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Dynamic response of target electrons on elastic scattering cross sections for heavy-ion impact
on a high-Z atom
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Large-angle elastic scattering cross sections were measured for medium enérgydée ions impact on
Ni, Sb, and Hf atoms and the results are compared with those calculated using screened interatomic potentials.
As the screened Coulomb potential, we employed the Wwli&iegler-Biersack-LittmarkZBL), and that
calculated numerically by solving the Poisson equation applied to the HartreedABtlkatomic model. For
He" impact, the ZBL and HF (He is assumedpotentials reproduced well the observed scattering cross
sections but the Moli@ potential underestimated them significantly. Surprisingly, however, férin@act on
Sb and Hf, the observed scattering cross sections were much larger than those calculated from all the above
screened interatomic potentials, althoughtNewas assumed for the HF potential. In a large-angle collision,
a projectile heavy ion attracts the target electrons to distort the electron cloud and as a result it changes the
electric field upon the projectile. The observed scattering cross sections are reproduced well by assuming a
simple model that the center of gravity of the target electrons slightly shifts toward the projectile by 0.09-0.12
A for Hf and 0.066—0.070 A for Sb from the nucleus.
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lon scattering spectroscopy has been widely employed foscattering cross sections. The differential scattering cross
elemental depth profiling and structure analysis of solid sursections were measured with a surface-barrier-type detector
faces. The quantitative analysis is made by classical mechafPr 70—-130 keV He ions incident on Ni (3=28), Sb (%
ics based on the simple binary collision model, so-called=51), and Hf (2=72) and for 90, 110, and 130 keV Ne
“Rutherford backscatteringRBS)” analysis. In the low- and impact on Sb and Hf. Polycrystalline (32.8 A) and amor-
medium-energy regimegseveral hundreds of ev—a few Phous HfQ (7.2, 8.5, and 19.2 RAlayers were formed on

hundreds of keV; however, the screening of a nuclear charg@idized Si substrates by molecular beam epitaddBE)
by the bound electrons must be taken into account. Up t&md on oxynitrided Si substrates by chemical vapor deposi-

: CVD), respectively. Reflective high-energy electron
now, several screened Coulomb potentials have been pr(B'?n ( . ) = :
posed[1—4] and the most frequently used are the e diffraction (RHEED) confirmed polycrystallinity of the Ni

. . . . layer and cross-sectional transmission electron microscopy
and Ziegler-Biersack-LittmarkZBL) potentials. It has been (TEM) showed amorphous and uniform HfGrowth on

recognized that the Molie potentiql _gives significantly dif_- Si(001). In addition, the Si(111)3xv3-Sb surface was
ferent va_Iues of shadovx_/ cone radii in the_low-er?erg_y regiM&iso prepared as a sample. We measured in advance the ab-
and the improved one is the ZBL potential, which is appli- ;| ;te amounts of Ni, Sb, and Hf by RBS using 2.0 MeV
cable to all the energy regim¢s]. He™ beams. The accelerated ion beams were collimated to
The screengd interatomic potentials proposed. S0 far havg ogx 2 mn? and impinged on the target, which was
basically a static nature. In a real large-angle collision, targef,ounted on a six-axis goniometer. The typical beam current
electrons should respond to the electric field induced by agyas a few nA and the irradiation area was shifted after an ion
incident projectile charge and thus the response should defpse of 0.14C. Therefore, the sputter erosion of the target
pend upon the ion energy and its trajectory. The elastic scatayers was negligibly small. The backscattered He and Ne
tering of slow electrons from atoms and molecules has somparticles were detected with a bakable surface-barrier-type
resonant charactef6,7] which have been discussed in terms solid state detecto(SSD), which was mounted on a turn
of polarization of a target atom and molecy®-10. In  table. This SSD has an insensitive layer of Au with thickness
ion-atom collisions, the observed ionization cross sections 0£00—-150 A deposited on amtype S{001) substrate. The
the target and projectile were discussed, considering th#ansmission rate for 80 keV Ne particles was estimated to be
nuclear (projectile—electron (targe} (screening and the about 95% from Monte Carlo simulation, using theim
electron-electron interactiofantiscreening[11,12. To our  code[13]. The backscattering experiment was perfornred
knowledge, however, there is no report on the calculations o$itu for the Ni/S(111) and Si(111)v3Xv3-Sb andex situ
elastic scattering cross sections affected by the response far the HfO,/Si(001) under an ultrahigh vacuum condition
target electrons to projectiles in ion-atom collisions. (<3%x10 *Torr). In order to measure the beam current
In this study, we show that a heavy ion impact distorts theprecisely, we applied a bias voltage 00 V to the target
electron cloud of a target atom and it changes the elastiand also to a final aperture placed in front of the target. The
accuracy of the integrated beam current was estimated to be
better than+5%, which was confirmed by comparing the
*Corresponding author. FAX+81-77-561-2657; target beam current with that measured by a well-designed
email address: ykido@se.ritsumei.ac.jp Faraday cup placed in front of the scattering chamber.
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FIG. 1. Backscattering spectra observed for 130 keV K&

and Né (b) ions incident on HfQ(7.2 A)/Si(001) and backscat- FIG. 2. Observedfull square$ and calculated scattering cross
tered to 150°. sections for H&é impact on Ni(a) and on Hf(b) as a function of
incident energy. Calculated scattering cross sections are denoted by
Figures 1a) and 1b) show the backscattered spectra ob-solid (HF), dashedZBl), dot-dashedMoliere), and dot-dot-dashed
served for 130 keV He and N€ ions, respectively, incident ~(Unscreenedcurves.
on HfO,(7.2 A)/Si(001) and backscattered to 150°. For'Ne
impact, the scattering component from Hf slightly overlaps V2V(r)=4mepo(r)—4mZ,ed8(r), 2
with that from Si. The contribution from the overlapping
rggion was evaluated by computer—gimulated spectrum ?na%heree andZ, are the elemental charge and targetum-
sis [14]. Thus, the total backscattering yields were ob_talne_doer, respectively, andy(r) is the electron density calculated
with an accuracy of 3—49%. The spectrum broadening, imyymerically from the Hartree-Fock-Slater modiéb, 16. It
particular, seen for Neimpact is due to the passage through yst be noted that all the conventional interatomic potentials
the msensﬁyve Au Iayer .of the _surface barrier detector. Thg,ch as Moliee and ZBL include ndeffective projectile
backscattering yield is simply given by charge explicitly and are expressed only by internuclear dis-
tance and screening radius givenby(projectileZ numbej
)AQNAX 1) andZ,. The HF potential presented here needs an effective
' projectile charge to act as an interatomic potential. We cal-
culated numerically the ion trajectories by computer simula-
whereQ, da/dQ), AQ, andNAXx are, respectively, the num- tion (to solve the equation of motion at a time intervet
ber of ions incidence evaluated from the integrated bean 10" 1% s) for impact parametersands+ As and obtained
current, differential scattering cross section of interest, solidhe corresponding scattering angieésind 6—A 6. Then the
angle subtended by the detector, and target thicknesscattering cross section d§/dQ) is given by
(atoms/cr). Q, AQ, andNAXx are already known and thus 2msAs/27 singA6. The observed scattering cross sections
the measurement of the scattering yiddjives the corre- agree well with those calculated from the above three types
sponding scattering cross section. of screened interatomic potentials and are slightly smaller
Figure Za) shows the observed scattering cross sectionthan the Rutherford scattering cross sectignaescreened
for 90, 110, and 130 keV Heions incident on Ni and back- Coulomb potentigl Here, the H&" state was assumed for
scattered to 110°. We calculated the scattering cross sectiottee HF potential. In the present scattering conditions, the
using four types of interatomic potentiald) unscreened?) distance of the closest approach ranges from 0.0068 to
Moliere, (3) ZBL, and (4) HF potentials. The HF potential 0.0095 A, which is considerably smaller than the average
called here was calculated numerically by solving the fol-radius of Ni Is orbit. This situation gives a small screening
lowing Poisson equation: effect. Figure 2b) shows the observed and calculated scat-
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FIG. 3. Observedfull square$ and calculated scattering cross
sections for 90, 110, and 130 keV Némpact on Hf and backscat-
tered to 1109a) and for 130 keV Né& impact on Hf and backscat-
tered to 100°-150¢b). Calculated scattering cross sections are de-

picted with the same symbols denoted in Fig. 2.

tering cross sections for 70, 90, 110, and 130 keV ks
incident on Hf and backscattered to 90°. The observed scat-
tering cross sections are in good agreement with those cal-
culated using the ZBL and HF potentials. However, the Mo-
liere potential gives slightly smaller values. In fact, the ZBL
potential is the improved version of the Malke potential,
which is approximated to the Thomas-Fermi potential. Ap-
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FIG. 4. Schematic of an ion trajectory and a shiftx) of elec-
tron cloud along the symmetry axisof elastic scattering in the
center-of-masgc.m, system.

The present result reflects the fact that the distance of closest
approach is extended over a range from 0.019 to 0.036 A in

the above scattering conditions, which is considerably larger

than the average radius of H brbit and thus the projectile

He ions experience the potential screened significantly by the

inner electrons.

Figure 3a) shows the scattering cross sections for 110
and 130 keV Né ions backscattered to 110° from Hf. The
observed scattering cross sections are much larger than those
calculated from all the screened interatomic potentials but
smaller than the Rutherford scattering cross sections. Here,
the Né°" state was assumed for the HF potential and thus it
gives a maximum scattering cross section calculated from
screened Coulomb potentials. Figuré)3indicates the ob-
served and calculated scattering cross sections for 130 keV
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FIG. 5. Coulomb potentials generated by the Hf-nucleagid

parently, the Thomas-Fermi potential fails in the region farcurve and its bound electrons distributed spherically as a function
from and too close to a nucleus. The ZBL potential wasof the distance from the nucleus along the symmetry axie full
optimized to get overall agreement with realistic potentialand open circles denote the total potentials calculated assuiing
calculations over several hundreds of ion-target combinatiorAx=0 and(ii) Ax=+0.1 A, respectivelysee Fig. 4
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TABLE |. Observed elastic scattering cross sections €2@n?), shift of center of gravity of bound
electrong/ Ax (A)], distance of closest approa¢h) and collision time Qt fs) as a function of scattering
angle or incident energy. In the case of Henpact, the values oAx were not estimated, because the
observed scattering cross sections agree with those calculated from the potentials of ZBL and®HF (He

130 keV N€ incident on Hf

100° 110° 120° 130° 150°
do/dQ (1072 cn?) 7.8+0.7 5.75:0.5 4.8-0.4 3.9-0.4 2.9-0.3
Ax (R) 0.115-0.01  0.11@-0.01  0.115-0.01  0.09%+0.01  0.09G-0.01
Fmin (A) 0.060 0.0584 0.0571 0.0560 0.0546
At (107 s) 0.0344 0.0346 0.0348 0.0350 0.0353
Ne" —Hf: scattering angle 110°
90 keV 110 keV 130 keV
do/dQ (1072 cn?) 12.3+1.5 8.5-0.7 5.75:0.5
Ax (A) 0.14+0.02 0.12-0.01 0.11-0.01
rin (A) 0.0749 0.0654 0.0583
At (107 s) 0.0484 0.0402 0.0346
130 keV Né€ incident on Sb
110° 130° 150°
do/dQ (1072 cn?) 3.08+0.3 2.06:0.2 1.57-0.2
Ax (A) 0.066+0.008 0.0690.008 0.076-0.009
F min (A) 0.0583 0.0473 0.0456
At (10 %) 0.0298 0.0301 0.0305
He" incident on Hf: scattering angte90°
70 keV 90 keV 110 keV 130 keV
do/dQ (1072 cn?) 1.61+0.15 1.05-0.10 0.73:0.06 0.55-0.05
Ax (A)
Fmin () 0.017 0.0199 0.0235 0.029
At (10 ) 0.0143 0.0110 0.0088 0.0073

Ne' impact on Hf as a function of scattering angle. Also in and thus changes its trajectory. In comparison with thé He
this case, the observed scattering cross sections are substémpact, the projectile electronic charge and the closest dis-
tially larger than those calculated from the screened potertance for the Né impact are five- and threefold, respec-
tials. Here, we must note that the distance of closest agively, and conversely the Ne velocity is almost one-third of
proach ranging from 0.057 to 0.065 A is considerably largethe He velocity. The time lapse during a large-angle collision
than the mean radii of Hf &, 2s, and 2 orbits. Similar ~ Of Ne" — Hf is about 0.05 fs, which is ten times as long as
enhancement of the scattering cross sections was also offiat of the Hé —Hf collision. Thus, the bound electrons of

served for Né impact on Sb atoms. The observed scatteringf Would be strongly attracted to the projectile Ne nucleus
cross sections for 130 keV Neions scattered from Sb to and thus it changes the electric field upon the projectile. As a

110°, 130°, and 150° are about 30% larger than those calcimost probable event during such a large-angle collision, a

. ; P quasimolecular state is formed and it also distorts the elec-
lat?/Shl:aStlr(]j?rr:?n?sicer:etrr:gdsggg2;[:161'8;)1‘6‘ fhzh?av;meltnnl:ffglleﬁs fotron clouds. In any sense, a redistribution of the target elec-
Ne' | i Hf and Sb? Th 9 ol gtt . IdErons changes the ion trajectories and as a result the elastic

€ Impact on [ an ¢ Ihe mulliple scattering Would scattering cross section is also changed. Now, we propose a

increase seemingly the observed scattering cross sectiorgmme model that the center of gravity of the bound elec-
This contribution appears for path length exceeding a criticaj,ong shifts byAx from the target nucleus along the symme-
thickness and then increases with increase in path length ing, axis of the elastic scattering without changing the spheri-
medium. In the case of HfOlayers, the critical thickness cal symmetry. This situation is illustrated in Fig. 4. The
was estimated experimentally to be about 25 A by varyingarget electrons are shifted toward the symmetry &xige to

the emerging angle scaled from the surface plane at a fixegine-averaged attractive force. It must be noted that this as-
scattering angle. Only one possible event is a distortion ofumption is not very realistic but useful to evaluate quanti-
the electron cloud of the target atom, which is induced bytatively the extent of the distortiofredistribution of the

Ne* impact. It changes the electric field upon the projectileelectron cloud.
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8 - well reproduced assuming the shift of 0.09-0.12 A for Hf
130 keV Ne'— "Hf /D' and 0.066—-0.070 A for Stsee Table)l It is seen that thA x
" Scattering Angle: 110° o value depends significantly af, and projectile energy and

-20

Scattering Cross Sections (10 cm’)
£

slightly on the distance of closest approach and collision
time At. Unfortunately, we find no simple universal relation
Observed o as a function of the above parameters. As exact description
of the distortion of electron clouds, an adiabatic treatment
such as quasimolecular formation would be possible. It is
5 —O— Calculated strongly required to deduce some scaling law for enhanced
\E‘\Dh scattering cross sections as a functionZef, Z,, incident

| energy, and distance of closest approach.

\ |:|/ In summary, we measured the differential scattering cross

(-}
T

sections for 70—130 keV Heand N€ ions incident on Ni,

2+ )
Sh, and Hf and backscattered to 60°-150° with the surface-
L . ) | ) ) L barrier-type SSD. The observed scattering cross sections for
0.00 0.05 0.10 0.15 0.20 He" impact on Ni, Sh, and Hf are in good agreement with

Shift of Center of Gravity of Electron Clouds (&) those_ calculat_ed, using the_ZBL— and HF-type screened inter-
atomic potentials. The Molie potential reproduces well the
FIG. 6. Differential scattering cross sections for 130 keV'Ne Scattering cross sections for Hémpact on Ni but signifi-
ions backscattered to 110° from Hf as a function of shiftx) cantly underestimates those for the Sb and Hf targets. In the
calculated using the HF potential (Mé was assumedThe arrows ~ case of Né impact on Sb and Hf, the scattering cross sec-
indicate the observed scattering cross section and the corresponditigns measured are substantially enhanced compared with
shift. those calculated from the screened Coulomb poten(fidts
liere, ZBL, HF). The observed scattering cross sections are

Fiqure 5 shows the Coulomb potentials generated b théeproduced well assuming the simple model that the center
9y " . P 2 9 y of gravity of the bound electrons shifts by 0.09-0.12 A for

Hf nucleus and the bound electrons as a function of the dis: )
tance from the Hf nucleus along theaxis (symmetry axis of I and 0.066-0.070 A for Sb along the symmetry axis of

elastic scattering in the center-of-mdsam,) frame, see Fig. ellasgc ?iﬁtt?rmg Ln tthe c_.md.frtarr:ea lg mtiansttthatt_the felectrofn
4). Here, we assumed two casé$:no shift (Ax=0) and(ii) cloud of the larget alom Is distorted by the aftractive force o

a shift of +0.1 A along thex axis. In casdii), it is seen that the projectile nucleus. During a large-angle collision, a

the screening of the nuclear charge is enhanced or reducdiy@simolecular state is probably formed and the resultant

for the positions larger or smaller than a critical value of O_OSred|str|but|on of the electron cloud acts as a kind of polar-

A. The differential scattering cross sections for 130 keV Ne |gation._The present study.clearly shows the fact thgt conven-
ions backscattered to 110° from Hf were calculated as gone}l Interatomic potgnUa}Is are no Ic_)nger valid for a
function of Ax and are shown in Fig. 6. It indicates that the medium-energy h_eavy ion impact on a higratom. In such
scattering cross section first decreases with increade inp a case, a d_y na_mlcal response Of the target electrons to the
to 0.04 A and then increases rapidly. Such a behavior iénmdent projectile must be taken into account.

basically expected from Fig. 5. A shift of 0.£0.01 A (Ax) This work was supported by the Grant-in-aid for Scien-
reproduces well the observed scattering cross section (5.%fic Research of the Ministry of Education, Science and Cul-
% 10~2% cn?). All the observed scattering cross sections areture, Japan.
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