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Fig. 1 X-—ray diffraction patterns of ethanol on graphite
as a function of temperature,
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Fig. 2 Structure of the crystalline monolayer of ethanol
adsorbed on graphite,
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Fig. 3 X—ray diffraction pattern of the monolayer crystal-
line film of ethanol adsorbed on graphite at 30K.

The solid line is a fit to the data.



5000 counts/2min

Intensity

Fig. 4 X-—ray diffraction profiles of O, on graphite as a
function of coverage at a constant temperature 34K.
Coverages are as follows: (a) 0.159, (b) 0.188,

(c) 0.223, (d) 0.246, and (e) 0.274molecule/A .
Solid lines are fits to the data.
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Fig. 5 Probable structure of the O, bilayer solid film.
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Descriptions of electrons on atomic collisions
Dep. Appl. physics
S. NAKAGAWA

§1 : Introduction

1—1. Interatomic interaction
It is a question of a general interest that how atoms interact. The simplest pair-wise
system is a diatomic molecule. In a case of cohesive system like a solid, however, we
must include some synergistic interaction in addition to such pair-wise interaction.
There is a quantity which can be used in such a pair-wise system, and it is called the
interatomic potential of which behavior is shown in Fig.1. Its definition is the difference

of total energy of a diatomic molecule from that of isolated atoms.

10 T T T
1 - =
-1‘. h
10 p— -—j'
oF ]
10
(eV) E— 1
I 16>
(o]
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o' L
(erg)
-200
-300} 4
1 1 1 L 1 1 1

20 25 30 35 40 45 SO
R(R)

Fig.1 An interatomic potential vs. internuclear distance for a pair-wise system of Kr

-Kr. (Ref. R. G. Gordon and Y. S. Kim, J. Chem. Phys: 56, 3122 (1972) ).



In cases of atomic collisions in solid, an energetic ion can approach much closer
distance to the target atom than the equilibrium one for the diatomic molecule. In this
case it is possible to take into account the interaction only between the ion and the

target atom. Thin is called the binary collision approximation.

Since the interatomic potential gives the potential energy for the ion in the
electrostatic field of the target atom, as long as the binary collision is purely elastic

one, the kinetics can be described uniquely by the interatomic potential.

Before any calculation for the elastic or inelastic collision, we need to choose the way
how to describe the motion of electrons of atoms; (1) being quantized, viz. taking their
quantum numbers and specify their orbitals, (2)giving the effective charge viz. taking
them as to contribute to a effective charge of the nucleus, (3) being electron cloud viz.
as statistical existence. The first way is used in § 2and § 3, second one in Ref.5, and

third one § 2 and Ref.6-7.

The way (3) is a general approach called the density functional method which can
describe both the elastic and inelastic collisions. The case of the so called local density

model is the spatial distribution of the charge density is not uniform.

1—2 . Stopping mechanism on atomic collisions

The energetic ion implanted in solids looses its energy due to various processes : such
as elastic collision between two ion cores, electron excitation, electron ionization,
phonon excitation, plasmon excitation, etc. For the question which process is dominant,
we need to clarify the collision system and the energy or velocity before entering in
detail.

Usually these energy dissipation mechanisms are classified in two categories viz. one
is the nuclear stopping and another is the electronic stopping. Roughly speaking, in the
low energy region the nuclear stopping is of major important and at higher energies the
electronic stopping is dominant.

Fig.2 explains the velocity dependence of both stoppings. The abscissa is a scaled

velocity. The velocity regions labeled by numbers 1-4 concern following subjects :
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Fig.2 Velocity dependence of the electronic-and nuclear-stopping. See text for the
label 1-4. (Ref. D. S. Gemmell, Rev. Mod. Phys., 46 No.1 (1974)).

Label Subjects Concerns Ref.
#1  Nuclear Stopping : Interatomic potential (1-3)
#2  Electronic Stopping : Electron transfer (4)
#3  Electronic Stopping : Channeling (5,6)
#4  Electronic Stopping : Local density model (7)

The former two subjects treat low energy collisions and the latter two high energy

ones.

The guiding isterest in § 2 and § 3 is the fact that there are two namely an individual
and a global descriptions for collision events, according to weather we are looking for
the characteristics of each electron or not. Because the individuality of atoms is given
by each electrons and this reflects to individual collisions. § 2 is devoted to the global
description, where the general potential is derived in the framework of the density
functional method. As an example of individual descriptioné, the problem of an electron

transfer from one atom to another one is discussed in § 3.



82 : Nuclear Stopping

2—1. Interatomic potential

In this section, the global description for the slowing down process of the projectile
ion passing through the bulk solids is discussed. That is the low energy region where
the nuclear stopping takes the major role for energy dissipation of the projectiles. The

nuclear stopping is described by the interatomic potential.

As long as the approximation for binary collisions takes place, the interatomic
potential V(R) for two atoms separated at an internuclear distance R consists of the

following four terms ;

Interatomic Potential= (electrostatic term)
+ (kinetic term) + (exchange term) + (correlation term)

=Ve1+Vk+Vex+Vcor . (1)

For multi-electron system, we could express each term as function of the electron
densities of atoms:
- Unless indicated otherwise, atomic units (a.u.) are used throughout the report (e=h=

me=1).

_1[Z2ZXR) , ZZXR)] 1 [ = Z*(r)oA7—R) .,
Ve‘“z[ R T R } =0 7] dr
°° Zz*( 7_’):1_?).01( 7) d7:|, (2)
171=0 I 7 — Rl
V=35 [ [oa(7)% = o7~ pu 7 ~ R d7 ®)
710 |71=0 ’
1/3 [ >
Va= = 2|7 [7 lou 7= o)~ o 7 — Ry a7, @
I/cor:'/lr;oecor( ?)012( ?)d?, (5)

Z*(r)=Z"/w o) dr’,

iri=0 |[# — 7]

wher Z*(r) is the equivalent positive charge of the atom at a distance r from either

nucleus.
In addition to the electrostatic term given by eq. (2), the other terms defined by egs.



(3—75) are also expressed as function of the electron densities of atoms. Approxima-
tions (3 —5) were derived in the framework of the density functional method. With

the use of formulae V(R) can be calculated for any diatomic system.

2 —2 . Scaling of interatomic potential

Within the frame work of binary collision approximation, usually we use a quantity
called the screening function ®(x). This is the dimension-less interatomic potential
reduced by means of Coulomb potential Z:Z./R between two naked nuclei whose atomic
numbers are Z; and Z, and separated by R. Furthermore we adopt a variable called
screening length a;» in order to scale the internuclear distance, x=R/a;.. This is an
indispensable quantity for a general expression of the interatomic potentials. Fig.3
shows some general screening function ®(x)s often used as a function of the scaled

internuclear distance x.
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Fig.3 General potential (screening function)s vs. reduced length.

From this Figure one can see that for very small x most of ®(x)s have similar
features, whereas the difference appears at a large x. The scattering of ®(x)s at large

x comes from the different frameworks of density functional method employed.



Even if we abopt the same framework, such a scattering of ®(x)s at large x is seen
among various kinds of diatomic molecules.  This originates from the atomic
characteristics of relevant atoms. Fig.4 illustrates it as a scattering of parameters of
screening functions expressed in a form given on the top of the Figure. As a global
description for such scattered ®(x)s, we propose a general potential by arranging

potential parameters as functions of the atomic numbers of the diatomic systems.

¢ (x) = exp (mA,x+B,x'"*=-C,x?)

10 100

Fig.4 Scattering of individual potentials. (Ax, Bx, Cx) are the potential parameters

given on the top.

2 —3 . Combination rule and a general potential
In Fig.4 for the cases of homonuclear diatoms, we suggested a general potential.

However we need the general potential available for any heteronuclear systems.

Let us remind that the screening length is an indispensable quantity for a general

expression of the screening function. Usually it is written as,

21:=0.88534(Z"+Z°)""™ (au.) , (6)



The indices 1 and 2 we used to specify each atom. Retracing to eq. (6), we could obtain

a relation
m__ 1 -m -m
aiz —7(&11 +azx™) . (7)

I call this eq. (7) the combination rule for the screening length. This means that if
once we calculate the homonuclear screening functions and find respective screening
lengths, we could get any heteronuclear screening function from these values.
Furthermore coupling this combination rule and the previous relations illustrated as
three dotted lines in Fig.4 we can derive a general screening function available for any

ion-target combination. We call this AML]J potential.

2 —4 . Accuracy of a general potential

The accuracy of AML]J potential has been checked through comparison with the data
from ; ion-ranges, surface ion scattering, surface channeling experiments, as well as for
a high-fluence enhanced diffusion in alloy target. One can conclude that through these
comparisons, AML]J is known to be a good potential, in a sense of giving a good

average values.

0.15 . 0.40
0.35
p
P
0.10 [ 0.30]
P 1 P L 0.25
0 50 : 100 0 100

Fig.5 Comparison of potentials in solids by means of calculating ion ranges in silicon,

LSS reduced unit is used.



The ranges of various projectiles in silicon, obtained with use of a Monte-Calro
simulation are shown in Fig.5. The solid lines give the global description obtained using
AML]. Dotted lines are due to Kr-C potential. Potentials derived by exact calculation
using eqgs.(1—5) and another ones derived by the combination rule of eq.(7) are
compared to each other by the different symbols, viz. open circles and triangles,
respectively. Filled circled and cross symbols are experimental data. From this Figure

we can say that we could reproduce well the average values of the experimental data.

2 —5 . Z-dependence in collision events
Up to now, the global description was discussed, but as can be seen in Fig.5, there is
a decisive discrepancy between measured data and averaged calculated values. This

oscillatory profile is so-called Z;-range-oscillation.

Such a strong individuality of atoms can be seen also in the case of collision events
which are thought to be due to the electron structure of atoms. Unfortunately, ultil now
we can not explain completely this phenomena and this is still an open problem in our
investigatibns. This suggests that more precise as well as individual treatment for each

electron might be necessary. This is the subject of the next section.

83 : Electronic Stopping — Charge Exchange (CE)

3— 1. Electron transfer

In this section a trial is described aiming to explain the Z;-range-oscillation by
means of the charge exchange(CE) process. In this process each electron has different
role on the collision, and some electrons could be transferred from one atom to another.

However, only the electrons relevant to the collision energy partake in the process.

In the cases where the Z;-range oscillation is observed the ion velocity is much lower
than the Bohr velocity.  From this follows that only the outermost electrons could
partake the transfer. Therefore we adopted the two state model in our calculation.
3—2 . Parameter “v” carrying atomic individuality

The goal of the calculation is to solve the time-dependent Schrodinger Eg.(8) using

a close coupling wave function ¥ gixen by eq.(9),

(—%A+VA( rA>+VB(rB)>~If= - z‘%—\f , (8)



‘I’ZCA(t)XA(VA)e_iw“t‘f‘CB(l‘)XB(?’B)e_iwbt . (9)

The electron transfers from atom B to A in this case. r is the electron coordinate
from a nucleus, V potential, X constituent wave function, and » energy eigenvalue of
relevant orbital. Then we calculated the transition probability of outermost electrons

for an ion colliding with a impact parameter b, and velocity v,
P(b, v)=|Ca(e0)? (10)
and stopping cross section
bmax
Se(v)=2z [ "bdb P(b, v) : )

which decides the ion ranges in the case of ion implantation.

In order to summarize the individuality for each atom and to have the overall feature
for Z-dependence in low energy atomic collisions, we picked up a parameter “v” of the

type of single zeta function,
X, o,m(t)=qnr" rexp(—2v7)Y im . , 12)

As a matter of fact, in a group where the atoms have the same open sub-shell, there
are linear correlations for their outermost electrons;viz. v-values of the wave function
as well as the square root of the orbital energy |E| of the present electron are
proportional to the atomic number Z. These relations give the information of atomic

characteristics with the array of (#,%).

3—3. v-dependence of stopping cross section

In the first step of the calculation the capture cross section of the projectiles are
evaluated. The v-dependence of the stopping cross section is shown in Fig.6, where one
can see the typical shell structure in the stopping cross section as a function of “v”.
Lines are drawn so as to summarize atoms which have same open sub-shells, viz.

atoms are classified by those outermost electrons.
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v-dependence of the stopping cross section for the capture process. Each

sub-shell denotes the terminal of transferred electrons.

3—4. Z-dependence of stopping cross section

It can be noted that one can convert the v-dependence of stopping cross section

depicted in Fig.6 into the Z-dependence of that, as it is shown in Fig.7. The
Z-dependence is very decisive.
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Z-dependence of the stopping cross section for the capture process. Star

symbols are from the exact calculations whereas lines are derived from a
relation between v and Z.

It seems that at the present stage, this calculation is not able to explain the observed
Z;-range-oscillation shown in Fig. 5. This might be due to neglecting the polarization
effect in the calculation. The polarization here has a meaning to modify the values of
relevant energy levels due to encountering of atoms.

This polarization effect is taken

account in the next calculation. This makes it possible to treat both the electron-

capture and elctron-loss process together as well as to get more reliable values for the
stopping cross section.

Conclusion

In this note, the atomic collision was discussed from a viewpoint of a “global-and

individual-description”. For the case of the global description the general potential

derived within the density functional method gives a reasonable agreement with the

experiment. For individual description other treatment is suggested which takes into

account the individuality of each electron.
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#4r ORTEP M %X 112777,



A, BIU B, 0 BEEITELNE G Coy DOXHE L - TB Y, MEBNEERIRETH S, K22
A BEU B, OEL R FHBEBDFHELRY., 72, KBOZHIZA BLIUVB DT—53
RLTH B,

SERELTADE A, B3 A, BIDI ) REMFHPRLZERELECIRLNY
v, L»L, BT (H,0) #° (Hnta) ic2b b LA 5 A, Bi 256 B,), EMERIE
(o Twd, ZNIHE > Tus—SBI UV u—SEHEELIRSL-> T3,

ERBICEALL T3 (H,O) F7213 (Hnta) OBERIIEAFo5#Hb 5 L, ZOEFHERET
WZHE L > T B,



formula

f. w.

crystal system
space group

a, A

b, A

c, A

B, deg

V, A

Z,

T,T ‘

deatea , g/ cm?

cryst. size , mm
radiation(Mo Ka , &)
abs. coeff. (x,cm™)
data coll. instrument

scan method

scan speed, deg, min

scan range, deg

bkgd. measurement, s

deta collected

total no. of reflections
no. of unique data

no. of variables

R (Rw), %

a) Graphite—monochromated .

b) |Fo| =260 | Fo|.

K1, WHEFHT— 5
MoW,S,Na,0,;N;CssHj,
1295.33
monoclinic
P2, /a
21.754(5)

12.733(5)
13.374(5)
101,95(3)
3624.4@1)

4

18

2.374
0.23,.0.17,0.17
0.710732

71.4

Rigaku AFC—6A
w (26<30°),
w—26 (26>30°)
2

1.20+0.5tané

5

+h, +k, +1 (26=50)
6664

4687°

479

4.27 (5.44)°

¢) R=S | Fo| —|Fc|l/s]|Fol;
Rw= (Sw(|Fo| — | Fc|)?/Sw | Fo | 2) 2.
d) w=1/ (¢ | Fo|)+g|Fo |2 ;: g=0.001.

Mo, WS,Na,0,;N;C;:H,,
1207.42

monoclinic

P2, /a

21.741(5)

12.714(5)
13.384(6)

102,10(3)

3617.3@4)

4

18

2.217

0.17.0.17,0.15
0.710732

42 .4

Rigaku AFC—6A

w (20<307),

w—26 (26>30°)

2

1.30+0.5tanéd

5

+h, +k, +1 (26<50°)
6652

4378°

479

5.64 (7.00)



M—M
M—u;—S
M—p—S
M—O (Hnta)
M—O (H.O)
M—N

N
—>0

[MoW.,S.(Hnta);]** (M=Mo and/or W)

x2.

MoW.,S, (A,)
2.748 (19)
2.346 (4)
2.304 (11)
2.109 (18)

2.315 (7)

. A, » ORTEP

Mo, WS, (B,)
2.754 (20)
2.341 (5)
2.295 (14)
2.113 (13)

2.310 (9)

F7 R FRIERE (A)

MoW.,S, (A))
2.723 (7)
2.338 (4)
2.283 (11)

Mo, WS, (B,)
2.728 (6)
2.335 (8)
2.281 (7)



Mt 2 B B Al

B1H& FUBERAREERLE L 42— UT (s —] L) BREIZRSIOBE TR
EOKUIFB ORI, CoBANicEZDET 3,
(B 1)
B2FK ri —CREBINHERY 27 2 2FB U TH O 2% S L ORMER % EET 2
IZOIHIFRE 2 <,
(& )
B3R AFHRE, EALIRBES V- THATHEAL, BTINZ L, HREOEK2ES
CEMBTED,
2. WHEHOEKIE, BESH1HA»BEIA AT TCOBMEET 2,
= B |
BASK HIRRR, &7 — v CEICRAT I NN OB R & 3RS 2 EETHOT,
WH9EPARIEE 2175, 10, COHMMZ2ERTIESE, EEET D,
2. WIERI, BERE2E TN, MIEREE2EHLZTERE 20,
3. HHIERV, FIROMEEUNCREZLAKRTIEAIE, Yo —%FHEALLE, BITULL
FHIEE 550, |
4 HERRE, FRLT e 75 220U, MOKBSFEATEZ X 9BBLE ISR S
RIS
(F ) ,
SR WL, BF 1 APCHEOREEZ AV TERERASEBHT280ET5, 7 —<0
B, 2o s —DFHEBEY 27 22 HOTHIHRERCETI DET 2,
2. EEZRREI, RHINHFBCE S, BE 4RI U PEEERT A 00 I HEK
THATX2REORY Z2REBHT S,
3. MIZEREROEHIIL, EEBEERTI>8DET %,
4. 8 -3, HEEOHAREZE LD TARLZTNIELE WL,
5. EtEMI 27 oDFERHICHIZ - TIR, v & —OERBAUCH-TFI> bDET S,
(2 o )
BOR ZTOMPBEILBHEICOWTR, JREREBATEZET,

ARV CoMANG, BAIMEIH 4B 5T 5.
MRI2. CoBAN, BRSSELH 16 B 579 %,





