Journal of the Korean Vacuum Society
Vol. 8, No. 3(1), August 1999, pp. 181~186

Oxygen diffusion on W(110) : Comparison of experiment and theory
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Abstract — The diffusion of oxygen atoms on tungsten (110) surface is studied by comparison of
experiment results and recent calculations. It has been suggested that the thermodynamic factor
which is inversely proportional to the compressibility has strong temperature dependence which may
cause non-Arrhenius behavior of diffusion coefficient. Recent experiments, however, indicate
effectively no temperature dependence of this factor and support the view that non-Arrhenius
behavior originates from the dynamic factor rather than the thermodynamic factor. Discrepancies in

coverage dependence of physical quantities between theory and experiment are discussed.
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I. Introduction

Since the surface diffusion had been first
observed utilizing field ion microscopy (FIM) or
field emission microscopy (FEM) [1], much has
been discussed on how individual adatoms or ad-
layer as a whole diffuse at different adatom cov-
erages and at different phases. The study of
adatom diffusion is very crucial in understanding
the adlayer morphology such as Si homoepitaxy
on hydrogen covered surfaces [2], and in adsorption
and desorption during the surface catalytic reactions.
Recent studies include tracking the position of
individual atoms or dimers using scanning tun-
neling microscopy (STM) which enables direct de-
termination of the tracer diffusion coefficient [3].
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Oxygen adatom diffusion on W(110) plane, one
of the most studied systems because of inert beha-
vior of the substrate has recently been investi-
gated more thoroughly owing to the development
of digital FEM method [4] and to the availability
of fast computers with huge computational capa-
city. There exist a number of experimental results
which mainly determined the activation energy E,
from the Arrhenius plots and the agreement
between different groups had been taken as the evi-
dence of a simple Arrhenius behavior of the dif-
fusion constant over a wide range of temperature.
The activation energy at low coverage was 0.6 eV/
atom and it started to increase when the coverage is
close to the p(2x 1) phase with the value of 1.1 eV/
atom near half coverage [5].
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Most interesting feature of all experimental
results was the strong temperature dependence of
the thermodynamic factor & which connects the
chemical (collective) diffusion coefficient Dc and
its center of mass term, the so-called ‘jump diffu-
sion coefficient’ D, [6]. This result and the fol-
lowing Monte Carlo (MC) calculations [7, 8] had
been regarded as an indication of the impor-
tance of the thermodynamic factor in adatom diffu-
sion process rather than of the average micro-
scopic jump rate, a dynamic quantity. This factor
is expected to have some singular behavior and
may contribute to the non-Arrhenius behavior of
diffusion coefficient when phase transition occurs,
but the thermodynamic factor of O/Mo(110) sys-
tem was not found to have any temperature de-
pendence at all except near saturation coverage [9].
Although the measurement was done either below
or above the order-disorder transition temperature
(T.), previously observed strong temperature
dependence was absent.

Vattulainen et al. have studied the surface diffu-
sion of O/W(110) using MC simulation argued
that & does not show big anomaly near phase tran-
sition and the non-Arrhenius behavior of diffusion
coefficient originates mainly from the average mi-
croscopic jump rate. These arguments were con-
firmed by Uebing and Zhdanov [11], but it was
stressed that the singularity in the diffusion coef-
ficient really comes from the behavior of &.

Nahm and Gomer [5] repeated the autocorrelation
function measurement on O/W(110) using digital
method and found no temperature dependence of
thermodynamic factor. The measurement was not
accomplished near the phase transition temperature,
but the strong temperature dependence in Ref.[6]
could not be reproduced. Furthermore, their ther-
modynamic factor showed similar behavior with
previously studied O/Mo(110) system [9] and the
inverse of this quantity did not have its minimum
at relative coverage [12] of 0.5 as predicted by
MC calculations [8, 13], but at 0.2, which is very
close to the order - disorder phase boundary. The
coverage dependence of activation energy derived
from D¢ was not in agreement with the calculated
values from D¢, but roughly with those from Dcm
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[13]. These results suggest that current status of
MC calculation to understand the surface diffusion
phenomena of oxygen on W(110) or Mo(110) sur-
face is not perfect.

In this paper, we compare the existing experi-
mental results on O/W(110) with on O/Mo(110),
and those with the MC calculations to show dis-
crepancies and agreements between them. In Sec.
II, we briefly describe the fluctuation method to
measure the autocorrelation function with which
ES and & have been determined and then the
experimental results on O/W(110) and O/Mo(110)
are compared in Sec. III. In Sec. IV, we compare
these experimental results with the calculations
and concluding remarks are added as Sec. V.

II. The fluctuation method

This method is basically measuring the time
autocorrelation function of field emission current
fluctuation fi(t) from a small region of the field
emitter. Since the emission current fluctuation is
the result of adatom density fluctuation within the
measured region, we can relate these two quan-
tities. Also, it is well known that the time
autocorrelation function of density fluctuation can
correctly yields the chemical diffusion coefficient
[1]- This enables one to obtain the chemical diffu-
sion coefficient from the time autocorrelation func-
tion of current fluctuation.

When the probing region has a radius of r
which is usually 7~10 nm, the behavior of fi(t)
which is related to the autocorrelation function of
number fluctuation f(t)=<8N(0) SN(t)> can be
described by a single time parameter tan-0 where
N is the number of adatoms within the probed
area. Then chemical diffusion coefficient D¢ can be
determined using the relation T,=1,"/4D, and the
activation energy by assuming Arrhenius behavior
of Dc as

Dc=D, exp (-EA"/ksT),

where D, is a prefactor and ks the Boitzmann con-
stant.

The chemical diffusion coefficient is given by
the Kubo-Green equation
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The thermodynamic factor & is the inverse of
the mean square fluctuation <(8N)’ >/<N> by the

relation
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where p is chemical potential,

coverage, A the probing area, and K the adlayer
compressibility.

One of the serious shortcomings of this method
is that since filed emitter is a tip with many planes
of different directions at its end, the coverage of
the plane one is interested in can be changed dur-
ing equilibrium measurement when some of adatoms
migrate to or emigrate from adjacent planes. This
has been the main reason the fluctuation method
could not be used across T. in some cases.

Another problem is that in general it is not easy
to determine the coverage of adatom layer. Some-
times relative coverage to the saturated layer is deter-
mined assuming constant sticking coefficient at
low substrate temperature except near saturation
as in Ref.[9] for O/Mo(110), but one cannot know
the amount of adatoms of the saturated layer
exactly. The best way to overcome this is relying
on work function vs. coverage relation of the
macroscopic layer as employed in Ref.[5] for O/W
(110).

An inherent shortcoming of analog method ori-
ginating from the frequency cutoff had been
removed by digital method in which one can meas-
ure the emission current Si(t) rather than i(t) and
calculate the autocorrelation function afterwards.

The apparatus for i(t) measurement was fully
described by Whitten and Gomer [4]. It uses a
spiraltron as electron multiplier, and the base pres-
sure of the vacuum system was 4-5x 10" Torr. O,
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Fig. 1. Activation energy E; vs. coverage for O/W
(110) from Ref.[5] and for O/Mo(llO) from Ref.[9].
The temperature range over which E; was determined
are indicated. The inset shows experimental [5] and
theoretical [13] values of E.". The theoretical values at
590 K are shifted by 0.6 eV for comparison.

was introduced by backfilling via a leak valve to
pressure less than 6 X 10”° Torr.

III. The experimental results

Fig. 1 shows the activation energy E. of O/W
(110) and O/Mo(110) from Ref.[5] and [9]. The
temperature ranges from which the Arrhenius
plots had been made is indicated. It is clear that
E." has low values in disordered phase and starts
to increase as the coverage is close to the phase
boundary. The oxygen atom coverage of O/Mo
(110) might be inaccurate because the linear
relation between coverage and work function was
assumed and because only relative coverage to the
saturated surface was indicated, but the main trend
is that there is big increase in E.® near the phase
boundary and slight dip near half coverage for O/
W(110) and decrease at high coverages for O/Mo
(110).

Since the measured activation energy at high
coverage within disordered phase using profile
characterization [14] and that at ordered phase
using fluctuation method were nearly the same, it

Journal of the Korean Vacuum Society, Vol. 8, No. 3(1), 1999



184 Tschang-Uh Nahm, Jin-Pyo Hong and Chae-Ok Kim

T T T

@ O/W(110)
®  —0—O/Mo(110)

102 |-

0.0 02 04 06 0.8
O Coverage

Fig. 2. Thermodynamic factor & vs. coverage for O/W
(110) from Ref.[5] and for O/Mo(110) from Ref.[9].
Because there was effectively no dependence on tem-
perature, only the average values are shown. Note the
cusps at coverage of 0.2.

had been suggested that the activation energy is
almost the same below and above T.. However,
the dynamic measurement of ordering process
using low energy electron diffraction (LEED) [15]
showed only small increase in EX even at half cov-
erage and the measured values were interpreted as
non-equilibrium quantities. It was argued that diffu-
sion during nucleation is not the same as diffusion
of adatoms in ordered phase and we believe the
measured E§ might be rather close to that of
disordered phase.

The thermodynamic factor & was found to be
almost independent of temperature for both systems
[5, 9], but its coverage dependence has some struc-
ture as in Fig. 2. The thermodynamic factor & of O/
Mo(110) and of O/W(110) surfaces were plotted
together to show the similarity of these systems,
but because & was almost constant, only the av-
erage values are shown. Unlike the calculation
which predicts only a sharp cusp at half coverage,
both systems have smaller cusp at coverage of 0.2
which is close to the phase boundary at the
measured temperature range. Since the coverage
determination of O/Mo(110) may be incorrect,
one cannot be sure about whether this coverage
corresponds to that of disordered phase or p(2Xx2)
phase, but it seems that this nominal coverage is
well below that of p(2x 1). Because it is not easy
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to prepare exactly half covered surface at least for
O/W(110), the experiment could not see the
predicted cusp at half coverage, but the slight
increase of & at high coverage of O/Mo(110)
might be the half coverage cusp since the assumed
coverage vs. work function relation can cause
some error. If the coverage vs. work function
relation of O/Mo(110) is similar to that of O/W
(110), we believe the nominal coverage of 0.7 in
Ref.[9] would correspond to relative coverage of
about 0.5, while 0.2 would still be close to relative
coverage of 0.2.

IV. Comparison with calculations

There have been many MC calculations on the
surface diffusion of O/W(110) as described briefly
in Sec. I. One of the early calculations in Ref.[7]
which tried to interpret the erroneously huge tem-
perature dependence of thermodynamic factor of
Ref.[6] is now unreliable, but there has been some-
times good agreement of diffusion coefficient
values between calculations [8].

Recent studies by Uebing and coworkers [11]
have included thermodynamic scale laws to show
the singular behavior at T. which is not easy to
see experimentally. In Ref.[8], the values of EX at
many different coverages were calculated, but
since their In D versus 1/T curves showed nearly
no slope within the ordered phase, they had to
compare their activation energy of disordered
phase with the experimental results assuming that
ES has the same values for all temperature at a fixed
coverage. As discussed above, there is good
explanation of different values of Ex at different
phases, and the coverage at which Ej starts to
increase was near the phase boundary. Also, the
values of & from the experiment did not have tem-
perature dependence predicted by the calcula-
tion and had a maximum at coverage of 0.2, very
close to the phase boundary.

Another rtecent calculation of the surface dif-
fusion coefficient at coverage of 0.45 [10] showed
that the non-Arthenius behavior is pronounced
near T, and as a result E, has singular behavior at
T.. It was also predicted that E, has smaller values
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in disordered phase, which can be understood as a
result of reduction of the adatom -adatom in-
teraction. The experimentally observed high EX
values from /n D vs. 1/T curve of p(2x 1) ordered
phase and low values of low coverage disordered
phase might be explained by this temperature
dependence of Ea.

The calculated & has a dip at Tc, but there are
flat region above and below the dip which is in
good agreement with the experiments. The fluc-
tuation method results did not include data points
near T, due to the change of coverage, and a dip
of & or inversely a cusp of <(8N)’>/<N> could
not be detected. Although the coverage depen-
dence has not been fully studied, the temperature
dependence of thermodynamic factor along with
that of E, in Ref[10] seems more correct than other
calculations.

The coverage dependence of Ef and that of &
were recently calculated by Vattulainen et al. [13].
The trend of EX was that it increases at low cov-
erage until the order-disorder phase transition
occurs, and then it is decreased rapidly and has
very small value at half coverage. Although the
fluctuation measurement at exactly half coverage
was impossible in Ref.[5], it is apparent that the
sharp decrease in calculation after entering p(2X 1)
phase was experimentally absent. Vattulainen ef al.
compared their ES” at 590 K, that is the activation
energy derived from D.. with the experimental
values in Ref.[5] and argued that there is good
agreement between them. The increase of E.™ at
low coverage roughly agrees when we shift the cal-
culated values by 0.6 eV as in the inset of Fig. 1,
but the experimentally observed values at higher
coverages than 0.5 were nearly constant, while the
calculation predicted sharp rise of EX* as appro-
aching p(2x 1) to p(1 X 1) phase transition.

Also, there is some discrepancy between theory
and experiment about the thermodynamic factor.
Due to lack of data points near half coverage, it is
not sure whether there really was a cusp in &, but
one thing clear is that calculation predicts a mono-
tonic decrease in & near order-disorder phase
boundary rather than a small cusp.

All these indicate that the current calculations

do not represent the real O/W(110) system prop-
erly. Polaron formation, that is the participation of
the substrate during the adatom diffusion process
was suggested to interpret the disagreement
between theory and calculation [8], but this may
not be a plausible explanation because the sub-
strate is very inert unlike W(100) plane.

V. Conclusion

The understanding of surface diffusion has been
greatly improved by recent calculations, but as
shown in this work, there are still many dis-
crepancies between theory and experiment even
for relatively simple system O/W(110). The issue
of how important the thermodynamic factor is in
diffusion coefficient was not fully considered until
quite recently. It seems now apparent both from
calculation and from experiment that the tem-
perature dependence of the thermodynamic factor
is far less important than that of microscopic jump
rate in the behavior of chemical diffusion coef-
ficient.

For the coverage dependence of the activation
energy, the theory has been less successful. It may
simply result from the different adatom - adatom
interaction in ordered and disordered phases, but
this has not been well predicted by calculations.
The non-Arrhenius behavior in Ref.[10], however,
shed some light on this issue and some agreement
has been achieved. If the calculation can fully
explain the experimentally observed coverage de-
pendence of the thermodynamic factor as well as
that of the activation energy, we will be able to
understand more of surface diffusion phenomena
in connection with ordering mechanism.
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