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The friction coefficient of adatoms on metal surfaces is investigated with the aid of the Newns-
Anderson model. In particular, its temperature dependence is clarified on the basis of the local
Fermi-liquid theory at low temperatures. It is shown that the friction coefficient strongly depends

on the temperature as well as on the magnetic field.

I. INTRODUCTION

The friction coefficient is one of the fundamental quan-
tities which characterize dynamical processes of particles
on solid surfaces such as adsorption, desorption, scatter-
ing, diffusion, and catalysis. For instance, in Kramers’s
description' of chemical reactions as a Brownian motion
of the reacting species, which can be applied to the
desorption and the diffusion processes, it has been shown
that the reaction rate strongly depends on the friction
coefficient of the reacting species. In the process of ad-
sorption the moving particle loses its kinetic energy, be-
cause it experiences a friction force, and is captured in
the potential well near the surface if the energy loss
exceeds the initial kinetic energy. In general, the friction
force may result from the creation of phonons and the
electronic fluctuation. At low temperatures, however,
the friction force for adatoms on metal surfaces results
mainly from the electronic fluctuation.?

With the aid of the Newns-Anderson model the fric-
tion coefficient of adatoms on metal surfaces has been in-
vestigated by several authors.?~7 In particular, the case
without the electron correlation has been discussed
thoroughly by Nourtier* and subsequently with the use of
an approximate method the electron correlation effect
has been investigated by Yoshimori and Motchane.® In
the previous paper’ with the use of the Bethe-ansatz solu-
tion for the Anderson model® the friction coefficient has
been calculated as a function of the magnetic field at the
absolute zero of temperature. It has been shown that the
friction coefficient strongly depends on the magnetic field.

The main purpose of the present paper is to investigate
the temperature dependence of the friction coefficient on
the basis of the local Fermi-liquid theory.®~!> The ana-
lytic expression for the friction coefficient as a function of
the magnetic field is also given at the absolute zero of
temperature.

In the next section the model Hamiltonian and the ex-
pression for the friction coefficient are given. It is shown
in Sec. III that the vertex part of the expression can be
written in terms of the Green function of the adatom and
its self-energy up to second order of the temperature. In
light of the present understanding of the Green function
and its self-energy the friction coefficient is evaluated in
Sec. IV. Summary and discussions are given in the last
section.
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II. FRICTION COEFFICIENT

The Hamiltonian of the system we investigate is given
by
Hy =3 e nio+es 3 ng,
k,o 4

+ 2 (chzacda-l'H.C. )+ UndTndl N

k,o

2.1

where C,Zo (C;,,) is the electron creation operator for the
state | k) with spin o and energy €, of the conduction
electron in the metal (for the orbital |d ) of the adatom
with spin o and energy g4), n =C 'C, and V} is the matrix
element of hybridization between the conduction electron
and the electron on the adatom, which we assume to be
real. The last term represents the intra-atomic Coulomb
interaction for two electrons on the adatom.

The friction coefficient 7 is given in terms of the force
correlation function as’

1 ©
1= Re [ “(FF(r)dr (2.2)

where M is the mass of the adatom, T the temperature in
the unit of ky =1, { ) denotes the thermal average, and
Fis the fluctuating force defined by F=F —(F). Here a
one-dimensional system is assumed for the motion of the
adatom. Following Bohnen et al.3 we may take F as

F= 2 Wk(ClIaCda"'C;aCka) (23)
k,o
and
W= — ok 2.4)
k=7 ax :

where X is the coordinate of the adatom. For simplicity
we assume that €; and U are independent of X.

Using the Fourier transform of the two-particle tem-
perature Green function and expressing it in terms of the
one-particle Green functions and the vertex functions, we
can express 7 as®

N=710,n+M21n+M2.2) » (2.5)
1 .. 99 (iv)

’=—37 —r— 2.6

1’(1,]) M v!i%l+ Im div ’ ( )
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W, 0

Qu(iv)=T 3 g°lio+iv,io) A°lio+iv,ie)]*, (2.8)

w,0

and

w,o0

XL{lio+iv,iw) . (2.9)

Here G%(iw) is the Fourier transform of the one-particle
temperature Green function of the adatom with
wo=2n+1)rT (n integer) and g%lio+iv,iw)
=G%(iw)G%(iw+iv) with v=2n7wT. The quantities
§%iw), A°(iow+iv,iw), and L{(io+iv,iw) are defined
by

wi
Elio)=F ——, (2.10)
k lO—Eg
A%llo+iv,io)=E(io)+ & (io+iv) , (2.11)
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EClio)=,

, (2.12)
k ico—~£Z

and

Lilio+iv,io)=T 3 T, olio+ivieio +iv,ie)
w',o'
Xgoio' +iv,in'")
X A% (io' +iv,ie') , (2.13)
where €] =¢, —gupH, e =€, +gupH (H is the magnetic
field) and [, olio+iv,ie';io"+iv,iw) is the total ver-
tex function.
Using the usual contour-integral method, we can ob-
tain

2 ®© d .
ﬂ(1,1)=W2f—wdE ———l;% ImG°(e+i0%)
XImg(e+i0t) (2.14)

and

77<z,n=;2g2 [7 ae l—-% ](ImG"(e+iO+)Im[G"(e+iO+)§"(s+i0+)2]+{Im[G"(s+i0+)§"(s+i0+)]]2),

where

G%(e+i0t)=[e+i0t —e7—B%(e+i0")

—3%e+i07)]7 !, (2.16)
. ® ()
T(e+i0T)= de—ELEL __(w2)e 2.17
g €41 f—w € g+i0+—5'< k>e ( )
. ® (g")
o(e+i0t)= [~ de—LEL (v, w,)e, (2.18)
¢ f—w g4+i0t —g' K K'E
and
. ® (')
Boe+i0t)=[" de—L—(y2)e. (2.19
+i f—m & E+i0+—EI ke
Here f(e) is the Fermi distribution function,

ey=es—gupH (e}=¢,+gupH), and Z°(e+i0%) the
self-energy. The quantities (W2)?, (V,W,)?, and
(V#)? denote the averages of W2, V, W,, and V? on the
energy contour €7 =g, respectively, and p(€) is the densi-
ty of states of the conduction electrons in the semi-
infinite metal. Since 7, ,), contains the vertex functions,
the separate treatments are necessary in order to derive

|

1
2T

—a—-S(ia)—i-iv,iw)

X dw

w=0

0=0

(2.15)

[

the simple expression in terms of the self-energy and the
Green function of the adatom (see the next section). The
above expressions for 7, ) and 7, ;, have been derived
by Yoshimori and Motchane® and the temperature
dependence of 7, ;, has been investigated in the absence
of the magnetic field. The temperature dependences of
M2,1) and 7, ,) are investigated at low temperatures in
Sec. IV, where it is shown that the main contribution to 7
is made by 7, ,) and that the value of 7, ,, is almost can-
celed out by that of 7, ;).

III. EXPRESSION FOR 7, ,,
AT LOW TEMPERATURES

In this section it is shown that 7, ,, defined by (2.6)
and (2.9) can be written in terms of the Green function of
the adatom and its self-energy up to T2 on the basis of
the local Fermi-liquid theory.’~!'? In order to calculate
(2.9) it is convenient to use the following expansion for
a discrete sum of a function S(iw+iv,iw) over
o=(2n +1)7T (n integer) which has singularities at ©=0
and o +v=0:

. .. 1 ® . A (wT)?
T S ’ =5 ’
% (io+iv,iw) . f_wde(1w+tv1w)+——————

+

iS(ia)+iv,ico)

+aco

o=—v+0"

w=—v+0t
]+ T, (3.1)
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where

o=0%

= iS(ico—+-iv,ia))

dw

-a—S(ia)—+—iv,ia))

dw

iS(iw—}—iv,iw)

dw

w=0"

w=0

0=0

Using the relation (3.1) we can write down the expression for Q, ,)(iv) as follows:

(3.2)

Qualivi=3 (21 ; [7 do[7 do'A%lio+iv,io)g(i0+iv,io)T,ie,io;ivg? (io +iv,ie') A7 (i0' +iv,ie’)
o,0’ ™ - -®
1 (aT)? = o o
+ 3 ——— do A°(io+iv,io)g’(io+iv,io)
0’0,(27)2 6 f—w
»'=0"
X | | == T yolio,ie’;iv)g’lio’ +iv,in') A% (io' +iv,io')
aw o'=0"
3 '=—v+07*
+ wfaal(iw,iw’;iv)g”(ia)’+iv,ico’)A"(iw'+iv,iw’)
o'=—v+0~
1 (aT) po=
+ > do' A’ (io"+iv,ie')g? (io'+iv,ie')
o,0' (277')2 6 f_w
a w=0"
X EA”(iw+iv,ia))g"(iw+iv,iw)F,,a'(ia),ia)’;iv)
w=0"
3 o=—v+07
+ a—A”(ia)+iv,iw)g”(iw-}—iv,ia))l",m,(iw,im';iv) + -
@ 0o=—v+0"

(3.3)

where ', (iw,iw’,iv) is the abbreviation of [, ., ({o+iv,ie';io'+iv,iw). The derivative of the above expression
with respect to v, whose imaginary part gives 7, ,, in the limit of v—0+, can be calculated in the following way. First
we express the total vertex function I, .(iw,iw’;iv) included in (3.3) in terms of the proper vertex function

I'% (iw,ie’,iv) and the one-particle Green function using the Dyson equation

Faor(iw,iw’,iv)zFga'(iw,ia)’;iv)—{—T > Fgau(iw,ia)";iv)g” (io"+iv,io" )T lio"io'iv) .

',0"

(3.4)

Secondly with regards to the positions of singularities, we expand the discrete sum over ’’, ®" ’, and so on appearing in
the expression up to T2 using the relation (3.1). Then taking the derivative of the obtained expression with respect to

13

v,13 we can derive the following expression up to T
9Q(3,0(iv) 1 rw o G lio+iv)Eolio+iv) ., .  Glio+iv)
dv —_§27r f—oode i) 9iv +6%lio) div
X[L{(io+iv,iw)+L(io+iv,iw)]
1 (#T)? 3 . | 9Glio+ivIEio+iv) . 0Giw+iv)
- _GO g
* g’ 2 6 0w lio) div +6%liw) oiv

X[L{ io+iv,io)+Llio+iv,ie)] [“70
o

9 5.
awG (iw)

G io+iv)Elio+iv)

+ div

+E%iw)

0G%(iw+iv)
div
w=—v+0t

X[LY(iow+iv,iw)+Li(io+iv,io)] A
w=—v+0

2
+ [i—a—a—2A”(iw+iv,iw)g”(iw+iv,iw)
D)

X[L{lio+iv,io)+ L] (io+iv,iw)]

o=—v+0*t
w=—v+0"
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1 ® o .o . 0G%iw+iv) . L
+ g—z;f_wdcoLz(la)+1v,tw)G”(zw)TL‘l’(tw+tv,zw)
w=01
1 (#T)? i) . o ors 1 OGliw+iv) . .. .o
+§E 6 EZLg(zw+tv,1co)G (zw)TLl(zw+tv,zw) Y
o/ . o=—v+0*
+ —a—Lg(iw+iv,iw)G”(iw)ML‘]’(iw—i-iv,iw)
dw div o= —y+0—
82 w=—v+0Tt
+ 1'—2Lg(ia)+iv,iw)g”(iw+iv,iw)L‘,’(ia)-}—iv,ico) + e, (3.5)
0w w=—v4+0"
where
Lilio+iv,io)=T 3 Ty lie',io;ivig? (io'+iv,ie' )4 (io'+iv,ie) . (3.6)
Finally we can write 1), 5, in terms of the Green function of the adatom and its self-energy as
(2,2)
ag;nt+ o(:n+
VD> ‘ImG"(iO*)—%g—llmG"(iO*)g"(iO“”)+ImG”(iO+)§"(i0+)%ImG”(iO“L)
, ™ <
2
1 . . 327(i0t)
I g + g +
+‘ITM§ mG?(i0")ImG?(i0™") ax
1 (nT)? K O NSNIINT. ) X.d (-3 o |
M6 § —Re aez[g (e4+i0T)+£%(e+i07)1G%(e+i0T)G(e+i07) ax e
2 o L
+Re |2 [£7(e4i07)+£7(64+i07)]G (64107 )G (e 4i0) LZEFI0T)
882 ax £=0
2
1 —(”T)Zz Re |2 Go(e+i0%)Go(eti0-) | OZE£I0T)
27M 6 < 3e? ax o
2
2 o L
_Re %G"(e—%io_)G”(e—HO“) S2es i) l ' (3.7)
e=0

Here we have used the Ward identity,®

L‘l’(iw,iw)=L‘2’(iw,ia))=—§—§-g;i) (3.8)
and the following manipulations:
vEr&if_ide"(iw) aGO(i“’*"E)Vi)Vga(i“’*i”) +§°<iw)—-——~aGa(gl‘_"v+iV) [LYiw+iv,io)+ L (io+iv,io)]
=~ [° delm [4[G(e+i0M) L (e+i07) |1— aB”(%:iO“ _ 82"<s£i0+) aE”(g;iOﬂ
(G410 8§”(sa-{€—i0+) 82"(2;1'0*)
~ 180 Goio 2T L 3G oo ygerion) 2D (3.9)

and
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lim —l—fw de‘z’(iw+iv,ia))G”(iw)a—G—g‘u.o—+—w“)‘
—e div

v—0+ 27T
927(i07)
i), ¢

2
8G” Goio-)

1
21

~if° delIm |[G(e+i0"))
m —

where 8G is defined by 8§G=G(i0t)—G(i0~). The
main results of the present section are the expression (3.7)
for 7,5, up to T?. In the next section we evaluate M2,2)
together with 7, ,, and 7, , in light of the present un-
derstanding of the self-energy and the Green function of
the adatom!! and clarify the temperature dependence of
7 at low temperatures.

IV. TEMPERATURE DEPENDENCE OF 7

When the k dependence of ¥, is dropped and the den-
sity of states of the conduction electron is assumed to be
constant, the quantities B?(e+i07%), £°(¢+4i0%) and
£%(e+1i0%) are independent of € and are written by —iA,
—i§, and —i{, respectively. Furthermore the self-energy
around the Fermi level (chosen as the origin of energy) is
known as'!

2(e+i0t)=——[mAX;+X.)—1]e

V|

i AR IR
where A=mp¥? and X, (X,) is the magnetic (charge) sus-
ceptibility at T'=0. Here we consider the symmetric case
(e4+U/2=0) in the absence of the magnetic field. In
this case we can use the analytic expressions for X, and
X. which have been derived with the use of the exact
solution for the Anderson model.® Substituting (4.1) into
(3.7) we can derive 7, ,) as

2

4 &2 X, oxX,
=— — [AT—+A——
N2,2) oM A2 |3 3A + 3A
S —X,) AaX‘ st
-3 s~ A aA - aA
+4X X, —2XE-2X2 | mT? . 4.2)
Similarly up to T2, N(1,1) and 7,1, are given by
Na,n= ﬂ;{ f_[l—()(f-i-)(f—%)(s)(c )T 4.3)
and
4 2
n<z,n=W%[—1+(;x§+§x§—%)(ch yriT?] .

(4.4)
The summing up 7, ; over / and j, we obtain the friction

|— 9B%(e+i0%) 32%(e+i0%)

AYAO OKIJI AND HIDEAKI KASAI 38

Lilio+iv,iw)

93%(e+i0%)

2
}, (3.10)

de de ). ¢

coefficient 7 as

(4.5)

where the relation £/A =¢£%/A? has been used. It is noted
that the main contribution to 7 is made by 7, ), which
contains the derivatives of X; and X, with respect to A
and brings a strong temperature dependence. The value
of 7,,1) is almost canceled out by that of 7, ;, and hence
they give a small contribution to 7. In Fig. 1 we show
the T? dependence of 7. As the value of U /2A increases,
the slope of 17 as a function of T? becomes steeper. In
the so-called s-d limit (¢, +U/2=0, U being large,
X, =>~1/27Tg, and X, ~0), 7 can be written as

| |
] L]
20} -
<
10 .
20»— —
T 0
'— |70
Yl
<
=
10~ —
0 1 |
0 0.5 (“zT]z 1.0
A

FIG. 1. The temperature dependence of the friction
coefficient 7 at low temperatures for U/2A=1.4, 2.0, 2.4, and
2.6. The inset shows A4 as a function of U/2A, where 4 is
defined by n=(4/7M)E*/AY) A(*T/A)%. The value of 4 at
U/2A=0is 2/37.
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2
_ 4 2020k oA ATk,
"=7M ar |37 | T, dA TTe dA |73
2
T
X 2T, ) (4.6)

where T; is the Kondo temperature® defined by
Ty =(V2UA/mexp(—mU /8A). One can see that the
main contribution to 7 comes from the first term in the
bracket of the above expression, in this case.

As for the magnetic-field dependence of 7 at T =0 the
numerical calculations have been made in the previous
paper.” Using the exact solution® for the Anderson mod-
el we can also derive the analytic expression for 7 in the
high as well as in the low magnetic field:

2 2

8 ¢ | A dTg H
=5 5 |8 f
=M a? | T, an | |21, | T H <Tx
4.7
and
-4
_ 4 g2a|AdTk | H
=M ars |7, 4 | |°T, for H>Ty ,
4.8)

where Ty is defined by Ty =V'2m/e Tg. It can be seen
from the above expressions in addition to the previous re-
sults’ that, as a function of H, 7 increases with H 2
dependence for H << T, reaches a maximum, and then
decreases with InH dependence for H > Ty;.

V. SUMMARY AND DISCUSSIONS

The electronic contribution to the friction coefficient 5
of adatoms on metal surfaces is discussed along the ap-
proach by Bohnen et al.> On the basis of the local
Fermi-liquid theory®~!2 the expression for 7 is derived at
low temperatures. It turns out that 7 can be expressed in
terms of the self-energy around the Fermi level, its
derivative with respect to the coordinate of an adatom
and the one-particle Green function of the adatom. It is
shown that 7 increases strongly with T2 dependence as T
increases. The coefficient contains, in addition to X, and
X., their derivatives with respect to A and becomes very
large when U is large as compared with A. At the abso-
lute zero of temperature the localized electron on the
adatom tightly couples with the conduction electrons.
Hence the fluctuation of the force defined by the expres-
sion (2.3) scarcely occurs and 7 is practically zero. As
the temperature increases, however, the coupling is re-
laxed. Then the fluctuation of the force may appear.
Hence 7 takes finite values and increases rapidly due to
the electron-correlation effect as the temperature in-
creases. As for the behavior of 7 at high temperatures
(T > Tg) it seems to be difficult to investigate its tempera-
ture dependence. It may be necessary to introduce some
kinds of approximations. We may, however, make the
following conjecture. Since the temperature dependences
of physical quantities such as the susceptibility and the
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FIG. 2. The friction coefficient 7 as a function of the coordi-
nate of an adatom X at low temperatures for the symmetric case
of €;,/2A(0)=—5 and U/2A(0)=10 ( ). The case of sur-
face diffusion is considered and the X dependence of V(X) is
taken as V(X)=V,{1+Bcos[(27/a)X]} and B=0.01. Also X
dependences of A(X)/A(0) (---) and Tx(X)/Tx(0) (— — —)
are drawn in the figure.

electronic resistivity due to a magnetic impurity in dilute
alloys described by the Anderson model are quite similar
to their magnetic field dependences if the value of U is
fairly large, and since it may be considered to be the case
for 7 [see (4.6) and (4.7)], it may be said that 7 has a max-
imum and decreases with InT dependence as the tempera-
ture increases at T > Tg.

As for the position dependence of 7 it can be con-
sidered as follows. When adatoms are moving in the sur-
face layers (surface diffusion), a periodic X dependence
may appear to 7 through a periodic X dependence of
V(X). If we take V(X)=V,{1+Bcos[(27/a)X]}, for in-
stance, 7 shows the periodic behavior as shown in Fig. 2,
where the quantities a and f3 are related to the lattice con-
stant and the corrugation of the surface layer. The value
of 1 becomes zero where V' (X) takes maximum as well as
minimum values, and takes a maximum value in between.

On the other hand, when adatoms are moving along

X [ﬁﬁz }_1

0 | 1 | |
0 0.2 04 qx 06

FIG. 3. The friction coefficient 7 as a function of the coordi-
nate of an adatom X in the magnetic field at the absolute zero of
temperature. The X dependence of V(X) is taken as
V(X)=Vyexp(—aX). Used parameters are U/2A(0)=35 and
H/2A(0)=1.0x1073.
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normal to surfaces, ¥ (X) may be an exponentially de-
creasing function of X, V(X)=V,exp(—aX). In Fig. 3
we show the position dependence of % in the magnetic
field at T=0. As one can see from the figure, 7 has a
peak structure as a function of X. It can also be shown
that the peak position comes nearer to the surface as the
magnetic field gets higher. It can be considered that the
position dependence of 1 at low temperatures show simi-
lar behavior to that in the magnetic field and has a peak
structure. For simplicity only the symmetric case has
been considered in the present paper. It can be said’ that
the feature of 7 in the asymmetric case is qualitatively
the same as that in the symmetric case.

In the present calculation we have dropped the k&
dependence of V. The feature of 7 described by the
present calculation may suffer little modifications quanti-

tatively if we taken into account the k dependence of V,
although the qualitative feature of 7 may be the same.'*
From the results of the present investigation it can be
suggested that the dynamical processes of adatoms such
as hydrogen on metal surfaces strongly depend on the
temperature and on the magnetic field through the tem-
perature and the magnetic-field dependences of the fric-
tion coefficient.

ACKNOWLEDGMENTS

The authors would like to express sincere thanks to Dr.
N. Kawakami for discussions. This work was partially
supported by the Grant-in-Aid for Scientific Research on
Priority Areas from the Ministry of Education, Science,
and Culture.

'H. A. Kramers, Physica 7, 284 (1940).

2E. G. d’Agliano, P. Kumar, W. Schaich, and H. Suhl, Phys.
Rev. B 11, 2122 (1975).

3K. P. Bohnen, M. Kiwi, and H. Suhl, Phys. Rev. Lett. 34, 1512
(1975).

4A. Nourtier, J. Phys. (Paris) 38, 479 (1977).

5A. Yoshimori and J. Goto, J. Phys. Soc. Jpn. 44, 1753 (1978).

6A. Yoshimori and J. L. Motchane, J. Phys. Soc. Jpn. 51, 1826
(1982).

7A. Okiji and H. Kasai, Surf. Sci. 188, L717 (1987).

8See, for example, A. Okiji and N. Kawakami, J. Appl. Phys.
55, 1931 (1984); Springer Series in Solid State Sciences
(Springer, New York, 1985), Vol. 62, p. 46.

9L. Landau, Zh. Eksp. Teor. Fiz. 35, 97 (1959) [Sov. Phys.—

JETP 8, 70 (1959)].

10G. M. Eliashberg, Zh. Eksp. Teor. Fiz. 41, 1241 (1962) [Sov.
Phys.—JETP 14, 886 (1962).

K. Yosida and K. Yamada, Prog. Theor. Phys. Supl. 46, 244
(1975); K. Yamada, ibid. 53, 970 (1975).

12N, Kawakami and A. Okiji, Phys. Lett. A118, 301 (1986); A.
Okiji, Springer Series in Solid State Sciences (Springer, New
York, 1988), Vol. 77, p. 63.

131t is noted that the v dependence of I',.(iw,iw’;iv) can be
neglected in the calculation of the derivative of Q;,)(iv)
with respect to v (see Refs. 9 and 10).

141t is noted that if the k dependence of Vj is taken into ac-
count, the Bethe-ansatz method cannot be applied to this
model.



