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Using the field-ion microscope, it is possible to observe the directional walk of an adatom on an atomically
perfect metal surface. The driving force arises from the polarization binding in a nonuniform electric field on
a crystal plane. From the average velocity of the walk the polarizability of the adatom can be calculated. A sys-
tematic study of single 5-d transition-metal atoms adsorbed on the (110) plane of W was made and the ada-
tom polarizabilities obtained. These values were found to be significantly less than the free-atom polarizabilities.
It will be shown that the polarizability of chemisorbed atoms arises mainly from a field-induced charge transfer
between the adatom and the substrate plane, and is thus very closely related to the electronic density of states
of the adatom. For a W adatom adsorbed on the W (110) plane the average density of states in the range
from —5.3 to —7.2 eV is estimated to be ~0.75 eV~ per adatom.

I. INTRODUCTION

The possibility of using the field-ion microscope
(FIM) to investigate the surface diffusion of ad-
atoms thermally deposited from a side arm coil
source was shown by Miiller! just one year after
the FIM had achieved its full atomic resolution,
Since then, a number of quantitative investigations
of the random-walk diffusion of various single
atoms on perfect crystal planes of various metals
have been reported, >=° In the random-walk diffu-
sion, the surface potential as seen by an adatom
is symmetric; thus the adatom does not experience
a driving force. When a driving force is present,
the surface potential is no longer symmetric, and
the walk of the adatom becomes directional, The
directional walk of an adatom on a W (110) plane,
due to the attraction of either an impurity atom or
a lattice defect in the substrate plane, was re-
ported earlier,* The directional walk of single
tungsten adatoms by a controllable driving force,
arising from the polarization binding of the adatom
in an applied nonuniform electric field, was in-
vestigated by Tsong and Walko® under modest vac-
uum conditions, The FIM used was not equipped
with an accurate temperature control of the emit-
ter. Here we report an investigation of the direc-
tional walk of single 5-d transition-metal adatoms
on the atomically perfect tungsten (110) plane
under an applied nonuniform electric field, We
derive the adatom polarizability from the average
velocity of the directional walk and point out how
this quantity differs from the free-atom polariz-
ability and how it is related to the electronic density
of states of the adatoms,

II. DIRECTIONAL WALK
A. General principles

An adatom on a perfect crystal plane performs
discrete random walks at a relatively low tempera-
ture. In the absence of a driving force, the sur-
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face potential barrier as seen by the adatom is
symmetric, The walk is in random directions,
A discussion of the symmetric random-walk
(henceforth it will be abbreviated as random-walk)
diffusion of adatoms appropriate for FIM investi-
gations has been given by Ehrlich,” Here we dis-
cuss briefly the asymmetric discrete random walk
(or the directional walk) of an adatom in an un-
bounded one-dimensional lattice due to a driving
force,

From the theory of random walks, it is well
known that

{p)=Ni(p-gq) (1)
(p?)=NI2 +[(N=1)/N)p), (2)

where p denotes the spatial coordinate, N is the
total number of jumps, ! is the jumping distance,
and p and g are, respectively, the probability of
jumping toward the right and toward the left, For
the symmetric random walk, p=g=3%,

(p)=0,

When a driving force is present, the potential
barrier becomes asymmetric,® The barrier-
heights toward right and toward left will be repre-
sented, respectively, by E, and E;. As we are
concerned mainly with the diffusion of heavy-metal
atoms, the tunneling effect is negligibly small and
will be omitted. The directional walk is achieved
by thermal activations, Thus,

and (p%=Ni%, (3)

<p>=l/07'l (e'ER /kT_e-B‘L /kT)’ (4)

where 7 is the time interval of observation and v,
is the atomic vibrational frequency given approxi-
mately by 2T /kh. Equation (4) takes a simple form
if the potential energy gradient g8 is constant and
the surface potential has sharp maxima at middle
points of two neighboring adsorption sites, One
then obtains®
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{p)=2vyTle"Ea/* sinh(B4l/2kT). (5)

where E, is the activation energy of surface diffu-
sion in the absence of the driving force.

B. Driving force by a nonuniform electric field

Surface diffusion under an applied electric field
has been investigated by Bettler and Charbonnier,*®
Utsugi and Gomer, ! and Swanson et al. '? using
field-emission microscopy, and by Graham and
Ehrlich!® using field-ion microscopy. All of them
assume the electric field to be uniform; thus their
data analysis is based on the symmetric random-
walk diffusion. The first observation, as well as
analysis of single-atom diffusion with a control- |
lable driving force produced by a nonuniform elec-
tric field, was reported by Tsong and Walko, ®
We shall consider here the many possible effects
of an applied field on the diffusion of an adatom on
a perfect one-dimensional crystal surface, Let us
assume first that the electric field is uniform, It
is well known that the dipole moment p of an ad-
atom in an electric field can be expressed as'#!®

p=u+aE+}yFie e, (6)

where p is the surface-induced dipole moment and
a and y are the polarizability and the hyperpolariz-
“ability of the adatom, It should be recognized

that o and y for an adatom are necessarily differ-
ent from those for a free atom, as will be dis-
cussed later, The energy of the adatom on the
plane is reduced by an amount

AE==uF -3 aF?=FyF*-... m

by the applied field, Utsugi and Gomer! point out
that the dipole moment and the polarizability of an
adatom at the saddle and the trough positions of
the surface potential may be different. The elec-
tric field at the saddle and trough position may
also be different, As a result, the activation en-
ergy of surface diffusion in the applied uniform
electric field is given by

E,(F) =E,0) = (1, Fy = 1, F,) = 3 (0, F2 - 0, FF)
~H (O F=nF) = e, (®)

where the subscripts s and ¢ refer to the saddle

and trough positions of the surface potential, By
neglecting the second-order terms and the hyper-
polarizability contribution, Eq. (8) can be rewritten
as

AE,=E,0) - E,(F) ~u,AF + F,A -
+a,F,AF +3(AQ) F3, (9)
where
Ap=p,—-u, Ae=a,-aq,, AF=F ~F,. (10)

It is obvious that by measuring the reduction in the
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activation energy of surface diffusion by the applied
field, Ap and A@ can be derived. It should be
realized that these are not the dipole moment and
the polarizability of the adatom, Based on this
principle, Swanson et al.'? obtain a Aa of about

60 A3 for cesium adatoms on the tungsten surface,
which is comparable to the free cesium atom po-
larizability. This large value of Aa is due to the
omission of the effect of the driving force. It is
clear from Eq. (2), by treating the directional-walk
problem as a random walk, one grossly overesti-
mates the mean-square displacement and AE, and,
therefore, Au and Aq also, As will be shown in
Sec. IV, our result gives the adatom polarizabili-
ties to be much less than the free-atom polariza-
bilities and also provides convincing evidence of
the occurrence of a chemical specific charge-
transfer effect,

It is a well-known fact that the electric field on
FIM emitter surface varies from one plane to the
other, Even on a flat plane, the electric field var-
ies from location to location.!™!® For example, the
electric field at the center of the largest obtainable
W (110) plane on a FIM emitter, prepared by a
field evaporation at 10"'~102 layer/sec, is about
14% lower than that at the edge of the plane. * This
is schematically shown in Fig, 1(a), The field

! .
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FIG. 1. (a).Schematic diagram showing the electric
field distribution on a flat plane in an applied voltage.
(b) Surface potential barrier as seen by an adatom in the
absence of an applied field is symmetric, The migration
of the adatom is in a random direction, (c) In an applied
field the surface potential is inclined by a polarization
binding, The migration of an adatom becomes direction-
al,
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gradient is very much a constant except very close
to the center and the edge of the plane, Our dis-
cussion of the driving force effect is confined to
the constant-field-gradient case,

The detailed form of the periodic surface poten-
tial is not known, We will represent it by the first
Fourier component,

U(p,0)=3E,[1-cos(2mp/1)]. (11)

In an applied field, the polarization energy has to
be included. Thus,

Ulp, F)=U(p, 0) = u(p) Flo) - 2 a(p) F3(p),  (12)
where |

F(p)=F+pp,

Fy(p)=F+pp. (13)

Here, F, is the field at the center of the plane and
B is the field gradient, By finding E, and E, for
the potential and substituting them into Eq. (4),
one gets

(p)r=27lyy e FalRT
2 2 712
won|(az, - o LI ) ]
xsinh[(a, + py /F,,)8F (1 /2R T]. (14)

If we confine our attention to closely packed smooth
planes, such as the (110) of abec and the (111) of a fec,
where AF =rAu =Aq ~0, as will be discussed in

Sec. IVB, one finds

{p)r=27lvyeFa/* sinh[(upl+apF1)/2kT]).  (15)
But

(p?)o=NI?= 1Py eBa/*T, (16)
Therefore

(p)p=(2(p*0o/17) sinh[(upl + apF 1) /2kT], (17)

or

L+ aF,=@krT/pl) sinh™ (I p)p7/2{p%).  (18)

In other words, we have expressed p and ¢ in
terms of experimentally measurable quantities 8,
F,, T, 7, {p)p, and {p®,.

C. The effect of the image gas

As will be described in Sec. III, both the ran-
dom-walk and the directional-walk experiments
were performed under an image-inert-gas pressure
of 10" Torr. It is important to estimate here the
effect of the image gas. There are three effects
which must be considered, namely, the field ad-
sorption of the image-gas atoms, 17 the bombard-
ment of the gas atoms, and the electron shower
from the imaging process, 18

In the operational condition of the FIM, all of
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the imaged surface atoms are field adsorbed with
an image-gas atom, . The field adsorption, how-
ever, disappears above 150 K for both He and Ne, 7
Our directional-walk experiments were all carried
out above 200 K, thus no field adsorption was ex-
pected. For the random-walk experiment, no field

‘was applied; therefore, there was no field adsorp-

tion in this case either,

The effect of gas bombardment on the random
walk of an adatom can be estimated as follows,
The kinetic gas flux per unit area per unit time to
a surface is given by

Z=p/VZrM BT (19)

where M, is the mass of the gas atom and p is the
gas pressure, For each gas-atom impact, an en-
ergy of about 2akT is transfered to the adatom,
where a is the thermal accommodation coefficient,
Assuming that the adatom stays at the higher ener-
gy state for n atomic vibrations, then the number
of gas-impact-assisted atomic jumps per unit time
is given by '

AN snZn(vy+7,)? exp[- (E; - 2akT)/kT],  (20)

where 7, and 7, represent, respectively, the radius
of the surface atom and the gas atom, The number
of atomic jumps per unit time in vacuum is given
by

N=vgeBe/* & (kT /h) e Fa /¥, (21)
Thus their ratio is given by
AN/N=[nZn(r,+ 7, h/kT]e*. (22)

For helium as the image gas, #,+7,~2,6 A, and
a=0,05 or less.'® The value of # is more difficult
to estimate, A computer investigation of the dy-
namics of the bulk diffusion of an impurity atom in
a lattice of 256 atoms shows that any excess energy
in the impurity atom is dissipated to the lattice in
a few atomic vibrations, 2’ Since we are making an
order-of-magnitude estimate here, #~10 will be
assumed, At 300°K and p=10"* Torr, AN/N=7,7
%10 is obtained, It is clear that the gas impacts
will produce no detectable effect,

In the directional-walk experiment, the applied
field not only increases the gas flux, it also in-
creases the impact energy. An incoming gas atom,
upon its first impact to a surface atom in an applied
field F, will transfer an energy of a[3faF2+2ET)
to the surface atom, where f~6 is the enhancement
factor due to a field-induced dipole-dipole interac-
tion between the surface atom and the gas atom, 7
An accurate estimate of the gas flux is much more
difficult in this case, But experimentally it is
known that about 10* image-gas ions originate from
a bright surface atom at 78 °K cooling and a 10™-
Torr gas pressure,?' This number should be nearly
equal to the primary gas flux at that temperature,
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At 300°K, the number is reduced to 10*x%=2.6
x 10% sec™!, Secondary impacts due to the hopping
motion of the image-gas atoms, while much larger
in number, have a much smaller energy transfer,
The effect of the secondary impacts should be
about the same order of magnitude as the primary
impacts, Now

AN _2.6x10%hn
N kT

~1,64%10°¢, (23

expla(z afF%+ 2kT) /kT )

Again we conclude that the gas impacts will pro-
duce no observable effect on the directional walk,
We can also roughly estimate the primary gas flux
using the supply function given by Southon, 2!

Z'=n(ry+r [ p/(2nMET) P Ynp)t 2, (24)
with
o= faF?/2kT. (25)

At 10™* Torr, Eq. (24) gives a flux of 2x10° sec™,
comparable to that estimated from the field ion
current, Equation (24) is valid really for dipoles
in a Coulomb field. For the dipole-dipole attrac-
tion, the range of the force is much shorter, By
using the equation above, we can only overestimate
the gas supply. Since AN/N is so small, whatever
the inaccuracy in our estimation of the primary
gas flux may be, it is unlikely to affect our conclu~
sion,

It is important to realize that AN is directly pro-
portional to the gas pressure, The incoming gas
atoms, with their momentum nearly parallel to the
radial direction of the tip, have momentum compo-
nents pointing toward the plane center. They
could only reduce the velocity of the directional

walk if such a small effect could indeed be detected.

Another effect we have to consider is the elec-
tron shower from the field-ionization process. 1*
With a 10"*-Torr gas pressure at 226 °K or above,
and a field well below or at the best image field of
the image gas, no field-ion image can be seen,
even with a channel plate image intensification.
The electron-shower effect will be negligible with
such a small ion current density during the direc-
tional-walk experiment, especially since field ion-
ization occurs in a very narrow zone (~0. 3 A) at
or below the best image field.

III. EXPERIMENTAL TECHNIQUES

The general principles of operation and design
of the FIM can be found elsewhere.?! We describe
here only some of the special features of the bak-

able UHV stainless steel FIM used in this experi-
ment, As shown in Fig, 2, a cylindrical sapphire
piece with four 0. 03-in, holes perpendicular to the
cylindrical.axis is used for supporting the emitter

mounting loop. The sapphire piece is tightly at-
tached to a copper plate by two screws, The cop-
per plate is silver soldered to the bottom of the
stainless steel cold finger. The tungsten field-ion
emitter is spot welded on a 0. 004-in. platinum
loop with two 0. 001-in. spot-welded platinum po-
tential leads. Both the loop and the potential leads
are tightly plugged into the 0, 03-in, holes with
tungsten plugs, With this design, very satisfactory
cooling of the specimen is achieved, and no high-
voltage breakdown has ever occurred,

The FIM is equipped with a microchannel plate
for image intensification, For the directional-
walk experiment, we have to apply an electric field
of 2-4,5 V/A to the emitter surface, and simulta-
neously heat the tip to a temperature where ran-

.dom-walk diffusion just starts, which is about

220~-300°K, Accurate control and monitoring of
the emitter temperature is difficult for the ordi-
nary design of the FIM where the imaging voltage
is applied to the emitter side. In this experiment,
the imaging voltage, as well as the voltage needed
to produce a directional walk, is applied to a stain-
less steel conical-shaped electrode placed at the
screen side, The tip assembly is kept at or near
ground potential at all times,

As in other sensitive-surface experiments, the
cleanliness of the surface is essential in obtaining
meaningful experimental results, Our system is
equipped with an oil diffusion pump, a Vac-Ion
pump, and a titanium sublimation pump, After an
extensive initial vacuum processing, an overnight
baking at 250 °C and a careful degassing routinely
give vacuums in the 10"'!-Torr range. The over-

O
Cold Finger—— || | _HV Ceramic
f
| ‘t: Feedthrough
. o
Copper i ¥
N i
Sapphire ! i
\
Deposition Source & o
Supporting L.oops t "“gﬂ
Specimen

Negative Electrode

Channel Plate

FIG. 2,
of the field-ion microscope used in this experiment,

Schematic diagram showing the essential parts
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night baking was repeated about once a week, even
without an opening of the system. We find no con-
tamination problem with the microchannel plate if
it is operated under modest gain, It is most es-
sential that all degassings, including the deposition
source coils and their supporting loops made of

0. 05-in, nickel, are done while the system is hot.
Before the system is valved off from the diffusion
pump and the Vac-Ion pump, the titanium getter is
activated and cooled down to liquid-nitrogen tem-
perature, Helium gas of 2X10™* Torr is admitted
to the system by diffusion through a Vycor-glass
bulb at 350°C, The helium is supplied from a
spectroscopy grade helium bottle. With this double
precaution, the purity of the helium in the system
is ensured, The experiment with Ta adatoms was
carried out with neon as image gas, In this case,
the spectroscopy grade neon was first admitted to
a liquid-nitrogen-cooled active titanium getter
bulb, where it stayed for at least 30 min before
being admitted to the system., With these proce-
dures, we generally find no problem with contami-
nations. No change of even a single atom is de-
tected on an emitter surface when turning the
imaging voltage off for 5 min, In a few cases
where contamination occurred, which could be de-
tected from a loss of adatoms or substrate atoms
at slightly lower fields than their expected desorp-
tion fields, the sets of data were discarded and the
system was rebaked. The tip temperature is con-
trolled by resistive heating of the 0, 004-in, Pt tip
mounting loop with an electronically regulated con-
stant voltage dc power supply, which monitors
directly the potential difference at the potential
leads. With this simple procedure, the tip tem-
perature reaches its preset value in less than 7
sec without any overshoot. The temperature is re-
producible to about 0, 2 °K, For the random-walk
diffusion experiments with heating periods of 1-3
min each, the slow rise time causes an error
smaller than 3% in the measured value of {p?),
which is small compared to the statistical fluctua-
tions of the experiment.® A temperature calibra-
tion is done on the system after each baking, For
the directional-walk experiment, the emitter is
set at a temperature where the random-walk diffu-
sion starts to be detectable. After the heating cur-
rent is turned on for 10 sec, allowing the tip tem-
perature to stabilize, a high dc voltage is applied
for 10-30 sec. The tip is then cooled down for
image recording, During the 10-sec preheating
period in zero field, no movement of the adatom is
expected, The high voltage is supplied from a
well-regulated dc power supply which reaches its
preset value in less than 0, 5 sec, The voltage is
adjusted to produce a drifting velocity of about

0.2 A/sec; thus, an adatom near the center of a
plane moves over to the plane edge in three to
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four periods.

The field calibration is based on the recent work
of Sakurai and Miiller.# Using the energy distri-
bution of field ionization, they were able to obtain
the field strength above the center of a plane with
a 3% accuracy, According to these authors, the
electric field at the center of a W (110) plane field
evaporating at a rate of ~0, 1 layer/sec at 78 °K
cooling is 5.70 V/A.

All of the micrographs were taken with liquid-
nitrogen cooling of the specimen, The adatom dis-
placements were determined by either the color-
superposition technique or by means of internal
fiduciary marks, i.e., lattice atoms., Magnifica-
tion of the micrographs was calibrated with the
spacings of the (211) atomic rows. All data re-
ported here were taken from a single adatom on a
perfect W (110) plane prepared by field evaporation
of the emitter surface. The W (110) planes were
the maximum sizes obtainable at a field evapora-
tion rate of about 10"! layer/sec. For the direc-
tional-walk experiment, the adatom always started
at a position about $R away from the plane center,
where R is the average radius of the plane. Once
the adatom reached the plane edge, it was brought
back near to the center of the plane with great pa-
tience by random-walk diffusion, which then pro-
vided data for the needed mean-square displace-
ment in zero field, To avoid excess boundary ef-
fects, however, only data taken of the adatom away
from the plane edge were accepted. The mean-
square displacement in zero field and the drifting
velocity in the applied field were measured under
the same emitter temperature calibration, Typi-
cally, 15-20 complete directional walks (from near
the plane center to the plane edge) were measured
for one metal, For the random-walk data, about
40 heating periods were performed for a metal at
one temperature. Figure 3 shows the directional
walk of an Ir adatom on a W (110) plane.

The directional walk of W, Re, Ir, and Pt can be
observed continuously by using ~5x 10™® Torr heli-
um and by operating the channel plate at high
gains.® The contrast of the adatom is greatly en-
hanced if Ne-Ar mixed gas is used for imaging,
Figure 4 shows an example of the directional walk
of a W adatom with the FIM operated at room tem-
perature. Although the directional walk of the ad-
atom can be most vividly seen, we did not use this
procedure for obtaining quantitative data for the
following reasons:

(a) The good vacuum cannot be maintained with
the channel plate operated at high gains because of
the degassing problem,

(b) If pure helium is used for imaging, image
contrast is so low that an adatom near the center
of a plane is hardly visible. If, on the other hand,
a Ne-Ar mixture is used, the field adsorption of
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FIG, 3. Helium FI micrographs showing the direc-
tional walk of an Ir adatom on a W (110) plane, Between
two sucessive adatom locations, the emitter was main-
tained at 296 °K with an applied field of 3.9 V/A for 15
sec. The micrographs were taken at 4,5 V/A and 78°K.

Ar may affect the accuracy of the data,

(c) The electron shower effect may be a problem
with a Ne-Ar mixture for the Re, Ir, and Pt ad-
atom experiments, To avoid this uncertainty all

the quantitative data reported here were obtained
with the precedures described earlier,

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Random walk on the W (110) plane

The random-walk diffusion of single adatoms on
a perfect crystal plane is a subject of considerable
interest in itself?~°; however, its use in this in-
vestigation is limited to providing the mean-square
displacement data needed in deriving the polariz-
ability of adatoms, An important consideration in
random-walk diffusion experiments is the uncer-
tainty of the temperature calibration. For most
investigations, the accuracy in the calibration of
temperature increments is 0, 5 °K or better; but
the absolute temperature calibrations of different
investigators may differ by as much as 5°K, sim-
ply from the fact that the temperature is not uni-
form along the tip mounting loop. This will give
an uncertainty in (p?), of 100%, which is intolerable
for our purpose. We have confined our measure-
ments of {p?), of all the adatoms to the same tem-
peratures where the directional-walk measure-
ments were carried out. The data obtained are
listed in Table I. We did, however, obtain the
temperature dependence of (p?), for an Ir adatom
on a W (110) plane, which is shown in Fig. 5,
From this plot, an activation energy E;=0.70 eV
and a diffusivity Dy=1x10"° cm?/sec are obtained.
A similar result with a few adatoms on a W (110)
plane was reported earlier;® For single-atom dif-
fusion on the W (110) plane, D, has been found to

A - K I

FIG, 4. Continuous observation of the directional walk
of a W adatom on a W (110) plane at ~3,8 V/A and ~295
°K. A Ne-Ar mixed gas of ~6x%10™ Torr was used for
the imaging. The good contrast of the image at such a
high temperature results from the field adsorption of Ar
atoms. Although the directional walk of the adatom was
most vividly seen with this technique, it was not used to
derive the quantitative data, The reasons are discussed
in the text,
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TABLE I. Experimental results of the directional walk.

Ta w Re Ir Pt
T(K) 238 302 310 296 226
1\—<—”—:ﬁ (82/sec) 0.27 0.20 0,083 0.33 0.27
F, (v/3) 1.87 2.35 3,50 3,90 4,50
(Bp (&/sec) 0.29 0.13 0.076 0.24 0.27
g (v/A?%) 0,012 0.0155 0.0245 0,019 0. 020
o (&%) 12,74+0,16 7.0+0,8 4,09+0,59 3,28%0,38 2,74+0,33
Electronic
configuration 5d%6s? 5d46s? 5d% s 5d"6s? 5d°6s!
o, R%)® 19.4 16,8 15,0 12,5 11,5

From Ref. 25,

be consistently in the 10"3~10"%-cm?/sec range. **
By taking a Do=10"% cm?/sec, the activation energy
of all the other adatoms can be derived from

D=(p?)o/4T=Dye"Ba /¥ (26)

with an uncertainty in E,; of ~+ 0.05 eV. The result
is shown in Fig. 6. Such d-electron dependence of
E, has been found earlier by Bassett and Parsley. ®

B. Directional walk on the W (110) plane

The directional walk of adatoms follows the di-
rection of the maximum field gradient, when there
is no other constraint, which is in the radial direc-
tion of the plane. It is very much one dimensional,
even on a two-dimensional plane. The equations
derived for a one-dimensional lattice may still be
used with a slight modification. There is some
evidence that the migration of an adatom even on a
smooth plane is along the surface channels.® The
channel acts as a constraint for the directional as
well as the random walks, The W- (110) surface
channel is nearly hexagonal in structure, This
hexagonal constraint causes the individual atomic
jumps in the directional walk to be in the direction
of v 3 maximum field gradient, Thus, Eq., (18)
is modified to be

__ 2T a1 z‘<9')zr> '
”+QF°—O.867BZ sinh (Z(Pz>o . (27)

While the individual steps are slightly off the radi-
al direction, the path is still very much in the ra-
dial directions of the plane, as shown both in Figs,
3 and 4,

In principle, one can obtain values of both p and
o from the intercept and the slope of a
(2%7/0. 86781) sinh (I p) p7/2( p?)¢) Vs F, plot. In
practice, due to the small size of the W (110)
planes obtainable with the FIM, the experiment
can only be conveniently carried out in a very nar-

row field range, typically in 0,5 V/A range out of
a total of ~3 V/A. Furthermore, the statistical
fluctuations in single-atom experiments are con-
siderable, It is therefore inpractical to obtain
such a plot. Fortunately, the dipole moment of
single metallic adatoms has been found?®? to be
about 0. 3-0. 7 debeye (1 D=10"'® esu). With o of
4-10 A%, u is only about one tenth of aF,. Here,
as in all other investigations, '3 |1 is omitted
from the equation. Our data for o may therefore
be ~10% too high.

The experimental conditions and the velocities
of the directional walk for 5-d transition-metal ad-
atoms on the W (110) planes obtained are given in

1
Ir on W(110)
s
<L
5
& o4
Foy
Q
x>
0.0l -
32 33 34 35 36 37 38
1000/T (K™

FIG, 5. Temperature dependence of the random-walk
diffusion (no driving force) of a single Ir adatom on a W
(110) plane, From the plot, we find E;=0,70 eV and D,
=1%10" cm?/sec,
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FIG. 6., Activation energy of the 5-d transition-metal
adatoms on the W (110) plane. o are data points from
Ref. 3. o are data points from this investigation, In
contrast to Ref. 3 where data were obtained from a few
adatoms on a plane, all of our data points were derived
from a single adatom on a perfect plane.

Table I, The adatom polarizabilities as derived
from Eq. (27) are also listed in the table, It is
most interesting to note that the polarizability of
adatoms decreases in the order of Ta, W, Re, Ir,
and Pt, This d-electron dependence is therefore
quite different from that for the activation energy
of surface migration, While theoretical values
for the adatom polarizability o are unavailable,
values for the polarizability of free atoms @, from
self-consistent-field calculations do exist,?® These
" values are also listed in Table I. It is interesting
to note that both o and ¢, decrease monotonically
from Ta to Pt. The ratio @/a,, as shown in Fig,
7, however, changes from 0. 66 for Ta adatom to
0. 24 for Pt adatom. This wide range of the ratio
indicates that a chemical specific charge-transfer
effect takes place between the adatoms and the sub-
strate surface. Such a charge-transfer effect is
expected from the present theory of chemisorption,
as will be discussed in Sec, IV,

The gas-pressure dependence of the directional
walk was investigated with Ir adatoms at two im-
age-gas pressures, The reason for choosing Ir
was that if the image gas does affect the accuracy
of the experiment, it would show up with Ir most
clearly, because of all the adatoms investigated,
the directional-walk field for Ir is one of the highest.
At 2% 10™* Torr helium, the polarizability obtained
is 3.28+0, 38 A°, By reducing the gas pressure
by a factor of 3, a value of 3.74+0, 33 A® is ob-
tained. These two values are within the statistical
errors specified. The fact that Ir and Pt, which
are measured under the highest applied fields, have
the smallest polarizabilities, also indicates that the
electron shower does not play a significant role.
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It is also important to note that for the physical
conditions indicated, the adatoms moved almost
exclusively in the direction of maximum field gra-
dient, i, e., in the radial direction of the plane.
This can be seen in both Figs, 3 and 4, The tem-
perature where the directional walk becomes de-
tectable is nearly the same as that for the random
walk. ‘We therefore conclude that on a smooth
plane such as the W (110), the effect of AF, Ay,
and Aq, as defined in Eq, (10), is small, As Aq
even on the rough W(111) plane®® is only ~20% of
the adatom polarizability that we obtained, it is
estimated that the error introduced by omitting
these secondary effects is perhaps less than 5%.

C. Polarizability of adatoms

The polarizabilities of free atoms and molecules
have long been a subject of considerable interest to
theoretical as well as experimental investigations,
It is well known that the van der Waals-London
force can be expressed as a function of the polariz-
abilities of the two interacting atoms. Compre-
hensive reviews of the subject exist, 2-28

The polarizability of an adatom is different from
the free-atom polarizability due to at least two
effects, namely, the screening by surface charges
and the charge transfer between the adatom and the
substrate plane. The former effect has been long
realized and has been discussed in some detail
earlier. ! It was found that the polarizability of a
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FIG. 7. Adatom polarizabilities a are represented by
o, the free-atom polarizabilities «, obtained by Thorhall-
son et al, are represented by o, X. represents the ra-
tions @/c@,. The +’s are the ratios of the desorption
field of an adatom with that of a W adatom, as obtained
by Plummer and Rhodin, The fact that o/, varies from
0. 66 for Ta to 0,24 for Pt indicates the occurrence of a
chemical specific charge transfer between the adatoms
and the substrate surface.
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(a) (b)

FIG. 8. (a) Generally accepted view of chemisorption,
An adatomic level is broadened into a band of width 24,
€/’ denotes the center of the band. (b) When a positive
electric field F is applied, the center of the band shifts
upward by an amount eFd, As a result, the electronic
charge localized near the adatom is greatly reduced,
This field-dependent charge-transfer effect is responsi-
ble for the polarizability of the chemisorbed atom,

physisorbed atom depends on the atom-to-surface
mirror plane distance.!” Here we point out without
elaboration how a chemisorbed adatom’s polariz-
ability may depend on the electronic density of states
of the adatom,

It is generally accepted that the energy levels of
a chemisorbed atom are both shifted and broadened
into bands, 2°-3! as shown schematically in Fig, 8(a).
A charge transfer between the adatom and the sur-
face is responsible for the surface-induced dipole
moment of the adatom. ¥ As shown in Fig. 8(b),
when an electric field F is applied, the broadened
energy levels will be shifted upward by an amount
eFd, where d is the adatom-to-surface plane dis-
tance, As a result, the surface dipole moment
will be changed by an amount Ap,. By the defini-
tion of the polarizability, we have

Aup=aF
ep=-eFd (3
=(-e) df pal€)de - (- e)df pal€)de,
(28)
€F
a =%1 . pgl€)de , (29)
ep-eFd

where p,(€) is the total density of states of the ad-
atom and € is the Fermi level. In general, the
adatom density of states are Lorentzian. 29 Thus

n
a=% (tan‘1 R —L——“‘——- eFd)
nF 4 A,

(30)
where A, is the width and €, is the center of the
ith adatomic orbital. This equation is similar to
that given by Gadzuk for the surface dipole moment
of an adatom. 3 However, the adatom polarizability
is a more straightforward quantity and shows a

simpler form. For comparison with our data, Eq.
(29) is written in the form

a=e?d?p,, (31)

where p, is the average density of states in the en-
ergy range between €, — eFd and €. Although, in
principle, one should be able to derive the density
of states p,(e) as a function of € from Eq. (29), in
this first report, only the average density of states p,
will be estimated from Eq. (31). Accurate values
for the adatom-to-surface plane distance d are un-
available, but they should be about 1 A. Since the
atomic radius of all the adatoms should be nearly
equal, the d-electron dependence of the adatom
polarizability (Fig. 7) should also reflect that of the
average total density of states near the Fermi lev-
el, For W adatoms on the W (110) plane, the dis-
tance d has been estimated to be ~0. 8 A from an
investigation of the field-evaporation rate.'® Using
this value, the absolute value of the average total
density of states is found to be p,~0.75 eV™! for an
adatom, which is physically a very reasonable val-
ue. We recognize here, of course, that a further
elaborate investigations are needed to obtainaccurate
data on the adatom density of states. But it is
now clear that a close connection between the ad-
atom polarizability and the adatom density of states
exists,

The adatom polarizability is also an important
parameter in the theory of field desorption, 42
For an adatom with a polarizability of a few A®
at a field of 4-5 V/A, the polarization binding en-
ergy amounts to 3-5 eV, which is comparable to
the binding energy of the adatom with the substrate
plane. Although the adatom binding energies can
be rederived by including the polarization binding,
information on the charge state of the adatoms in
the field desorption process is not yet available,
Since the adatom polarizability decreases mono-
tonically from Ta to Pt, the inclusion of the polar-
ization bindings probably will not alter the qualitative
feature of the adatom binding energy of 5-d transition
metal adatoms on the tungsten surface.!® This con-
clusion is supported by the similar d-electron depen-
dence of the activation energy of surface diffusion of’
the same adatoms. The rederivation of the binding
energies has to await the determination of charge
states of the field-desorbed ions.

V. SUMMARY

The directional walk of 5-d transition-metal ad-
atoms on the W (110) plane under a driving force
has been investigated in the field-ion microscope.
The driving force arises from a polarization bind-
ing in a nonuniform electric field. The electric
field needed to produce an observable directional
walk ranges from ~1. 9 V/A for Ta adatoms to
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~4.5 V/A for Pt adatoms. From the velocity of
the directional walk, the adatom polarizabilities of
5-d transition-metal adatoms have been derived.
The adatom polarizability decreases monotonically
from Ta adatoms to Pt adatoms., The advantages
of deriving the adatom polarizability from the di-
rectional walk are: (a) The method gives the true
polarizability, not the difference in the polarizabil-
ity of the adatom between two different sites.
(b) The crystal planes are well defined to an atomic
level, (c) Since all the measurements were done
with a single adatom, no interaction with other ad-
atoms eceurred,

The polarizability of a chemisorbed atom is
very different from that of a free atom, While the
polarizability of a free atom arises from afield induced
deformation of the electronic charge distribution,
the polarizability of a chemisorbed metallic atom
arises mostly from a field-induced charge transfer
between the adatom and the substrate surface and
partly from a screening effect by the surface
charges. Although there is still no comprehensive
theory dealing with the adatom polarizability, using
the present view of chemisorption, it is obvious
that the adatom polarizability is closely connected
to the adatom density of states. We estimate the
average density of states of a W adatom on the W
(110) plane, in the — 5.3 to — 7.2 eV range, to be
about 0,75 eV"!, where 5.3 eV is the work function
of the plane and 7. 2 eV=¢+eFd. Clearly, for a
more meaningful analysis, a better quantitative the-
ory of chemisorption has to be developed.

Although the polarization bindings at the desorp-
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tion fields of the adatoms are considerable, since
the adatom polarizability decreases monotonically from
Ta to Ptadatoms, they probably will not alter the
qualitative validity of the binding-energy measure-
ments, The quantitative data of the adatom binding
energy can be derived by including the polarization
binding when the charge state of the adatoms in the
field desorption process are established, Such in-
formation is not yet available.

The interaction between two chemisorbed ad-
atoms arises mainly from an indirect interaction
as has been discussed by Grimley®; and Einstein
and Schrieffer, 3 The interaction depends on the
density of states of the adatoms; thus, it is directly
related to the adatom polarizability, While a the-
oretical treatment of such a relation is not avail-
able, an experimental measurement of the cohesive
energy of diatomic clusters on the W (110) plane by
Bassett and Tice®® shows that Eq,r, > Ey-w > Ege-re.
This result is consistent with that expected from
our adatom polarizability data.

Note added in proof. We have been informed that
a qualitative discussion of the field-induced surface
diffusion was first given by Drechsler in connec-
tion with a field-emission-microscope investiga-
tion, ¥
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FIG. 3. Helium FI micrographs showing the direc-
tional walk of an Ir adatom on a W (110) plane, Between
two sucessive adatom locations, the emitter was main-
tained at 296 °K with an applied field of 3,9 V/& for 15
sec. The micrographs were taken at 4,5 V/A and 78°K.



FIG, 4, Continuous observation of the directional walk
of a W adatom on a W (110) plane at ~3.8 V/A and ~295
°K. A Ne-Ar mixed gas of ~6x10™ Torr was used for
the imaging. The good contrast of the image at such a
high temperature results from the field adsorption of Ar
atoms, Although the directional walk of the adatom was
most vividly seen with this technique, it was not used to
derive the quantitative data, The reasons are discussed
in the text,



