PHYSICAL REVIEW B VOLUME 53, NUMBER 11 15 MARCH 1996-I

Excitation of phonons in medium-energy electron diffraction
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The “elastic” backscattering of electrons from crystalline surfaces presents two regimes: a low-energy
regime, in which the characteristic low-energy electron diffracfldBED) pattern is observed, and a medium-
energy regime, in which the diffraction pattern is similar to those observed in x-ray photoemission diffraction
(XPD) and Auger electron diffractiofAED) experiments. We present a model for the electron scattering
which, including the vibrational degrees of freedom of the crystal, contains both regimes and explains the
passage from one regime to the other. Our model is based on a separation of the electron and atomic motions
(adiabatic approximation and on a cluster-type formulation of the multiple scattering of the electron. The
inelastic scattering eventexcitation and/or absorption of phongrege treated as coherent processes and no
break of the phase relation between the incident and the exit paths of the electron is assumed. The LEED and
the medium-energy electron diffraction regimes appear naturally in this model as the limit cases of completely
elastic scattering and of inelastic scattering with excitation and/or absorption of multiple phonons. Intensity
patterns calculated with this model are in very good agreement with recent experiments of electron scattering
on CU00Y) at low and medium energies. We show that there is a correspondence between the type of intensity
pattern and the mean number of phonons excited and/or absorbed during the scattering: a LEED-like pattern is
observed when this mean number is less than 2, LEED-like and XPD/AED-like features coexist when this
number is 3—4, and a XPD/AED-like pattern is observed when this number is greater than 5-6.

I. INTRODUCTION Unlike the case of XPD and AED, the physics of MEED
is not yet fully understood. It is generally assumed that the
X-ray photoelectron diffractiofXPD) and Auger electron electron undergoes an inelastic collision at a lattice site and
diffraction (AED) have developed during the last years asthat thereafter it evolves as having been emitted from that
powerful tools for surface crystallography. In contrast tosite. The first experiments were interpreted in terms of Kiku-
low-energy electron diffractionfLEED), these diffraction chi diffraction (electron channeling between planes of
techniques do not require long-range order, are element spatoms,”’ but it was then realized that diffraction of a wave
cific, and are related directly to the real lattice. emanating from an atomic site, as considered in XPD and
The physics underlying these diffraction techniques is byAED, was a better starting point for a quantitative descrip-
now well understood=® There exists a well tested theoretical tion of the experiments. So far the experimental intensities
framework that allows one to interpret the experimental datdave been reproduced using calculation schemes developed
and to determine structural parameters with high accuracyor diffuse LEED? for XPD/AED 2%and this latter modified
The basic idea is that the wave representing the electroto account for the diffraction of the incident be&?A com-
emitted from an atomic site interferes with the secondarymon aspect of all these models is the unjustified assumption
waves produced by the scattering in the neighboring atomf a break in the phase relation between the incident and exit
giving rise to a diffraction pattern. At electron energies abovebeams. The whole process is broken artificially into two
500 eV these diffraction patterns are characterized byarts: the incident and the exit paths, which are then treated
maxima of intensity along the main internuclear directions,independently. This procedure renders the problem tractable
which are caused by a special type of interference calleavith the XPD/AED machinery, but eludes the central ques-
forward focusing tion of why the scattering of the electron by the surface at-
The diffraction patterns of medium-energy elastically oms behaves as the emission from a single atomic site. Put in
backscattered electrons are in general very similar to thosether words, the question is: what makes the LEED-like in-
measured in XPD and AED at similar energies. The firsttensity pattern at low energies turn into XPD/AED-like at
observations were performed in the 19705but its use as a medium energies?
structural tool comparable to XPD and AED began only This paper is intended to address this problem. We present
recently®=*3 In contrast to XPD and AED, medium-energy a model for the electron scattering from crystalline surfaces
electron diffraction(MEED) is not element specific, but is which, including all the vibrational degrees of freedom of the
very fast, because the large signal-to-background ratio of therystal, contains both the LEED-like regime at low electron
elastic peak allows diffraction data to be obtained in a shorenergies and the XPD/AED-like regime at medium energies.
period of time. This high collection speed may be very im-The passage from one regime to the other is explained in
portant when studying time-dependent phenomena, such #&srms of the excitation and/or absorption of multiple
interdiffusion or surface segregation, or when collection of gphonons. The model is derived from first principles and has
large body of data is needed, as, for example, to make electo ad hocassumptions; it combines the standard theory of
tron holographied! the inelastic scattering of neutrons by bulk crystaisith a
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cluster-type formulation of the multiple scattering of the Using in Eq.(2) the integral representation of tiéefunc-
electron™ This work follows a previous publication by the tion one can eliminate the sum over the final states of the
authors in which the vibrational degrees of freedom of thdattice and write 72 as**’

crystal were included only as a “rigid” thermal disord@r.
Our purpose in the present paper is twofdldito put LEED
and MEED on a common conceptual framework, indto
investigate the nature of the transition from the LEED-like
intensity pattern at low electron energies to a XPD/AED-like X (K| ( €+ Qi ;)| K) ), (5)
intensity pattern at medium energies.

The paper is organized as follows: in Sec. Il we presen
the model; in Sec. lll we compare the results of a calculatior
based on this model with the measured intensities; in Sec. IV e+, :t)=eMot/ (e +Q,)e ol
we analyze the interplay of the different contributions to the
total intensity and the nature of the transition from one re-and where the symbdl )) indicates the “thermal average”
gime to the other; finally, in Sec. V we summarize our mainof the argument over the initial states of the lattice:
conclusions.

1 (= : _ R
7= | e (Kilete+ 0Ky

Yvherer( €+ (;;t) is the time-dependent transition operator
n the interaction picture:

R e~ QilkeT
(=3 GloURY i) =—5—.

Il. THEORY

A. Scattering of electrons by a vibrating lattice To evaluate the thermal average in the integrand of(&yq.

We shall consider the scattering of an electron by a semiwe Will make the following assumptionst) Adiabatic ap-
infinite crystal. We shall assume that the only degrees oProximation. We will neglect the phonon energies which are
freedom of the crystal are those associated with the atomig0’— 10> times smaller than the electron energies; then
vibrations and, therefore, that the total Hamiltonian can béecomes equal t&;, G, becomes the free-electron Green
written as operatorgo:

H=Hp+He+U(r{R}), (1) Go(si+Qi)=E% IOIM(M(K ~gol€)

whereH , is the Hamiltonian that describes the atomic vi- o M €t 0= e(k) =y

brations,H.= p%/2m is the Hamiltonian of the free electron, andr becomes

and U(r,{R}) is the interaction potential between the inci- - - -

dent electron and the crystal, withand {R} denoting the e+t Q) ~U(r{RH U {RHGo(e)U(r {R +-- -66)
electron and the atomic positions, respectively.

The electron transition probability per unit time from the Which is the transition operator for the problem of the elec-
state||2-) with energye, =%2k2/2m, to the statdl@) with  tron scattered by the lattice with their atofireedat positions
i/ i i ) )

energye;=¢;+ho, is {ﬁ}. Then, we can write
21 - N 1= i ot * D S -
= F1(R: | (€ + Q) K12 = —2j dt €“X(af{Rphai({R}:1))), (7)
ﬁ%%K |< f| i |||>|>| hel_o
e~ QilkgT where
X (Rt hw— ), @

ar({RH=(k|U(r {RH+U(r ,{Rhgo(€)
where|i) and|f) denote the initial and final states of the - o —
lattice, with energie$); and();, respectively,r is the tran- XU AR+ - - [ki) (8)
sition operator, which can be written in terms of the Greenis the elastic scattering amplitude calculated for thggd
operatorG, of the nonperturbed Hamiltonia ,,+H, as lattice, and

7(E)=U(r {R)+U(r {RHGy(E)U(r {R)+--- (3) ai ({RY:t) = eMoilta, ({R))e Hoi/h.

and where we have summed over all the final states of th&herefore, the adiabatic approximation leads, as usual, to a

lattice and over all the initial states populated at temperatureeparation of the electron and atomic motidhs.

T (Z is the partition function of the vibrating lattite (i) We will write U(r,{R}) as a superposition of muffin-
The quantity measured in an experiment, the cross sectiofin potentials centered on each atom:

d2g/dQde, is related to the transition rate? through

e o om ok U(r{RD=2 UmIr=Ra))-
dode ¥ @mik, “)

Then, reordering the right-hand side of E§), one can write

whereV is the quantization volume arld is the component 5, ({R}) as a sum of amplitudes of scattering waves emanat-
of k; normal to the surface. ing from the atomic site$>°
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(a) (b) (a) (b)
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FIG. 1. Schematic representation of the electron paths corre- ‘JJJ\JH

sponding to(a) a single-scatteringSS wave and(b) a double- (e)

scattering(DS) wave. (d)

aif<{f<}>=; antX X ant-, (9)

\ L
n [#n . 3 X / o \ /
n . n’ .
wherea,, is the amplitude of the single-scatterif§S wave ifrﬁ lJ;J“n\. A“JJV n\.
emanating from the atom ﬁn, a,, is the amplitude of the 1 ' ifr) 1
double-scatteringDS) wave product of the scattering B}

of the SS wave emanating froﬁ‘h, and so on. A schematic FIG. 2. Schematic representation of the interferences that give
representation of the electron paths corresponding to SS amige to the terms2(® and.2®*: (a) interference between two SS
DS waves is shown in Figs(d and Xb), respectively. Us- waves, (b) interference between a SS wave and a DS wauke,

ing the “plane-wave” approximation for the multiple scatter- interference between two one-phonon inelastic SS wagsand

ing waves,a, anda,, can be written 48 (e) interferences between a one-phonon inelastic SS wave and one-
phonon inelastic DS waves with excitation of the phonon at the first

2 h? and at the second scatterer, respectively.

ay=— 16 e ik-Rng~Ln/2A (10)

and
m h2 o= 1 -
an=—— — (6 n)e “rR—1f(g,, e 2 Rig Ln/2\ I R Ll
n V m t.in Rnl n PB= FJ dt &et z a:lan<<e|k-un/eflk-un(t)>>
(11 - n’,n

wheref(6) is the elastic scattering amplitude calculated for
the potentialU(r), k, k;, and IZZ are the wave-vector +2 ReE #n i
changes at each collisiork=k; — kl, k,=k,—k;, and
kz—kf k|n, with k|n—k R|n (Rm n) 0, o | Ins and X<<eilz-Jn/efikal-l.]n(t)efilzz-J|(t)>>+ S (12)
0in,¢ are the corresponding scatterlng angm Fig. 1, and

where we have introduced the effect of the inelastic colli-

sions with the crystal electrons by weighting each amplitude

with an attenuation factoe -/, whereL is the total elec- Wherea, anda, are now evaluated at the equilibrium posi-

tron path inside the solid anil is the electron mean free tions{RC.

path. (iv) Harmonic approximation. We will consider that the
(ii ) We will keep the displacements of the atoms from thelattice vibrations can be treated within the harmonic approxi-

equilibrium positionsy,=R,— RS, only in the phase factors mation; then, we can use the Glauber formtfla:

of the amplitudes. Then, (€)=~ Y2A(A%) and Eq.(12) becomes
f dt e'wt[z a*,ae W 1(K) g™ Wn(K) g{((K: U )[K- Un( ) 4 2 Rez amefwnw§>efwn<|21>efw|<l22>
n’.n I#n

¢ @ (kg Un) (k- )Y @{ (K- U Ky - Un (] + (K- Up )Tk ty(OT) - . (13)
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> akae ke Walk

where 2
,%3“’):?5((»)[
N 1 N n’,n
Wn(k): E«(k un)2>>'

+2Re>, >, a*aye Wi ke Walkug Wk

Equation(13) is our final expression faorz. It gives the n'nl#n
transition rate fromk;) to |k;) in terms of the inelastic en- o
ergy %o, the electron elastic scattering amplitudeslcu- x @~ {(kp-up)(ka-up)) o L (15)
lated for the crystal with the atoms fixed at the equilibrium

positiong, and the time-dependent correlation functions

Ka-Un) - [Ks- U, (1)1)). , , _
<<(OAur gi)je[:c'ﬁveli(s)t]g%ntegrate EGL3) over » to obtain the The f|r§t term on the right-hand side of E45) corresponds
differential cross sectioda/d(), which is the quantity really to the llnterferences between SS waves and the second term
measured in the experiments of interest here. However, bd? the interferences between SS and DS waves. Both type of
fore performing this integration, in the next section we will Interferences are shown schematically in Figs) 2nd 2b).

extract the zero- and one-phonon contributionszto To exploit the two-dimensional symmetry of the problem,
each sum over the atomic positions can be separated into a
B. Phonon expansion sum over the atoms in a layer and a sum over layers; the

sums over the atoms in a layer can be performed analytically

The so-called phonon expansion of E43) consists in  ghq give rise to the conservation law for the electron wave
replacing the exponentials of the time-dependent correlation

functions by their Taylor expansion&L’ vector parallel to the surfac;=Kij—Gnx, Wheregy, is a
vector of the reciprocal lattice of the surface. Therefore, the

Ke- U (1) T)YM electrons scattered elastically are reflected only along a dis-
[kg-ui(H)])) N L
. (14 crete set of directions, usually called Bragg directions.
Them=1 terms of the Taylor expansions give rise to the

Them=0 terms of these expansions give rise to the zero®n€-phonon contributions to7. In the Appendix we show
phonon or elastic contribution te?: that these contributions can be written as

el{ka i)k w01 = ({(ka-up)
m=0 m!

.%3(1)—(qH,a)=ﬁﬁ(wtwa(q”)) > akame W Re Wl 2= (g, a;k)* . 7 (), k) +2 ReY, >, af,a,e W'
n’,n

n’,n#”

x e Wnlkilg~Wkag~ (ki (ke w)) 2= (q a;K)* [ 72 (q) @ Ky) +. 7 (G aiKp) ]+ -+ 1, (16)

where the plus and minus signs correspond to the discrete set of directions WitEfH:Ein—éhk—zﬂy&ﬁy),
transition rates for the electron scattering witlkcitation >

and absorption respectively, of a phonon of wave vector
parallel to the surfacq, quantum numbew, and frequen-

where o, = +1 if a phonon of wave vectog(” is excited

and o,=—1 if it is absorbed. These Bragg laws for the

- _ . - " : ) electron wave vector parallel to the surface follow from the

Cy w.(q)). The functions. 7, (q),a;k) are defined in the conservation of theotal wave vector parallel to the surface,

Appendix. Note that the producte " 77 (q;,;k)  which is a direct consequence of the discrete translational

and e—Wn(kl)e_WI(kZ)e_<<(k1'Un)(k2'U|)>>[Nf;{§(aH ,a;k;)  Symmetry of the problem.

+'/'//’|t(6iH ,a;IZZ)] are the probability amplitudes of exciting Therefore, the inelastic scattering is a totatlgherent

or absorbing a phonorﬁ( @) associated to the SS and DS process, and the XPD/AED character of the MEED pattern
. ' : cannot be assigned to a “loss of coherence” due to an inelas-

electron paths of Figs.(4 and Xb), respectively.

Figures 2c)—2(e) show schematically the interferences tic event, as assumed in previous works. In the next sections

that give rise to the three terms of EA6). Again, as in the we shgll analyze which is the origin of the XPD/AED-like
- ; 4 . _behavior.
elastic scattering, the sums over the atoms in one layer in Eq.

(16) give rise to a conservation law for the electron wave
vector parallel to the surfacdt =k —gn+d. Thus, the C. The observed intensity
electrons scattered having excited or absorbed a phonon |n a typical LEED or MEED experiment the electrons
(ﬁH ,a) are also reflected only along a discrete set of direcscatteredelastically are not separated from those scattered
tions. inelasticallyby excitation and/or absorption of phonons. This

In general, if one or several phonons are excited or abis so because the phonon energies are much smaller than the
sorbed during the scattering, the electron will be reflected irtypical energy resolutions in the experiments{ eV).
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Therefore, the intensity measured in a LEED or MEED ex-inelastic energies w. Sincee'“! is the onlyw dependence in
periment is the sum of thelasticintensity plus the intensi- Eq. (13), the integration ovew gives as(t) term and the

ties of all theinelasticevents. In our formulation this inten- integration ovet gives
sity is obtained by integratingd’c/dQde over all the

dO' m2 kf _ o - R -
g0 -V | 2 anae e Mgl uticun
n.,n
+2Re>, D a::,ame—wnf<E>e—wn<Epe—W.(Kz)e—«&l-Gn><ﬁz~J|>>>e<<<|2-Jnf><ﬁ1-6n>+(ﬁ-Gnr><ﬁz-6|>>>+... RGY)
n’,n I#n

This cross section is the quantity to be compared with theshare the same path to the first scatterer and therefore can
intensities measured in the experiments. We will show in theaccumulate a phase difference only in #aét path. On the
next section that the intensity calculated with Efj7) pre-  contrary, the waves depicted in Fig(cB can accumulate a
sents the two regimes observed experimentally: the LEEDphase difference only in thsncoming path; therefore, the
like regime at low energies and the XPD/AED-like regime atsum of these interferences should account for what has been
medium energies. called the “diffraction of the incident beanf#?

A mathematical explanation of the occurrence of these A more physical explanation of the two regimes of the
two types of intensity patterns is as follows. In the limit of {45 intensity can be obtained by thinking in terms of

low energies all the exponentials in H4.7) can be approxi- - nhonons excited and/or absorbed during the scattering. To
mated by one and the intensity becomes the intensity of this purpose we will separate the contributions to @4) of

eIec_t_ror_1 scatter_e_d from a lattice W'th. the atoms f|xe_d at thefhe electrons scattered elastically and thaalbthe electrons
equilibrium posmons._ln the other limit, at high energies, thescattered having excited or absorbed one phonon. The elastic
products of exponentials in EGL7) go to zero except when or zero-phonon contribution is obtained readily integrating

n'=norn’=I. The three “special” cases which originate in o 0) -
makingn’=n andn’ =1 are shown schematically in Fig. 3. Eq. (4) with %2=.2'"). The one-phonon contribution can be

The sum ovem of the interferences depicted in Figag °ptained by either summing E@16) over all the phonon

produces only a smooth background. It is the sum of thdnodes or replacing in Eq13) the time-dependent exponen-
interferences shown in Fig(t) that produce the XPD/AED- tial functions by their arguments and then performing the
like intensity pattern; in effect, the two waves of Fighg integrations ovew andt; in any case one obtains

do m2 kf > > > > 5> > * C
_ ~ Wy (K) o= Wi(K ~ Wi (K) o= Wi (K
d_Q(l)_VZWk__ n’zn a:fane W ( )e Wi ( )<<(k.un,)(k.un)>>+2 Renzn l;q a:’anle Wi ( )e Wp(kq)
><efwu(gz)e*«(lzl-Gn)(lzz~ﬁ|)>><<(12. Upe) (Ky - Up) + (K- U ) (Kg- Up))) + - - } _ (18)
|
Equationq15), (17), and(18) will be used in the next section ) 342 , [Y6z dz
to analyze the transition of the intensity pattern from LEED- o (0)= AMKs0g 1+4¢6 fo -1

like at low energies to XPD/AED-like at medium energies.
Finally, to compare with the experimental results one . .
. . . - - - - with 4=T/6p, and where the functionF(x,6), with
must define the correlation functiogé(ka- u,) - (kg-u;))), I ) .
which in turn requires the formulation of a model for the X=dp|Ra—Ri, is aimost independent &f and falls rapidly
lattice vibrations. We will adopt a Debye model=cq, for 0 Z&r0 wherx increases §p andqp are the Debye tempera-

which the correlation functions can be writter?%d ture and wave vector, respectivelyn Fig. 4 we have plotted
F(x,6) for 6=1.042.

(((Ka-Up) - (Kg-t))) = (ka-ke) s*(0)F (x,60),  (19) lll. RESULTS

whered?(6), the mean-square amplitude of vibration of the  In this section we will compare intensity patterns calcu-
atoms, is lated using the model presented in the previous section with
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FIG. 3. Schematic representation of the three “special” types of
interferences that occur when one makés-n andn’=1 in Eq.
(17). (a) Interference between two SS waves with=n, (b) inter-

ference between a SS wave and a DS wave withn, and(c)  normalized to the intensities measured under the same con-

FIG. 4. Correlation functior(x, 8) defined in Eq.(19) calcu-
lated for #=1.042 andgp=1.71 A~L.

interference between a SS wave and a DS wave miithl. ditions in polycrystalline Cu. In the PIP’s of 200 and 400 eV
intensity patterns measured on (001 in the energy range the arrows _|nd|cate the polar angles aF which Bragg direc-
200—1500 eV. tions enter into the analyzer, whereas in the PIP of 800 eV

The calculated intensity patterns are presented deconif®Y indicate the polar angles at which the main crystallo,-
posed into the zero-, one-, and multiphonon contributionsgraphic directions enter into the analyzer. The three PIP's
where this latter is the difference between the total intensitylluStrate nicely the transition from a LEED-like intensity
[Eq. (17)] and the zero- plus one-phonon contributions. wepattern at low energies to a XPD/AED-like intensity pattern
have usedf(6) computed by the standard partial-wave at medium energies. The PIP of 200 eV is dominated by
method using the muffin-tin potential of Ref. 22=0.39 A  LEED €ffects. The two main peaks correspond to the (20)
(EleV)¥223 and 6,=283° K, i.e., slightly lower than the and (1) diffracted beams and the small peak at 26° to the
bulk value (315° K to account for the larger displacements (02) diffracted beam; thel 3) diffracted beam is lost in the
of the atoms at the surface. The refraction of the electron d#ackground. At 400 eV the LEED peaks still dominate the
the surface was also included by considering an inner poterIP, but they are less intense than at 200 eV. There is a rising
tial of 14.1 eV?® For the one- and multiphonon contributions background and a prominent structure at 45° that is not as-
we considered up to the interferences between DS wave§0ciated to any Bragg direction. Finally, at 800 eV all the
whereas for the elastic contribution we included also the inLEED peaks have disappeared completely, leaving a PIP
terferences between SS and triple-scattering waves. THamilar to those observed in XPD and AED experiments: two
sums over atoms were evaluated in the following wayfor ~ broad peaks at 0 and 45°, which correspond to exit direc-
the sums over second and third scatterers we considered &Pns along the internuclear ax¢801] and [101], respec-
the atoms within a distance of 2.5 lattice constants of thdively, and a smaller structure at 20°.
previous scatterer, angi) for the double sums over atoms  Figure 7 presents the PIP’s calculated for the constant-
belonging to different electron paths but connected by a corscattering angle geometfiig. 5a]. To simulate the experi-
relation function we considered all the atoms separated by &ental normalization to polycrystalline Cu we have normal-
distance equal to or less than a lattice constant. Finally, tézed the calculated intensity to tiie= limit of Eq. (17). It
compare with the experiments, we have integrated the interis seen in the figure that all the main features of the experi-
sities over the cones defined by the angular acceptances ofental PIP’s are well reproduced by the calculation, particu-
the analyzers; the integration of the elastic contribution wadarly the transition from one regime to the other at 400 eV.
made analytically assuming &-like angular dependence, The PIP at 200 eV is dominated by the peaks corresponding
and that of the one- and multiphonon contributions wereto the (20) and (1) diffracted beams. At 400 eV the LEED
made numerically using a nine-point grid. peaks still dominate the PIP but with a lower intensity; an

The experimental results are in the form of polar intensityimportant increase of the background and a broad structure at
plots (PIP’s) along the[100] azimuth taken with two differ- 45°—50° are also observed. Finally, at 800 eV the PIP con-
ent geometries as shown in Fig. &) constant scattering tains only two broad peaks at 0 and 45° and a smaller struc-
angle during the scan ar{td) constant incident direction. ture at~20°.

Figure 6 presents results obtained in our laboratory with There are some minor discrepancies with the PIP’s of Fig.
the constant scattering-angle geometry. The angular resolé-that in general can be ascribed to our use of only DS waves
tion was estimated to be&z5° and the intensities have been (and of triple-scattering waves in the zero-phonon contribu-
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FIG. 6. Polar intensity plots obtained with the constant
scattering-angle geometry of Fig(@. The meaning of the arrows
is explained in the text.

between—10° and 50° is similar to that of the PIP at 800 eV
in Fig. 6, with two major peaks at 0° and 45° and a smaller
structure at~20°. The region above 50° is dominated by a
large peak at 69° with two side peaks at 59° and 79°. It is
seen that the peaks at 45°, 59°, and 79° may have contribu-
tions from the (11), (00), and(11) diffracted beams.

FIG. 5. (a) Constant scattering-angle geometry of Ref. 16; the The calculated PIP’s for the geometry of Gao and Park are
polar and azimuthal angles of the incident beam vary during theshown in Fig. 9. Except for the relative intensities of the
scan as: ca%=0.7071cosf+15°)+0.5sin(+15°) and
cogbl®=[0.7071sing+15°)— 0.5cos@+15°)]/sind, ; the scatter-
ing angle remains fixed a#; ;=144.35°. (b) Constant incident-
direction geometry of Ref. 13; the electron impinges along the
[100] azimuth at 60° from the surface normal; the scattering angle
varies during the scan a ;=120°—

[010]

2006V
i

(== S =

tion) to treat the multiple scattering. For example, to reduce
the relative intensity of the peak at 45° in the PIP of 800 eV
one needs to include the so-calldefocusingeffect, what is
accomplished by including higher-order scattering waves in
the calculatior??* The prediction of a single structure be-
tween 45° and 50° in the PIP of 400 eV, instead of a broad
peak at 45° and the (8) LEED peak at 52° observed in Fig.
6, is ascribed to the combined effect of having overestimated
the multiphonon contribution at 45as at 800 eYand hav-
ing underestimated the zero- and one-phonon contributions.
Again, the inclusion of higher-order scattering waves in the
calculation is expected to improve the agreement with the
experimental PIP. — : :
Figure 8 presents results obtained by Gao and Park with a -20 0 20 40 60
constant incident-direction geometyig. 5b)]. The mean- Polar Angle (deg)
ing of the arrows is the same as in Fig. 6. The PIP at 600 eV
is dominated by the peaks corresponding to thel)(lnd FIG. 7. Polar intensity plots calculated for the geometry of Fig.
(00) diffracted beams; minor structures are observed close t§g). The thin solid line corresponds to the elastic or zero-phonon
the (33) and (22) Bragg directions, between 40° and term, the dotted line to the one-phonon term, and the broken line to
50°, and at- 70° and 80°. In the PIP at 1500 eV the region the multiphonon term.

Relative Intensity
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FIG. 8. Polar intensity plots obtained with the constant incident-
direction geometry of Fig. ®) (taken from Ref. 18

Polar Angle (deg)

7100

by the calculation, although naot its double structure. All the
other minor structures, near tli@ 3) and(2 2) Bragg direc-
tions and at-70° and 80°, are also present in the calculated
PIP. At 1500 eV the calculated PIP reproduces correctly the
relative intensities of the three peaks at 0, 20°, and 45°. In
the region above 50° the calculation predicts correctly three
peaks as observed in the experiment, but fails to reproduce
their positions and the high intensity of the central peak.
Note that the relative intensities of the two side peaks are
correct. Therefore, the only major point of disagreement be-
tween the measured and calculated PIP’s of 1500 eV is the
high intensity of the peak observed at 69°. The cause of this
disagreement is not clear yet.

IV. DISCUSSION

Having demonstrated in the previous section that the
model reproduces fairly well the main features of the experi-
mental PIP’s, in this section we will analyze the interplay of
the different contributions to the total intensity. The aim will
be to identify the nature of the transition from the LEED-like
intensity pattern at low electron energies to the XPD/AED-
like intensity pattern at medium energies.

We begin with the analysis of the three contributions in
the PIP of 200 eV in Fig. 7. The elastic or zero-phonon

(11) and(00) LEED peaks in the PIP of 600 eV, which are contribution is different from zero only around the Bragg
inverted, and for the region above 50° in the PIP of 1500 eVdirections, as anticipated in our discussion in Sec. Il B. The
the agreement between calculated and measured PIP’s vugdth of the peaks is essentially that of the acceptance cone
again fairly good. Note that the two main LEED peaks in theof the analyzer, whereas the intensities, which vary from

experimental PIP of 600 e\Fig. 8 have accompanying

peak to peak, are determined by the interference between

structures at lower angles that are reproduced by the calclayers and by the Debye-Wall€ébW) factors. However, as
lation; the structure between 40° and 50° is also reproducethe DW factors depend on the energy and the scattering

Intensity (arb. units)
o

FIG. 9. Polar intensity plots calculated for the geometry of Fig.

Polar Angle (deg)

angle, which in this geometry are constant during the scan,
the relative intensities in this case are determined solely by
the interference between layers. This is the cause of the low
intensities of the (ORand (13) peaks. The one-phonon con-
tribution also peaks at the Bragg directions, indicating that
the excitation or absorption of phonons witi=0 is the
dominant process. This is the most important contribution to
the peak(20) and the second most important contribution to
the peak (1L The multiphonon contribution presents a
smooth variation with small broad peaks at the Bragg direc-
tions; it is the dominant contribution outside these directions.

At 400 eV the zero-phonon contribution has the same
characteristics as at 200 eV; the only important difference is
the reduced intensity of the most important peaks. The one-
phonon contribution is again centered around the Bragg di-
rections, being negligible outside these directions; this con-
tribution is now as important as or more important than the
zero-phonon contribution. The multiphonon contribution is
again responsible for all the background in the PIP and has
well-defined peaks at all the Bragg directions. We think that
these peaks are likely produced by the two-phonon and even-
tually the three-phonon contributions, which are expected to
dominate the multiphonon contribution at this energy, and
which, like the one-phonon contribution, may still be cen-
tered around the Bragg directions.

Finally, at 800 eV, when the PIP has reached its XPD/

5(b). The thin solid line corresponds to the elastic or zero-phonorAED-like final form, the zero- and one-phonon contributions
term, the dotted line to the one-phonon term, and the broken line t&re completely negligible and the PIP is due almost entirely

the multiphonon term.

to the multiphonon contribution.
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In the PIP’s of Fig. 9 the scattering angle varies during the
scan and therefore the DW factors also intervene in deter-
mining the relative intensities of the peaks. In fact, they are
the main cause of the vanishing intensities of the3 &nd
(2 2) LEED peaks in the PIP of 600 eV. The zero-phonon
contribution in this PIP is different from zero only at the
(1 1) and(00) Bragg directions. The one-phonon component
also contributes to the (1) and(00) peaks and is the main
responsible for the structures of these peaks at lower angles f ' : | - ' !
and for the small peaks at 70 and 80°. The multiphonon [
contribution accounts for all the background and has a small 12
peak at the (11) Bragg direction and a steplike change at the

(00) Bragg direction. g 1
At 1500 eV the zero-phonon contribution has disappeared v

almost completely and only a residual one-phonon contribu- 4 1

tion remains near the (1), (00), and(11) Bragg directions,

and at~66°. The multiphonon contribution accounts for all Ofp #==-----1 ) (Iv) A

the intensity below 40° and is the largest contribution in the 0 500 1000 1500

rest of the PIP.

Therefore, the analysis of the different contributions to the
total intensity shows that the LEED-like and the XPD/AED- = _ _
like intensity patterns correspond to the limiting cases of F!G. 10.(a) Probability of exchangingn phonons with the crys-
completely elastic scattering and of inelastic scattering wittfa! calculated with Eq(21) for the geometry of Fig. @). (b) Mean
excitation/absorption of multiple phonons. number of phonons excited or absorbed during the scattering calcu-

It is important to note that although at medium energie§ated for the constant scattering-anglfll line) and constant
- I . ..~ incident-direction geometriegbroken line; (I): 6=—10°; (Il):
the multiphonon contribution behaves as the intensity N 38.6° (Ill): 9=46.9°: (IV): H=90°].

XPD and AED experimentsjoneof the inelastic scattering

events contributing to it has an XPD/AED-like intensity pat- Thus, the probability of exchanginm phonons with the

tern. It was shown in Sec. Il B that any inelastic scattering wal i ; 2~m/o? and th ber of
event is a totally coherent process and that the electrongyStd! IS maximum ak“=m/o* an e mean number o

i Lo 122
emerge from the surface along a discrete set of directiongh(?l_r;]OnS ehxchang{e_d dl]f”ng tr:‘e EEaEttDerlng_nrs~k ‘L' MEED
determined by the conservation of ttwtal wave vector par- 'hen, the tranzlt!on hron;]t © | fe?'rF'?e t(;t N b
allel to the surface. It is theumof the intensities of all the €9'Me expressed in the three panels of Fig. 7 can now be

inelastic diffracted beams that produces the XPD/AED-IikeremterprGted with the aid of Fig. 10 as follows. Whef‘ the
intensity pattern. mean number of phonons exchanged with the crystal is low,

We have also found that the LEED-like intensity pattern<m>i0_2’ a LEED-like intensity pattern is obger\{ed, when
survives the excitation or absorption of a low number of{™ =3—4 both a LEED-like and a XPD/AED-like intensity

phonons. Therefore, at low energies the total inten@ike patterns coexist, and_ whefm) exceeds 5-6 a XPD/AED-
the elastic contributionobeys a pseudoconservation of the ke intensity pattern Is pbse_rved.

electron wave vector parallel to the surface. This pseudocon-, FOF the analysis of Fig. 9 in terms of the mean number of
servation rule relaxes gradually as the energy is increasddflonons exchanged with the crystal we have to take into

and with it the mean number of phonons exchanged with th&ccount thatm) varies during the scan. Following the above
crystal. criterion to determine the regions of dominance of each re-

A rough estimate of the number of phonons exchange&’ime’ ir_l the PIP of 690 eV the region above 46.9°_sh0uld be
with the crystal can be obtained as follows: ignoring theLEED-like, whereas in the PIP of 1500 eV the region below
multiple scattering of the electron, i.e., keeping only the first38-6° should be XPD/AED-like, which is in complete agree-
term in the right-hand side of Eq13), the probability of ~Ment with the content of Fig. 8.
exchangingn phonons with the crystal is proportional to

Energy (eV)

V. CONCLUSIONS

P, oce” YAk un)) g 12(((k-up)%) We have presented a treatment of the scattering of elec-
trons from crystalline surfaces that allows one to calculate
* (KU )[R Up(D]))™ the zero-, one-, and multiphonon contributions to the inten-

X f_ dt e ey ., (200 sity of the “elastic” peak as measured in LEED and MEED

experiments.
The treatment is based on a separation of the electron and
which according to Eq(19) is roughly proportional to atomic motions(adiabatic approximation and on a cluster-
type formulation of the multiple scattering of the electron.
5 2 The inelastic scattering events are treated as coherent pro-
= oceszgz(k o) 21) cesses and no break of the phase relation between the inci-
m ml dent and the exit paths of the electron is assumed.
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The LEED and the MEED regimes appear quite naturally We have found that the parameten)=k2a2, which we
in this model as the limit cases of completely elastic scattertake as the mean number of phonons exchanged with the
ing and of inelastic scattering with excitation or absorptioncrystal during the scattering, can be used to define the re-
of multiple phonons, respectively. The transition from onegions of dominance of each regime. A LEED-like intensity
regime to the other is explained as follows. At low electronpattern is observed fafm)=<2, both LEED-like and XPD/
energies the scattering with excitation or absorption of zer®AED-like features coexist fofm)~3—4, and finally a XPD/
(elastig or a low number of phonons dominate and a LEED-AED-like intensity pattern is observed whém)=5—6. We
like intensity pattern is observed. As the energy is increasetlave shown that in experiments in whikhs? varies during
the probability of exciting and/or absorbing a larger numberthe scan one part of the PIP may be in one regime and the
of phonons increases and XPD/AED-like features begin taest in another.
develop and eventually dominate the intensity pattern.

It is important to note that in contrast to the LEED re-
gime, in which to each scattering event corresponds an in- ACKNOWLEDGMENTS

tensity pattern similar to the one observed, in the MEED We wish to acknowledge fruitful discussions with V.H.

regimenoneof the scattering events has an intensity PatteMy e and R.O. Barrachina and the technical assistance of J
like the one observed. The XPD/AED-like intensity pattern De Pellegrin ;';ln.d C. Wenger. Two of @8.A. and G.Z) are '
characteristic of the MEED regime results from the sum Ofalso members of the CONICET.

the intensities of many different inelastic scattering events,
each of which has its own LEED-like intensity pattern deter-
mined by the conservation of thetal wave vector parallel APPENDIX A: ONE-PHONON CONTRIBUTIONS TO .2
to the surface. ) ) ) ) .

A calculation of the intensity of electrons scattered from N this appendix we will derive an expression for the
Cu(002) at low and medium energies is in very good agreem=1 or_one-phonon contributions .
ment with experimental results obtained using two different If we index each phonon mode with a wave vector paral-
geometries. In particular, it reproduces correctly the transitel to the surfaceq; and a quantum numbet, the time-
tion between the two regimes in both cases. dependent correlation functions can be writtet as

({(Ka- Uy )[Kg - Un(D])) = >, [Kp- €00 (K- €o(Gp) €80 (Ra~Ro)

qj.e 2NM wa(ﬁu)
X{No(— e et [n (g +1]e ' @a@t, (A1)

whereN and M are the number of atoms in the crystal and the atomic mass, respectively, andw\g}ﬁém Ea(ﬁH), and

na(ﬁH) are the frequency, polarization vector, and mean occupation number of the phonon&p;m)e (
Then, using Eq(Al) in the m=1 terms of the phonon expansion of Ef3) one obtains

A= 2 {7V (@) @) + 2 (d) @)},
gj e

where

n’.n I#n

e 2w - LW W (D) . v - .
'}2(1)—(q,a)zﬁ5[ija(q)][2 akae” W e Wnl_ 7= (q),a;K)* 7, (q),a;K)+2 ReY, X, akay,
n,n

X e—wnr<lbe—wnaZl)e—wl<122>e—<<<121~ﬁnwz-G|>>>b,g:,(cjH K[ A aiky) + A5 (G aiKy) ]+ - L

(A2)
with
e LTI O
G k) =| — 2 R E (g et Ra A3
n (d),a;K) 2NMw(G) [K-€,(qp)]e (A3)
and
B I 7 WU 1) I el
AR =| —— | [K- e, (qp) et Ra Ad
n (4, a;K) 2NMwa(q|)] [K-€,(qp)]€ (A4)
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