discrete set of directions. where the indexs takes the values- and —, and where
In general, if several phonons are excited and/or absorbeglrj andby, are the equivalents df, andb;, [i.e., Egs.(7)

during a photoemission event, the electron will emerge fro”hnd(S) with K replaced byzf] multiplied by the reflection
the crystal only along a discrete set of directions Withcoefficientml !

kfl\:kill+ghk:2u%Qﬁm where o,=1 if a phonon of It is easy to see in Eq12) that, at low energies, when all
wave vectorQﬁ“) is excited andor,=—1 if it is absorbed. the exponentials approach 1, one has essentially the interfer-
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ence of waves emitted from a two-dimensional array of at-
oms, and thus intensity only in the Mahan directions. As the
energy is increased the exponentials cannot be ignored any-
more, and one starts to have intensity outside the Mahan
directions. This transition will be analyzed in the next sec-
tions.

Finally, to evaluate Eq(12) we need to define the corre-

lation functions(([K,-U,][Ks-U;(t)])), which requires the
formulation of a model for the lattice vibrations. We will use
the Debye modedb = cq, for which the correlation functions
can be written &9

Energy (eV)

([Ka-Un][Kg- U(1)1))=(Ka-kg) 7?(8)F(apRy . 6),
(13)

where =T/ 6y, 0%(6) is the mean-square amplitude of vi-
bration of the atoms,
5 2 , [Y0z dz 127 _ _
=——|1+
L Ty P e fo -1 r = M
2D wave vector
and the functiorF-(x, 6) is almost independent @, and falls _
rapidly from one to zero wher increase® (6 andqp are FIG. 3. Projected band structure of (801) along theX line
the Debye temperature and wave vector, respeclively (adapted from Ref. 22A, B, andC indicate the three initial states
used in the calculations. The energies are given with respect to the

Il. RESULTS Fermi level.

In this sectipn we present angular distrib_utions of elec'tion, we integrated the intensities over a conets°.
trons photoe.mltted from ADOJ) calculated with Eq.(12)_. N Figure 4 shows polar intensity plo@IP's along the
The calculations were performed for three selected initiaf 0 azimuth calculated for the three initial states and at
states, so we have not summed over all the occupied initigree gifferent photoelectron energies. The arrows in the

states as indicated in E(L2). This simplification allows us  piprg at 105 and 550 eV indicate the polar angles at which
to identify the main structures in the angular distributions inha Mahan directions of the state labelddenter into the
an easy way and, as we will see, it is not an impediment to

compare with the experimental results. We have used the
three initial states shown in Fig. 3. The states, labéled

B, andC, have energy;=—7.2 eV and wave vectors along
the line kj=2m/a(a,0,0) with@= 0, }, and3. The com-
ponentsk;, associated with each state were determined from
the dispersion reIatiom(IZ) of Al calculated by Moruzzi,
Janak, and WilliamgMJW).2® The reflection coefficientk

was calculated assuming a constant potential inside the solid
and a step potential at the surface of 15.4 eV, which corre-
sponds to the energy difference between the vacuum level of
Al(001) and theI' point in the band structure of MJW.
f(0) was computed by the standard partial-wave method for
the muffin-tin potential of MJW. The refraction of the pho- R
toelectron at the surface was included by considering an in- ['101] ST '“'01
ner potential of 8.4 eV, which is the energy difference be- - t [001]
tween the vacuum level and the muffin-tin zero. The / \

photoelectric matrix elemenl(k) was taken to be spheri-
cally symmetric. We used inelastic mean free paths calcu- I
lated according to Ref. 24 and a Debye temperature ol oy o L
0= 254 K (lower than the bulk value to allow for the larger -80 -60 -40 -20 0 20 40 60 80
displacements of the atoms at the surjadéne correlation Polar Angle (deg)
function F(x,6) was considered only for pairs of atoms

separated by a distance smaller than or equal to a lattice FiG. 4. Polar intensity plots along tfi@00] azimuth calculated

constant; for the other cas€qx,) was set equal to zero. for the three initial states of Fig. 3. The solid line corresponds to the
The sums over scatterers in the SSW's were extended to altate labeled, the broken line to the state labelBdand the dotted

the atoms within a distance of 2.5 lattice constants of theine to the state labele@. The meaning of the arrows is explained
emitter. Finally, to simulate the experimental angular resoluin the text.

—
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T

A W kN O &,
T r
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FIG. 5. Contour plot of the photoemission intensity correspond-
ing to the state labeled at a photoelectron energy of 1250 el € L ]

18.1 A%,

-40 -20 0 20 40 60 80 100 12

analyzer, whereas in the PIP at 1250 eV they indicate the Azimuthal Angle

polar angles at which the main crystallographic directions
enter into the analyzer. The PIP’s corresponding to the stat%r
labeled A are symmetric with respect t6=0 due to the
symmetry of this state with respect to reflections in the plan

yz. It is seen that at 105 eV all the intensity is concentratedandC are very similar to the one shown in Fig. 5, with only

in the Mqha_m d_|rect|ons. This means .that at th|§_energy thﬂwinor differences concentrated mainly in the regions of the
photoemission is dominated by the direct transitions. Ther‘ﬁve major peaks

are three Mahan directions for each initial state that enter In their photoemission experiment, Osterwaldztral *

into the analyzer in this angular scan; for the state Iabelegneasured the azimuthal intensity pl@dP) at 9=45° of all

f tt?wls ot(:(iursl ag T%an?jgim H-frth% pe_glks correff)o?hdlng the electrons photoemitted from the VB. An angular scan of
0 the stales labelad andt aré shifted with respect 1o those ;¢ type is a circumference in the contour plot of Fig. 5. In

of the stateA because of the finite wave vectdeg. At550  Fig. 6 we compare the calculated intensity for the state la-
eV there are more direct transitions allowed but on the averpgledA with the intensity measured by Osterwaldgral. It

age they are less intense than at 105 eV. There is more ifis seen that the calculated AIP reproduces all the features of
tensity outside the Mahan directions and, in particular, thgne experimental AIP. There are two peaksdat0 and
around 0,+20°, and+45°. At 1250 eV the PIP’s corre- jrections[101] and [011]) and two smaller structures at
sponding to the three initial states are almost converged on #~30° and 60°. The main discrepancies between the calcu-
common PIP which is very similar to the PIP’s oboserved INjated and experimental AIP’s are that in the calculated AIP
core-level XPD. There are broad peaks at 0 @b, cor-  the main peaks are broader than in the experimental AIP
responding to emission along the crystallographic axegypile the structures at 30° and 60° are narrower. We ascribe
[101], [001], and[101], and smaller structures at+20°.  these small differences to our use of a single-scattering ap-

Neither the positions of these peaks nor the general form gbroximation; the inclusion of higher-order scattering terms
the PIP’s change when one increases more the photoelectr@Rould improve the agreement.

energy. Therefore, the angle-resolved VB photoemission is
state selective only.at low ph_oto_electron energies. At high IV. DISCUSSION
photoelectron energies the emission from any initial state has
a PIP similar to those observed in core-level XPD, irrespec- In the previous section we have seen that our model for
tive of the state and to a good extent of the photoelectrothe VB photoemission reproduces correctly the two types of
energy. angular distributions observed at low and high energies. In
Figure 5 presents a contour plot of the photoemission inthis section we will analyze the interplay of the elastic and
tensity corresponding to the state labekedat a photoelec- inelastic contributions to the intensity. To this purpose we
tron energy of 1250 eV. There are five major peaks thawill use the phonon expansion of Sec. Il B. Repeating the
coincide with the crystallographic direction§01], [011], procedure made to obtain E(.2) with them=0 andm=1
[011], [101], and[101]. All these peaks are caused by the contributions toR, one obtains the contributions to tioe-
forward-focusing effectzero-order interference between a servedintensity of the zero- and one-phonon photoemission
DW and a SSW originated in the same ajo@utside these events. It turns out that this procedure is equivalent to make
directions the intensity falls 45 times; there are some minof phonon expansion of E(l2), i.e., to replace in this equa-
peaks near the directiorjd03], [013], [103], [013] and tion the exponentials of({AK?- U, J[AK? -U,])) and of
[112], [112], [112], [112], which are caused by first-order ([AK?- Uy J[AKS - Un] )+ ([AKT- Uy [AK,- Uy ])) by their
interferences between a DW and SSW originated in the samEgaylor series? Then, the elastic or zero-phonon contribution
atom. The contour plots, corresponding to states labBled to | ysis

FIG. 6. Azimuthal intensity plots & = 45°: (a) AIP calculated
the state labeled at a photoelectron energy of 1250 el)
eexperimental AlP(from Ref. 4.
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1) Figure 7 shows the decomposition of the PIP’s of Fig. 4
gl % 105 eV} corresponding to the state labeladnto the three contribu-
] tions defined above. The thin solid line in the figures corre-
i sponds to the elastic or zero-phonon contribution, the broken
line to the one-phonon contribution, and the dotted line to the
. multiphonon contribution. It is seen in the PIP’s at 105 and
— ———— 550 eV that, as explained in Sec. Il B, the zero-phonon com-
33550 eV, ponent is different from zero only at the Mahan directions.
The width of the peaks of this contribution is determined
J solely by the angular acceptance of the analyzer, whereas
their intensities are determined by the interference of waves
emitted from atoms in different layers and by the Debye-
+ ——— ] Waller factors. It is also seen in these two PIP’s that the
[1o1] o1] [101] 1250 V] one-phonon contribution is also different from zero only
T around the Mahan directions. In this case the width of the
peaks is determined by both the angular resolution and by
the average wave vector of the phonon involved in the tran-
- . sition. Therefore, the narrowness of the peaks of this contri-
e bution is indicating that the excitation or absorption of
-80 -60 -40 -20 0 20 40 60 80 phonons withQ~0 is the dominant process.
Polar Angle (deg) The PIP at 105 eV is dominated by the zero- and one-
phonon components. The main contribution to the central
FIG. 7. Decomposition of the PIP’s of Flg 4 Corresponding to peak comes from the Zero_phonon Component' while the
the state labeled\ into t_he thr_ee_phonon contributions def_ined iN main contributions to the two minor peaks come from the
the text: zero phonoiithin solid ling, one phonon(broken 1N, sne-phonon component. The multiphonon contribution is al-

o
—

I + I ] t ] + 1 } ] t | -

~
T
(93]
i

o

S

[\
T

Intensity (arb. units)

=R S -
T T

and multiphonor{dotted ling. most negligible over the entire PIP. At 550 eV the multi-
occupied phonon component has had an enormous increase and makes
(0) S oo the main contribution to the total intensity; the one-phonon
Lopd e, Ke)ox Z 2 E (br)™ by component is the second most important contribution, while

o0 | nn’

the zero-phonon component has become negligibly small.
><e—Wn'<AlZ")e—Wn(Al2"'> The multiphonon component gives rise to structures at 0,
+20°, and =45°, whereas the one-phonon component is
responsible for the peaks at theZ? and (22) Mahan direc-

O \k o'
+2 Re;}n‘,, ,Z‘n (br)*bpy (149 tions (only direct transitions seen clearly in the Pl&nd
’ partly for the peaks at-49°. Finally, at 1250 eV, when the
Xe—wnr<m€0)e—wn(mzf)e—w|(A122) PIP has reached it&core-leve] XPD-like final form, the

zero- and one-phonon components are completely negligible
and the PIP is due entirely to the multiphonon component.

Therefore, we can conclude that Iﬁpconserving regime
at low photoelectron energies and the XPD-like regime at
high energies correspond to the limiting cases of completely
and the contribution tb,s of all the one-phonon photoemis- elastic photoemission and of inelastic photoemission with

xe—<<[Aﬁ‘1"-Gn][AE2-G.1>>] (15)

sion events is excitation/absorption of multiple phonons.
occupied The transition from the elastic to the inelastic regime is
(1) r O Nk 0 oW, (AK?) governed by the Debye-Waller factors as explained in Refs.
lobs &1,k E. UEO_ [E (by)* by e 2 and 3. The differences between the two types of photo-

emission that cause the different angular patterns are the fol-
Xe*Wn(AE”')«[AIZ"-Gn/][AE"'~Jn]>) lowing. In_ elastic photoemission, due t_o the wave-vector
conservation rule, the electrons are emitted only along the
Mahan directions. The forward focusing cannot show up in

T\ % 0 0= Wy (AKY) ¢ X o, u
+2ReX, > (by)*byje " this regime because the Mahan directions rarely coincide

1 I#n
nn with the internuclear axes. In the inelastic photoemission,
Xe—Wn(AIZ’lr,)e—W|(AI22)e—(([AIZ‘{,ﬂn][AlZzﬂ,])} particularly when several phonons are excited and/or ab-
sorbed, the restrictions imposed by the wavevector conserva-
X((([AE“-Jnr][AEi'"Jn]» tion rules are counterbalanced by the continuous supply of
phonon wave vector; this relaxes the electronic wave-vector
I I conservation rule and allows the forward focusing to produce
+([AK- un J[AK- U I)) |- (16)

intensity enhancements at the main internuclear directions.
Therefore, the evolution of the angular distribution of photo-
Finally, we define a multiphonon contribution tg,s as the electrons as the energy is increased is explained as follows.
difference between Eq12) and Eqs(14) and(15). At sufficiently low energies the probability of the inelastic
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12 , temperature. It is seen in the figure that lowering the crys-
I tal temperature down to the liquid Ntemperature one re-
9t covers practically all the peaks corresponding to the
6' IZH-conserving regimé One could now use this change of

the PIP with the temperature to test the validity of the hole
localization argument. The test would be based on the as-
sumption that this effect, if present, should depend mainly on
the photon energy and should be approximately independent
of the crystal temperature. Therefore, cooling the crystal to
suppress the excitation/absorption of phonons, in the absence
of hole localization, at high photoelectron energies the angu-
lar pattern should transform as discussed above, showing
again direct transitiongwith enough angular and energy
resolutions, but, if hole localization does occur, the angular
pattern should retain its XPD-like character, approximately
oL, independent of the temperature and of the angular and en-
-80 -60 -40 -20 0 20 40 60 80 ergy resolutions.
Polar Angle (deg)

Intensity (arb. units)
o

V. CONCLUSIONS

FIG. 8. PIP’s along thélOO] azimuth calculated for the state The purpose of this work has been to analyze the nature

labeledA at a photoelectron energy of 1250 eV and at two temperagt the transition in VB photoemission from the low-energy
tures: 77 and 295 K. Both PIP’s are decomposed into the '[hre(e)r K -conserving regime to the high-enerav or XPD-like re-
phonon contributions; the correspondence of the lines with the con-. | g reg 9 9y

tributions is as in Fig. 7. gime. . .
g Three possible causes have been put forward to explain

events is negligible; the photoemission is dominated by théhis transition: localization of the hole at high photoelectron
elastic events, and the electrons are emitted only along thenergies, complete zone averaging due to poor angular reso-
Mahan directions. Increasing the energy decreases the prolstion and energy integratichand excitation and/or absorp-
ability of the elastic photoemission and increases the probtion of phonons during the photoemissidi this paper we
ability of the inelastic events. The first inelastic events tohave demonstrated that the transition can be explained com-
turn on are the one-phonon photoemission events; howevepletely in terms of the excitation and/or absorption of
since the average wave vector of the phonon involved in thghonons. Therefore, this transition is of the same kind as the
transition is small, the emission is still concentrated in theone occurring in the elastic scattering of electrons from crys-

Mahan directions. Increasing the energy further increases thalline surfaces, where there i&pconserving or LEED-like

probability of the inelastic events that involve larger NUM-regime at low energies, and a nﬁ‘nconserving or XPD-like
bers of phonons and larger total wave vectors exchange,%gime at high energies.
with the Ia.ttice. Eventually, at a certain energy all the emis- “\ye have presented a treatment of the VB photoemission
sion directions become more or less equally probable, excepfat takes into account both the vibrational degrees of free-
those near the main internuclear axes which benefit from thgom of the lattice and the multiple scattering of the electron
forward focusing. In this way, the relaxation of the electronici, the final state. The first is needed to explain the relaxation
wave vector conservation rule combined with the forwardy the electron wave-vector conservation rule, and the second
focusing produce the enhanced intensities at the main intefzs needed to explain the maxima of intensity at the main
nuclear directions. crystallographic directions that are observed in the high-

- We will finish this section with two con_siderations_r_egard- energy regime. Using a phonon expansion of the transition
ing the other causes postulated to explain the transition from - .
rate, we have shown that the low-energy kprconserving

the kj-conserving regime to the XPD-like regime. First, we rogime and the high-energy or XPD-like regime correspond
note that two of the proposed caus@se hole localization 4 the limiting cases of completely elastic scattering and of

and the phonon excitatipmre intrinsic to the photoemission jne|astic scattering with excitation/absorption of multiple
process, while the other obeys external paramétersan-  yhonons, respectively. We performed a calculation based on

gular and energy resolutionsVith respect to this latter, we ihis model that is in very good agreement with the experi-
have shown above that at room temperature, at high photofental results of Osterwaldet al®

energies the excitation/absorption of multiple phonons will

always lead to XPD-like angular patterns, irrespective of the ACKNOWLEDGMENTS

angular and energy resolutions. In other words, we have

shown that at room temperature and high photon energies it e acknowledge partial support by the CONICET. One
is impossible to set back to trfq—conserving regime by im- of us (M'A'V"A_") wants to acknowledge I. Samengo for
proving the angular and/or energy resolutions alone. Thié.rUIthI discussions.
could only be achieved if one in addition cools down the

crystal to suppress the excitation/absorption of phonons. This

is shown in Fig. 8, where we compare the PIP’s calculated In this appendix we will derive an expression for the
for the state labeled at room temperature and at liquid N probability per unit time of emission of an electron with

APPENDIX
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energye; along the directiori}f from an initial state with
energye; and wave vector parallel to the surfd&@ consid-
ering the vibrational degrees of freedom of the crystal lattice.

The Hamiltonian of the electron interacting with the ra- X (n|7(e;+ Q;+ (n+1)hw)|n+1)|D;({R))*

diation field and with the atoms of the vibrating lattice is LEED, - =
x(*lfﬁlzf UR%)* |(n| 7(ei+ Qi+ (n+1)hw;t)|n+ 1)

1 (= : =)
R Eff, dt elerei—hntg <\pL_El5D({R o)*|

H=HpntHort AU(T{RD + Hagt Upag, (A1) X ®[({R%) M. (A%)

wherer(E;t) is the time-dependent transition operator in the

whereH , is the Hamiltonian that describes the lattice Vibra_mteractlon picture,

tions, He=p #2m+U(r,{R%) is the Hamiltonian of the 7(E;t)=eHont/h r(E)eHprt/%
electron moving in the semi-infinite crystal with the atoms

fixed at the equilibrium positionsAU(F,{Ifi})=U(F,{Ifi}) and where the symbgf )) denotes the thermal average of
- = . . the argument over the initial states of the lattice populated at
—U(r,{R%) is the part of the potential that couples the

- - temperaturer:
electronic and the atomic motions @nd {R} denote the
electron and the atomic positions, respectiyel,,q is the . . e Qi/keT
Hamiltonian of the radiation field, arid,,qis the interaction <<O({R})>>=;> (IIOURY[I} —=—- (A5
potential between the electron and the radiation field.
The basis set used to analyze this problem is composed of \y/e will now make two approximationgi) In Eq. (A3)

the eigenstates of the Hamiltonialkg;,, Hei, and Huag- we will keep only the terms linear i),.q. Then, the transi-
Mahart and Feibelman and Eastnidave shown that the tion operator becomes

eigenstates dfl, relevant to the photoemission problem are
the initial statel®;({R %)), with energys; and wave vector 7(E)=AU+[--- +AUG(E)+1]U,d 1+G(E)AU+- -]

parallel to the surface IZiH, and the final state
A LEED

W
ing to an electron irppinging on the crystal with energy
along the direction-k; . Then, the transition probability per
unit time is

R and the matrix elements afbetween the states of the radia-
({R%)*), the time-reversed LEED state correspond-tion field result:

(n|7(g;+ Qi+ (n+1)hv)|n+1)
=[---+AUGq(g;+Q;+hv)+1]

e . .
27 LEED, ;3 011 % ——A-p[1+Gy(e;+Q)AU+-- -],
R= 7% % KW AR D (Fnl e+ —

— 0 /kgT

+(n+ Dhw)n+ 1))@ ({RO)P——

Xﬁ(Qf—Qi-l—sf—si—hv), (AZ)

where we have used
U +1)=-— —A-) [-))
<n| rac‘ n > mc M

whereA is the vector potential of the radiation field in the

where|n+ 1) and|n) are the states of the radiation field with Coulomb gauge and is the momentum operator of the elec-
n+ 1 andn photons of frequency, respectively, an¢i) and  tron. Go(E) is the Green operator of the unperturbed Hamil-
|f) are the initial and final vibrational states of the lattice tonianH y,+Hg, which is written in terms of the eigenstates
with energies(); and ¢, respectively. We have summed of Hg (F(Dn) with energye,) and Hy, (|\) with energy
over all the final states of the lattice and over all the initial(),) as
states populated at temperatdréZ is the partition function
of the vibrating latticg The transition operator(E) can be | DN DPy|
written in terms of the Green operatGr of the unperturbed GO(E):H% % T E—s.—-0. ° (AB)

. . n n A
HamiltonianH ;n+He+Hiag @s

(i) Adiabaticapproximation. In Eq(A6) we will neglect
the phonon energies, which are*2a® times smaller than
the electron energies. TheB,(e+ Q) becomegy(e), the

) Green operator of the electron moving in the semi-infinite
crystal with the atoms fixed at the equilibrium positions, and

Using the integral representation of thdéunction one can the matrix element ofin|7(E)|n+1) between the states

2 LEED, ;5 Oyy % .
eliminate in Eq.(A2) the sum over the final states of the |2i({R%)) and W2y, ({R°)*) can be set asusing
lattice 2° then, gr=g;+hv)

H(E)=AU+U gt (AU+U 1) G(E)(AU+U o)+ - - -
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<‘If|:E|ZIfD({§O})*|<n|T(8i+Qi+(n+ 1)hv)|n+1>|®i({§o})> R= %Jf dt ei(Sf_Si_hV)t/h<<bif({§})* bif({ﬁ},t)>>,

B, e . . . (A8)
=(USEPURY - ABIORD), (AD)
where
where
LEED, (3 _ LEED, (3 > > e . . >
W (RD* ) =[1+go(e) AU+ - JIW({(RD)*) bif({R})=<\IfLE£D({R})* —RA-p‘®i({R})> (A9)
and
R R is the photoemission matrix element calculated for the crys-
|Di{R}))=[1+go(e)AU+---]|®;({R%)) tal with the atoms occupying positions denoted{B}, and
are eigenstates dﬂe|+AU(F,{§}), the Hamiltonian of the ) . R _
electron moving in the crystal with the atoms at arbitrary b ({R},t)=eMen/ip, ({R})e~ Hert/? (A10)
positions{R}.
Now, replacing Eq(A7) in Eq. (A4), the transition prob- is the photoemission matrix element in the interaction pic-
ability per unit time can be written as ture.
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