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Atomic jumps in surface self-diffusion: W on W(110)
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Although surface diffusion has been studied on the atomic level for decades, little is known about jump
processes in self-diffusion. The diffusion of W atoms on the densely packédO\plane has therefore been
examined, using the field ion microscope to probe contributions of jumps other than between nearest-neighbor
sites. Measurements of the mean-square displacements of atoms alox@ridey axes ({001 and (110,
respectively and of the detailed spatial distribution of atomic displacements serve to define the nature of the
jumps important in diffusion. It is shown that, in addition to nearest-neighbor and second-nearest-neighbor
transitions along the close-packétill), atoms also carry out jumps alof§01) and (110, and that the
contribution from these processes increases rapidly with temperature.
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In recent years it has become clear that atomic diffusionnfinite surface envisioned in the Einstein relation. Correc-
on surfaces is not a simple evénin some instances, diffu- tions for this finite size effeéf are made by Monte Carlo
sion occurs by an exchange process, in which the adatogimulation of diffusion on a bc€110) plane of the same
replaces an atom in the underlying latticEven when atoms  dimensions as in the experiments; the diffusion parameters in
migrate by jumping over the surface, these are not alwayghe simulations are adjusted until good agreement is
transitions between adjacent sites: more complicated jumpgchieved between the mean-square displacement in the simu-
have been identified in diffusion both on channglgzd, €SSeNations and in the experimentd he diffusivity D, derived in
tially one—dlme5r15|onal surfaces such as(Q)™" and  his way(in length units ofa/2) is shown as a function of the
P1(110)-(1x2),” as well as on the two-dimensional(M0  temnerature in Fig. 2. Nothing appears unusual in this

6 |; .
g!gzgi.orl;lgl]eahtsvso Z?mfeirsit(;?\znlz[gosnuerfetlgeCu?):/sg/eerrlzaesrzlf_Arrhenius plot, and the activation enerd¥e as well as the
’ C diffusivity prefactor D, are in reasonable agreement with
we therefore report an exploratory study of how individual ; .
revious results reported for this systéh.

W adatoms diffuse over the most densely packed plane d From the same set of displacement measurements, the

tungsten, th€110 plane, a schematic of which is shown in . 5
Fig. 1. The obvious view of diffusion on this surface is that it mean-square displacemefiy”) along (110 was aiso de-

takes place by single jumps between nearest-neighbor pogi'—ved’ and yields th(_e d|ffu5|V|tij along_they aX|_s(|n length
tions, that is, between adjacent sites along the close-pack its of v2a/2). If diffusion oceurs entirely by Jumps along
(111 directions, in what we designate adransitions. How- 11, the close-packed direction, the_n th? d'ﬁUS'VDV.
ever, other transitions may perhaps also be possible. Amo ould be the same ax, . However, as s eyujent from Fig.
these argg double jumps, covering two nearest-neighbor dis-2 where the difference between the diffusivities alongythe
tances along111), 6, jumps in the(110 directions, or pos-
sibly &8, jumps along(001). Our purpose here is to explore if
other than nearest-neighbor transitions play a significant role
in self-diffusion on W110), and what these might be.

To this end, we have used the field ion microscoe
measure the displacements of a single tungsten atom on the
W(110) plane at ten temperatures ranging from 310 to 375 K.
AT least 200 observations were accumulated at each tem-
perature, but at four temperatures in the range 350 to 365 K
the number measured was increased by a facterfFrom
the mean-square displaceménix?) along thex axis (that is
along(001)) during a time intervat, we derive the diffusiv-
ity D, using the Einstein relation

(Ax?)=2D,t. (1)

All measurements have been carried out on a surface with a
radius of ~14 lattice spacings. To avoid the altered envi-
ronment at the edges of thi&10) plane, observations within

a distance of 4 from the plane boundaries are rejected. Nev- FIG. 1. Schematic of bc€110) plane, showing possible jump
ertheless, diffusion occurs on a plane of finite size, not on th@rocesses in surface diffusion of self-adsorbed atoms.
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FIG. 2. Temperature dependence of the diffusivity in self-

diffusion of W atoms on the W10 plane.D, andD,, the diffu-
sivities along(110 and (001) in length units ofv2a/2 anda/2,

respectively, are not equal to each other as they would be for jumps

along(111); dotted line indicates trends only.

and x axes is plotted as¥,—D,)/4, the two arenot the
same: even though the scatter in the difference is ldbge,
consistently exceedd,,.

If all the transitions depicted in Fig. 1 contribute to self-

diffusion, the mean-square displacements can be writte

8.312’13
i)
(Ay?)=4t[a+26,+4p], 3

and the difference between the diffusivities becomes

(AX?)=4t[a+25,+4p],
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FIG. 3. Measured distribution of displacements, as well as best
fit from simulations, mapped into first quarter, for W atom diffusing

over W(110) for 3 s at 350 K. Dsplacements alongaxis in units of
a/2, along they axis in units ofv2a/2.
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FIG. 4. Distribution of displacements for W atom diffusing over

W(110 for 2.5 s at a set temperatuie=355 K. Non-nearest-

neighbor jumps have become more important.

Dy —Dy=4(3,~ &). 4

From the difference in diffusivities found in Fig. 2 it is evi-
dent that jumps between other than nearest-neighbor sites
contribute in a significant fashion in the self-diffusion of W
atoms on W110: at the very least, vertical jump8, are
important.

N More detailed information about the transitions that actu-
ally participate in the diffusion of self-adsorbed W atoms can
be derived from an analysis of how the atomic displacements
are distributed over thé110) plane!? In Fig. 3 are plotted

the number of displacements to different locations, mapped
into the first quadrant, observed after a diffusion interval of 3
s at a set temperature of 350 K. To interpret this
distribution*® we simulate diffusion on 110 plane of the
same size and shape as in the experiments, assuming values
for the mean-square displacements alarandy, as well as
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FIG. 5. W atom displacements on(40) during 2-s interval at
360 K. Vertical 5, transitions are double the value at 350 K.
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TABLE |. Rate parameters for self-diffusion of W atoms on

W(110.
L I Best Fit
(=]
B Z : (Ax?)
g Experiment T(K) t(s) Observations (a/2)> pla Sla d,la
Best Fit 9N
Bio= 0.22 8 350 3.0 1545 242  0.024 0.003 0.10
/o= 0.36 355 2.5 1170 3.10 0.088 0.029 0.12
Syl =0.43 360 2.0 1403 4.16 0.13 0.094 0.20
365 1.3 1200 4.67 0.22 0.36 0.43
[110] energy than transitions to nearest-neighbor sites. Self-

diffusion of W atoms does, however, differ in some impor-
_ tant aspects from the previously studied movement of Pd on
[111] the same surface. For the latter, it was possible to define a
reduced characteristic temperatufe=kT/Ep=0.036 for
the onset of non-nearest-neighbor jumfsStraightforward
extrapolation from this value to the self-diffusion of tungsten
suggests we should expect longer jumps at temperafures
. . . ) =400 K. Because of the better mass match for W compared
for the ratios of double to single jump&a and for horizon- to Pd atoms on L10), energy transfer, and therefore also
tal to single jumpsd,/«. The four parameters are then var- the characteristic temperatufg, for W’atoms should be
ied until agreement is obtained between the observed diStrHigher still. In our experiments, however, we already find
bution and that in the simulations. At 350 K the best fit iS¢\ ,on transitions at a much lower tempera’tureTaBSO K.
found if the ratio of double to single jumpg/a, as well as Jnhears that this characteristic temperature has only lim-
the ratio of horizontal to single jumps,/«, is negligibly ;o utility.
small. However, the ratio of vertical to single jumpg,/a, The diffusion of W atoms on \W.10) is similar to that of
is significant at~0.1. Even at this relatively low tempera- py a4atonfsin that at relatively low temperatures, vertical
ture, it appears that diffusion involves jumps to other thanygnitions to sites alonél10) already contribute. However,
nearest-neighbor sites. o _ _ for W atoms, horizontal transitions, to sites alofig.0), are

As the diffusion temperature is raised, this trend continyncreasingly important as the temperature is raised, whereas
ues. Displacements have also been measured at 355 K, apf pq atoms, no such transitions were isolated in the tem-
Fhe d|str|but!on ;hown in Fig. 4_reveals a significant '”Creas‘i)erature range explored. One possibility is that atoms mak-
in the contribution of3 double jumps. At 360 K, however, 4 horizontal as well as vertical transitions start out as
the rise in non-neargst-nelghbor_ trgns[tlons is especially N%umps along the close-packétLl), but subsequently change
ticeable. To approximate the distribution measured at thigheir girection in interactions with the substrate. The devia-
temperature, in Fig. 5, we have to invoke a significantly(ion from the original jump direction is larger for horizontal
larger contribution of vertical jumps, with,/@=0.20; hori-  yhan for vertical transitions. For tungsten atoms, which are

zontal transitions now give the rati@,/a=0.094. A 10 K 7394 heavier than Pd, energy transfer is easier to accomplish,
rise in the temperature has increased the participation of nony,q this may favor horizontal transitions.

nearest-neighbor jumps from 12 to 30%. A further increase  \ych remains to be done still, most notably to establish
in the temperature by 5 K, to 365 K, dramatically lowers theie temperature dependence of non-nearest-neighbor jumps
importance of single jumps to nearest-neighbor sites. Theangjtatively. However, one thing is already clear from the
distribution of displacements at this tempgrat_ure, in Fig. 6, iSresent measurements: surface self-diffusion of atoms on
best repregented_by much larger contributions from NONy(110) is a complicated process, involving many different
nearest-neighbor jumpg@/a=0.22, 6,/a=0.36, andé, /@ tynes of jumps between other than nearest-neighbor sites,

=0.43. These transitions now make 0% of the total. ~ \yhjch rapidly become important at higher temperatures.
In the self-diffusion of W atoms on 10, summarized

in Table I, we see behavior in some ways similar to what has This study was done with support from the Department of
previously been documented in diffusion of Pd atoms, botHEnergy under Grant No. DEFG02-96ER45439 to the F. Seitz
on W(211),3# a channeled plane, and on(¥10).° The con- Materials Research Laboratory. Acknowledgment is also
tributions of other than nearest-neighbor transitions in allmade to the donors of the Petroleum Research Fund, admin-
these systems increase rapidly with temperature, in thiestered by the ACS, for partial support of this research under
present case to almost 50% over a span of 15 K; these noGrant ACS PRF No. 36919-AC5. We are indebted to Dr. G.
nearest-neighbor jumps appear to be of considerably highekntczak for help in the final stages of this work.

FIG. 6. Displacement distribution of W atoms diffusing on
W(110 for 1.3 s at 365 K. Non-nearest-neighbor jumps now
roughly comparable in number to nearest-neighbor transitions.
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