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The diffusion of hydrogen and deuterium and of mixtures of these isotopes on the (110)
plane of tungsten has been studied by the field-emission-fluctuation method as a function
of coverage 6 and T. It was possible to show that the results in this system are not influ-
enced by the applied field required for emission. Thermally activated diffusion was
found for T'> 130—160 K, depending on the isotope and 6, with activation energies of
4—5.3 kcal/mole for 'H (increasing with 6) and marginally but consistently higher values
for H. Below these temperatures tunneling set in quite abruptly for 'H, and somewhat
more gradually for 2H. Values of D,,, ranged from 4 X 107! to 10™!2 cm?/sec depending
on 6, for 'H, and from 1.2 107! to 3.6 10~ " cm?/sec for 2H. The relatively small
differences in Dy, for 'H and ?H suggest that the tunneling barriers are quite narrow,
and these are postulated to correspond to the “necks” between adjacent W atoms. The
binding site is postulated to be a long narrow well, corresponding to the “hour-glass”-
shaped region between the next nearest W atoms. In the thermally activated regime D in-
creases by over 6 orders of magnitude (at constant T') as 6 increases from 0.1 to 0.9 for
2H. A less drastic increase is also found for 'H. The behavior of 2H is tentatively ex-
plained by assuming that chemisorbed H atoms behave classically, and chemisorbed 'H
atoms like fermions, electron spins averaging to 0, so that collisions among adsorbed
atoms, leading to very long effective mean free paths are possible at high 6 for *H but not
'H. Evidence for a phase transition, occurring at 80—90 K depending on 6, was found
for both 'H and ?H from an oscillation in the mean-square fluctuation and a correspond-
ing dip in D. It could be shown from supercooling and superheating experiments that the
transition is of first order. Evidence of a segregation of 'H and H at ~130 K in the
case of mixtures at high 6 is also presented.
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INTRODUCTION

The adsorption of hydrogen on metals has been
studied in considerable detail, although data on
surface diffusion are sparse. In the 1950’s Gomer
and co-workers obtained some results on the diffu-
sion of H on Ni,! and in somewhat more detail on
tungsten.” However, these results applied to the
emitter as a whole rather than to individual crystal
planes. The field-emission-fluctuation method
developed in this laboratory® has made it possible
to investigate surface diffusion on single-crystal
planes in considerable detail. We report here re-
sults for 'H, *H, and mixtures of these isotopes on
the W(110) plane. Although the explanations for
some parts of this work remain tentative at best,
we consider the results to be sufficiently interesting
to warrant publication at this stage. A preliminary
account of some very early results has been
given.’

25

METHOD

The field-emission-fluctuation method for study-
ing surface diffusion has been discussed in some
detail previously,® and we give here only a brief
sketch. The method consists of measuring the
time autocorrelation function of field-emission-
current fluctuations from a small region (50— 100
A in radius) of a single-crystal plane, here the (110)
plane, which is ~1000 A in diameter. If the
emitter is uniformly covered with adsorbate and if
the temperature is such that the adsorbate is
mobile, statistical adsorbate density fluctuations
occur and manifest themselves by fluctuations in
the field-emission current. Over the small region
examined, the emission-current fluctuations are
sufficient to be measured. They build up and de-
cay very approximately with a relaxation time g
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defined as
To=r3/4D , ()

where 7, is the radius of the region probed and D
the surface diffusion coefficient of the adsorbate.
Consequently, the time correlation function of the
density and current fluctuations will decay substan-
tially in time 7y and this makes it possible to ob-
tain D. Exact expressions for the density correla-
tion function f,(¢) and for the field-emission
—current-correlation function f;(¢) in terms of t/7,
have been worked out,’ and will now be discussed
briefly.

The current-correlation function f;(¢) is defined
as

fi(£)=(81ni (0)8lni (¢) )
=(8i(0)8i (1)) /i ?, )

where 8i=i —i and i is the average current from
the probed region; angular brackets denote ensem-
ble averages. As shown previously,? f;(¢) takes the
form

2
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The quantities ¢, d¢/dc, and ¢, are related to the
parameters occurring in the Fowler-Nordheim
equation which governs field emission.” We write
the latter as

Ini =In(B/F*) —(6.8X 10" /F)$*/* , (4)

where F is the applied field, B is a field-indepen-
dent quantity, and ¢ is the work function. Then

dlnB
‘T8 ©
c=—(3)6.8X107($)'2/F , (6)

where c is coverage in atoms/cm?. The quantities

81, 82, and g3 are correlation functions.> g,, for
instance, is proportional to the correlation function
for density fluctuations and takes the form
1 5 ) 'e—l?'—?|2/4Dt
aun=— [k [ dri——
(7

A in Egs. (3) and (7) is the area of the probed re-
gion. The quantities g, and g; are more compli-

cated than g, and arise because of contributions of
adsorbate dipoles outside the probed region to the
potential in A. It is easy to show that g,,g,,g3 can
be expressed as functions of #/7;. They are defined
and their numerical values given in Ref. 3. f,(0)
in Eq. (3) is the mean-square density fluctuation

f2(0)=(8n(0)8n(0)) =Ac’KksT , (8)

where K is the two-dimensional compressibility of
the ad phase.?

It has recently been possible to show® that Eq.
(3) and the expressions for g, g,, and g3 initially
derived® on the assumption of no interactions be-
tween adsorbed particles, are also valid when there
are interactions and even if more than one phase is
present, as long as the wavelengths of fluctuations
are much larger than a single lattice spacing, i.e.,
in the hydrodynamic limit, and that they yield the
chemical diffusion coefficient defined by Fick’s
law.

The procedure for obtaining diffusion coeffi-
cients thus consists of obtaining an experimental
correlation function f;(#) and then comparing
scaled semilog or more simply log-log plots of the
experimental and theoretical functions until coin-
cidence is obtained, thus yielding 7, and, to within
the accuracy of o, D. This procedure also yields
f»(0)/A4? and hence, to within the accuracy of rf,
f(0). In order to obtain the theoretical curve for
fi(t) according to Eq. (3), the dependence of B and
¢ on coverage must be known. However, the abso-
lute coverage is not required, except for absolute

values of f,(0). Equation (3) can be rewritten as

720 (a6 1*] [omB )?
f;(t)::i*z "a‘f— %“ g1(t)+c%g2
+ 2, a(.‘;f gs(1) ©)

by using Egs. (3) and (5). Thus, all that is required
is dlnB/ 3¢ over the coverage range of interest. It
turns out that dlnB/d¢ is constant in the present
case.

EXPERIMENTAL

The experimental tube, shown in Fig. 1, is a
modification of apparatus used previously,® and
provides for optical decoupling between the signal
to be detected and the field-emission tube. The
beam from the emitter is steered in the usual
manner® by electrostatic deflection plates until the
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FIG. 1. Schematic diagram of field emission tube for
fluctuation measurements. Only one set of electrostatic
deflection (steering) electrodes is shown.

desired region is located over the probe hole. The
currect from the probed region then passes through
a suppressor to prevent secondary electrons from
the edge of the probe hole from reaching the fast
phosphor. After passage through the suppressor
the beam is accelerated to a voltage of 8—10 kV
and allowed to impinge on a P-47 phosphor screen,
which has a 100 nsec decay time. Thus its light
output follows the current fluctuations whose de-
cay times, by suitable choice of emitter tempera-
ture, are less than 10~3 sec. The phosphor is
backed with a ~ 1500-A-thick layer of Al to
prevent stray light from reaching the phototube
externally mounted beneath it. A section of
opaque glass (Fig. 1) also prevents light piped
within the glass envelope from reaching the photo-
tube. The phosphor used for the main screen was
willemite, emitting in the green, while the P-47
phosphor produces violet-blue light. Stray light
was further reduced by placing a sharp band pass
filter (Wratten No. 39) in front of the RCA8575
phototube. The latter was magnetically shielded
and also electrostatically shielded from the field-
emission tube by means of a thin plate of electric-
ally conducting transparent glass, kept at the po-
tential of the phototube’s photocathode. The
electrical arrangement used is shown in Fig. 2.
The current gain of the P-47 phosphor-
phototube combination was estimated as 5 10°
under most operating conditions. The gain could
have been increased by at least a factor of 10 by
increasing both electron accelerating and phototube
voltages, but the values used maximized signal-to-
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FIG. 2. Schematic block diagram of correlation
measurements.

noise ratio for correlation measurements. The sen-
sitivity of the PAR181 preamplifier was 10’ V/A
and a final voltage gain of 100 was used in the fil-
ter stage. The low-frequency cutoff of the latter
was always set at 0.01 Hz. The high-frequency
cutoff was set at the sampling frequency of the
Honeywell SAI-43A correlator for a given run.
This helped to improve signal-to-noise ratio consid-
erably and thus reduced acquisition times for
correlation functions. The independence of corre-
lation functions of the values of high-frequency
cutoffs above the sampling frequency was verified
experimentally. The correlator takes 400 current
measurements at preset intervals (i.e., at preset
sampling frequency), so adjusted as to span the de-
cay of f; to at least 50% of its initial value. This
depends, of course, on the value of 7, i.e., D,
which is a function of temperature. The number
of summations for each datum point was 10° to
3% 10°, depending on signal size. Acquisition
times of correlation functions varied from 10— 60
min.

The frequency response of the system was tested
by applying a small ac signal of variable frequency
to the emitter and measuring the ac output of the
PAR preamplifier. It was found to be constant to
20 kHz, a frequency considerably higher than re-
quired. The dc probe-hole current was measured
by passing the output of the phototube directly
into a Dymec 2211B voltage-to-frequency convert-
er, using the accurate 1 M +0.01% input resistor
of this unit as a load resistor. The output of the
converter was then read on a scaler. Total emitter
current was measured similarly.

Temperature control was accomplished by filling
the Dewar shown schematically in Fig. 1 with
liquid N, or liquid H, and heating the emitter loop
resistively, with a temperature controller described
previously.® The tube was attached to a Varian
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stainless steel vacuum system, pumped by iron and
Ti sublimation pumps. The Viton O-ring of the
poppet valve in this system was removed to im-
prove ultimate vacuum. Gases were admitted via
Varian variable leak valves directly attached to the
system. A UTI C-100 quadrupole mass spectrome-
ter in the system made it possible to monitor resi-
dual gases and 'H and *H purity. Spectroscopic
grade gases in Pyrex bottles were used without
further purification and proved to be free from
detectable impurities, except for ~1% of 'H in the
deuterium. After bakeout at 250°C the base pres-
sure in the system was 2 10™!! torr as indicated
by the ion gauge and also by contamination rates
of the emitter.

Two dosing procedures for 'H or *H alone were
followed and gave identical results. In each pro-
cedure the emitter was first cleaned by flashing in
the conventional way. In procedure 1 the emitter
was then cooled to 80 K and the hydrogen or deu-
terium pressure raised to 5 10~° torr (as read
without corrections on the ion gauge) for 50—200
sec. It is known from the work of Polizotti and
Ehrlich!® that H, is only weakly adsorbed on (110)
and desorbs without dissociation at 7'< 40 K.
Thus the stably adsorbed species, atomic H,
reaches the (110) plane (in the absence of imperfec-
tions, which permit dissociative adsorption on ma-
croscopic planes) only by diffusion from the
atomically rough vicinals where H, does adsorb
dissociatively. Since diffusion of H into the plane
at 80 K is very slow, the emitter was heated to
200—250 K until the desired coverage on (110)
was reached, as indicated by the emission current
(always checked, however, by an actual work-
function determination). In procedure 2, dosing
was carried out at 200—300 K and the entire emit-
ter equilibrated with respect to H coverage. It was
found that for diffusion measurements appreciably
below the influx temperature no changes in cover-
age on (110) occurred in the times of the diffusion
measurements, so that both methods gave the same
results for equal coverages on (110). The constan-
cy of coverage was checked, as already indicated,
by work-function measurements before and after
diffusion runs.

RESULTS AND DISCUSSION
Effect of applied field on diffusion

The dosing procedure just described also made it
possible to check the effect of applied field on dif-

fusion by monitoring the current at the center of
the (110) plane as a function of time when H was
allowed to diffuse into the plane at 180 K (a) with
the field applied continuously and (b) with the field
turned on only at intervals, the temperature being
reduced 80 K before the field was turned on.
Identical plots of current change versus time re-
sulted, indicating that the applied field has no ap-
preciable effect on diffusion in this system.

Work function and Fowler-Nordheim
parameters

Figure 3 shows AInB vs A¢ (as H coverage is
varied from O to maximum), obtained from plots
of Ini/V? vs 1/V for the probed region and Eq. (4),
assuming a value of ¢(110)=5.3 eV for the clean
plane. The maximum work-function change for H
adsorption, —0.5 eV, is in good agreement with
previous work.!%!! No differences in emission
current or A¢ were found between 'H and 2H, at
maximum coverage. For the (110) plane maximum
coverage was also found to be independent of
whether the emitter had been dosed and equilibrat-
ed at 200 or 300 K, although decreases in A¢ for
some other planes were noted when a saturated
emitter was heated from 200 to 300 K. If it is as-
sumed that maximum coverage on (110) corre-
sponds to H/W=1 or to an absolute coverage of
1.42x 10"* H atoms/cm?, the data of Fig. 2 yield
the following values for the constants entering into
Eq. (3): ¢;=—1.58X10"" cm? 3¢4/dc
=—3.52X10"'% eV cm? The assumption that
6=1 corresponds to H/W =1 is supported by the
low-energy electron diffraction (LEED) observa-
tions of Naumovets and co-workers,'? and also by
those of Menzel and co-workers!® who find a
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FIG. 3. Plot of AInB vs A¢ on the W(110) plane as
H coverage is increased. B is defined in Eq. (4) and B,
refers to its value for the clean surface.
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p(1X1) pattern at maximum coverage with various
other structures at intermediate 6.

The value of r, was determined by the method
described in detail in Ref. 6 from the relation be-
tween the average field-voltage proportionality con-
stant k=F/V and the tip radius r,:

r,=0.29/k (10)

for the electrode geometry used in the present mi-
croscope tube. The radius of the probed region r,
is then found from

ro=rpyrB/x , (11)

where r, is the radius of the probe hole (0.75 mm),
x is the tip-to-probe-hole distance (~3.9 cm), and
B is a compression factor (~ 1.5) determined from
the apparent angular separation of some of the
principal crystallographic directions in the emis-
sion pattern. k is determined from

k=—6.8%x10"2/s, (12)

where ¢.=4.5 eV is the average work function of
clean W and S, is the slope of Ini/¥? vs 1/¥ plots
for the whole emitter. 7o~ 100 A in the present
measurements.

The field on the (110) plane required for evalua-
tion of ¢, was found from the applied voltage V
and k,;o which is obtained from the relation

k110/k=(5.3/¢,pp)>" (13)

where ¢, is the apparent work function obtained
from a Fowler-Nordheim plot for the (110) plane
using the average field-voltage proportionality con-
stant k. Papp=5.8 €V, yielding a reduction in field
on the (110) plane of ~17%. The value of ¢, ob-
tained in this way was c, = —5.45 (eV)~ .

Diffusion results

Figure 4 shows a typical correlation function
and Figs. 5 and 6 superpositions of log-log plots of
experimental and theoretical curves. The fit is
seen to be excellent. In some cases vertically
scaled semilog plots of f; were compared with the
theoretical curves, since this permits a slightly
easier determination of 7(; no appreciable differ-
ence in the accuracy of the two methods was found
(Fig. 7).

Figure 8 shows a summary of diffusion data for
'H and 2H for relative coverages §=0.1, 0.3, 0.6,
and 0.9. These 0 values are based on the assump-
tion that A¢ varies linearly with ¢ so that

)
Il

"H/W(110)
8-06
T=275K

fi(1)x 10°

S L 1 L i d
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t { milliseconds)
FIG. 4. A typical correlation function, f(t) vs . Ex-
perimental conditions are indicated on the figure.

0=Ad/Adpy - (14)

The fact that AlnB vs A¢ is linear (Fig. 3) sup-
ports this assumption, but does not guarantee it, of
course. For ?H at #=0.1 the signal was quite
weak and for T< 130 K the fluctuations were so
slow as to be unmeasurable with the apparatus at
our disposal. Further, over the very long times re-
quired to obtain a meaningful correlation function,
small amounts of 'H contamination, even at the
low base pressure in the system, led to spurious re-
sults. The 6=0.1 curve for H is therefore in-
complete.

The data of Fig. 8 show several striking features.
For 138 < T< 160 K, depending on 0, diffusion is
activated, i.e., temperature dependent for both iso-
topes. Below these temperatures D is virtually
temperature independent to the lowest measured
value ~30 K, except for a dip near 80—90 K.

The location of this dip is a function of coverage.
It will be shown to be associated with a phase tran-
sition and will be discussed in detail later.

fi(t/7,) (arbitrary scale)

8=0.6 ]

"H/W(110) ]

T=275 K
NS I

0.l 10 10.0
t/7,
o ' 100 o

{(milliseconds)

FIG. 5. Comparison of experimental and theoretical
current correlation functions by means of superimposed
log-log plots. Experimental conditions are indicated on
the figure. Solid line: theoretical curve. Points: experi-
mental data.
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FIG. 6. Comparison of experimental and theoretical
current correlation functions by means of superimposed
log-log plots. Experimental conditions are indicated on
the figure. Solid line: theoretical curve. Points: experi-
mental data.

In the thermally activated regime D varies with
coverage 0, the variation being much stronger for
’H than for 'H. If D in this regime is decomposed
into a temperature-dependent and a temperature-
independent part,

D =Dge /8T (15)
the results shown in Table I and in Figs. 9 and 10
are obtained. E varies only very slightly with 6 for
both 'H and 2H, while D, varies strongly. For 'H,
log0Dy vs O consists of two linear regimes, the
variation being relatively slight for 0.3 <6 <0.9
and quite steep for 8 <0.3; for 2H, log;oD, vs 0 is
linear over the entire 6 regime investigated. It is
also remarkable that for 2H D, spans almost 6 ord-
ers of magnitude with increasing 6, while only 3
orders are spanned for 'H. At each coverage E is
slightly but significantly higher for ?H than for H.

09t
0.8 |- \ N

0.7+

06 - 6-06
"H/W(110)
05 T=275K

fi(t/7)/ £,(0)

0.4 ) —

0.3 PR | L L PR |
10 100 1000
t (milliseconds)

T T
1.0 10.0
t/ 7,

FIG. 7. Comparison of experimental and theoretical
current correlation functions by means of semilog plots
with ordinates scaled for best fit. Solid line is the
theoretical curve; points are experimental values.
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FIG. 8. Plots of logoD vs 1/T for hydrogen and deu-
terium at various fractional coverages, indicated by the
numbers to the right of each curve. Dashed lines
represent interpolations between 80 and 27 K, where no
data were taken. 'H is marked H, *H is marked D on
the curves.

In the temperature-independent regime D is also
a function of 6 for both 'H and *H (Fig. 11), al-
though the functional dependence differs for the
two isotopes. For 'H, D seems to have a max-
imum at 6=0.3 and then decreases monotonically.
For 2H there seems to be a minimum at 6=0.6; D
also seems to vary less in absolute magnitude with
6 for H. The decrease in D with 6 for 6 <0.3 for
both 'H and H seems quite surprising and was
therefore checked with different emitters but found
to be real. For H the dip at 80—90 K already
noted also occurs, although it seems to be rather
broader at 6=0.9 than for '"H. For ?H, D is slight-
ly temperature dependent even at low 7. Finally,
the (nearly) temperature-independent regime gives
much higher values of D for 'H than for *H, par-
ticularly if the same coverages are compared.

The qualitative explanation of all the features
just presented, except the coverage dependence of
D, for thermally activated diffusion, seems reason-
ably clear. At “high” temperatures activated dif-
fusion occurs for both 'H and 2H, with an activa-
tion energy of ~5 kcal/mole, i.e., ~0.2 eV. [In-
cidentally, this value agrees very closely with that
obtained in 1957 by Wortman, Gomer, and Lundy?
for the diffusion on the vicinals of (110), 5—6
kcal, and even the value of Dy=1.8%10~°
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TABLE 1. Activation energies (kcal/mol) and prefactors (cm?/sec) in the thermal regime

for H/W(110).
Single isotopes
100 at.% 'H 100 at.% H
6=0.1 E,=4.07+0.13 E,=4) (est.)
D™ —1.55%10~7 D™ —(10-7) (est.)
6=0.3 E,=4.67+0.15 E,=4.76+0.30
D™ —250% 103 D™ —1.16x 10~
6=0.6 E,=4.80+0.30 E =4.85+0.15
D™ =5.0x%10"3 D™ —=58%10~°
9=0.9 E,=5.10+0.10 E =5.35+0.12

Dihem—1.48x10*

D™ —=5.85% 1072

Mixtures

75 at.% 'H—25 at.% *H

50 at.% 'H—50 at.% °H

25 at.% 'H—75 at.% H

E,=4.03+0.11
D™ =342 %10~

0=0.9

E,=4.04+0.10
Diem =2 73% 1076

E,=74
D™ =0.35

cm?sec™! reported by these authors is in the range
of values found here at different coverages.] As

temperature decreases, tunneling of H through the
potential barrier becomes competitive with activat-

T T T

102 -
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]
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FIG. 9. logi oDy vs relative coverage 6 for hydrogen
and deuterium in the thermally activated regime.

ed diffusion and soon dominates. Tunneling must
have an exponential dependence on m /%, m being
the mass of the tunneling particle, and thus must
be considerably less probable for ?H than for 'H.
Consequently the switch to tunneling should occur
at lower temperatures and should also result in
lower values of D for 2H than for 'H, as is in fact

observed.
Tunneling regime
We shall discuss first the tunneling results. In a

preliminary publication,* it was assumed that the
appropriate formalism is that of tunneling from a

o'y
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E4 (kcal/mole)
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0

0.0
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6/6,
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MAX

FIG. 10 Activation energy of diffusion in the ther-
mally activated regime vs relative coverage for hydrogen

and deuterium.
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FIG. 11. Diffusion coefficients in the tunneling re-
gime vs relative coverage for hydrogen and deuterium.
For 2H the values of D at 27 K were used.

discrete state to a continuum as, for instance, in
field emission. However, at least at low coverage,
it seems more appropriate to assume tunneling
from a given state in a well into an equivalent state
in an adjacent well, so that a band picture is ap-
propriate. Then the group velocity v, is

1 0E
and the diffusion coefficient can be written as
D =v,A, (17)

where A, the mean free path, is adequately approxi-
mated by

A=c12, (18)

¢ being coverage in atoms/cm? as before. Since W
has a Debye temperature very much higher than
that at which tunneling is observed, the assumption
that A is limited by adsorbate-adsorbate rather than
by adsorbate-phonon collisions seems justified.

At this point some discussion of the assumed
binding sites and position of the barrier is in order.
Figure 12(a) shows the geometry of the (110) plane.
It is generally believed that the bridge position be-
tween two nontouching atoms, corresponding to
position 2 on Fig. 12(a), is the stable binding site
for H on the (100) plane, where this corresponds to
the position between edge atoms of the unit square.
It therefore seem reasonable to assume that this is
also the site of lowest energy on (110). Some work
by Backx, Feuerbacher, Fitton, and Willis!* seems

b

e ’

(b) (a)

FIG. 12. (a) Top view of (110) plane; various posi-
tions indicated by numbers. (b) Schematic one-
dimensional potential-energy diagram for translation of
chemisorbed hydrogen parallel to this plane. Numbers
correspond to those in (a).

to show that two vibrational loss peaks at 95 and
157 meV, respectively, occur on (110) at all cover-
ages. Backx et al. interpreted this result as indi-
cating the occupation of two distinct binding sites
at all coverages. This hypothesis, however, is ir-
reconcilable with the fact that a p(1X 1) LEED
pattern results'>!® at §=1 and is also implausible
on thermodynamic grounds. There is no reason to
suppose that both sites would have equal free ener-
gy, so that at low 8 and low T only the more tight-
ly binding site should be appreciably occupied. It
seems far more likely that these authors, in fact,
observed the normal stretching mode at 157 meV
and a bending mode, probably that corresponding
to ¥, or V3 on (100) (using the notation of Ho,
Willis, and Plummer'). On the (110) plane one of
these modes could easily have a change in dipole
moment normal to the surface.

It is also clear that the barrier, if its height is
given by ~0.2 €V, i.e., the thermal activation ener-
gy, must be quite narrow. If this were not so, the
ratio of hydrogen to deuterium diffusion coeffi-
cients in the tunneling regime would have to be
much larger than that observed. Consequently we
will take as a first approximation to the potential
the rectangular well and barrier depicted in Fig.
12(b), identifying the well with the hourglass re-
gion 1-2-3 in Fig. 12(a) and the barrier with the
necks between adjacent W atoms [marked 4 in Fig.
12(a)]. The potential surface thus consists of two
nonorthogonal quasi-one-dimensional periodic
structures and hence of a two-dimensional band,
but we ignore the nonorthogonality for the present.
Since a nearest-neighbor tight-binding approxima-
tion surely suffices here, we can write

vg =(a /#){V )sinka (19)

where a is the lattice periodicity, k is the one-
dimensional wave vector, and (V') is the tight-
binding matrix element. If we assume for simplici-
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ty sinka ~ 1, i.e., assume that the tunneling band is
so narrow that the occupation of all allowed levels
within the band is equally probable, we find for D

D =(a/AB){V)e V2. (20)

The matrix element (V') consists of the integral
over the region indicated schematically in Fig. 13.
For the ground-state function coskyx in each well
(V') is given by

- b
(0|V|0) = —VB?% kllo+b) f_be_k"coskox dx
k Coskob +kosink0b
k2+kd

= VB% o

=ae 0 , (21)

since the upper limit of the integral can be neglect-
ed relative to the lower limit. Here B is the ampli-
tude of the wave function at the classical turning
point, V is the depth of the well, and

k =2m /#)\2y1/2 (22)

Thus the dominant contribution to ¥ and hence to
the diffusion coefficient is the exponential term

exp{ —[(2m /#)V2V11y]} . (23)

Expression (23) is valid for a rectangular barrier; in
general it would be given by

exp | - [12m () 2] [V VG Eax | |

(24)
at least in terms of the WKB approximation, x
and x, being the appropriate classical turning
points. Expressions (23) and (24) are just the
square roots of the leading term in the “ordinary”

—JI‘_—":
S s N

I 1

-a -b 0 b
FIG. 13. Schematic diagram indicating the calcula-
tion of the matrix element {¥') described by Eq. (21) in

the tight-binding approximation with neglect of all but
nearest-neighbor contributions. The perturbing potential
in this approximation is indicated by the dashed lines
and the integral in Eq. (21) runs from —b to +b. Also
indicated schematically are the relevant wave functions.
The repeating length is a, the well depth is ¥, the well
width is 2b, and the barrier width is /.

tunneling expression. This is to be expected since
the latter can be shown, for instance, by the
transfer Hamiltonian formalism to be formally
equivalent to Fermi’s golden rule, and thus to con-
tain | (V) |.2

The discussion to this point has ignored H-H in-
teractions, except to assume that these limit the
mean free path. The quite different dependence of
D on 6 for 'H and ?H in the tunneling regime indi-
cates that this is a gross oversimplification and
that more subtle effects than a variation of the bar-
rier dimensions by H-H interactions must play a
role. Formally, these interactions can be treated by
assigning effective masses which would then
directly appear in Eq. (22). The origin of the in-
teractions giving rise to this renormalization and in
particular to the difference between 'H and 2H is
not understood. It is probably connected in part
with the different statistics of the isotopes. A sta-
tistical argument will be invoked later to explain
the differences in the thermal behavior. All these
effects, however, should become unimportant at
sufficiently low coverage.

Well and barrier dimensions

If the potential structure could be adequately ap-
proximated by Fig. 12, it would now be simple to
find the appropriate values of k for 'H and 2H
and to obtain the barrier width /, from the ratio of
D for the two isotopes:

D('H) a('H) 1
= V2-1)2m /#1212, .
DCH) ~ acp) P2 MY

(25)

Here the experimental tunneling diffusion coeffi-
cients would be used; ¥ can be taken as the activa-
tion energy obtained from the thermal regime and
m; is the mass of 'H. The ratio a('H)/ a*H) [«
is defined in Eq. (21)] depends only slightly on b
and is ~ % For this purpose it is of course desir-
able to compare D values at the lowest coverage
available to avoid effects of ad-ad interactions
which differ for 'H and 2H, as already noted.
However, even this is not enough. The slight but
unmistakable temperature dependence of D for 2H
necessitates a more complicated model. The fact
that there is a temperature dependence for *H but
not for 'H suggests that the idealized well may not
be flat-bottomed but contains a dip in the middle
as shown in Fig. 14. Because of its lighter mass,
'H could then have no bound state in the subsidi-
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FIG. 14. One-dimensional double well structure with
best fits for 6=0.3, indicated on the figure.

ary well, while ?H could. Thus *H tunneling could
be temperature dependent, for instance, if tunnel-
ing from the bound state in the subsidiary well was
much less likely than from the next state lying
above the subsidiary well. The actual geometry of
the (110) plane, shown in Fig. 12, makes the possi-
bility of a subsidiary well plausible.

For the case of a subsidiary well, shown in Fig.
14, a fit to the experimental curve for ?H at 6=0.3
could be obtained only by assuming that tunneling
from the ground state [0] was < 10% of tunneling
from state [1], which is not bound in the subsidi-
ary well. For this case the temperature-dependent
diffusion coefficient in the tunneling regime, D(T),
is given by

€/kgT
e 'B

D(T)=D,( +1)1, (26)

where € is the energy difference between the states
[0] and [1]. A very good fit was obtained for
0=0.3 with e=189 cal/mole, i.e., ~8 meV.
Unfortunately, as already pointed out, it is not
possible to make the comparable calculation at
0=0.1 since the curve for *H is incomplete. It

1

i

> e 987D, (V —&)+(2rmkT /h?)\Dye

seems quite clear, however, that the value of 8
meV is a factor of 10 smaller than the vibrational
energy of 95 meV observed by Backx ez al.!* If
our model is even approximately correct, this
would indicate that the vibration at 95 meV must
correspond to the ¥; mode, i.e., perpendicular to
the axis 1-2-3 of the hourglass in Fig. 12(a) with
the ¥, mode parallel to this axis having much
lower level spacings on (110), corresponding to ~8
meV for *H.

If one-dimensional square wells and barriers are
assumed as in Fig. 14, the wave functions and
corresponding matrix elements can be obtained by
elementary methods and it can then be attempted
to fit the ratio of (D from the ground state of
TH)/(D from the first excited state of 2H)=2.5 to-
gether with the requirement that e=189 cal, i.e.,
~8 meV and that the total repeating unit (well
plus barrier) correspond to a=2.7 A. The results
for 6=0.3 are a depth of 0.006 eV and a half-
width of 0.3 A for the subsidiary well and a barrier
width of 0.25 A. If the 2H data at #=0.1 are ex-
trapolated, assuming e=8 meV, the corresponding
ratio of diffusion coefficients becomes 0.6. For
this case no solutions within the one-dimensional
model could be found. It is possible, of course,
that for 6=0.1 small 'H contaminations led to a
spuriously high value of D for *H and that the true
values lie below the points shown in Fig. 8. How-
ever, even if this were so, and if the assignments of
dimensions at 6=0.3 are at least qualitatively
correct, two difficulties remain. There is no obvi-
ous reason, within the model, why tunneling
should stop at the first excited state for ?H, or for
that matter why tunneling should not also occur
from excited states of 'H. If the one-dimensional
model (ignoring for the moment the small subsidi-
ary well) is taken at face value, it is straightfor-
ward to show that the temperature-dependent
overall diffusion coefficient should be given by

—V/kgT

D(T)=
i

if it is recalled that the multiplicity of each state in
the well is L/a, L being the (macroscopic) length
of the system, and that the one-dimensional partiti-
tion function is L (2rmkT /h?)!/2. The transition
from thermal to tunneling diffusion calculated
from Eq. (27) is considerably more gradual than
that actually found for 'H.

—;—Ee_e‘/kBT—i—(Z'trka/hz)me

27

—V/kgT

r
Second, the assignment of well and barrier di-
mensions amounts to an assignment of matrix ele-

ments, and this in turn allows a calculation of D
from Eq. (20). The values so calculated exceed the
experimental ones by some 6 orders of magnitude.
These considerations indicate that the one-
dimensional model used so far is too crude and
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that the actual two-dimensional nature of the well
must be taken into account.

Even a rectangular two-dimensional potential
well (as contrasted to a box of infinite depth) is a
nontrivial problem since the potential is not separ-
able. It is possible, however, to discuss the situa-
tion qualitatively as if a separation irto two in-
dependent orthogonal degrees of freedom were pos-
sible. Then, for the approximate situation shown
in Fig. 15 it is clear that along the narrow dimen-
sion of the well the energy levels may be quite far
apart and that in fact there may be only one bound
state for 'H but two or three for 2H. If it is furth-
er assumed that tunneling depends much more sen-
sitively on the wave function associated with the
narrow dimension, it is clear that tunneling could
be very small from the ground state of *H and
would require thermal activation at least to the
first excited state, but would occur only from the
ground state for '"H. The existence of a small tem-
perature effect for 2H but not for 'H would thus
be explained without the explicit assumption of a
subsidiary well, although of course the actual po-
tential is much more complicated in shape than ei-
ther of the approximations we have discussed, so
that this point may be moot. The idea that the
critical dimension contains only a very small num-
ber of bound states can thus explain the otherwise
very puzzling sharp transition from thermal to
tunneling regimes for 'H as T is decreased and the
rather more gradual transition for ?H. As already
pointed out, 2H has more bound states than 'H so
that thermal-assisted tunneling can occur, leading
to a more gradual transition.

(b) ==

FIG. 15. (a) Schematic top view of proposed two-
dimensional well structure. The narrow connecting
“neck” between wells is not as deep as the wells but
contains the barrier between them. (b) Highly schematic
energy-level diagram for a well shown in (a), assuming
separability into two degrees of freedom. Solid lines are
levels for 'H; dashed lines are levels for 2H. The latter
are shown only for the degree of freedom corresponding
to the narrow dimension.

Although the above shows how complex the si-
tuation is even at low 6, the qualitative conclusion
seems correct that the barrier width must be much
less than a lattice spacing and probably cor-
responds to the “necks” between nearest-neighbor
W atoms. If this were not so, the ratio of the dif-
fusion coefficient for 'H to that for H would have
to be very much larger than is the case.

We have already mentioned the discrepancy be-
tween the experimental values of D and those cal-
culated with the one-dimensional model. The rea-
son for this discrepancy in the one-dimensional
model is clear. In order to reconcile the small
difference in D for the two isotopes, quite small
barriers must be assumed. Small barriers, on the
other hand, lead to large diffusion coefficients. It
seems likely that the reason for this apparent para-
dox is again connected with the essential two-
dimensionality of the well. A very simple argu-
ment suffices to show this. The tunneling direc-
tion, i.e., the direction along which overlap is im-
portant is not in fact along either of the well axes
but at an angle to them. However, the overlap de-
creases very rapidly as the coordinate perpendicu-
lar to the tunneling direction increases, since both
the height and width of the barrier then increase.
However, a finite width of the tunneling zone is
necessary to obtain finite amplitude, and conse-
quently the competition between decreasing this
width and decreasing the penetration probability by
increasing it leads to a net decrease in tunneling
probability over the one-dimensional case. The ar-
gument can easily be made more quantitative, but
this does not seem worthwhile in view of the fact
that a proper two-dimensional calculation would
automatically include this effect.

It seems worth mentioning at this point that
preliminary results by Dharmadhikari and Gomer
on the (111) plane of W reveal that for certain con-
ditions the transition from thermal to tunneling
diffusion for 'H is much more gradual than for the
(110) plane. Thus it seems that the effects
described here are in fact connected with the de-
tails of the potential, as we have assumed.

Phase transitions in
the one-component systems

It has already been pointed out that the diffu-
sion coefficients show a pronounced and quite
sharp dip at temperatures of 80—90 K, depending
on coverage (Fig. 8). We were led to investigate
this temperature interval in detail because of sharp



25 DIFFUSION OF HYDROGEN AND DEUTERIUM ON THE (110). . . 3501

fluctuations in f;(0), which were seen first. Fig-
ures 16— 19 show f;(0) for 'H and *H for various
coverages. In each case the fluctuation in f(0) oc-
curs at the temperature of the minimum in D. It
seems very plausible to associate the fluctuation in
f(0) with a phase transition. In fact, a very simple
calculation for a Bragg-Williams lattice gas by
Bell, Gomer, and Reiss® indicated just such a re-
sult. The dip in D can then be interpreted as
something akin to critical slowing. Fortuitously, it
is possible in the present case to determine the or-
der of the transition. Figure 20 shows that there is
a slight change in mean-field-emission current
above and below the transition. The reason for
this change is not fully understood. However, the
dipole layer potential relevant to field emission is
that at 0—10 A from the surface, i.e., very near
the actual dipoles. On so local a scale, the poten-
tial must depend somewhat on the arrangement of
the adsorbate. Thus, it could be slightly different
for ordered and disordered arrays, and, in fact, this
argues that the phase change observed here cor-
responds to an order-disorder transition. Inciden-
tally, the variation of i with local geometry is very
slight, certainly much less than the variation with
coverage, so that our method of determining D is
still valid, particularly since local rearrangements
must occur on time scales much shorter than actu-
al coverage changes by diffusion. Thus, contribu-
tions from this effect to the correlation function
decay too rapidly to interfere with the diffusional
contribution. It is interesting in this connection
that in the case of oxygen® and CO (Ref. 16), a
prediffusive flip-flop with an exponentially decay-
ing correlation function has been observed, while
nothing of the kind was seen for H.

In any case the existence of this change in 7 per-
mits quenching and unquenching experiments in

6=09

0 1 L 1
15 40 65 90 15 140 165 190

T(K)

FIG. 16. f;(0) vs T for hydrogen and deuterium at
0=0.9. To obtain (8n2)/m multiply f;(0) by 3.85Xx 10*

f:{0)x 10°

0 . | A 1 ) 1
15 40 65 90 15 140 165 190
T(K)
FIG. 17. f;(0) vs T for hydrogen and deuterium at
6=0.6. To obtain (8n2)/f multiply f;(0) by 5.06x 10,

the case of H, where the changes involved occur
slowly enough. Figure 21 shows the change in
mean probe-hole current with time for 2H at
0=0.6 when the emitter was suddenly cooled from
130 to 87 K, or warmed from 80 to 90 K. In both
cases i—chang&s smoothly at first, then shows a
marked plateau, and finally continues to change in
the appropriate direction. This halt, indicative of a
metastable condition, is typical of first-order transi-
tions.!” Thus we may conclude that the transition
observed is of first order, and most probably corre-
sponds to that from disordered to ordered lattice
gas. Figure 22 shows a phase diagram based on
these results.

A question of some interest is why the diffusion
coefficient is the same above and below the transi-
tion. The answer is most probably that the or-
dered islands are small, or at any rate form and re-
form constantly so that the effective transport
coefficient in the two-phase region is not appreci-
ably different from that in the single phase.

Ordered overlayers with structures p(2X 1),
p(2X2), and p(1X 1) have been reported by LEED

L L 1 "
5 40 65 9 115 140 165 190
T(K)

FIG. 18. f;(0) vs T for hydrogen and deuterium at
6=0.3. To obtain (8n2)/@ multiply £;(0) by 1.27 X 10°.
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FIG. 19. f;(0) vs T for hydrogen and deuterium at
6=0.1. To obtain (8n2)/ multiply f;(0) by 4.25x 10°.

for hydrogen on the W(110) plane by Gonchar,
Kanash, Naumovets, and Fedorus.!? These authors
also report order-disorder transition temperatures
between 200 and 250 K for the p(2XX 1) and p(2X2)
layers, respectively. In our work no evidence of
such transitions was seen. It is possible, since H is
a very weak electron scatterer, that these transi-
tions involve surface reconstruction. It is quite
likely that such reconstruction requires a minimum
surface size and that reconstructions do not occur
on a microscopic (110) plane, i.e., on a field emit-
ter.

Coverage dependence of Do
in the thermal regime

We turn next to perhaps the most puzzling
feature of the present experiments, namely the cov-
erage dependence of D, for 'H and H. The
dependence for 'H is already quite large, spanning
4 orders of magnitude if the data of Fig. 9 can be
extrapolated to 6=0. However, this is also the
range which was encountered for oxygen on the
(110) plane of W,® as shown in Fig. 23. For *H
the variation with 0 is even more remarkable. For
6> 0.6, D, continues to increase, reaching values
of 5X 1072 cm?sec™! at =0.9, i.e., two additional
orders of magnitude above the 'H value. We must

20%
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FIG. 20. Mean-field-emission current change A/ di-
vided by mean current 7 at 80 K vs T for 6=0.6.
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FIG. 21. Supercooling and superheating near the
phase transition for deuterium at 6=0.6. The change
with time of the mean-field-emission current after the
temperature jump is shown.

thus attempt to explain two distinct but related
problems. Why does D, increase by 4 orders of
magnitude with increasing 6 for 'H (or O) and
why does it increase even more for 2H? We ad-
dress the second question first. The first thing to
note is that the enormous 6 dependences for either
isotope shrink to less than an order of magnitude
in the tunneling regime. Thus they must be con-
nected with the interaction of an activated atom
with the nonactivated ones. [Interactions between
activated atoms can be wholly neglected, since over
the size of the (110) plane there will not be more
than one or two such atoms present simultaneous-
ly.] Essentially Dy can be regarded as

Do=1A%, (28)

where A is an effective mean free path and v an ef-
fective attempt frequency. Although correlation

100 : .
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FIG. 22. Proposed phase diagram for the first-order
transition. The region above the curve corresponds to
disordered, that below to ordered plus disordered lattice
gas.
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FIG. 23. Plots of log;oD, vs coverage 0 for 'H and O
on W(110). The H data are from the present work,
those for O from Ref. 6. Also shown is an attempted
fit to the H data by Eq. (31), using b=10, c=100,
d=1000, e=1.33X 10* (open circles).

functions measure chemical rather than tracer dif-

fusion coefficients,” Eq. (28) is at least qualitatively

meaningful even for the chemical diffusion coeffi-
cient. It seems unlikely that the differences in
mass between 'H and H could account for a
difference in v by 2 orders of magnitude at high 6.
It seems equally unlikely to assume an effective
mean free path much in excess of an atomic jump
distance for oxygen at 6 <0.5. Thus it seems
reasonable to assume that the variation from
~10~% at 6=0 to 10~* cm?sec™! at 6=0.5 for
oxygen arises from an increase in effective v and
that the mechanism responsible for this increase is
also operative for both H isotopes. (This mechan-
ism will be discussed shortly.) In the case of H,
however, an additional effect must play a role. We
shall now argue that this consists of a substantial
increase in A% at 6>0.6. The essence of the argu-
ment is the following: For both 'H and ?H the
friction coefficient may be expected to be small
enough to allow an atom in the activated state to
transfer its energy to an H atom in an adjacent
well, i.e., to permit forward scattering and thus to
lead to an increase in effective mean free path.
Classically the process could be described as con-
certed motion of two adsorbate atoms in adjacent
wells, the activated atom entering a filled well and
the occupant of that well leaving it in the forward
direction. This process could then lead to chains,
and clearly the mean chain length will increase as
0 increases. However at this point we must take

cognizance of the fact that 'H is light enough for
quantum statistics to play a role.

It is not obvious a priori whether 'H is to be
treated as a compound boson and ?H as a com-
pound fermion, or whether only the nuclear statis-
tics matter. If, for instance, the bonding of H to a
metal surface can be represented adequately by the
immersion of a proton into the electron gas, as in
the jellium model, it would seem intuitively correct
to worry only about the nuclear statistics. In this
case the motion of the proton in any translational
or vibrational displacement occurs much more
slowly than that of the electrons so that the aver-
age electron spin near the proton averages out to
zero. For metals like W the jellium description is
probably not a very good one, since a bound state
seems to separate from the bottom of the conduc-
tion band. Nevertheless, we argue that the electron
hopping time is very short relative to the nuclear
motion and that even for this case only the nuclear
spins matter. Thus, we apply Fermi statistics to
'H and Bose statistics to H.

For adsorbed 'H the exclusion principle will
then prevent substantial overlap of the space parts
of the wave functions of two protons in 5 of the
cases (spin triplet, spin function symmetric, space
function antisymmetric) and allow overlap in only
% of the cases (spin singlet, spin function antisym-
metric, space function symmetric) on average.
Thus, if the wave packet of a 'H atom, which has
climbed a barrier, overlaps appreciably with the
wave function of a 'H atom sitting in the well on
the other side of this barrier, the atom on top of
the barrier will be prevented from starting its des-
cent into the well, i.e., will not be able to gain the
momentum necessary for forward scattering in
75% of all "H-"H encounters.

For *H, a boson with spin 1, favorable en-
counters occur in -i— of the possible cases. Thus
the probability of forward scattering for 2H is in-
herently larger than for '"H. However, this is not
enough. If only forward scattering and thus linear
chains are assumed, it is shown in the Appendix
that the resultant effective mean-square displace-
ment is given by

(2) _ (1-0) [2—a(1-6)—6(1—P)]
a?  (1—B0) [a(1—8)+6(1—PB)]

b

(29)

where a is a unit lattice displacement (i.e., a single
jump length), a the probability that an atom is

trapped in an empty site, and B the probability of
forward scattering at a full site. For a=1, =1,
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Eq. (29) reduces to
(A?) _ 146

a’>  (1-07
which diverges as #—1. If an atom can be for-
ward scattered right or left with equal probability
Eq. (30) is modified only slightly, in that 8 in the
numerator (not denominator) must be replaced by
0.330, as shown in the Appendix. For 6=0.9, Eq.
(30) leads to an increase in Dg of 190, i.e., the right
order of magnitude required to explain the dis-
crepancy between 'H and 2H. For B=0.25, i.e.,
H, Eq. (29) predicts negligible effects and even for
B=0.66, i.e., ’H, only a minor increase in D, re-
sults. Equation (29) also shows that allowing a to
be less than unity cannot lead to substantial in-
creases in Dg unless B is close to unity. Thus we
must make an additional assumption: We now ar-
gue that the mass of H is sufficient to make the
spatial extent of the deuteron wave packet small
enough to allow two adsorbed 2H atoms to ap-
proach each other closely enough for forward
scattering in nearly all cases, even those where the
space parts of the wave functions of the pair are
antisymmetric in the exchange. In other words, we
argue that 'H because of its light mass must be
treated as a quantum particle while 2H is already
heavy enough to be treated as a classical particle.
One might now ask why chains are not observed
with oxygen. The answer is that it is not clear
that they are not. Equation (30) shows that chains
become important only for 6 >0.5. The measure-
ments of Butz and Wagner'® at high 6 do in fact
indicate very high values of Dy. These measure-
ments, however, were carried out at much higher
temperatures than those of Chen and Gomer® for
6 <0.56, so that an inherently higher value of the
effective jump frequency, with a more positive en-
tropy of activation may have been involved. If
chains are absent for adsorbates like oxygen, one
would have to invoke large friction coefficients
which make the requisite energy transfer improb-
able.

The hypothesis advanced here for hydrogen sug-
gests that experiments with *H, a fermion with
spin %, should lead to long chains assuming that
the friction coefficient for *H is still adequately
small, because the high mass of 3H would make
quantum effects negligible. It is hoped these ex-
periments will be performed in the near future.

We turn now to the increase in D, with 6 for 'H
or O. We have already indicated that the friction
coefficients for hydrogen on W may be small, but

(30)

this is unlikely to be true for oxygen. In any case,
we do not believe that this can explain low values
of D, at low coverage. It is well known that small
friction coefficients lead to a reduction in frequen-
cy factor for thermal desorption,'® because this
prevents rapid replenishment of particles with high
energies from the heat bath once these have been
lost by desorption. However in diffusion particles
are not lost, since they are able to enter adjacent
wells. Consequently, for the zero friction case, an
equilibrium population in the activated state is
established, and the diffusion coefficient is given
by Eq. (17) (modified to take account of this popu-
lation) with v, a thermal velocity and A given by
Eq. (18). Thus D, would be expected to increase
as 6 decreases.” A possible explanation is the fol-
lowing: It is known that adsorption at low cover-
age can lead to some distortion in the position of
substrate atoms in the immediate vicinity of the
adsorbate. At high coverage these distortions
disappear because the presence of other adsorbate
atoms restores the original symmetry of forces act-
ing on the substrate atoms. It is then possible that
at low coverage diffusion involves the carrying
along of this distortion, or “polarons.” The re-
quisite concerted motion of substrate and adsorbate
atoms then results in a decrease in D, over that
which would result if the substrate concerted mo-
tion were absent. As 0 increases, the forces exerted
by other adsorbate atoms inhibit the polaron con-
tribution to diffusion and D increases. The in-
crease in Dy may, but need not necessarily be, ac-
companied by an increase in activation energy. To
the extent that the absence of polaron effects in-
creases E, one would expect an increase. However,
it is also possible that part of the substrate motion
tending to reduce Dy, which is inhibited by other
adsorbate atoms, is not directly connected with an
increase in E (or possibly with so high an increase
as to give no weight to diffusion channels which
avoid it at low 6). In the present case the change
in Dy for 'H from low to high 6 is ~10* If this
were to be accounted for purely in terms of an in-
crease in E, this would have to be 2 kcal, taking a
mean temperature of 160 K. The actual increase
from 6=0.1 to 0.9 observed is 1 kcal, i.e., 50% of
what would be required. In the case of oxygen on
W, essentially all the change in D, can be attribut-
—AE/kpT
ed to a factor e B,

This “polaron” effect is not necessarily a static
one. Other adatoms could couple to the motion of
the diffusing adatom and its substrate neighbors in
such a way as to make the latter seem rigid to the



25 DIFFUSION OF HYDROGEN AND DEUTERIUM ON THE (110). . . 3505

diffusing atom. Such dynamical correlations must
in fact be invoked to explain the Dy behavior of
hydrogen-deuterium mixtures, described in a subse-
quent section: For total 6=0.9 equimolar mix-
tures, or mixtures richer in hydrogen than deuteri-
um, show D, values which correspond more to
those of the individual, not total coverage. This
can be reconciled with the present model by as-
suming that deuterium is not effective in increas-
ing D, for hydrogen and vice versa, because of the
differences in the relevant vibrational frequencies.

The argument can be made more quantitative.
Suppose that we assume two nearest- and two
(pseudo) next-nearest-neighbor atoms (to the jump-
ing adatom) to contribute. We can then assign
various weights to the Dy (i.e., effective v) values
depending on which configurations occur. The re-
sult would be

Dy(0)/Dy(0)= (1—6)*+b26(1—0)3
+ c6X(1—0)*+d 46°(1—06) +e6* ,

(31)

where c is a composite of the various possibilities
with two empty and two full sites of the four
relevant ones. The best fit of Eq. (31) to the 'H
prefactor is shown in Fig. 23 with the restriction
that none of the coefficients b,c,d,e can be negative
(which would be unphysical). The fit is not very
good, for a simple physical reason: The weights
given by Eq. (31) to various configurations are
correct only at T= o or if there are no adsorbate-
adsorbate interactions. The latter will lead to vari-
ous clusterings whose net effect will be to increase
the probability of certain configurations even at
low 6 values, thus increasing Dy(8) above the
values predicted by Eq. (31). The effect is even
more pronounced for oxygen, where a leveling off
in Dy occurs at roughly the coverage where the
p(2X 1) structure is known to predominate.

Thus the present model provides at least a quali-
tative explanation for the increase in D, for classi-
cal ad particles. In the case of *H it is necessary
to invoke this mechanism also, of course, to get
from Dy=10"% to 10~* cm?sec™!. Once the
chain-initiating jump (whose probability increases
with 6 as just postulated) has occurred, the chain
then propagates so that the effects are multiplica-
tive or additive on a semilog plot. Since chains be-
come important only at high 9, where D, is al-
ready high relative to the 8=0 value, the chain
propagating steps can be expected to have high

probabilities also, or more precisely not to be inhi-
bited by polaron effects at high coverages.

Mean-square fluctuations

If the absolute adsorbate density is known, it is
possible to obtain f,(0)=58n? from £;(0) and Eq.
(3). As indicated by Eq. (8), £,(0) is related to the
compressibility of the ad phase and thus of some
interest. It seems very probable from the LEED
results of Ref. 12, which lead to a p(1 X 1) pattern
at saturation, that 8=1 corresponds to H/W=1,
i.e., to cy=1.4X10" atoms/cm?. On this basis
the f;(0) values shown in Figs. 16— 19 can be con-
verted by the indicated factors to f,,(0)/# where 7
is the average number of H atoms in the probed re-
gion computed from ¢ and the area 4 of this re-
gion. As shown, for instance, by Eq. (21) of Ref.
8’

2N\ e 1—-6 :
(8n )/n—1+2n9(1_9) (32)
for a lattice gas without correlations. Here
6=H/W, i.e., fractional coverage, and n=¢;/kgT
where ¢; is the nearest-neighbor-interaction energy.
Thus for €;=0

(8n?)/m=1-6. (33)

The data of Figs. 16— 19 are summarized in
Tables II and III and show some interesting trends.
First, below the first-order transition temperature
[f»(0)/[A(1—0)] is temperature independent and
seems to approach unity as 6—0. f,(0)/[7A(1—8)]
seems to have a maximum at 6=0.3 for both 'H
and *H. It is interesting that the values for 2H
seem to be significantly smaller than for 'H at all
0. This must be connected either with the smaller
zero-point energy for 2H or with the statistics.
Figures 16— 18 also show that the maximum in
the f(0) curves near the first-order phase transition
is consistently higher for 'H than for 2H. Above
the transition f(0) increases with T, and this in-
crease is exponential, as indicated by Fig. 24. This
situation is similar to that encountered for oxygen
on the (110) plane.® For oxygen the increase in
f(0) was followed at even higher temperatures by a
decrease. In the present case this was seen only for
2H at =0.3, but it is likely that a similar trend
would have been seen at other coverages if T could
have been increased sufficiently without loss of ad-
sorbate. The exponential regimes lead to energies
E, crudely associable with repulsive ad-ad interac-
tions listed in Table II. If f,(0) is assumed to have
the form
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TABLE II. Mean-square fluctuations at 140 K.

E
Isotope 0 (8n2)/[A(1—0)] (keal) (sn2)e"™ 8" /a1 —0)]
'H 0.1 0.94 0.94
0.3 0.57 2.0 720
0.6 0.66 0.74 9.2
0.9 5.1 0.48 29
H 0.1 0.9 0.9
0.3 1.31 1.0 46
0.6 0.65 0.91 17
0.9 3.3 1.0 109
(8n2)=n(1—0)e —E/kgT (34) lowed to proceed until the desired total coverage

then ¢~ 2" (8n2)/ [A(1—6)] should be unity.
Table II shows that this is far from being the case.
Consequently f,(0) must have a much more com-
plicated form than Eq. (34) in the disordered re-

gime.

Hydrogen-deuterium mixtures

Some experiments were also carried out on mix-
tures of 'H and *H. In order to establish known
coverages of each isotope in the mixture, two pro-
cedures were used which gave identical results.
First, equal pressures of hydrogen and deuterium,

as measured on the ion gauge, were admitted to the
system (2.5X 10~° torr of each), the emitter flashed
clean, immediately cooled to 300 K, and dosing al-

TABLE III. Mean-square fluctuation below phase

transition.
Isotope 6 (8n?)
a(1—6)

'H 0.1 0.94
0.3 3.4
0.6 1.6
0.9 35
0.1 0.71

H 0.3 2.2
0.6 1.0
0.9 1.9

0=0.9 was reached, as determined from emission
measurements. The emitter was then cooled and
the gas pumped out. In a check on this method,
the above procedure was carried out in identical
fashion but with hydrogen or with deuterium

10°L 4
6-03 1
10°F -
F 6-06
3 |
] 809

0% .

: o'H

| o 2y

5676890
1000/ T (K™

FIG. 24. Plots of logo f;(0) vs 1/T for hydrogen and
deuterium in the thermally activated diffusion regime.
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alone, each at a pressure of 5% 10~° torr. In this
way the total work-function increment obtained
with the mixture was found for each gas, suggest-
ing either (a) no interference between 'H and *H
diffusion, plus comparable sticking coefficients on
the rough planes of the emitter, or (b) a compensa-
tion between increased sticking coefficient and de-
creased diffusion coefficients for 2H. In the
second method, the emitter was first dosed with
H, which was then totally equilibrated over the
entire emitter. The emitter was then dosed with
deuterium and the latter allowed to diffuse into the
(110) plane as in procedure 1. Again the same fi-
nal work-function increment was obtained. Thus it
appears established that known relative partial cov-
erages of 'H and 2H can be obtained by dosing
with known partial pressures. Experiments at total
6=0.9 were carried out with three compositions:
75 at.% °H, 25 at.% 'H; 50 at.% 'H, 50 at.% °H;
25 at.% H, 75 at.% 'H.

The results are shown in Fig. 25 for the diffu-
sion coefficients and in Fig. 26 for f;(0). For 75
at.% 'H, 25 at.% H, and 50 at.% 'H, 50 at.% *H
mixtures at total 6=0.9 the results in the activated
regime lie fairly close to the curves for 6=0.6 of
the pure components, but actually yield values of
Dy=3.5%10"% and 2.7 10~ cm?/sec, respective-
ly, and E=4.0 kcal/mole in each case. These

|0-1|||[1[1‘|r|||
Ogg% :H and gg"/; ::
8 =0.90 {A %'H and 50%
TOTALMA ) 025% 'H and 75% 2H
20.38ypx O50%H and 50% 2H
oM —
F
w
o~
£
A
a
1072} —
woBL Lo b b b b b
50 60 70 80 90 1000 1O 120 130
1000/T (K™)

FIG. 25. Plots of logoD vs 1/T for various
hydrogen-deuterium mixtures, as indicated on the figure.
The concentration is expressed in atomic percent.

values are lower than for 'H at §=0.45 and 0.67,
respectively. For §=0.9, 25 at.% 'H, 75 at.% *H
somewhat different behavior occurs in that E=7.4
kcal and Dy=0.4 cm?/sec. Despite the high ap-
parent E the overall value of D is higher than for
the other mixtures.

As T decreases there is observed in all cases a
dip in D. Associated with this dip is also a fluc-
tuation in f(0) as indicated by Fig. 26. For 6=0.9,
50 at.% 'H, 50 at.% *H, the transition through this
dip occurred so rapidly that it could be followed
on an oscilloscope displaying the fluctuations as T’
was varied. Attempts to look for a change in
mean current above and below the dip were nega-
tive. It is also interesting to note that the tempera-
ture of lowest D corresponds to the inflection point
of the f(0) fluctuation. As T was lowered even
further, the first-order transition already seen with
pure phases also occurred. It seems plausible to in-
terpret the dip in D and the concomitant irregulari-
ty in f(0) as a phase segregation between 'H and
’H at T=130 K. This does not correspond, how-
ever, to ordering within each component region;
this occurs only at the “normal” transition tem-
perature 80—90 K.

As already pointed out, after segregation the to-
tal D can be explained by assuming that each com-
ponent behaves roughly as if it occupied its own
region of the surface and thus had a D correspond-
ing to, in the case of 50%-50% mixtures for in-
stance, 6=0.9 and so on, with the observed corre-
lation function a mean of the D values of each iso-
tope.

Some experiments were also carried out for
50%-50% mixtures at total 6=0.3. Here qualita-
tively similar results, including a dip in D at

T T T T | T
075% 'H and 25% 2H

i Bromac 0.98‘,“{1350% 'H and 50% H |
{ 025% M and 75% 2H

3 2030,y ©50% 'H and 50% 2H

0 L L | |

15 40 65 90 5 140 165 IS0 215
T(K)

FIG. 26. f;(0) vs T for various hydrogen-deuterium

mixtures, as indicated on the figure. Concentrations are
expressed in atomic percent.
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T=139 K, i.e., higher than those for 0=0.9 were
found. The low-temperature value of D, however,
is 7 10~ 13 cm?/sec, which is an order of magni-
tude smaller than D for 'H at 6=0.3. In this case,
therefore, a rather different phenomenon may have
occurred, namely a nonsegregated freezing in of 2H
and thus an impeding of 'H diffusion rather than a
true segregation. Phase segregations must be
driven thermodynamically by the fact that the two
isotopes have different compressibilites, as indicat-
ed by the difference in f(0), and it seems reason-
able that it is not as strongly driven and may not
occur at all at low total coverages.

In view of the chain mechanism proposed for
the high values of D, found for 2H at high 6, we
must ask why mixtures at high total & show no
evidence of this behavior except for very high *H

R. DIFOGGIO AND R. GOMER 25

content. The question becomes relevant since there
is no statistical prohibition of any kind on 'H-?H
interactions. The answer is probably that energy
and momentum conservation requires that % of the
energy of the scattering atom be transferred to the
scattered one in both 'H-?H and 2H-'H collisions.
Thus atoms with just sufficient energy to overcome
the barrier cannot propagate chains if these would
have to involve hydrogen-deuterium collisions,
which would be the case when the hydrogen con-
tent is appreciable. Since the activation energy for
deuterium could conceivably scatter hydrogen, but
not vice versa. For this case 'H-'H collisions
would still act as chain stoppers and result in very
short effective chain lengths. It is possible to work
out an expression for {A?)/a? for this case, as in-
dicated in the Appendix:

(A% _92(1—9,)(1+9D) +ip_ (1—6,)8y 1+6p 1486y + 2
a> 6 (1—6p) 6, (1—6p)(1—-BBy) | (1—6p)*  (1—BBy)?* (1—6p)(1—pby)
Oy (1—
_]_-[_( 9:) 1 1+B6H , (35)
6, B (1—B6y)’
I
where B stands for By=0.25 and 0y and 8p stand D=(A})ve —Ex/kBT+ (A)ve —E,/kpT 37)

for the coverages of 'H and 2H, respectively.

The result confirms that for 50%-50% mixtures
at total 6=0.9 only a negligible increase in D, oc-
curs. However, for 6,,=0.9, 75 at.% *H—25
at.% 'H an activation energy of 7.4 kcal and a
high D, value are observed and this requires dis-
cussion. The following explanation seems, at least
qualitatively, plausible. If the energy transfer re-
striction was not important, long chains could re-
sult if '"H-'H chain-stopping collisions were not too
frequent, i.e., if the 'H concentration were suffi-
ciently low. In order to achieve this, however, all
that is needed is more energy.

Thus the overall D may be maximized by a
higher activation energy and a resultant gain in
chain length, i.e., A% It is shown in the Appendix
that (A3) can be approximated by

(A3 O0p(1—6,)(1+6p+6p0y)

~

a>  6[1-6p(1+6w)]

Ou(1—6,)(1+6p)

(36)
6,(1—6p)?

for “hot” atom chain initiation. The observed
value of D would then be given by

where the subscripts 1 and 2 refer to “cold” and
“hot” atom initiated processes. {(A3) for 6p
=0.675, 03 =0.225 turns out to be 28a* and for
Op=0y=0.45 to be 2a>. If v, were no larger than
v, it is clear that a gain of ~ 30 would not be
enough to offset the Boltzmann factor

e ~2%0/2T — 45 10~*, which is the price of achiev-
ing the longer chains. However, the extra activa-
tion energy also buys a positive entropy of activa-
tion; in fact the hot atom can be considered to
have effectively 2 degrees of translational freedom.
It is not hard to see that this will increase v, to the
point of making the overall value of D larger by
inclusion of “hot” atom initiated chains than it
would be without this contribution. It is also rea-
sonable that for higher 'H coverages, for instance
Oy =0p=0.45, the small chain length resulting
from hot atoms is not enough, even with the in-
crease in v,, to make hot atom contributions signi-
ficant.

CONCLUSION

This paper has presented a number of diffusion
results for hydrogen and deuterium on the (110)



25 DIFFUSION OF HYDROGEN AND DEUTERIUM ON THE (110). . . 3509

plane of tungsten. Almost none of the results
found were anticipated, and most do not have, at
this time, a wholly satisfactory explanation.
Nevertheless the results suggest several interesting
things. First, there are isotope, and probably
statistics-dependent interactions in thermally ac-
tivated diffusion at temperatures of T'> 130 K
where one would not, offhand, have expected
statistics to play a role. Probably this comes about
because of the high local density during the actual
interaction, i.e., scattering event. Second, there is
adsorbate tunneling, and even here there are signi-
ficant differences between the two isotopes which
cannot be explained on the basis of mass alone; i.e.,
adsorbate-adsorbate interactions play a role in this
regime also. Third, there is clear evidence for a
first-order phase transition in the pure one-
component systems. Finally, mixtures give evi-
dence of a segregation, which seems complete for
high total coverages and apparently incomplete for
low total coverage. It is fairly clear that consider-
able theoretical effort will be required to explain
these results in more detail. It is hoped that this
paper will stimulate interest in such efforts.
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APPENDIX

We sketch here the derivation of the expressions
for mean-square chain length under various condi-
tions.

(1) Single species. We assume that there is a
probability a that an activated atom will stop at an
empty site, 1 —a that it will go past this site, and
that the probability of forward scattering when an
activated atom or one which has been kicked out
of its site encounters a full site is 8. We further
assume that a chain can only propagate if all
necessary collisions are favorable. We shall also

consider all chains in units of the elementary jump
length a.
The probability of zero chain length is then

Py=(1—P)0+B6*+ 56+ - - - >=% :
(A1)
The probability of a chain of length n=1 is
Pi=a(1—8)+(1—a)(1—-0)P, (A2)
and
P,=[BO+(1—a)(1—6)]P, _; . (A3)
Thus

iP,,=P0+P1 i[30+(l—a)(l——9)]"
0 0

(A4)
which can readily be shown to equal unity.
(A%)/a? is then given by
2 ©
) _ 3w, (AS)
a 0
since the n=0 term does not contribute. Thus
2 0
) _p, 3 n2Bo+(1—ar1—0)]" "
¢ 0 (A6)

The sum is evaluated by using the identity

< 2,.n—.2 a_2 < n __a_ < n
%nx =x ™ %x +x8x %x (A7)
and leads to Eq. (29).

(2) Cold mixtures. Here we assume for simplici-
ty that a=1 and that fp=1. (The letters H and
D in this and the next section refer to 'H and *H,
respectively.) We shall label By = for simplicity
of notation. We assume that forward scattering of
H or D by D is always allowed, but that scattering
of D by H is never allowed. Further, the usual re-
striction 8=0.25 applies to scattering of H by H.
We then obtain the recursion relations for n > 2:

PP =0uPy_1+6pPr_1 , (A8)

PR=p"—20%"(1-86,) . (A9)
Here PP means a chain initiated by a D atom of
total length n, and P,f{ a chain of length » initiated
by an H atom. P, is given simply by

Pil=pPP=1-96,, (A10)
where 6, stands for total coverage, i.e.,

0,0:=0+0p. We then find for the mean chain
length resulting from D-initiated chains
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(A%) o 2o —1 ®©
—(l—ﬂm)zn 05 +(1—6) 2
1

a? n=2

I<m<n—1

— 0Ot i

) 1
=(1—06,) S n205~ "+
tot ? D BeD =,
l<cm<n—1

The first term is easily evaluated. The summa-
tion in the second term can be shown by an exten-
sion of Eq. (A7) to have the form

3 nix"mym=( x2D, +xDy +2xyDy,
+yDy+y2DW)2xn—mym ,
(A12)

2
where x=0p, y=PB0y, and D,, = %, etc. The
x

sum
0 o n—1
2 xn—mym__: 2 x" 2 (y/x)m
n=2 n=2 m=1
l<m<n—1
Xy
= ——— Al3
(1—x)(1—y) (A13)

by straightforward algebra. (A} )/a? is then readi-
ly obtained as is (A% )/a>. The final result is
Op (Ab)  6u (AR)

(A%)
My _ DD H (A14)
a? etot a? +etot 02

which is given explicitly by Eq. (35) of the text. It
should be noted that the contribution from (A% ) is
negligible as expected. The net result is of the
same order of magnitude as if only D atoms at 6p
were present. This justifies the assumption a=1
in this case, since letting a < 1 would not substan-
tially increase (A2) at this low value of 6 (unless

a << 1, which is unlikely).

(3) “Hot” atom initiated chains. We assume
that there are no restrictions on H-D or D-H
scattering, and allow chains like H-D-H-D-... .
That is, we assume that if a D atom was forward
scattered by an H atom it has enough energy to
scatter an H atom and to impart sufficient energy
to the latter to allow that H atom to scatter anoth-
er D atom in turn. We place the usual restrictions
of B=0.25 on H-H collisions. We then find

PR =BOuP | +6pP> 1,
PP=0pPy | +6uPr—; .

(A15)
(A16)

If we now neglect the relatively unimportant piece

nze"D""“B'"“oﬁ

n20%""™(BOw)™ . (A11)
T
BOsPE | in P! we have approximately
PP=6n(1+6y)P2_, , (A17)
Pyl=6pP; (A18)
so that
2 6, ©
B _ % $ wien1+owr-1pP
a Otot n=1
6 & 2m-1pD
+_2n6'1') Pl’ (Alg)
ef-Ot n=1
with
PP=1-6,, (A20)

so that Eq. (36) is easily obtained.

(4) Branching chains. All the models considered
so far treat forward scattering in only one direc-
tion. Examination of Fig. 12 indicates, however,
that it may be almost as probable for the scattered
atom to go “left” as to go “right,” still in a for-
ward direction. For the analog of Eq. (30) of the
main text, i.e., a=B=1, it is easy to show that the
correction to (A2) from this possibility is not
large.

The probability of a particular chain of » jumps,
q to the right, p to the left, is

P,=(6/2)""15(1-6) (A21)

if the probabilities of going to right or left are
equal. The total number of ways in which n jumps
can be made with a right-left choice at each
branch point is 2". The mean-square displacement
from the origin for chains of 7 jumps is (A%),
(A),=(p?) +(q*)—2(pg)cose , (A22)
where €=109.47° is the angle between lattice rows,
so that cose=—0.33.
Since p and g can be considered to be the num-
ber of steps to left and right in a random walk of
n jumps we have

(lp—q|®)=n (A23)
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and we also have that
p+qg=n. (A24)

Expanding Eq. (A23), squaring Eq. (A24), and
then taking averages yields

2(pq)=(n*-n)/2 (A25)
so that, using (A24) and (A25),
(A)2=3n%1—cose)+yn(1+cose) . (A26)

Thus °
(A?) /a?=5(1—0) 3, [ n%6" ~'(1—cose)
0

+n6"~1(1+4-cose)],

(A27)
which is easily evaluated to give

(A?) /a*=(1+0.330)/(1—06)*. (A28)

*Present address: Bellaire Research Center, Shell Oil
Company, P.O. Box 481, Houston, Texas 77001.
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