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Low-energy (e,2e) spectroscopy from the WO001) surface: Experiment and theory
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The simultaneous ejection of two electrons from t{081) surface of W due to the collision of incident
low-energy electrons with valence electrons has been studied experimentally and theoretically. Energy and
momenta of the ejected electrons were measured simultaneously by a combination of coincidence and time-
of-flight techniques. Calculations were performed in a relativistic distorted-wave Born approximation including
exchange, in which the primary electron and the two emitted electrons are described by quasiparticle multiple
scattering states. The valence electron is represented by linear combinations of Bloch waves matched at the
surface. Screened Coulomb interaction matrix elements between these four states are evaluated. Experimental
and calculated energy distributions from®@1) for very-low-energy primary electrons at normal and grazing
incidence are in fairly good overall agreement. Although some features of one-dimensional bulk densities of
states are roughly reflected, Coulomb matrix elements with low-energy-electron-diffraction-type states play a
vital role. Further analysis reveals in detail the importance of elastic scattering of the primary electron and of
the two ejected electrons. Some observed features can be attributed to occupied surface states.
[S0163-182608)05848-2

[. INTRODUCTION collision event between the primary electron and a valence
electron, this agreement should reveal to what extent the
Among the various possible reaction channels of an elegpresent experimental setup actually detects such single colli-
tron with a solid target, a particularly important one involvessions relative to accidental coincidences. Since our formal-
a single collision event with a valence electron resulting inism accounts for all elastic scattering events of the primary
two electrons leaving the solid. Energy- and momentum-and of the two outgoing electrons with the ion cores, the
resolved observation of these two electrons, so-cakgge]  importance of specific elastic everfs.g., specular or non-
spectroscopy, is well established in the transmission modepecular reflection of the primary electron, specular or non-
using high-energy primary electrogsf., e.g., Refs. 1 and 2 specular reflection of one or of both outgoing electjoren
and references therginSince at high energies the primary be determined by additional calculatioffgomputer experi-
electron and the two final-state electrons are to a good agnents”), in which elastic scattering amplitudes are selec-
proximation represented by plane waves, the Coulomb scatively switched off.
tering cross section is simple to evaluate and reveals the The paper is organized as follows. The experimental and
momentum density of the valence electrons. theoretical methods are described in Secs. Il and lll, respec-
At low primary energiegless than a few 100 eyhow- tively. Section 1V addresses, with the aid of various model
ever, the primary and the two outgoing electron states incalculations, the interpretation o&,e) cross sections and
volve, as is well known from low-energy electron diffraction the physical information obtainable from them. In Sec. V, we
(LEED), strong elastic multiple scattering by the ion cores.present and discuss experimental and theoretical results for
For the ,2e) scattering cross section, this implies that its normal and for grazing incidence on(@01).
theoretical treatment is more complicatetiand its physical
interpretation far less straightforward. Experimentally, low-
energy reflection modes(2e) spectroscopy made substantial
progress fairly recently(cf. Refs. 6-9 and references  Our low-energy electron coincidence experiments were
therein. In particular, a time-of-flight technique made it pos- carried out in gu-metal vacuum chamber with a vacuum in
sible to measure simultaneously energies and momenta dfie range of 10! Torr. The experimental setup is shown in
two electrons emerging in coincidente. Fig. 1. A single crystal of tungstef®01) was mounted on a
In view of gaining more insight into the very-low-energy rotatable holder. The sample cleaning procedure included the
(e,2e) process itself and of exploring its information poten- oxidation of the sample followed by high-temperature flashes
tial on surface systems, we carried out an extensive jointo remove carbon from the sample surface. The cleanliness
experimental and theoretical study of theede) cross sec- of the surface was monitored by Auger spectroscopy. We
tion for electrons with energies below 25 eV incident on aused two multichannel platdMCP) 75 mm in diameter with
clean W00Y) surface. Our first aim has been to establish theresistive anodes as position sensitive electron detectors. The
level of agreement between experimental data and their calletectors and the electron gun were coplanar with the surface
culated counterparts. Since our theory involves only a singl@ormal and th¢100] direction along the surface. The direc-

II. EXPERIMENTAL DETAILS

0163-1829/98/5@4)/1641814)/$15.00 PRB 58 16 418 ©1998 The American Physical Society



PRB 58 LOW-ENERGY (e,2e) SPECTROSCOPY FROM THE ... 16 419

plates is hit by an electron, a fast pulse starts one of the
time-to-amplitude converter¢TAC). If subsequently the
other channel plate is hit by another electron, it starts the
other TAC. If two delayed shaped pulses from the detectors
and the delayed trigger pulse from the generator coincide
within a time window of 200 ns, a logic unit delivers a stop
pulse to each TAC. The times of flight of the two electrons
are then recorded as a point in a two-dimensional time-of-
flight coordinate system. This point represents a vati@«d)
event. If an electrorfwith rest mass mtakes the timeT to
pass the distance between the sample and one of the de-
tectors, its kinetic energy in the presently relevant nonrela-

tivistic limit is
L 2
o W

. The energy resolutioE of the time-of-flight energy
5° detector 1 measurement is obtained from E@) as

2 \F
= 3/2
40° oE L mE oT. 2

40° In our setup, the time resolutiofiT in Eqg. (1) is essentially
determined by the primary electron pulse width, i&l=1
ns. WithL =260 mm, we obtaidE=0.05 eV for the typical
detector 2 energyE=5 eV. An independent experimental check of the
energy resolutionSE in the energy range 4-5 eV yields,
FIG. 1. Experimental setup of thee,Qe) time-of-flight spec- however,dE=0.4 eV, which is approximately equal to the
trometer. ADC is analog-to-digital converter, TAC is the time-to- half-width of the electron energy distribution in the incident
amplitude converter(@ Normal incidencejb) grazing incidence. electron beam. This means that at low energies the energy
The flight times of the two electrons are determined by two time-resolution is not limited by the time resolution but by the
to-amplitude converteréTAC) and fed into the computer via two energy spread of the incident electron beam.
analog-to-digital convertef@DC). A fast “coincidence” circuitry In the present experiment we measured the relative time
accepts two-electron events only if they fall within a 200 ns timeof flight T of electrons with respect to the arrival time of
window. elastically reflected primary electrons. For calibration we de-
termined the kinetic energy,=E, of the primary electrons

tion of the primary beam was chosen first normal to theon the base of Eq1) by measuring the relative time of flight

surface and se(_:ond ata pol_ar _angle of 880 with respect to th& elastically scattered electroasl for different distances of
surface normali.e., grazing incidence with a glancing angle flight AL=L,—L,. This value ofE, was then used as a

of 20)'. In thecase of nor_mal incidence, thce electron gun XlSreference to calibrate the energy scale of the time-of-flight
was allgneq along the bisector .Of the .80 angle between thé(nnalyzers. The zero point on the time-of-flight scale thus
detectorgFig. 1@]' For the grazing incidence geometry, the corresponds to the arrival time of elastically reflected pri-
electron gun axis was rotated in the plane of detectors aw ary electrons. Any other point represents the relative flight

from the previous direction by 9§Fig. 1(b)]. The dista_nce time T of a slower electron generated by an incident electron.
L between the sample and the detectors could be varied fro v virtue of Eq.(1) one easily obtains

130 mm to 260 mm. The position-sensitive detectors allowe
us to control the electron beam position on the sample ob- m m
serving the specular beam as well as diffracted beams. The T=L( \/z=— \/—), 3)
electron beam diameter on the sample was less than 1 mm. e 2B,

Though the position-sensitive detection in principle provideSrom which

angular resolution, at the present stage of experiments this

feature was not used explicitly because of the concomitant m/(T m\ ?
loss of counting statistics. E= 5( L f)

In order to measure the energies of both correlated elec- P
trons generated by one incident electron, we combined th&his equation is used to convert the time-of-flight schl®
coincidence technique with a time-of-flight electron energythe energy scal€.
measurement. The incident electron current was of the order In Fig. 2(a) we show, as an example, the two-dimensional
of 10 * A on average. It was pulsed with a width of about 1 time-of-flight distribution of correlated electron pairs ob-
ns and a repetition rate of 2610° Hz using a pulse genera- tained from WO00J) in our normal-incidence geometry for
tor. The trigger pulse from the generator was used as a refrimary electron energf,=20 eV. The distance between
erence point on the time-of-flight scale. If one of the channebample and detectors was 140 mm. We integrated over the
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+0.25 eV as a function dE,;. This “total energy distribu-
3000 . tion” is shown in Fig. Zc). Its maximum corresponds to
= target electron excitation from energy levels just below the

Fermi level. These electron pairs must have been created in a
10004 ol single-step process, because any additional inelastic scatter-
mﬂﬂ ing would have decreased the total energy of the pairs. Cor-
P A A 4 related electron pairs with lower total energies may originate
b) T, (ns) d) Ei (eV) either from the excitation of bound electrons in deeper en-
] Ea=15£02500 ergy levels or from a multistep electron-electron scattering
1501 il process.
100, For gquantitative analysis and comparison with theoretical
results it is particularly useful to plot, for a sequence of fixed
values of E,,=E3+E,, the number of pairs with energy
oL LI ELLEP PP difference A=E3;— E, within an energy band centered at
e, o o0 ;E" o " E.:- As an example for such energy sharing distributions,
we show in Fig. 2d) the one obtained from the data of Fig.

FIG. 2. Time-of-flight and energy distributions of correlated 2(b) for the total engrgy_banE3+E4=15i0.25 ev. _lt IS
electron pairs for normal incidence of electrons with enefgy seen to be symmetrlc with respect to the energy difference
=20 eV. (a) Two-dimensional time-of-flight distribution of corre- Ea—E4=0. This symmetry corresponds to the symmetry of
lated electrons. The black point in the upper right corner correthe energy distribution in Fig. (B) with respect to theE;
sponds to the accidental coincidence of two elastically reflected= E4 line, which is dictated by the geometrical symmetry of
electrons and serves as a calibration poih). Two-dimensional our normal-incidence setup.
energy distribution of correlated electror(g) Histogram of the

opop Det1 B (00) Det2

number of pairs per 0.5 eV
1
1

2
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number of pairs per 0.5 eV’

4

correlated pairs distribution as a function of the total endgyof IIl. THEORY
a pair. The height of a column represents the number of events ' _
within the total energy banB,,+ 0.25 eV.(d) Energy sharing dis- Our numerical calculations ofe(2e) from W(001) are

tribution of correlated pairs with a given total energy. The height ofbased on a theoretical approach, which has been outlined in
a column represents the number of pairs with the energy differencRef. 3. In the following, we present more details and specify

E,— E, within the total energy banf,,=15+0.25 eV. particular model assumptions for the subsequent computa-
tions.
acceptance cones of the detectdis<(0.21 sj without mak- For a primary electron, which at the source has kinetic

ing corrections for the slightly different flight paths for the energyE; and momentunk,, colliding with a valence elec-
different angles. The coincidence events are displayed by #on (with E;<Eg, whereEg is the Fermi energy we are
two-dimensional gray-scale plot, in which black corresponddnterested in the probability that one electron arrives at the
to the highest number of events. A ridgelike maximum infirst detector with kinetic energl¢; and momentunks, and
this plot represents the most probable combinations of ele@ second one at the second detector &thandk,. Disre-
tron energies within time-correlated electron pairs. The disgarding reaction channels, in which any of these electrons
tribution looks quite symmetric with respect to the diagonalloses energy to the “rest of the world,” we have energy
(dashed ling of the frame. Points on this line represent cor-conservatiore; + E;=E3z+E,.
related pairs with equal times of flight of both electrons, i.e., Denoting the time-independent initial two-electron state
with equal energies. by [12), the final state by34), and the electron-electron
The energy distribution of electron pairs, which is ob-interaction Hamiltonian by, the transition probability to
tained from the time-of-flight distribution in Fig.(& by first order inH is determined by
means of Eq(4), is shown in Fig. &). The ridgelike maxi-
mum of the time-of-flight distribution is seen to be trans- W17 [(34Hed 12PS(E1 +E,—E3—Ey).  (5)
formed into a diagonal band along the liBg+ E,=14.5 eV
in the energy distribution. If we take the width of this band
equal to 0.5 eV, then within this band the sum of the energie
of two correlated electronéve call it “total energy” of a
pair) is equal toE,,;= 14+ 0.25 eV. Let us now focus on true
(e,2e) events, in which the detected electrons are produce
in single collision between the incident electron and a target

In each of the two-electron states, we neglect—on the
rounds of screening inside the metal—interaction between
e two electrons except for exchange. Consequently, we ex-

press them as antisymmetrized products of one-electron

atates:,bi(x) with i=1,2,3,4:

electron. From the total enerds, of a pair and the incident 1) =T00w () = 4500 (X )12

electron energyE,=E;,=20 eV, energy conservation then with (i,j)=(1,2 or (3,4). (6)
yields the binding energ¥,=E, of the target electron as

Ep=E;=E;—E3—E4=Ep—E,=20-14.5=5.5 eV. Since The one-electron states are obtained as follows. The inter-

the work function of WO00J) is 4.6 eV, this implies that the action of each of the four electrons with the nuclei and the
creation of correlated pairs is most likely for target electrongground-state electrons of the target is described by an optical
with energies just below the Fermi level. potential, which has lattice periodicity in the half-space oc-
From the above energy distribution we calculated thecupied by the target crystal. Because of the very low electron
number of events in a total energy babg,=(E3z+E,) energies in the present study, one might think of using the
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Schralinger equation. However, spin-orbit coupling and fur- matched at the surface with linear combinations of inward-
ther relativistic effects are known to be important at theseropagating and decaying Bloch waves and with linear com-
energies in low-energy electron diffractidhEED), in the  binations of decaying plane waves on the vacuum side. This
valt_ange electronic structure and consequently, e.g., in photgeads to 2 independent half-space solutio¢§°2(x), where
emission(see, e.g., Refs. 10 and)11We therefore employ @ {he indexn corresponds to the outward-propagating bulk
one-electron Dirac equation with the above optical potentialg|och waves pairs.

Consequently, the;(x) are four-spinors, i.e., implicitly con- — yyhile the LEED state and the time-reversed ones can be
tain the electron spin. Although in the present experiment th@a|culated for a potential containing an imaginary péot

primary electrons are unpolarized and the spin of the outgoaccount for finite electron lifetime normalizable bound

ing ones is not analyzed, it is therefore necessary to ﬁrs§tates¢2”2(x) exist only for real potentials. Hole lifetime

calculate the cross sections for all the possible polanzatlor(%]ﬁcects can therefore cannot be includegriori. Instead, we

combinations and subsequently to sum over them. For ead . . :
) , .~ take them into accourdgx postby a Lorentzian convolution
electron, we thus have to consider two four-spinor solutions

p ) ) of the transition probability. The adequacy of this approach
¢;'(x) characterized by the labeij=*. The primary elec- g g ggested by photoemission results: intensities and spin

tron statesy;*(x) with o;==* have the boundary condition polarizations from calculations using the above Bloch wave
that the spin at the source is up/dovmelative to a chosen matching initial state and subsequent convolutioh Refs.
guantization axis Likewise, the outgoing electrons have 12-14 are practically identical with those obtained by
spin orientationsrg= * ando,= * at the detectors. calculation$® employing a Green-function treatment of the
Lattice periodicity parallel to the surface implies that the valence electron&f. Ref. 16 and references thergimhich
surface-parallel momemld‘ with i=1,2,3,4 are good quan- includes hole lifetime from the start. It should be noted, how-
tum numbers characterizing the one-electron Std{%and ever, that the Bloch wave matching treatment of the valence
k‘:‘m are given as the projections of the primary and the de&lectrons becomes impracticable for surface states. Since for

tected electron momenta, respectively, onto the surface. THE2! potential these are very sharp in energy, an extremely

matrix element$Eq. (5))] are nonzero only if fine energy mesh is required to find them.
In the interaction HamiltoniaHl .. of the incident electron
K+ kh=kL+Kl, (7)  with a particular valence electron, we discard magnetic and

. . . retardation effectgas are, e.g., approximated by the Breit
l.e., there is conservat.lo‘n of the surface-parallel momentunmy,a ijtonian), since they should be small in collisions at the
Since bound states witks (€.g., in the first Brillouin zone  present low energies. An order of magnitude estimate has, in
and those wittk} +g, whereg is a surface reciprocal-lattice the context of relativistic electron-atom scattering, been
vector, are identical, the above conservation is actuallynade in Ref. 17. We are thus left with a Coulomb interac-

modulog. Since there is no lattice periodicity perpendiculartion, which is screened by the ground-state electrons of the
to the surface, the normal momentum componkhtsre not  metal. Assuming this screening as static, we have

good quantum numbers. ’

For the actual calculation of thg'(x) we use a relativ- Hoom Vix X,):e*‘X*X I ®
istic layer-KKR-method(cf. Ref. 10 with the appropriate ee ' Ix—x'|
boundary conditions. The primary electron stm‘?(x) is

the usual relativistic LEED state. The two outgoing electrons 'We how SUb.St'tUteHee and the antisymmetrized four-
are described by time-reversed LEED staff(x) with | spinor products into Eq5) and sum over the valence states.
y ally Since in the present experiment the primary electron beam is

=3,4. To obtain the valence electron staf€s(x), we first  ynpolarized and the outgoing electrons are not spin-
calculate the bulk Bloch wavedy diagonalizing the layer analyzed, we furthermore sum over the spin labelsos,
transfer matrix. Each Bloch wave with energ,, crystal ando,. For given primary electron energy and momentum,
momentum ((” k3", and spin labelr,, which propagates we thus obtain the following expression for theZe) tran-
from the interior outward towards the surface, is thensition probability:

W(314): 2 ; |fal,n02,0'3,0'4_gul,n02,03,04|25(E1+EZ_E3_E4)5(k|Z|l+kg_k£_kﬂl)’ (9)

71:93:94 E, ky,noy

wheref andg are direct and exchange scattering amplitudes:

o noyrs0a= J W (0 (VX B0 U7X ) a3 (10

the expression fog is the same except forandx’ interchanged in the first product term. The integrals o¥esndx extend

infinitely in the directions parallel to the surface; lattice periodicity permits, howevek'ftite restriction to the surface unit

cell and forx to the same plus a few neighboring celleached by the screened Coulomb interagtiblormal to the surface,

both integrals are restricted to a finite number of atomic layers because of screening and the fairly small mean free path of the
primary electron.
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Since our experiment is performed with fixed solid andlesand (), in the directions of the two outgoing electrons, the
observable coincidence event rdtdth normalization to the incident currenis obtained from Eq(9) as
[(E3,E4,Q3,04)=(kska/k)W(3,4), (11

wherek;=+/2E; with i=1,3,4.
In view of computing the above expressions, all wave functions are expanded in the form

gro0= 2 AN X 0,0), (12)
K,V
with i=1,...,4; they,, are the usual spin angular functions, t#¢(r) are scalar radial functions, and the coefficients

Ai"”“V"Ti with atomic layer index account for all elastic multiple scattering paths. The screened Coulomb pofé&ufi&8)]
is expanded as

4 [ < [ >
Vixx)=- 12 jl(%)hf“(%)Yrmw,qomm(o',cp'), (13

wherer . (r-) is the smallerlargen of r=|x| andr’=|x’|. Substitution into Eq(10) yields

_471- K V,03% K, V,04% K Vv,o K V,o
Foynoyogo= 5 o 4EM1 . AGSHS T A e R A B A B2 T2 R 12D 34112, (14)
S
with radial integrals
* * e ry ir < ir ’ ’
Raana= | i, (N @, (1) 11| 5| il 57| @, (N di (r7)drdr”, (15

and Q) denoting angular integrals involving Gaunt coeffi- of multiple elastic scattering both in the primary and in the
cients. ejected electron stated. EED and time-reversed LEED

In the application of our theory to WO01), the optical state$ and the reduction of three-dimensional to only two-
potential for the occupied states is a self-consistent LMTQdimensional momentum conservation generally preclude
potential cast into the muffin-tin form. For the continuum sych direct information on the electronic structure of the tar-
states it is augmented by an energy-dependent complex innggt.
potential(essentially as in Ref. 2&nd a continuous surface In the following we consider, with the aid of numerical
potential barrier with image asymptotics. The screeningegyits obtained for 001), the four relevant one-electron
length\ of the Coulomb potentidlEq. (8)] is chosen as 0.7  g¢ates individually and investigate the role of elastic scatter-

A, which corresponds_to the Thomas-Fermi screening Iengtlihg events of the primary and of the ejected electrons in
for an electron gas with the valence electron density of W

. o9 i tproducing individual features of the fully calculated,Ze)
This approximation is acceptable in the present contex :
. . ¢ross section.
since physically reasonable departures\drom the above

L In Fig. 3 we present LEED specular beam spin-averaged
value are found to change the calculated coincidence eveﬂ%tensit Versus enerav spectra for an unpolarized orimar
ratel (E5,E4,Q5,Q,4) approximately only by a constant fac- y gy sp P P y

tor, i.e., to have, for a given geometry, only little effect on beam muderlt n tthOl) azimuth at polar angles in the
the relative distribution oveE; andE,. range from 0° to 88°. The calculated normal incidence spec-

trum is seen to agree very well with its experimental
counterpart® For 15°< 9<45°, our spectra agree well with
experimental data in Ref. 19, and for 459<70° with
those presented in Refs. 20 and 21. Whtlincreasing from
25° upwards, the dominant Bragg maximum at 5 eV is seen
Before presenting in some detail experimental and theoto shift towards lower energies. The fine structure on its
retical (e,2e) cross sections from Y801 at low primary right-hand side stems from a Rydberg series of surface reso-
energies, we address the question of how information on theances associated with the emergence threshold of0the
electron scattering dynamics and on the electronic structurbeam(for details, cf. Refs. 20 and 21The agreement of the
of the target can be extracted from suah2€) data. We calculated spectra with experimental data suggests that the
recall that at high energies the incident and the ejected elegacident and the two ejected one-electron states are ad-
trons are reasonably well described by plane waves, thre@quately described by our model specifications. In particular,
dimensional momentum is conserved, and the observed crofise use of a single one-dimensional surface potential barrier
section reflects the spectral momentum density of the targ€heglecting corrugation and angular dependgrnigseaccept-
electrons. At low primary energies, however, the importanceble for the present purpose.

IV. INTERPRETATION OF (SLOW-e,2e)
CROSS SECTIONS
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T L T T the (e,2e) reaction, are determined by conservation of en-
W(001) LEED ergy and surface-parallel momentum fréandk; with i
=1,3,4, which are set by the electron gun and the detectors.
Instead of further resolving the DOS with respect to atomic
layers parallel to the surface, we consider in the following
only its most important part, which is the same askHeOS
of the infinite solid. This bulk-DOS is closely associated
with the usual bulk band structuig, (k| ,k,,), as we illus-
trate in Fig. 4. It is important to note thkj,, the momentum
component normal to the surface, is not a good quantum
number and strictly speaking has no physical relevance for
the (e,2e) process. It can, however, be of some interest in

special cases in which a particular Bloch wave dominates the
O= 40 linear combination, which forms the valence stgg.
- = In Fig. 4@ we focus onky =0, which in the coplanar
symmetric setup is accessedsif=E,. Our relativistic band
M structure (for k,, along I'—H) agrees with earlier work,
— — where it has been extensively discusgsde, e.g., Refs. 22
and 23. The associated one-dimensiorkaDOS is domi-
=25 nated by peaks ne&, which involve mainlyd electrons. If
— — Es;#E,, the relevant bands are along curves in thg (k,)
plane, as is explained in the caption of Fig. 4. Some typical
20 examples of these bands and the associ&dOS are
— shown in Fig. 4b) for our normal incidence geometry. Note
that from energy conservation tlt& values in each of the
15 k-DOS panels of Fig. 4 uniquely correspond Eg values.
- = The k-DOS of the relevant occupied states is thus uniquely
associated withK5,E,) pairs. A complete&k-DOS contour
10 plot in the (E3,E,) plane is shown in Fig. &). Along the
— = E;=E, diagonal line, it obviously corresponds to the

Intensity

©=0 (smoothedl k-DOS of Fig. 4a), as it should. As a conse-
quence of the symmetry of the incidence/emission geometry,
- ..“"0,. . the k-DOS is mirror symmetric with respect to thge,=E,
.'..' e, B=0 Experimen line. Note that(for fixed E;) counterdiagonal lines are char-
Poeees® Coenes® ™00, acterized by fixed values d&,=E;— (Es+E,). The solid
P PR — — counterdiagonal line indicates the Fermi energy. Figues 5
3 10 15 20 can thus also be viewed askaDOS contour plot in the
E(eV) (E5,ko,) plane with theE, andk,, axes along the diagonal

and the counterdiagonal, respectively.

FIG. 3. LEED from WO001): specular beam spin-averaged in-  The corresponding calculate@,2e) intensity | (E3,E,)
tensity versus energy curves for an unpolarized beam of unit interfcf, Eq. (11), with the solid angle arguments henceforth
sity incident in the(100) azimuth at polar angles as indicated. Solid dropped for brevity, since they are constants for each of our
lines: present theory; dots: experimefRef. 19. For each curve, o geometriekis displayed as a contour plot in Fig(i.
the bas_e line is indicated on the right-hand S|_de and the tick mark 0fa mirror symmetry with respect to the=E, line is due
they axis corresponds to O&e., 50% reflection to the symmetric geometry and to the fact that the primary

beam is unpolarized and the emitted electrons are not spin-

The LEED spectra are of direct relevance for tlee2¢) analyzed. The intensity is seen to be largestHorin the
cross sectionl (E3,E,), because a higllow) reflectivity R range betweelt: andEx—2 eV, almost zero in the next 2
corresponds to a wealstrong transmission into the solid. eV range, and again significant betweed and—6 eV.

For the primary electron beam at some fixed enegy Comparison between th€E;,E,) and thek-DOS con-
I(E5,E4) will contain a fixed factof 1—R(E;)]. Contour tour plots shows that the maire,Qe) features occur in re-
plots and energy sharing curves are therefore simply scalegions of high k-DOS, whereas in regions of vanishing
by this factor, which forE;=16 eV ranges from 0.75 to k-DOS the €,2e) intensity also vanishes. There is, however,
almost 1(cf. the normalized specular reflectivities in Fig. 3 no detailed correspondence. An apprecidbROS is there-

In contrast taR(E,), R(E3), andR(E,) influence the shapes fore a necessary but not sufficient condition. This implies
of contour plots and of energy sharing curves. that the incident and ejected electron states play an important

As is well known, the valence electron structure of therole. One may attempt to harness simply the LEED reflec-
semi-infinite crystal can be described by t#jeresolved den- tivities of these states. For the ejected electrons gthd0°
sity of statesN(Ej;,ky|), which for short we refer to as spectrum in Fig. 3 has a pronounced peak between 4 and 5
“k-DOS.” The values o, andk,, which are relevant for eV. Consequently, the transmission coefficient and, by virtue
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0,=0, and 0;=0,=40°: (a) k-DOS; the other panels show
I(E3,E,) calculated(b) with complete elastic multiple scattering,
(c) with primary electron back reflection matriR®=0, (d) with
RGA=0, (e) with R®=0 andR(®4=0, (f) neglecting for the pri-
mary electron all transmission matrick,, exceptMg," . Along

1\

E;=5eV

b

s
AE]

Z:: : the solid counterdiagonal lin&,=E; (Fermi leve). The three
“F / dashed lines parallel to it correspondHg decreased belo in
o4 ] steps of 2 eV.
02 W N
IH 1 1 |\i
12 -10 -8 -6 involve elastic multiple scattering from the ion cores, by se-
E, (eV) lectively switching off elastic scattering amplitudes. To

specify these modifications, we briefly recall a key ingredient
FIG. 4. W bulk band structure along selected relevadines  of layer-KKR theory(for details see, e.g., Chap. 4.3.5 in Ref.
and corresponding density of statek-DOS.” The energyE, is 10). Consider a single atomic lay€nside the crystalwith
relative to the vacuum zero, the Fermi energy is marked by theattice periodicity parallel to thex(y) plane (the surface
vertical line at—4.6 eV. (a) E, versusk,, alongI'H, i.e, for  plang and with its internuclear plane a}. The wave field

E:(sz ’kkzg) =|(010)- Ejtl)z Dlggjedi'or?km %2(kzavl|:2yk§z) onto dthbe incident on this layer is expanded in terms of plane waves
2,ky,) plane andk- , with k,y=0 andk,, determined by o ik o_ril \/—_WZ o
conservation of energy and surface-parallel momentum — for fixe(Pgnge o”", where kg_[kg V2(E+Vo) kg 1. the Ug

primary energyE, =17.2 eV,6,=0 (i.e.,ky =0) and theE; values are spinor ampli.tudesg enumerates t.he surface reciprocal-
given in the individual panels — as follows, = E,+ E,—E; and  lattice vectorgwith g=0 corresponding tg=(0,0)], and
Koy (E) =kay(Es) + Ka(Es), Where ks (Es)=(2E5)Y%sing, and o=+ (=) refers to the wave field incident from the left
Kax(E) = — (2E4) ¥2sing, with detector angle®;=6,=40°. Note  (right) onto the layer(with the z axis being horizontal in the
that we thus have &-DOS value uniquely associated with each drawing plang The scattered wave field is analogously ex-
ejected electron pair with energieE4,E,). panded with amplitudesy, with o=— (+) denoting the
field on the left(right) side of the layer. The incoming field is
transformed into the outgoing one by tBenatrix according

of time reversal, the emission will be reducedEif or E, is o

between 4 and 5 eV. Inspection of Figabshows, however,
that intensity values occur at these energies, which in spite of
reduction are still substantial.

To get further insight, we found it useful to artificially
modify the incident and the ejected electron states, which

’ ’
vg=2 Mg ug.. (16)
o'g
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We recall that theSmatrix elementsM??, are themselves D ™
aytotal o i BJF

gg’
(2x2) spin matrices. From the above it is clear thf,

and M(;gT describe transmission through the layer from left
to right and from right to left, respectively, WhiMJQT and
M;gf account for reflection at the right-hand and at the left-

hand side, respectively. For the semi-infinite crystal occupy-
ing the half-space> 0, reflection towards the surface can be
switched off by settingM ggf=0. We apply this to the in-
coming electrorn(state ) and to the ejected electrofistates
3 and 4 separately. For simplicity, we denote in the follow-
ing the back reflection matrix elements tfgé'; with i
=1,3,4.

The influence on theg,2e) cross section of selectively
neglecting back reflection events is illustrated in parels
(e) of Fig. 5. The most notable changes are seen in a coun-
terdiagonal stripe of about 3 eV width just below the Fermi
energy. FoR®M=0 [panel(c)], the features far away from
the E;=E, diagonal are strongly suppressed, while those
nearer the diagonal are essentially preserved although notice-
ably weakened. FaR(®¥=0 [panel(d)], it is just the oppo-
site. If all three reflection matrices are switched fgganel
(e)], only weak traces of all these features are seen to sur-
vive. In panel(f), all reflections are taken into account, but B e
for the incoming beam forward transmission events involv- e e e el e e AR
ing nonzero reciprocal-lattice vectors are neglected, i.e., only f) o
Mgo #0. We notice a remarkable similarity with par(e),
where RM=0. This implies that the features far from the
diagonal in panela), which are suppressed in botb) and
(f), require reflection events involving nonzero reciprocal-
lattice vectors.

The changes due to neglecting the above elastic scattering
e s e e oy 1. . Enryshrig i 6,172 4,0,

. - = 6,=40° calculateda) with complete elastic multiple scattering,

presen_t geometry, it suffices to show th_ese onlyEgs E4. (b) with primary electron back reflection matrix elemeﬁt&)zo,
(see Fig. & Let us focus on the behavior of some typical (c) with complete matrixR™ =0, (d) with RG9=0, (e) with R
prom'lnent peaKS labeled—F in Fig. 6@a). PeakA IS seen to =0 andRG4=0, (f) neglecting for the primary electron all trans-
be still present in panelb) and(d), but absent ir(c). It can

. - ' mission matricesM_ , exceptM g, . The selected constant values
thus be interpreted as arising mainly from off-spectéias- of Ez+E, are as follows: in the right-hand panels, 12 &ashed

tic) reflection of the ingoing electron followed by forward ¢res 11 ev (dotted curvels and 10 eV(solid curves; in the
inelastic scattering, i.e., a diffraction-lo3L) feature in tra-  |eft-hand panels, 8 eVsolid curves and 7.5 eV(dotted curves
ditional EELS terminology. Its absence in paf@lcorrobo-  Note that the curves are shown only 5<E,, since the symme-
rates this interpretation. In contrast, péakanishes in panel  try of our normal-incidence geometry dictates thatfge E, they
(d), but is present irfb), (c), and(f). Forward inelastic scat- are simply mirror symmetric.
tering followed by reflectior(LD) can thus be identified as
its main origin. For peak€ andD, off-specular reflection of
the ingoing electron is seen to be most important. Their wea X . . . .
presence in panéd) indicates, however, a significant contri- elastic reflection of the primary electron was pointed out in
bution from direct inelastic scatteririgithout any reflection ~RefS- 6 and 26. _ _
events. PeaksE and F involve mainly reflection events of ~ 1h€ above suggests that one may obtain some more quali-
the outgoing electrons 3 and 4, but also off-specular refledative insight into the collision process, which leads to a
tion of the primary electron. particular feature in theg,2e) cross section, by singling out

In summary, elastic reflection events play a very impor-certain specular or nonspecular plane-wave parts from the
tant role, with some features in the,e) energy distribution ~ ingoing and the outgoing one-electron states, and then exam-
involving mainly reflections of the ingoing electron, others ining a(hypothetical collision process involving these plane
mainly those of the outgoing electrons. We note that this isvaves. Since these plane-wave parts are inside the solid, it is
in line with what was found in EELS experimefitsand  essential to take into account the refraction of the primary
calculations?® For reflection mode €,2e) at moderate pri- and the ejected electrons at the surface potential barrier of
mary energies, elastic reflection events were considered ineightV,, , whereV,, is the real part of the inner potential.

-10 -5 0 -10 -5 0
E; - E4 (eV)

Qetail in Ref. 4. For low-energye(2e), the importance of
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As is well known, the internal polar angles of incidengg)(
and of exit (¢5,6;) are connected with the external ones
according to

sin(6/) =/ E+EV0 sin(¢;) with i=1,3,4. (17)

Refraction is obviously stronger the smaller the energy and
the larger the external angles are. Wiy, =14 eV, this
entails for the presently considered primary energies of
around 20 eV that the internal scattering geometry departs
significantly from the external one even if one focuses only
on specular parts. Moreover, the dependenc,@fnd 6, on

E; andE,, respectively, implies that the internal scattering
geometry is a different one for each pak4,E,). Even for

our symmetric normal incidence geometry, in which the pri-
mary beam is not refracted, these internal geometries are no
longer symmetrical, i.e 3+ 6,, except for the special case
E;=E,. We note that our results calculated according to Eq.
(11) implicitly contain the refraction effects, since our one-
electron states are solutions of the Dirac equation in the en-
tire space(i.e., semi-infinite solid and vacuym s

V. EXPERIMENTAL AND THEORETICAL RESULTS

T —T O+ | L |
4 6 8 10 12 0 2 4 6 8 10 12
E, (V)

In the following we present and discuss experimental re- 0 O"- T
sults together with their theoretical counterparts for two co-

planar geometries: first, normal incidence and symmetric de-
tector positions; second, grazing incidence and non- £ 7 contour plots of (E,E,) for E;=17.2 eV, 6,=0:

symmetric detector positions. calculations for sharf; and emission angleg;= §,=40° without
hole lifetime (a) and with hole lifetime(b); calculations with hole
A. Results for normal incidence lifetime and for (¢5 and 6,) distributed over a 22° cong), for a

L finite E, distribution(d), and for both the 45, 6,) distribution and
In order to make quantitative contact between theory anqLe E, distribution (): experiment().

experiment, the finite energy and angular resolution of the

apparatus have to be taken into account. Since their influence

is presently quite significant, we illustrate in Fig. 7, for the tion) dictates mirror symmetry of the contour plots with re-
typical primary energye;=17.2 eV, in some detail the tran- Spect to theE;=E, diagonal line. All the computed plots in
sition from the ideal theoretical contour plot to experimentalfact exhibit this symmetry, while there is a slight asymmetry
reality. The effect of an energy-dependent finite lifetime ofin the experimental data. As rather obvious reasons for this
the bound electrofstate 2 is seen by comparing the contour asymmetry, we identify the counting statistics and some
plot in Fig. Ab) with that in Fig. 71a). While the cross- small deviation from the nominal geometry.

section features witlE, close to the Fermi energgsolid In Fig. 8 we show for some further primary energy values
counterdiagonal lineare almost the same, the ones betweerexperimental contour plots in comparison with calculated
4 and 6 eV belovwEg in Fig. 7(a) are weakened and broad- ones, which include energy-dependent hole lifetime and av-
ened due to the comparatively short lifetime in this energyeraging over theE; distribution and the detection angular
range. Taking into account the experimental energy distribueone. ForE;=15.9 eV, we observe a rather sharp “central
tion of the primary electronfFig. 7(d)] leads to a smearing feature” stemming from bound electrons closefpandky

out of the features within 2 eV oEr. Sampling of the close to zero. FOE,;=19.8 eV, this feature is significantly
ejected electrons over finite emission cones of 22° widthextended along the counterdiagonal. This trend—into which
around the nominal coplanar directiong;E 6,=40°) is  the results in Figs. (8) and 7f) fit—is seen to continue at
seen[in Fig. 7(c)] to produce a broadening of the original E;=23.7 eV, but with individual structures along the coun-
features in the counterdiagonal direction. This appears plauerdiagonal emerging.

sible because a given deviation&f and 6, from 40° entails A more detailed picture of this evolution of features close
a deviation inky, which increases with the differend®;  to E is provided by the energy sharing curves in Fig. 9. The
—E,4. The cone-averaged intensity far away from the diag-agreement between experiment and theory is seen to be
onal therefore involves bound electrons with more widelyrather good except at larger energy differences, where the
distributed values ok, . The combination of th&, and the  experimental curves go to zero more rapidly. As one can see
63 4 distributions leads to Fig.(&), which agrees quite well directly in the contour plots in Fig. 8, this experimental cut-
with the experimental data in Fig.(fJ. We note that the off occurs if the kinetic energy of one of the ejected electrons
present geometrynormal incidence and symmetric detec- reaches 1.8 eV. It is a consequence of our coincidence time
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FIG. 9. Energy sharing curves f@; =0° andE; as indicated in
the upper right corner of each panel: calculatisnlid lines and
experiment(filled circles with I(E3,E,;) averaged owea 1 eV
interval centered at th&;+E, values indicated on the left-hand
side of each curve. Below eadf;+ E, value, the corresponding
value of E, relative to the Fermi level, which is simply obtained
from energy conservation & —4.6— (E;+E,), is given in brack-
ets. Both the theoretical and experimental cross sections are in ar-
bitrary units.

FIG. 8. Contour plots of theoretical and experimen{d;,E,)
for 6,=0 (normal incidencefor primary energie€, as indicated for Ez andE, close to the experimental cutoff energy of 1.8
in the panels. eV. Furthermore, the probability of this “accidental event”

increases monotonically with the primary energy. Since the

window of 200 ns. This upper limit for the detectable time- Probability for the true event does not grow in such a mono-
of-flight of an electron implies a lower limit of approxi- tonic way, the accidental-event probability increases relative
mately 1.8 eV for its energy. to the true-event probability. This is in accordance with the

It is remarkable that for botE; andE, very close to 1.8 observed behavioa) of the dark spot. If at fixed primary
eV, the experimental data in Fig. 8 exhibit a prounouncecenergy the primary current is increased, the true-event inten-
cross-section maximum‘dark Spot”)' which is Comp|ete|y Slty grows "nearly, whereas the accidental-event intenSity
absent in the theoretical results. This feature must therefor@creases quadratically. Consequently, the latter grows rela-
be due to a mechanism other than the production of twdive to the former, and the dark spot should become more
outgoing electrons by a direct collision of a primary electronProminent. The mechanism, which involves two secondary
with a valence electron. This mechanism should—in additiorflectrons generated by two different primary electrons, thus
to the very existence of the dark spot—account for the fol-2lS0 explains the behavigb) of the dark spot.
|0wing two experimenta”y observed properties: the dark SpOt Another feature, which is absent in the calculated resultS,
increaseg(relative to the intensities nedr) (a) with in- IS the maximum nea;=E,=6 eV in the experimental data
creasing primary energy and) (for fixed primary energy ~ for E;=23.7 eV and, somewhat less pronounced, fqr
with increasing primary current. We propose the following =19.8 eV. As a possible mechanism we suggest energy loss
qualitative explanation. A given primary electron is followed of the primary electron fronk, to an energye;, which does
by a second primary electron within a time intervét, not depend on the value &f;, and subsequent collision with
which is small compared to the coincidence time window.a valence electron and pair ejection. From the sequence of
Each of these two electrons creates secondary electrons. &gperimental contour plots shown, the cross-section peak
is well known (cf., e.g., Ref. 2Y, the secondary electron nearE;=E,;=6 eV would then consistently correspond to
emission current is, for a given primary energy, maximal atan energyE; of about 16 eV. A clue to the nature of this
energies of a few eV, and the size of this maximum increasesiechanism is provided by the LEED spectrfig. 3) for
(for fixed primary current monotonically with increasing 6=40°, which exhibits a series of surface resonances just
primary energy(up to primary energies of a few hundred around 16 eV. We thus obtain the following picture: the
eV). The probability for detecting a pair event, which in- primary electron gets inelastically scattered into a surface
volves one secondary electron generated by the first primamesonance, which in turn decays by scattering with a valence
electron and one generated by the second, is therefore largedectron(from the vicinity of the Fermi energythus produc-
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ing the observed correlated electron pair wiEg=E,=6 E,=172eV ©,=88°
eV. This interpretation is experimentally corroborated by the
finding that the above cross-section peak is suppressed by
oxygen adsorption.

Since our theoretical method contains the screening
length\ of the Coulomb interaction as a paramegeith the
value 0.7 A underlying all results shown in this wirkve
explored the influence of physically reasonable variations of
\ by performing some additional calculations using the val-
ues 0.35 and 1.4. We found that the absolute values of
I(Es,E4) increase with increasing screening length, i.e.,
longer range of the interaction, with maximal-intensity ratios
9:3:0.6 for thex values 1.4, 0.7, and 0.35 A. The relative
intensities of the features are, however, almost the same, i.e.,
the normalized contour plots look almost identical.

B. Results for grazing incidence

For the geometry, we refer to Fig(ld and the inset in the
top right-hand panel of Fig. 12. The primary electrons im-
pinge on the surface at a polar angle=88° (with respect to
the surface normaland the ejected electrons are detected
coplanar at polar angle#y=47° andd,= 33° with azimuths
such that 4 is in the same quadrant as 1, and 3 in the other.
The scattering angles relative to the direction of the incident
beam are thu®) ;=45° and®,=125°, i.e., one electron of
the pair is forward-scattered, the other backwéimithe nor-
mal incidence case dealt with abov@g=0,=140°, i.e.,
both electrons are backward-scatteyeédlith regard to the
internal scattering geometries discussed towards the end of
Sec. IV, we note that for energi&s, around 20 eV, refrac- FIG. 10. Contour plots in theHs,E,) plane forE;=17.2 eV

tion at the surfacécf. Eq. (17)] changes the external angle @nd the grazing incidenced(=88°) geometry sketched in Fig.

9,=88° into an internald} around 50°. The internal inci- 1(P): (@ k-DOS; paneldb)—(e) showl(E;,E,) calculated without
: . hole lifetime (b), with hole lifetime (c), with hole lifetime for a

idnegnce on the planes of ion cores is therefore far from grazfinite E, distribution(d) and for (93 and 6,) distributed over a 22°

cone(e); the experimental data are shown in pafgl

In Fig. 10 we show, folE;=17.2 eV, thek-DOS of the
bound electrons(state 2) and the g,2e) distribution
I(E3,E,) as it goes from ideal theory to experiment. Com-cones. FoE;=16.1 eV, theoretical and experimental results
parison between panetsandb essentially confirms what we agree rather well, both being dominated by a peak centered
found for normal incidencécf. Fig. 5: a finite k-DOS is  around E3,E,)=(5,6). ForE;=19.8 eV, however, the cal-
necessary, but the Coulomb matrix elements involving alsgulated distribution looks rather different from the experi-
the other three states can have substantial influence. MoBiental one, with strong features of the latter absent in the
notably, the stronk-DOS features arounii;,E,=(2,9.5) former. One of these, close B near E3,E4)=(8,7), can

and (9,1) do not show up at all in the cross section. Finitdoe attributed to a surface state and will be discussed in detail
hole lifetime [Fig. 10c)] again weakens features further below. Another one is a broad peak around (5,6.5) superim-
away fromEg and the sampling over the emission conesposed on the (5.2,6) feature also present in the calculated
[Fig. 10e)] produces a concentration towafig=E,. Com-  plot. A broad peak around the same energies (5,6.5) is seen
parison with experimerFig. 10f)] shows very good agree- for E;=23.8 eV to dominate the measured distribution and
ment with regard to the dominant feature arourit (€,) to be absent in the calculated one. We interpret this broad
=(5,6). The experimental peak arou@5,7) is reproduced peak in the same way as the (6,6) feature observed for nor-
by the calculations in panel&) and (d), but has been mal incidence(see Fig. 6 and the above discusgicenergy
smeared out by the angular averaging in paffigl As ob- loss of the primary electron frof, to an energye;, which
served and discussed above for normal incidence, the expedoes not depend on the valuesf, and subsequent collision
mental data in addition exhibit a “background spot” near with a valence electron and pair ejection.

(Es3,E4)=(2,2), and a cutoff foE; or E, below about 2 eV, Due to the increase of multiple energy losses and back-
which is due to the 200 ns time window used for the coinci-ground with increasing primary energy, comparing theory
dence condition. (which contains only single collision eventsnd experiment

In Fig. 11 we show for some further primary energy val- by means of gray-scale contour plots becomes less adequate.
ues experimental contour plots in comparison with calculatedinstead, one should rather employ energy sharing curves.
ones, which include energy-dependent hole lifetime and avSuch are shown in Fig. 12 for a sequence of primary ener-
eraging over theE; distribution and the detection angular gies. We recall that each point in these curves is obtained by
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I1(E;3,E,) for 6,=88° (grazing incidencefor primary energieg;

as indicated in the panels. ]
FIG. 12. Energy sharing curves fé;=88° andE; as indicated

summingl (E3,E,) over anE;+E, interval of 1 eV cen- in the upper right corner of each panel. The presentation is analo-
tered at the nominal value d;+E,. All the curves are 9ous to the one in Fig. 9. In the panel fi{=19.8 eV, the addi-
quite asymmetric with respect #;— E,=0, which is to be tional empty circles represent dqta ob.tained.after adsorption of oxy-
expected from the absence of symmetry in the scattering g&en on WO001). The dashed lines in regions of large energy
ometry. differences represent a hocsmooth truncation of the calculated
For E;=16.1 eV, experiment and theory exhibit a domi- 4Ves:
nant peak aE;—E,= —2.5 eV. To understand its origin, we
performed additional calculations with elastic reflection ma-the cross section is small. Collision of the directly transmit-
trix elements selectively switched off. While specular andted beam with valence electrons produces mainly two elec-
nonspecular reflection of the primary electron and speculatrons going forward, i.e., into the crystal, and their subse-
reflection of the ejected electrons turned out to be unimporguent reflection, with one of them nonspecular, channels
tant, nonspecular reflections of the ejected electrons play them right into the detectors. This sequence has therefore a
crucial role. One can therefore visualize the underlyinghigh probability.
mechanism as a forward collision event between the primary Analysis of prominent peaks in the other calculated en-
and valence electron followed by nonspecular reflectiorergy sharing curves revealed the same underlying physical
events, i.e., a loss-diffractiofLD) -type process in tradi- mechanism. In particular, this also holds for the strong peak
tional terminology. Furthermore, direct transmission of thetowards the “far right” of most of the calculated energy
primary electron through the atomic layers by far dominatesharing curves, which falls into the experimental cutoff re-
transmission with deflections involving surface reciprocal-gion. For all the peaks investigated, direct transmission of
lattice vectors. The key to understanding these findings liethe primary electron is vital, whereas deflection by a
in the fact that the direct collision cross secton is large forreciprocal-lattice vector plays a very minor role. Finally, we
small momentum transfer, i.e., if both of the scattered elecwould like to point out that switching off certain reflection or
trons move in the forward direction, and is small if one of transmission matrices does not necessarily red(€e, E,)
them goes backward. Since in the present geonfefrithe  or leave it unchanged, but it can also enhance it. The latter is,
inset in the top right-hand panel of Fig.)l@ne ejected elec- however, not surprising, since the elastic multiple scattering
tron is backward-scattered, direct collision without any re-is coherent, and omission of an amplitude, which destruc-
flection has a low probability. For collisions with specularly tively interferes with some other, leads to an enhancement
reflected primary electrons, 4 is still backwards and hencef I.



16 430 R. FEDERet al. PRB 58

Within the cutoff limits, good overall agreement between VI. CONCLUSION
experiment and theory is seen for most of the curves, but
there are some discrepancies. A substantial one occurs fﬂ{

primary energyE;=19.8 ev andE,=—0.7 eV aroundEs  ojactrons with energies below 25 eV at normal and at grazing
—E,=2 eV: astrong experimental pedibeled byS) con- jncigence. Our theory describes, in the spirit of a distorted-
trasts with a small c;alculated shoulder. The dlsqppearance HNave Born approximation with exchange, a single collision

this _peak in e>_<p_er|ment upon oxygen adsorption suggesigyent between the primary electron and a valence electron
that it might originate from a surface state or resonance. IResulting in two electrons leaving the crystal. For each of the
fact, photoemission experiments on(0W1) (Ref. 28 re-  four-ingredient one-electron states, elastic multiple scattering
vealed three surface resonances with energies fairly slightlgy the ion cores is fully taken into account.

dispersing withk| , but intensities varying quite strong(gf. For valence electron energies within a few eV of the

Fig. 6 of Ref. 28. To make closer contact with these data, Fermi energy, we have found good overall agreement be-
we therefore need to know of the valence electron asso- tween experiment and theory. Since the latter involves only a
ciated with our peal§. From energy and parallel-momentum single direct collision between the projectile and a target

conservation ~one  easily  obtains Ky = (kyy,0)= electron, thi§ agreement implies that such direct coIIisions
(—0.953,0), whereg is the surface reciprocal-lattice con- are the dominant origin of the two electrons observed experi-

stant. In the first Brillouin zone, we thus fink,,+g  mentally. , ) ) ,
=0.05, which is about 0.1 AL, At this value, the photo- Additional calculations, in which selected elastic scatter-

emission data of Ref. 28 exhibit a strong surface resonance ing matrix parts for either _the primary or the de’gected elec-
energy—0.4 eV relative toEr, and a weaker one at 0.8 trons, or for both, are deliberately discarded, yielded more

eV. Our peakSis thus clearly associated with the0.8 eV |nS|ght into the mechanisms “Udef'y'”g particular cross-
) . section features. Generally, elastic reflection was found to be
resonance. Due to our data collection o€l eVinterval of

very important. More specifically, certain features mainly re-
E;+ E, and consequently d&, between—1.2 and—0.2 eV, y Imp P y y

| : buti ¢ ) th th quire elastic reflections in the primary electron state, while
S also contains contributions from scattering with th8.4 ¢, qthers reflection in one of the ejected electron states is

eV resonance. _ _ indispensable.

The absence o in the calculated curves is due to the  Qyr experimental data reveal occupied surface states
Bloch wave matching method employed for the valencepithin 1 eV of the Fermi level, in accordance with our den-
state. Since this method requires using a real crystadjty of states calculation and with earlier photoemission data.
potential—with the imaginary inner potential pafg; taken  To obtain the corresponding@e) features theoretically, the
into account by a subsequent convolution with aBloch wave matching treatment of the valence electrons in
Lorentzian—surface states have very sharp energies. Consedr present formalism has to be replaced by a Green-function
qguently they are most likely not to be found in the presentlymethod, which incorporates lifetime broadening from the
used computationally viable energy grid. To expl&¢ur-  start rather than taking it into account by a Lorentzian con-
ther, we employed a Green-function metH8ayhich a pri-  volution.
ori incorporates lifetime broadening, to calculate the layer- In conclusion, our results ensure a bright future for very
andk -resolved density of states of the valence electrons. Fopw-energy €,2e) spectroscopy in the reflection mode from
k; around 0.1 K1, we thereby found two surface features atsolid surfaces_. Although it is theoretically far more_compll-
the above energies. With increasifig, the measured sur- cated than high-energye(2e) spectroscopy, experimental
face state peak in Fig. 12 is seen to move from 2 eV to 4.%/at& can be quantitatively reproduced by numerical calcula-
eV (at E;=21.9 eV} and becomes less prominent. tions and interpreted in terms of underlymg physical mecha-

The influence of physically reasonable variations of theISMS. The surface.sensnlwt)./, V.Vh'Ch we fognd, suggests
screening lengtih of the Coulomb interaction on the calcu- usefulness for studying ultrathin film and multilayers.
latedl (E3,E,) was found to be similar at grazing incidence
as above at normal incidence. While the absolute values of
I(E5,E,) increase with increasing screening length, the rela- It is our pleasure to thank Udo Rker for his valuable
tive intensities and hence the contour plots are almost thassistance in the graphical presentation of the calculated re-
same. sults.

We have measured and calculated cross sections 28)(
the reflection mode from the W01) surface for primary
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