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Abstract

In order to interpret changes in the electrical resistance of thin metallic films due to
adsorption of gases, Fuchs’ form specularity parameter derived by Greene in the Boltzmann-
Fuchs transport equation is represented and calculated by scattering probabilities of the
conduction electrons at the surface. The metal surface is approximated by the jellium
model with a step surface potential barrier and standing wave functions of the conduction
electrons. Scattering potentials of neutral adatoms are assumed as V(r)= —z* e?/r exp (—27/
ro), where 2* and 7y are determined by Slater’s rule. The calculation is based on the
premise that the conduction electrons are scattered by geometrical surface roughness and
additionally by potentials of adatoms after adsorption takes place. The theory is applied
to oxygen and hydrogen adsorbed on thin evaporated nickel films and compared with
experiments observed by Suhrmann e a/., and Mizushima. The theoretical direct scattering
cross section of adsorbed oxygen and hydrogen are about 1.2X 1016 cm? and 4.8X 10-18 cm?,
respectively, depending upon incident angles of the conduction electrons to the surface.
The theoretical resistance change agrees well with the experiment for Ni-O system but
does not for Ni-H system. This discrepancy seems to suggest that the assumed scattering
potential is not suitable for hydrogen and second order processes of the scattering play
a role in Ni-H system. So-called scattering mechanism is confirmed to explain the resist-

ance change due to chemisorption.

1. Introduction

The behavior of the conduction electrons at or near solid surfaces has
gradually become distinct, although our understanding is insufficient even
now. In particular, the band bending and electronic states near semicon-
ductor surfaces have been investigated intensively because of close connec-
tions with devices. It is important to understand surface scatterings of the
conduction electrons (abbreviated as CE’s) at metal surfaces or surfaces of
partially degenerated semiconductors from the following stand points: first,

*) Research Institute for Catalysis, Hokkaido University, Sapporo, 060 Japan.
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studies of the two dimensional quantization of CE’s near semiconductor
surfaces, second, adsorption phenomena and catalytic reactions on solid sur-
faces ; and third, the possibility of superconductive solid surfaces. The ex-
istence of scattering mechanisms of CE’s on metal surfaces is experimentally
evident, which is typically shown by a large electrical resistance of thin
evaporated films and increases in the resistance due to adsorption of various
gases” ; recent presentations further confirm scatterings of CE’s by adsorbed
atoms.? Based on an idea of the scattering, experimental results of the
resistance have been analyzed first by Toya in 1960 in his discussion on
adsorbed states of hydrogen® Recently, the present author has proposed
a more quantitative method of analysis,® in which the cross sections of ad-
atoms for CE’s are evaluated and changes in the resistance due to adsorption
are understood in more detail

However, there are a few theoretical points which can be improved,
and detailed processes of the calculation are insufficiently delineated in previous
papers.*® In the present paper, previous calculations and related problems
are first reviewed (Sections 2 and 3.1), and then an improved calculation
(Sections 3.2, 3.3) and an application of the theory to chemisorption of
gases on nickel films (Section 4) are presented.

2. Statement of Problems

We are going to consider the resistance of thin evaporated films and
changes in it due to adsorption of gases. The analysis starts with a solution
of the Boltzmann-Fuchs transport equation:® the conductivity of a thin
metallic film ¢ referred to its bulk conductivity g, is given in terms of pa-
rameter x=d/l, and the specularity p,, of the upper surface, viz.,

~go~ = % = 1———43?[82du (u—u®) (L —e=o%) {2—pup(1—e"““)}]
-——l_F(x’Pup)’ (1)

where d is the thickness of the film, / is the mean free path of CE’s in
the film, and « is cosine of an incident angle of CE’s measured from the
surface normal; py, is originally defined by

ST (Ve 25) = Pup ST (— 0z 25) (2)

where f#(*+wv, 2;) is a small deviation of the Fermi distribution function of
incident or reflected electrons, respectively, at the surface 2z, due to an applied
electric field, i.e., a CE’s distribution function f is assumed to be f=f.+f;,
where f, is the equilibrium distribution function. Equation (2) is well known
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as Fuchs’s boundary condition. As is understood in Eq. (1), effects of scat-
tering of CE’s at the upper surface are totally included in p,, while the
specularity of the lower surface, which usually contacts with a substrate, is
assumed to be zero in this case. Using Eq. (1), one obtains the relative
change in the resistance caused by adsorption as

0R  dp _ Flx, puplad.))—F(z, pup(clean))
R = p = 1= F(z, puplad.)) ’ (3)

which is well observable in experiments.

Subsequently, a main problem is to connect p,, with particular scattering
mechanisms on the surface. In the previous papers,*® two mechanisms were
assumed to be the most important on the surface, ¢.e., the scattering by
a geometrical roughness on the surface and the scattering by impurity poten-
tials produced by adatoms: CE’s are scattered by the roughness when the
surface is clean, and after adsorption, CE’s are additionally scattered by
adatom potentials. It seems that these assumptions are appropriate for sur-
faces of thin evaporated films and thin wires, though some other scattering
mechanisms, such as surface lattice defects, surface phonons, can be assumed ;
a reflection of CE’s by a finite potential barrier at a metal surface may cause
a diffuse reflection, in particular, when the Fermi surface is not spherical.
However, those seem to be minor effects on the scattering because of the
fact that clean and atomically smooth surfaces generate large specularities.”®®

As seen in Eq. (2), specularity py, is statistical mechanically defined and
a phenomenological parameter, which requires a more basic definition to be
connected with the quantum mechanical scattering theory. The first attempt
was done by Greene™! in 1966. He introduced a new boundary condition
for surface distributions of CE’s from a kinetic viewpoint, where a scattering
probability of CE’s, generally consisting of specular and diffuse reflections
at the surface, appears explicitly. His new boundary condition corresponding

to Fuch’s boundary condition is
{(Wolwid) fi(—2idy) +(1 — Wolu,¢,)){filu_¢_)>}
Silusgs) = A+ fWals ) ’
(4)

followed by
Wo(u+¢+) ‘I"(l ‘—‘fe) Ws=1,

Wilusg) = au{ ag.(

=) wulugo s,

u
Uy

ity = Wilag | au g (T2 ) wntecgolung) Al

+
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In above equations, w,=cosf,, ¢, or u_=cosf_, ¢_ are the angle coordinates
of an electron leaving or going to the surface, respectively. W; and w, are
defined by the following total scattering probability w at a surface:

w(u_g_|upy) = Wylupdy) 0 (u_+uy) 6 (- —¢_)+
(I —f(uspy) wslu_d_|u,d,). (5)

Therefore, W, stands for a specular reflection probability in a kinetic sense
and w, describes scattering processes. When we use a well-known bulk
solution of the Boltzmann transport equation,

fl:erv.E<fe> g(o?) cos gANT—u (6)

in the relaxation time approximation, Eq. (4) is shown to be approximately
converted to Fuch’s boundary condition resulting in!®w

o {1—(1—fe) W, (L —cos dg (175 = )} (7)

where 4¢=¢_—¢,. Conditions imposed in Eq. (7) are that the band of the
solid is flat near the surface and the bulk relaxation time of CE’s can be
used right up to the surface, so that Eq. (7) is more properly applied to
metal surfaces because of flat bands near the surfaces. Using the approxima-
tion of f,=1/2 at the Fermi level, we have from Eq. (7),

W+ W,
plsd) =pua=1-—57E, (8)

P (usdy)

for the specularity to be determined by adatom scatterings, where

WS:SO_Idu S d4¢< )ws(u 4611y, 4), (92)

W, = Sildu S dd¢< ) wy(t_y A 204, 49)

< —cosAgﬁ\/ ——u+> (9b)

It is seen that p,q can be not zero, even if W,=1. This is mainly caused
by the crude approximations in transforming Eq. (4) into Eqgs. (7) and (8).
Equation (8) is accordingly faultless when Wj is small. The calculations of
W, and W, were performed by Greene and O’Donnell’® in the case that
CE’s are scattered by localized surface charges on semiconductor surfaces.
Reasonable results were obtained with use of the free electron and the
Born approximations, in which a plane and infinite potential barrier is as-
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sumed at the surface. Other related problems such as the interference in
the scattering from different surface scatterers and effects of the dielectric
image force were also discussed by Greene and coworkers along the same
category of the calculation .16

On the other hand, the scattering of CE’s by a geometrical surface
roughness was studied by Ziman® and Soffer,” who succeeded in expressing
the specularity p in terms of a roughness scattering mechanism, employing
a statistical superposition of scattered waves from various parts of a bumpy
surface and the autocorrelation function formulation. This problem will be
briefly discussed in Section 4.

The points in the present paper are as follows. Greene and (’Donnell’s
theory (it is abbreviated as the GO theory or calculation in what follows)
is concerned with point charges on semiconductor surfaces, while we intend
to study neutral adatoms on metal surfaces. In this case, adatom potentials
interact with CE’s in a short range as compared with point charges on
semiconductors, so that the CE’s density at surface has to be more properly
taken, and further the metal-adatom distance has to be changed for each
of adatoms. The method of Born approximation is the first step to deal
with this kind of problems. Adatoms may interact strongly with d- electrons
and weakly with s, p conduction electrons on surfaces of the transition metals,
so that the Born approximation is roughly rationalized. Another improve-
ment is an adequate estimation of the mean free path of CE’s in evaporated
nickel films, when the theory is applied to the resistance change due to
adsorption, which results in producing a significant conclusion.

3. Calculation of the direct scattering
probability of CE’s

3.1. The Greene and O’Donnell method.

Let us assume that the surface is ideally smooth, on which CE’s are
specularly reflected and after adsorption of gases a small part of CE’s are
diffusely scattered by adatoms. It is useful in the following arguments to
review the calculation of wg(x_, 4¢|u,, 4¢) in the GO theory. The obtained
results are most appropriately applied to charged (polarized) adatoms on
semiconductors and semimetals. They used the assumptions that CE’s being
free electrons inside the metal have standing wave functions in z direction,
and an infinite step potential barrier is placed at 2=0 for the sake of sim-
plicity, 7. e., the one electron wave function is assumed as
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(a)
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jellium density adatom
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Ze 0 -Zq —z
Fig. 1. Schematic representation of models for the surface.
(a) infinite surface barrier model used in the GO
calculation, (b) step surface barrier model used in
the present calculation. The Vj stands for the
barrier height.
o (1) = %l— elliaztkyy) oin k. 2
] :
— 1 iker ikt \
=70 (elkT —elbir) | 220 (10 a)
(1) =0, 2<0 (10 b)

where £ is the volume of metal and k;=(%,, k,, —k,) is the image momentum
of k=(ks, by, k). The used model of the surface is schematically shown in
Fig. la. When a weak scattering potential of an adatom formed



Direct Scattering of Conduction Electrons by Adsorbed Atoms

— ok p2
Vir= 2T i, , (11)

-
is located at 2=0, a new wave function of the system can be assumed to be
Ue(r) = O (1) Fux(r),  Ox(r)>ux(r). (12)

The Born approximation leads from the Schrédinger equation to

P i) = (V) 0, 220, (13)
The solution of this equation is, as is well known,
wt) = (G (B i) o) v a4
where
P
Grr)=x DO (15
[ €&

The calculation of Eq. (15) is a version of the free particle Green’s function
with the image property given in Eq. (10a). For the calculation, the follow-
ing image relations play an important role, i.e.,

ker =k-r], ke¥ =k-r] anderfz (dr'. (16)

The result is

expikir—r']]  explikjr—r|]

—4zjr—r| =~ —d4zr—rj ’ (17)

Glr,r)=

The substitution of Eq. (17) into Eq. (14) makes its integration possible, in
which the image relations of Eq. (16) are again used. The asymptotic wave
function of scattering waves becomes consequently,

eikr

ue(r) =gk, k) ——, (18)

where

—2m

06,1 =[5 [V 0 —1 =V (k)]

:(Z%ég—><k’IV(r)lk> , (19)

1138



114

M. WATANABE

followed by

' 1 / Pk—K)e —2rz*e’ 2
vk = far v e = SRR L )
—2rz¥e? 1 1
R T?{ 2/(roks)®+(1+u,u_—cos dpd(1—122) (1 —uiﬁ} ’
(20)
and
, 1 , ik . 2T2FeE 2
VK k=g | v e = e ]
—2rz¥e? 1 1
T2 k_%{ 2/(roke)?+ (1 — s —cos ApV(1—a2) (1 —u?) )} )

(21)

In each of the last two equations, (k' —k)? or (k' —k;)? is converted into the
incident and scattering angles u,, u_ and 4¢=¢_—¢,. For the resistance
problems we evaluate only the contribution from k; electrons on account of
the factor fi (1 —fi)d (Ex—Ey) in the transition. From Egs. (19), (20) and
(21), we have

[Vl = <K V()| k>|?
_< Apg*e? )2[ 1
=\ ok 2/(roke)?+ (1421 —cos AN (1 —u2) (1—))
1 2
 2(roker+ (1 —wyu_—cos V(1 —ul) (1—u)) ] o (22)

which is to be substituted into Egs. (9a) and (9b) according to the relation
ws=Ny/(—u_)«(m)27h2)?| Viegl?, (see Eq. (29)). The present author attempted
to apply this matrix element to Egs. (9), (8) and (3).# Experimental changes
in the resistance of thin evaporated Ni films due to adsorption of hydrogen
were analyzed with a consideration of the roughness scattering. Adjustable
parameters are 2* and r,. For adsorbed hydrogen, 2*=1 is used (see Section
3.3) and r, is varied to fit the calculated values to experimental ones. When
ro is 1.4 to 1.1A, the theory coincides with the experiment. Since 7, is
considered as an atomic radius of the adsorbed atom, these values are too
large. It is obviously rough assumptions for neutral adatoms that CE’s
density is terminated at 2=0, and besides adatom potentials are located
there.

3.2. Improved Calculation

Let us approximate the surface potential barrier as a step and finite
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barrier, which is shown in Fig. 1b. The potential V,=#%?*/2m stands for
the height of barrier, so that —V, is the energy level of the bottom of
conduction band. When CE with momentum k collides with this potential
barrier, it is subjected to a phase shift 6 (k), and its wave function dumps
with an exponential form in the potential. The wave functions of CE’s
can be assumed as,

zie—ikzd

Dy (r) = o el®amtky ¥ sin k,(2-+0)

— 77 (elFr —g=2ik? glkym) 2>0), (23 a)
AR )
Dy (r) = Jo ¢ (k. 0) e!="*1y¥ exp [(g*—R2)VE 2], 2<0,
(231)

where Kk; is the image momentum of k as before. This form of the wave
function was originally used by Huntington.'®® The continuity condition for
Egs. (23a) and (23b) requires the relation

Sin;(kz 0)=ki/q, (24)

between the phase shift £, and ¢. In addition, the requirement that charge
be conserved determines the position of the edge of positive jellium, which

is denoted by 2, (see Fig. 1b), as a function of g and the Fermi momentum
kf :18,19,20)

2 Be= Bty @28 sin“(%)— S k@R, (25)

From Eq. (25), 2. is 0.37 A for Ni with use of £ =1.18 x108cm™ and D=
(q/k:)?*=1.85 (see Section 3.3).

Next, we introduce adatoms in the system, whose potentials are also
assumed as Eq. (11). The 2 coordinate of an adatom is denoted by —z,
(see Fig. 1b) measured from the edge of the potential barrier. The metal-

adatom distance is hence defined by L=z2,+2,. The perturbed wave func-
tion is again assumed to be

U\ (r) = Ok (r) +ux(r), Dy (1) > uy(r) .
Using the Born approximation, we obtain, from the Schrddinger equation,

2m

(72 + B?) wy (r) = (W V(r)) o (T), 220, (26 a)
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2m

(P24 k2 — g% u(r) :<W V(r)) o(T), 2<0. (26 b)

The solution is again

2m

uR(r) = Sdr’ G (r, r’)< 7 V(r’)) S (1) .

In this case, the calculation of the Green’s function is rather complicated,
but G (r,r’) in the asymptotic form may become in general

Glr, r’)———»( —miQ )( e ) ('),

r—oo 2nh? r

irrespective of free electrons or electrons in a potential.?®® Then the asymp-
totic scattering wave function becomes

eik'r

ux(r) = g (i, k)

b

p
with

06,1 = (=72 | [argr )V 0 gule) = (25 a1 Vi,
)

similar to Egs. (18) and (19). This result is directly verified by Fermi’s
golden rule for the transition probability, 1. e.,

2
T 1) = (5511 0o (), 8
which is known to be equivalent to that obtained from the first order Born
approximation, where p (k') is the density of the final states given by
2\ mk ,
P(k')=<—gﬂ*s—>-hz—fd9 .

The flux of incoming wave is —wveu_|Q2 V%exp (ik-r)|?, and we assume further
that there are N, atoms cm™ of independent and equivalent scatterers on
the surface. Then we have the scattering probability zo;:

w, (K, K) 42 = — - (;ﬁ) N.T K —K),
and
w0, 1) = (o) (525 |V o . 29

The calculation of matrix element <k'|V (r)|k) is given in Appendix A. The
result is,
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Vi = &1V (1> = argz 0 {555 {40 7mrgr) o0

— Dra¥e?
=(Fa . .

followed by
V, = e—Suw< du u_ > (u_+ivD—u ) (u, —iND—2%)

D? (S—T)
eS—Dz 2
=7 =L 5
where
2
D= < f) x=zks, Sy=WD—ul +4D—u?)
2 ve
T.—_{< " > +2—2cos dgN(1 —u2) (1 —u?) —uz_—ui} ,
and
{ Tl —u,) }[e““‘“””{(l—l—iu‘—#—)cos(u_—z@)x
(u e i> sin (u_ —uy) x}
+ R,.R_e iu-——upe {(1 —i &%ui—> cos(u_—uy) x
—<i_—;u—+—[—i> sin{u_—u,) x}]
-7z B . _+
_{m} [R_e 1<u_+u+)x{<1_1u_7_fﬁ+_> cos (u_+u,) x
_<u -‘7: * —|—1>sm(u +u,) }
1R, elu—tupz {(1_ii—:’7—1u—+> cos (w_+u,) x
—<£-1T;ui—i> sin (u_+u,) x}] s (32)
where

)y 245 . 2uND—u2
R, = {1 D +1 D ,
202 . 2uND—i2 }

R_:{l—- 5 —i 7o)

V, stands for the contribution in 2<0, and V; in 2>0. When D=(g/k:)*=
oo and 2,=0, Eq. (30) reduces to
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Voo = 2n2*e? >{ 2 2 }
e\ QR T (u_—u) ™ T2 (u_+u)2 |’
which is equal to the matrix element obtained in the GO theory (Eq. (22)).

3.3. Numerical Computations.
The present matrix element, Eq. (30) is compared with GO’s one, Eq.
(22). Equations (9a) and (8), that is,

W, = So_ldu_gz"dzrgs(;—i‘-) wilta, Al 46, (9 )
pu=1-—"gre, (8)

are numerically calculated for adsorption of H, O, C and N on Ni. Para-

-
oKr
15
B (2)
w | A
N
o 10} Ga (1)
o
(o] r Zn
=
© Ne
(5]
= 3
s |
2
® 5F
L K
i Na
i He
AL
(o) I L ) 1 ] 1 1 . L 1
0 5 10
(Z ~s)

Fig. 2. Relation between the effective charge z* and the
effective nuclear charge (Z—s) defined by Slater.
This is obtained from the result calculated by
Allis and Morse. Line (1) is applicable to atoms
with the atomic number less than 18, and line (2)
to atoms with the atomic number from 19 to 36.
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meters D and 2, are determined as follows: D=(qg/k:)*=(E;+®)/E;=(5.3
eV-+4.5eV)/5.3eV=1.85 where E; is the Fermi energy and @ is the work
function ; metal-adatom distance is assumed to be L=3z,+2,=r;, so that
2,=7,—0.37T A for nickel. This assumption means that an adatom with
atomic radius 7, contacts just with the metal (the positive jellium). The
parameters 2*¥ and r, defined by Eq. (11) are determined by Slater’s rule.
The values of 7, are tabulated by Slater.”? Determination of 2* has been
discussed by Allis and Morse?® for scatterings of slow electrons by gaseous
atoms. Note that z* differs from the effective nuclear charge (Z—s) (in
Slater’s notation). The values of 2* is not determined straightforwardly from
Slater’s effective nuclear charge but closely related to it as shown by Allis
and Morse, who determined it by averaging the effective nuclear charges
in different atomic shells. The values thus determined explained satisfactorily
the scattering of slow electrons. Though their method is not simple, we
can find a linear relation between z* and the effective nuclear charge (Z—5s)
in their result as shown in Fig. 2, by which we can directly determine 2¥’s
for many atoms. Used values of the parameters and resulting W, are given
in Table I. Figure 3 demonstrates calculated p,q for adsorption of hydrogen
on nickel with 7, being parameterized, in which the present results are com-
pared with GO’s ones. Here it is noticed that though p,, is given as a
function of the scattering angle «, in Eq. (8), it is plotted with the incident

TaBLe I  Scattering probabilities of the conduction electrons
by H, O, N and C adsorbed on Ni, and values of
ro and z* determind by Slater’s rule and Allis and
Morse’s method, respectively. Parameters for Ni
are: Er=53eV, k=118X10%cm™, D=(qg/k:)?=1.85
with 4.5eV of the work function.

Ws(for Ng=0.2X10"% atoms cm~2)
atoms 2% ro(AY®)  L(A) =za(A)
u+=0.20 0.50 0.80
H 1.0 0.53 0.53 0.16 8.34 X104 1.91x10-3 265x10-3
O 7.0 0.47 047 0.10 2.02x10-2 4.78x10-2  7.01x10-2
C 47 0.65 0.65 0.28 428x10-2  9.23x10-2 1.15x1071
N 5.9 0.55 0.55 0.18 3.32x10—2 7.54x10-2 1.03x 101!

*) The atomic radii are calculated from ro=(n*2(Z—s) according to Slater’s rule, in
which (Z—1) electrons contribute to the evaluation of (Z—s), where Z is the atomic
number of atom considered, because the radius of the outermost electron is to be
calculated as 7. However, Z electrons contribute to (Z—s) for the determination
of z* because 2* is an effective charge seen by incident conduction electrons.
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(p=0.80A) present
{r,=0.90A) present

1.00

L . present  /Tneeeol ]
\\(r°=|.20A) (rOEOOQOA)

_ GO

5 . (=0.80A)

T GO\\

a | (lo=1.20A)". _

0.90 /e
00 0.5 10

incident angle u=cos @

Fig. 3. Comparison of the present specularity parameter paa(u)
with that obtained by the GO calculation for hydrogen
adsorbed on nickel. The number of adsorbed hydrogen
is fixed at N,=0.2X10% atoms/cm?.

1.0
7
H(r=0.53A)
(r,=0.80A)
090F
0

3 N
R c

0.80¢F

0.70 !

00 02 04 06 08 1.0
incident angle u

Fig. 4. Specularity parameter paa(z) for adsorption of H, O, C
and N on Ni. N,=04x10% atoms/cm? and other used
parameters are given in Table I
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angle « in Fig. 3, because Fuch’s boundary condition imposes the relation
of u,=|u_|=u. It is seen in Fig. 3 that when r, is small, the present
results are similar to those of the GO calculation, but r, becomes large,
GO’s matrix element becomes much larger than the present one. This is
because the position of adatom is fixed at 2=2,=0 in the GO calculation,
so that overlapping of the wave function with the scattering potential be-
comes large with r, being large, while in the present calculation, the position
of adatom shifts outside with 7, enlarged resulting in a small increase in the
overlap. In Fig. 4, p.’s for adsorption of C, N, and O are compared with
that of H. The change in p, for C is the largest among them due to
the largest value of 7, as seen in Table I. Note in Figs. 3 and 4 that the
grazingly incident electrons are less scattered because of the termination of
the wave functions of CE’s at the surface. Therefore, grazing electrons
behave in a more specular reflection than normally incident electrons.

The scattering cross section of an adatom is useful to understand the
nature of scattering, which is defined by

W, = (Na/u) Qs (33)
15
7k
6 -
= Sr 10
¢ &
e )
o 4f mg
e 'S
&30 .
15
2 -
l -
O L 1 L 1 " " n 1
(0] 0.5 I.Oo

incident angle u

Fig. 5. Calculated scattering cross sections of H and O
adsorbed on Ni. Used values of the parameters
are those given in Table I.
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where N, is the number of randomly adsorbed scatterers per cm? Q; is
the total cross section,® and factor (N,/u) represents the asperity effect.’?
From Egs. (9a), (29), (30) and (33), we have

0.(0) = (2*faokitx | du|"asgvi+ vil, 3)

where q, is the Bohr radius. Note that Q. depends on the incident angle
of CE’s which is a feature of surface scattering problems. Calculated cross
sections are shown in Fig. 5 for O and H plotted with the incident angle,
where the cross section of O is much larger than that of H.

4. Application of the theory to changes in the resistance
of Ni films due to adsorption of O, and H..

In this section, the present theory is compared with experiments. There
are many experimental results of changes in the resistance of thin evapo-
rated films due to adsorption. However, the most of them can not be com-
pared with the theory because of being lack of some basic imformations,
i. e., the mean free path [/ of CE’s, thickness of films, the resistance absent
of adsorbate or number of adatoms per cm? Here the theory is compared
with experimental results obtained by Suhrmann ez al.?»?* and Mizushima.®®

4.1. Scattering by surface roughness and the mean free
path of CE’s in evaporated Ni films.

We have considered the impurity scattering of CE’s on an ideal metal
surface, where gas atoms are assumed to be adsorbed on a smooth and
plane surface. This assumption implies that CE’s with wave length 4 being
much larger than an average asperity 7, of a real surface feel the surface
smooth. However, it is well known that there is a large scale roughness
or bumpyness (4,>10 A) on actual surfaces of evaporated films. It must be
taken into account to understand the resistance of films. Many experiments
have actually shown small values of p,, before adsorption takes place, which
signifies a prior existence of scattering mechanisms. Therefore, we have
postulated a geometrical surface roughness being the most important mecha-
nism on clean surfaces. Significant theories for this problem are presented
by Ziman® and Soffer,” who represented the specularity as a function of
phase differences of waves reflected from a bumpy surface whose averaged
height deviation is h, measured from a plane base surface, viz.,

*) It is noted that in Refs. 6 and 12, the cross section is defined by Q== (2* ro/ag k),
which represents a strength of the scattering of each adatom independent of
nature of metal surfaces.
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pet) =1 (5 w).

When a Gaussian distribution for the height deviation and an autocorrelation
function for the deviation parallel to the base surface are assumed, it be-

comes,
it = (47 ) -

at a limit of no correlation length, which satisfies Fuchs’ boundary con-
dition. Since this result is based on an extremely simplified case of the
theories, it should be qualitatively understood. When we intend to apply
Eq. (35) to thin evaporated polycrystalline films, where Ay/2>1, we notice
that (4rhe/4)? factor becomes unrealistically large, so that Eq. (35) is sub-
stantially zero. As we have no criterion for knowing what forms are more
plausible, we assume the same form of the specularity,

47Th0
A

2
(1) = exp <—c< ) u2> =exp (—Cu?, (36)
with putting correction ¢ to obtain a reasonable value of p.(x). In the case
of roughness scattering, grazingly incident electrons should behave in a specu-
lar fasion just like the surface impurity scattering shown in Fig. 3, because
grazing electrons have apparently long wave lengths given by A/u. The
assumption of Eq. (36) is hence reasonable.

Constant C can be determined from observed resistance R of thin evapo-
rated films. Let us write the resistance as R=yp/d, where y is a constant
determined by experimental conditions. From Eq. (1) and R, we obtain

R(Tyd) UT)  1-F(x=dy/I(Ty), p:(w))

R(Tyd) ~ [(Ty) X 1=Fla=ad/[(Ty), p: () ’ 37)

for d; and also another similar equation for d, where T is temperature
of films. By using the resistance measured by Mizushima?? (see Fig. 12 of
Ref. 22) and parameterizing C and [ (7})/I(T,) to obtain best fit of Egs. (37)
to the experiment for d; and d,, the following values are obtained : (90 K)=
35020 A, [(273K)=180+20A; C=3.8 for 4,=100 and <,=200 A and
[(90 K)=410+30 A, [(273K)=210+30A; C=4.2 for d,=300 and d,=
400 A. These mean free paths are not so different from the values evaluated
by Toya:*® [(90K)=270 A and /(273 K)=150 A, but much smaller than
the bulk values: /(90 K)=1280 A and /(273 K)=266 A. It is noted that
C=3.0 is experimentally determined for thin Pt wires,® of which roughness
is supposed to be smaller than that of evaporated nickel films.
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Fig. 6. Specularity parameter pup(u) defined by Eq. (38) for O
and H adsorbed on Ni. Np=04x10" atoms/cm?2 pr(u)
denotes the specularity for the roughness scattering.

It is finally assumed that the impurity scattering and the roughness
scattering occur independently on the surface just as the assumption in pro-
blems of the bulk resistance, viz.,

W+ W,
Pup = 1—{(1——exp (—Cuz))—l-ms—p}
:exp(—Cuz)—%ZO, (38)

which is to be substituted to Eq. (1). The above assumption implies that
adatoms placed on a bumpy part of the surface do not contribute to re-
sistance change, because CE’s are always scattered by the roughness. Figure
6 results from the numerical computation of Eq. (38) for adsorption of hy-
drogen and oxygen on nickel.

4.2, Comparison of the calculation with the experiments.

Equation (38) and the mean free paths obtained in section 4.1 are sub-
stituted into Eq. (1), and it is numerically integrated, where x=d/[=0.286
at 90K and 0.556 at 273 K. The relative change in the resistance is ob-
tained from Eq. (3) as a function of N,. Experimental results for Ni-O2
and Ni-H systems®® are shown in Fig. 7 along with the theoretical ones.
The theory can not discuss the resistance change at the higher coverage,
since randomly distributed and independent adatoms are assumed. Figure
7 demonstrates that the theory agrees with the experiment for Ni-O system
but does not for Ni-H system with assuming the atomic values of 7, and
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L=r,. The variation of r, from 0.53 to 0.80 A can not explain the experi-
mental result of hydrogen. Therefore, we attempted to vary L for Ni-H
system. In the present calculation, no surface structure parallel to the sur-
face is considered. However, a wavy electronic surface can be assumed
for rough surfaces. When we take L being close to zero, the adatom may
be crudely approximated to be located at a valley of the wavy surface. We
varied L with fixing 7,=0.53 or 0.60 A, and calculated the resistance change,
which is found to increase rapidly with decrease in L. These results are
shown by broken and dotted lines in Fig. 7. When L=0.02 A, the theory
agrees with the experiment. However, such a small distance may not be
allowed for adsorbed hydrogen due to large repulsions from the positive
jellium and CE’s. This inconsistency is possibly caused in part by the as-
sumed scattering potential Eq. (11) which is of less suitability for light atoms,
since this potential is similar to that derived from the Thomas-Fermi statis-
tical model, in which the potential is accurate and has an approximately
exponential dumping for heavy atoms. Another explanation of the incon-
sistency is that the second order processes such as k—1s—k’ may contribute

501
4.0t () Y
H{theory,
w30
2 30F (2)H
— (theory) (2 H
& Ve
2'0% 7/ /(30 (theory)
/,’
V44
ok J1/7
2
V4 (1")H (theory)
o w2227 (2") H(theory)

[¢] 0.2 0.4 0.6 0.8

number of atoms Na (10'® cm™2)

Fig. 7. Experimental changes in the resistance (solid lines) of
evaporated Ni films (d=100 A) due to adsorption of H
and O, and theoretical changes in the resistance (bro-
ken and dotted lines). (1) adsorption of H at 90 K, (2)
adsorption of H at 273K, (3) adsorption of O at 90K,
(1) adsorption of H at 90K (=060 A, L=002 A), (2/)
adsorption of H at 273K (19 =0.60 A, L =0.02 A), (3’) ad-
sorption of O at 90K (=047 A, L=047 A), (I’") adsorp-
tion of H at 90 K (r=0.60 A, L=0.19 A), (2’/) adsorption
of H at 273K (r4=0.60 A, L=0.19 A).
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to the resistance change. This is probable as shown by Toya® because of
deeper 1s level compared with negative of the work function.

It should be further noted in Fig. 7 that the theoretical temperature
dependence of the resistance increase agrees with the experiment in Ni-H
system, which indicates that the temperature dependence is caused by the
change in [/, and further the scattering mechanism we are adopting can
only explain this temperature dependence.

5. Conclusion.

A quantitative analysis of changes in the resistance of thin Ni films
due to adsorption of O, and H, has been attempted. It has been shown
that the specularity parameter pu, is a function of incident angles and energy
of conduction electrons. Hence, constant p’s which have been often assumed
to explain experimental results are very crude asumptions. The present
results are summarized as follows. (1) The present scattering probability is
similar to GO’s one when 7y is small, but much smaller than GO’s one when
re is large. (2) The theoretical scattering probability of adsorbed oxygen
is 25 times larger than that of hydrogen, while the experimental changes
in the resistance due to them are about the same. (3) The theory agrees
with the experiment for Ni-O system but does not for Ni-H system. Though
a part of this discrepancy may be caused by the scattering potential of Eq.
(11), it is probable that the second order scatterings such as k—1s—k’ con-
tribute considerably in Ni-H system. (4) The specularity parameter for
surface roughness of Ni films is expressed by p.u)=exp (—3.8 #?, in which
factor 3.8 is determined from the experimental resistance of films. (5) It
is confirmed that when thin metallic films are continuous and thicker than
about 50 A where changes in CE’s number due to adsorption are negligible,
the cause of resistance increase due to adsorption is generally scatterings
of the conduction electrons at the surface.
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Appendix A: Calculation of matrix element V,,.

View = W IV = [argie ) (=22 ) gy 1
(5 o wffae 522 2o, (a1
where a=2/r,. The wave function in Eq. (23) is rewritten as,
IrX) =~ eh I flk ), (A2)

which leads Eq. (A 1) to

—_— ok oo o
Vi =< ad ‘32)5 2+Q2S dxei(Qz-ch—-lc’z)zS‘ dy ei(@y+ky =27,y

xS dz f* (B, 2) flk,, ) el0

“2 *e? 1e.2d ’
; )5 mﬁ‘;ﬁ%xg_ dz f*(k;, 2) f(k,, 2)

— % 52 oo -8z
=<~%€1)§ g Fr (R ) flh 2) d, (A3)
where
=a’+ K24+ K2, KZ=(k,—kl2, K =(k,—E,2. (A4)

From Eq. (23),

f(kz’ z) :( (2,2 __ e—2ik,0 e~ik, z) , 2>0 ,

={< )+21( >\/1< )}w‘—k%‘“a 2<0.

The origin of coordinates of the wave function has to shifted to the position of
the adatom, (0, 0, —z,). Then we have,

f(kz; Z) — eikzza {eikzz_e—21k~(6+za) —~i% z} 2> 2

=e(q=_k§)1/2z { ( >+21< >\/1 ( )} (q2_k2)1/22, 2< 2,

(A5)
which is substituted into Eq. (A 3) and the integration is carried out:
— 8z
Vix=(a3) =N o a2 s
- B
Zg -8z o —8z
+§0 S FH (R 2) flk, ) det S S Pk 2 f ks, 2) dz].
) (A 6)

The first and second integrals in the bracket are readily performed resulting in,
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__cC
(Ist)= BE+ST (A7)
_ CFC [ ePrn—1
S e =t (48)

where

S=S(k, ¥)= {<q2—kz>1/2+<q2~k;>1/2} :

JalWET)

f*f= ei}i’_:z,1 {elK_z+e—2iK_(d+z&) e—iK,z_e—Zi/cz(J+za) e—iﬁ’+z

V(5T

C=Clg, k)= @Dz { (

In the third integral,

— Q2ikR(st2y) eizq_z} ) (A 10)

where

K_=Fk—F% and Ki=k-+k, . (A11)
The substitution of Eq. (A 10) into the third integral yields,

(3rd) = eiK—za<~ﬁTe_;_i;<aT_> [{<1+1 Ié > cos K_z,— <_1:<‘B____i> sin K_za}

+e—2“"—<"+za)<1——i Ié‘ ) cos K_za—<%+i> sin K_za}]

—Bzy
ol e -
+

—(%-l—i) sin K+za}

I‘<B+ ) cos Kiz2,

+ gRikE(+en) {<1+i If;' ) cos K+za—<%—i> sin K+za}] . (A12)
We have thus accomplished the exact calculation of the matrix element. The
result is
— *
o= (ZEEE An+ag+HA12). (A13)

Since we are considering an electrical resistance problem, only |k|=£k; should
be taken into account for the assumed spherical Fermi surface. Therefore, Egs.
(A4)( A9) and (A 11) are transformed as follows:

P=a?+K2—KZ%= T2,

where

T2={< o )+2 —2 cos AngMT—u—)—ui—uz_}. (A 14)
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S )= {JD—ua D=L }kfzsokf, (A 15)

2
where D= (—Z:) .

and

CHC = ookt (-4%‘;> (t-tiyD=uZ ) s — iy D). (A 16)
K_ = (u_—u+) kf , K+ = (u_+u+) kf . (A 17)
, 2 Nz
Qe = {1~ 21“; +i 2“*‘/3 ks } =R,
o (A 18)
2 3
etk {1_ 2 2“-*’1@ ue } _R_.

The resulting form of the matrix element is given by Eq. (30).

2)
3)
4)
5)
6)
7)

8)

9)
10)
11)
12)
13)
14)
15)
16)
17)
18)
19)
20)
21)

22)
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