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Binary-electron emission in grazing ion-surface collisions

M. L. Martiarena* E. A. Sanchez* O. Grizzi* and V. H. Ponce
Centro Afanico Bariloche, 8400 Bariloche, Rio Negro, Argentina
(Received 5 July 1995

We study the binary-electron production due to single-electron excitation by the direct screened Coulomb
interaction between the projectile and the surface. We analyze the energy spectra of electrons emitted during
the interaction of ions with surfaces under grazing incidence conditions. For high ion energl€® (
keV/amu, the binary-electron peak is shifted to energies lower than those expected in ion-gas collisions. The
calculations of the electron energy distributions for different projectile charges, surfaces with different Fermi
energies and work functions, and several electron observation angles are in qualitative agreement with the
experimental data. For lower ion energi@0—100 keV, the present model gives a better description at large
observation angles. This indicates that the “shifted convoy” structure, which dominates the electron emission
spectrum around the direction of the specular reflection, cannot be ascribed to a binary-collision mechanism.

PACS numbegs): 34.50.Dy, 79.20-m

[. INTRODUCTION At electron energies higher thag, , a broad structure
can be observed, which has been identified as a binary peak
The angle and energy distributions of electrons emittedBP). This structure is well known in ion-gas collisiofs3—-
during the scattering of fast grazing ions from surfaces havé6l- The BP comes from hard collisions between the imping-
been the subject of intense research during the past yeal89 ion and target electrons. From energy and momentum
The electron spectra have specific characteristics that depeﬁ nservation in the projectile-electron subsystem, it is pos-

on the projectile energy and incidence angle, on the electrop le to estimate the position of the binary peak as
Proj gy gie, =2v, cos() (k; is the final electron momentum arcthe

observation angle, and on the chemical and topographigjecron emission anglein the spectra published by Kimura
compositions of the surface. _ etal. [10,17, Koyama[9], and Ishikawaet al. [18] the
The electron energy distribution presents a maximum bemaxima of the binary structures observed close to the direc-
tween 3 and 9 eV that increases and shifts to lower electrofion of the ion specular reflection appear centered at electron
energies for increasing observation angtes4]. At electron energies lower thanz%, i.e., the expected value of the
energies arounice=me /2 (with v, the projectile veloc-  maximum in a binary-encounter collision. A similar energy
ity andm, the electron magsand observation angles close to shift of the binary peak has also been observed in ion-gas
the direction of the ion specular reflection, other structuregollisions [16]; however, the energy shift in this case is
have been reported whose shape and energy position depeswtaller than that observed in ion-surface interactions.
on the surface topograpHh]. For rough surfaces a strong  For particular experimental conditions, i.e., energy and
structure is observed &g, usually referred to as the con- incidence angle of the projectile, electron observation angle,
voy electron peaKCEP Ecg. For relatively flat surfaces, and surface topography, it is possible to observe the low-
besides the convoy peak, a broader structu§at Ecc can ~ energy peak, the convoy electron peak, the pedkat and
be observed. For sufficiently smooth surfaces and low electhe binary peak all coexisting in the same spectf@ In
tron observation angles, the last structure becomes the don)® Present work we study the contributions to the electron

nant feature of the electron spectrum while the CEP disapSPectrum coming from single-electron excitation produced
pears in the background. For this case, the low electroRY the screened Coulomb interaction between the incident

energy structure(between 3 and 9 eVbecomes much [ON and the surface electrorithe binary contribution We
smaller than that observed for rough surfaces. analyze these contributions for high projectile energies
The structure aE,,, associated with flat surfaces, has (> 100 keV) as a function ofa) the mass and charge of the
been observed for projectile velocities ranging fropso projectile, (b) the surface propertie&ermi energy and work
(ve is the Fermi velocity [5—7] up tovp of several atomic function), and(c) the electron observation angle. The present

units [8—10]. Its dependence with experimental parameteréhegretical model gives a reasonable description of the ex-
has been investigated in several works; on the other hand, iRerimental data. L

theoretical descriptiofil1,12 is still in its beginnings and a !N the case of low projectile energ{g0-100 keV we
detailed comparison with the whole range of experimentafompare the behavior of the binary structure and the struc-
results has not, as far as we know, been done. In particulat'® atEw . The comparison between calculation and experi-

for the low projectile energy range the structureEat has mental data taken in our laboratory suggests that it is not
been attributed to a binary encounter prodesa]. possible to describe the structurebg} as a binary peak.

Il. THEORETICAL MODEL

“Also at Consejo Nacional de Investigaciones Cieras y Teni- We calculate the electron energy distribution resulting
cas, Argentina. from the bulk electron ionizatiofi3,4,19 produced by the
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direct ion-electron screened Coulomb interaction, approxitarget ionization, the perturbed wave function describing the
mated by a Yukawa-type potential. We consider grazing inpossible states of the system at titnmay be written a$20]
cidence and describe the solid within the jellium approxima-

tion. The electrons are considered essentially free within the . 1 . e

metal volumeV, but bound to the metal half space by a A‘I’(f,t)=T\/—f dwf dky e ki Re (et et

potential stepVo=Eg+W, whereEr is the Fermi energy 2m VA
andW the work function. Solutions of the Schtinger equa-

o ) e*i(Effeofw)(tftO)_l
tion for this potential can be written as x 2| dkek (2)
o=* JO

€t~ €T W
—ikH~R

]
ek (2), 1)
V2mA
. IO ) ) We must consider the asymptotic wave functions describ-
wherer = (R,2), k= (k| k,), andA is the surface area, with jng the final states of the excited electrons. Following the

Wy(F)= (¢l | Q.20 ).

states method developed by Bethe and applying it to the ion-
Ko i surface interaction, the perturbed wave function may be ap-
Sz Y ik gk 2<0 proximated by{21]
kiz+ Iy !

(PEiZ(Z): @ = 1 L a—ikpra—iet
i = “IKfTaTlef — —
2k'Z e—yZ, 7>0 A\P(r,t) \/mf J’ dkfe e 0(kfz(t tO) Z)
ki +iy
XMy ks (6)

confined along the direction normal to the surface. The free

states are separated in two orthogonal sets: outgoing waves . . .
P 9 going Where 6 is the unit step function and

—k . .
He—lpz+ e'P?z  z<0 —ij Ky, . . o
fz My k= — 2 P \Z, _
' ()= @3 = 22| Krp) | 2Pl PQ1 2@ )
ngfz 2
" 5)_ eikfzz’ z>0 kfz_p R o
2" P +ﬁ<¢@2|¢(Q\|.Z,w)|<Pkiz> 7
and incoming waves
ok represents the transition amplitude. The electron emission
_fze—ipz, z<0 probability is obtained by integration of the transition ampli-
p ke, +p tude over the initial momentum distribution inside the Fermi
ey (2)= ke (4)  sphere of radiukg=\2E¢
2| ke peikfzzjL e kiz  7>0
K¢+ ’ ' - -
wtp P(kia o= | dlo(elMi % ®

with p=y2Vy+k;, and y=\2Vy—Ki,.
. .Thle (‘;radnsr?ort orf] the emitted elﬁ(}trogﬁe tﬁ the Slu'rfla'lC)e We evaluateM i analytically and the emission probability
is included through an exponential facet* that multiplies ; D : . :

. e ) : numerically considering parallel ion trajectories.
the electron final states inside the sotjg 1/\, with A the y gp ]
electron mean free path. This takes into account the electron
loss due to multiple collisions only in the outgoing trajectory. IIl. EXPERIMENTAL SETUP

We assume that the ion moves along a classical trajectory 14 experiments at low projectile energies were per-

formed in an UHV chamber that has been described previ-
ously [22]. The mass-analyzed ion beam is generated in a
L - R radio-frequency source, accelerated to 30—100 keV and col-
with vp. =vj€+*v, €,, where— and + correspond to the  |imated to a spot size ap~1.5 mm diameter with an angu-
incoming {<0) and outgoing {>0) parts of the trajectory, |5r divergence of~0.2°. The A[111) target was mechani-
respectively.B is the distance of closest approach with ré-cally polished with 0.05%m alumina and cleaneid situ by
spect to the jellium edg@ocated atz=0). The Fourier trans- repeated cycles of grazing 20 keV Ar bombardment and 5
form of the screened Coulomb field of the impinging ion is min of annealing at 500 °C. No contaminants were detected
eiBH'Qlt ) after the cleaning cycles. The electrons were angylar a_nd
D(Q ,z,t):2wZ,2) — me"BHQ\‘, 5) energy analyzed by a cuitom made rotata_ble cyhncirlcal mir-
(QH| +a?) ror analyzer working at 1% energy resolution and 2° angular
L resolution. The electron spectra were corrected by the trans-
with Q) =kj—ks, the transferred parallel momentum, mission function of the analyzer and normalized to the inci-
B=z=*v, t+B, anda the Yukawa screening parameter. Us- dent ion curren{measured in a Faraday cup after removing
ing the method of variation of parameters for the case othe sample from the ion beam path

R(t)=B&+tvp.




d o/ dv (abitrary units)

100 300 500 700
Electron energy (eV)

FIG. 1. Electron emission spectrudv/dJ for 2.1 MeV Li*
impinging on a SnTe surface with = 0.34° andf,= 6.3°. The
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trons is determined by the relative electron-ion velocity, the
work function, and the Fermi energy. The maximum momen-
tum transferred to the electrons inside the solid through a
binary-encounter interaction is equal #@+ kg (in the pro-
jectile frameg. Those electrons that can overcome the surface
barrier will be refracted, losing an amount of energy equal to
the work function of the surface. Therefore, the maximum
momentum of the electron outside the solid, evaluated in the

laboratory frame fofy~ 6; , is [19]
k' =0 p+Ke| = V2W+ v . (9)

The detailed shape and position of the maximugg+) of
the BP depend also on the density of states of the solid. In
the present work we have considered a free-electron density
of states within the Fermi spherg(k;)=k;. A thorough
evaluation of the BP should take into account a more realistic
description of the density of states and the surface potential
barrier; however, this approximation gives reasonable agree-
ment with the observed binary structure, wigg;< 2vf,.

A. The binary structure for high projectile energies

For high projectile energies we study the dependence of
the BP with different experimental parameters.

dark region corresponds to the calculation and the points to the
1. Mass and charge of the projectile

experimental data extracted from Kimuea al. [10]. The arrows
indicate the convoy electron enerfy.c, the maximum of the elec-

We show in Fig. 2 the electron emission probability

tron distribution atE,,, the theoretical binary peak maximum - A
. do/dv calculated for 0.3 MeV/amu H, He*, Li*, and

Egr, and 22. The height of the calculated spectrum was chosen . . ’ . !
Bl P g P C2* ions scattering from a SnTe surface with=0.34° and

arbitrarily.

IV. RESULTS AND DISCUSSION

Although the interaction potential described here is a

simple approximation to the potential generated by the

close to the surface, the calculation allows us to study the a0k
main features of the binary-electron distribution and its de- { ‘.\
pendence with the projectile energy and charge, the Fermi [ 1;' y

energy and work function of the target, and the electron
servation angle.

The spatial attenuation of the final electron states in the
solid, considered through the facte¥’, seems not to affect
the emission probability very much. This has been discussed
extensively in Ref{4]. For simplicity we use=0.01 a.u. in

all the calculations.

In order to give an idea of the principal characteristics of
the binqry peak in the high p.rojectile energy regime, we 0k
present in Fig. 1 both the experimental results extracted from

Kimura et al.[10] and our calculation for 2.1 MeV i im-

pinging on a SnTe surface. In the calculation the surface was skoi o . |
characterized by a Fermi energy of 12.54 eV and a work A
function of 4.7 eV. The incidence angle was set to 0.34°

0o=5.73°.

35 T T 1

ion

ob- ) O

(dold¥) 7 Z,%(10%au)

20 -

800
\.\ Electron energy (eV)

do/dV (10 a.u.)

and the observation angl® to 6.3°, both defined with re- 0 : . - :
400 600 800 1000

spect to the surface plane.

Electron energy (eV)

We observe in the experimental spectrum that the struc-

ture atEy, is clearly separated from the calculated binary
peak. Furthermore, the binary-peak maximum is shifted to an FIG. 2. Electron emission probabilijo/dv calculated for 0.3

energy aroundEgr=520 eV, considerably lower than MeV/amu H*, He, Li*, and G* ions scattering from a SnTe

2v5=660 eV.

surface withg;=0.34° andf,=5.73°. The inset showdo/dv di-

The maximum electron energy of kinetically emitted elec-vided byzf). The arrow indicates the energy;?.
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can be observed in the inset of Fig. 2, where we present

do/dv divided byZ,zj. This dependence comes from the use
of the first Born approximatiofto study the emission prob-
ability).
The small variations observed in the shape and position of
the BP are related to the changes in the distance of closest
approach to the surface, which is determined for each type of 3
surface and incidence condition, by the charge and mass of ®
the projectile. Using a Molie potential [23] for H*, ©
He™, Li*, and C* on SnTe we obtain distances of closest =
approach of-1.7, —2.2, — 2.4, —2.37 a.u., respectively. ~
In Fig. 3 we compare the calculation presented in Fig. 2 t>
with the data published in Refl7]; we observe that the ©
position of the maximun of the binary peaks are well de-

scribed by the present model. On the other hand, to compare = > L

the shape and intensities it should be necessary to take into
account the absolute experimental intensity after background
substraction and correction for the transmission function of

the analyzer. 1}

2. Fermi energy and work function of the target

We show in Fig. 4 the binary electron energy distribution

1000

N(E) (arb. units)

0
0

T

500 1000 1500 2000
Electron energy (eV)

calculated for 0.98 MeV/amu Af" colliding with several
surfaces characterized by the Fermi enerdigsand work
functionsW listed in Table I. The incidence and observation
angles are 1°. We can observe in Fig. 4 how these param-

eters affect the intensity, the width, and the position of the,.\, 5,12+

BP.

#,=1° and 6,=1°.

2000

2500

Electron energy (eV)

FIG. 4. Electron emission probabilitya/dJ calculated for 0.98
scattering from Al, Si, Cu, Au, and Ag surfaces with
The arrow is at @;. The inset shows the

To our knowledge, the only available data to compareeyperimental data measured by Ishikagtzal. [18].

with our results are those measured by Ishikawal. [18],
taken with the aim of analyzing the structureBsy . There,

the region of the binary peak was not considered in detail.

The results are presented in the inset of Fig. 4. Even when

the comparison is not straightforward it is possible to ob-

] ' ' ' 'Cz" serve that the intensity of the BP depends on the target type.
CE -
AN 2v,2 3. Observation angles
\N We show in Fig. 5 the double differential cross section
w0 L ; L . L ] do/dv calculated for 0.98 MeV/amu Af* scattering from
-"é et Li* an Al surface withg,= 1° and 6, equal to 3°, 6°, 8°, and
5 | \x‘ ] 15°. As in the case of ion-atom collisions the maximum of
) = SN the BP shifts to lower energies when the observation angles
8 = increases.
’_g 0 t 4 L In the inset of Fig. 5 we present the available experimen-
= Py He' tal (_jgta measured _by Koyan[@]. The lines indicate the
~ 3% position of the maximum predicted by the present model.
> - SN . . o :
) |/ \._ Thg position of the BP maX|mum_at 15° is re_asonat_)ly de-
-8 scribed by the model; for a detailed comparison with the
0 L L 1 experimental data it should be necessary to extend the spec-
tra to higher electron energies.
- H*
-: E'Y TABLE I. Fermi energy, work function, and distance of closest
o \'\___Nw_,______\“__ approach used in the calculation shown in Fig. 4 for different target
0 1 . L S materials.
200 400 600 800 _
Electron energy (eV) Al S Cu Au Ag
Er (eV) 11.70 9.00 7.00 5.53 5.49
FIG. 3. Comparison between the calculations of Fig. 2 and theN (eV) 4.25 4.85 4.40 4.30 4.30
experimental data reported by Kimueaal.[17]. The arrows indi- B (a.u) -4.14 417 -3.41 -3.29 -3.04

cate the convoy electron ener§yg and m;.
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10

p,=—
—~ 8 ° &°
3 e a
© e 15° 3 Y FIG. 5. Electron emission probabilityo/do
D s+ A - q calculated for 0.98 MeV A" scattering from an
AV | — om0 M I Al surface with §;=1° and the observation
' ¢ 506 1000 1500 2000 anglesd, indicated in the figure. The arrow is at
5 4 T Flectron energy (¢V) 2v3. The inset shows the experimental data mea-
B - sured by Koyamd9] and the lines indicate the
T Ll /;’ position of the maximum predicted by the present
model.
0 l: A . N
1500 2000 2500
Electron energy (eV)
B. The binary structure for low projectile energies keV H* scattering from an Al surface with;= 1.3°.

We show in Fig. 8 the electron emission probability

da/dv for 30, 50, 70, and 100 keV H scattering from an Al
e surface withg;= 1° and6p= 1°. The lines correspond to
the calculations and the points to our experimental results.
The experimental spectra are normalized with the incident
current; the spectrum for 100 keV Hscattering from Al
surface withg;= 1° and §,= 30° was matched to the cal-
ulated curves at an electron energy of 230 eV. The same

In Fig. 6 we present the electron emission probability

do/dv calculated for 29 keV H scattering from an Al sur-
face with 6,= 1.3° andéfy,= 10°. Three different cases ar
considered(a) without screening, i.ea = 0.0; (b) with a
Thomas Fermi screening length= \/§(wp/vF), with w, =
bulk plasma frequency; ar(d) similar to(b) but with w, (the
surface plasma frequencinstead ofw, since the character-
istic range of the screened potential when the ion is outsid

the medium is related to the surface plasma frequédgty actor was used for fa” the spectra of Figs. 8 ar_1d 9.
We observe in Fig. 6 that the binary peak cannot be iden- As we have mentioned above, in the theoretical curves of

tified as an independent structure of the spectrum as is thg'd- 8 we observe that the BP appears as an independent

case for high projectile energies. In this case, the calculatioﬁtruCture ?nlyzhfor suﬁlc;?]r_wély ?t'gh pr;)jeCtI'IAel etrr:ergy. (‘jf?ls IS
of target ionization shows a low-energy structure that is ecause, Tor In€ case of mscattering from Al, the condition

strongly dependent on the screened potential. This behavidp=UF+ V2Vo is verified when the projectile energy Is

is related to the allowed final electron momentum, restricte keV.

by energy conservatiofid]. If |vp—kp|s J2W there will be The experimental spectra show the structureE@t and

no allowed final momentum states aroukid=v, and then atE,,, as well as the low-energy structure mentioned above.

the electron emission probability has a maximum at low en?*N Independent binary peak similar to that measured for the

ergy and a tail that extends up to an energy equal ggase of high projectile energy IS not qbserved. .
(k™)2/2. The dependence of this effect on the electron ob- We can see from the comparison with the calculations that
sefrvatién angle is shown in Fig. 7, where we present th the present ionization mechanism cannot describe the struc-

) ) i R ?ure atEy, . In particular, for 100 keV H on Al this struc-
calculated double differential cross sectidia/dv for 29 ture appears in the region where the final momentum states

produced by a binary-encounter collision are forbidden by

7.5x10°2 T T T T

0.06

—_ .
S5 5.0x10" 5
pr 4004 k]
-

>
% k-

=
- 40.02 o
b 25102 [ ©
k-]

0.0

Electron energy (eV)

N o © S & &
FIG. 6. Electron emission probabilitgo/dv for 29 keV H* Electron energy (eV)
scattering from an Al surface witld;= 1.3° andf,= 10°. The
curves correspond to the calculations done with the screening val- FIG. 7. Electron emission probabilitgo/dv for 29 keV H*
uesa detailed in the figure. The arrows indicate the electron energyscattering from an Al surface witl#;=1.3° and theobservation
Ey and 215. angles indicated in the figure.
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10
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0 50 100 150 200 250 300

82 f 8, = 20°

d o/ dv(a.u.)

L o) 1 0'5 ' 1 . 1 . 1 . 1 ' 1 s
0 50 100 150 200 250 300

0 100 200 300 10"

107 .
10 E\ g s .
107 E . 1 A ] . 1 N 1 N g 5

300 0 50 100 150 200 250 300

100 keV

Electron energy (eV)

Electron energy (eV)

o . - FIG. 9. Electron emission probabiliuo/dJ for 100 keV H*
FIG. 8. Electron emission probabilije/dv for 30, 50, 70, and scattering from an Al surface witl#;=1° and the observation

+ i I . — ° —
100 keV H" scattering from an Al surface it = 1° andf= 1 anglesd, indicated in the figure. The lines correspond to the calcu-

°. The lines correspond to the calculations done for the same. . . ) .
: . . . ations done with a screening vale=0 and the points to our
screening values of Fig. 6 and the points to our experimental re-

o experimental results.
sults. The arrows indicate the convoy electron enefgy, the P

structure aEy , and 3. _ . . .
the high-energy region that coexists with the peakEgt

energy conservation laws. Within this model, the BP will (Figs. 1-4. This structure, shifted to energies lower than
contribute to the background of the structureEat and it 2,2 can be ascribed to ionization of the bulk due to direct
will only determine the shape and the behavior of the highgiision with the impinging projectile(binary peak The

energy tails. , , ain characteristics of the BP at high projectile energies are
In Fig. 9 we present the calculation and our experimentaj,, following.
data obtained for 100 keV H impinging on Al at 1° inci- (i) The shape and position of the maximum are hardly

dence for different observation angles. It can be seen that fq P
high observation angles, where the convoy emission and thcfﬁge:;dent on the charge and mass of the projetigs. 2

structure atky, are almost suppressed, the present model” . . . . .
describes quglitatively the whglea electron spgctra. A differ- (if) The position _ano_l Intensity of the binary peal_< depend
ence is observed in the low-energy part of the spectra, whe ot only on the projectile velocity aqd the ohservation ?”g'e
the intensity of the experimental data is higher than that ofF19S: 2 and bbut also on the Fermi energy, work function,
the calculated ones. This discrepancy could be due to th@"d density of states of the solid valence band. In particular,
following: (a) the screening potential—in this model we con- the shift to lower energies and the intensity are greater for
sider a direct ion-electron screened Coulomb interaction, agligher surface barrier§ig. 4 and Table)land higher obser-
proximated by a Yukawa-type potentigh) simple electron- ~vation anglegFig. 5).
hole pair decay of surface and bulk plasmons; aop For a thorough analysis of these behaviors it is necessary
secondary-electron emission: primary electrons moving into acquire more experimental data in the BP region to show
side the solid can suffer multiples collisions, generating an detail its dependence on the parameters studied above.
collision cascade of secondary electrons that can be emittdeurthermore, the effect of the electron transport and the in-
from the surface. These last two effects were not taken intelusion of core electrons in the calculation of the ionization
account in the present model and will produce an incremenghould be incorporated to the present model, especially for
of the intensity in the low-energy region of the electron specprojectile incidence conditions in which the ion penetrates
tra. the topmost atomic layer of the solid.
In the case of intermediate projectile energies the calcula-
V. CONCLUSIONS tions and the experimental data show that the binary peak
In the case of high-energy collisions the electron energyoes not appear as an independent structure on the electron
spectrum presents a broad and relatively small structure ispectraFig. 8. On the other hand, a high electron emission
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is shown at low energies. The main characteristics of thereased, the present model is in good agreement with the
electron emission at low projectile energies are summarizedxperimental datéFig. 9).
as follows. (i) The electron emission produced by the direct
(i) The position of the maximum and the intensity of the screened Coulomb interaction between the projectile and the
calculated spectra are strongly dependent on the screenitgrget electrons cannot account for the structure gt
factor (Fig. 6). For a better description of the low-energy
region it would be necessary to take into account a more
accurate theory4].
(i) Far off the direction of specular reflection of the pro- We acknowledge partial support from CONICEGrant
jectile (A,>10°), where the emission &,, is strongly de- No. PID 3292/92 and Fundacio Balseiro.
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