PHYSICAL REVIEW B 71, 115422(2005

Long jumps in diffusion of iridium on W(110)
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Diffusion of single iridium atoms has been examined ol %) using the field ion microscope to measure
mean-square displacements as well as the distribution of displacements. The Arrhenius plot of the diffusivity,
obtained from the mean-square displacements, against the reciprocal temperature gives a straight line without
any indication of special behavior. From the distribution of displacements at temperatures of 331 K or lower,
we find that for these conditions nearest-neighbor single jumps dominate; longer transitions are negligible. As
the temperature is increased, however, the contribution of long jumps becomes more important, and at 371 K
is preeminent. Both the activation energies and prefactors of the long jumps are found to be significantly higher
than for nearest-neighbor transitions. The energetics of vertical and horizontal jumps are the same, unlike
earlier results for the diffusion of tungsten on(¥0). At elevated temperatures, the rate of nearest-neighbor
jumps deviates significantly from the Arrhenius plot, suggesting that for iridium all the jump processes origi-
nate from nearest-neighbor transitions. At temperatures higher than studied Aere}@Q K, single jumps are
expected to disappear, to be replaced by longer transitions.
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[. INTRODUCTION for tungsten atoms on the W10 surface have been exam-

The usual picture of surface diffusion on a crystal is thatn®d; it has been found that long jumps have abnormally high
particles jump between adjacent nearest-neighbor sites, caictivation energies and prefe}Cté?sand that they originate
rying out a simple random walk. However, starting in 1979,from nearest-neighbor transitions.
molecular dynamics simulations by Tulst al! and by De- Is this behavior confined to self-diffusion of tungsten
Lorenziet al23 showed that when a surface is heated, theré@toms on W110), or is it a more widespread phenomenon
is a rising probability of long jumps occurring. Subsequently,common to metal atoms generally? That is the specific ques-
Ferrandoet al* were able to obtain an expression for thetion we address here, by carrying out an experimental exami-
distribution of jump lengths of an atom moving in a one- nation of the behavior of iridium atoms on(\M0). Iridium
dimensionsl periodic potential. Their work suggested thds, of course, a fcc metal, whereas tungsten is bcc, and the
conditions under which long jumps are expected; that is, fotwo are quite different chemically. We should therefore ex-
small values of the friction coefficient coupling the jumping pect significant differences in diffusion over the surface.
atom to the heat bath. Such studies have continued, and the Our effort will be concentrated on describing the experi-
wealth of theoretical material has been surveyed by Alamental situation, whereas in previous reports on long jumps
Nissilaet al® In contrast, there has been only little effort to the experimental aspects of the work were only briefly con-
probe the nature of atomic jumps in surface diffusion experisidered. Here we start with a description of the equipment
mentally. A small number of investigations has appeared durand routines; we then present our results for Ir diffusion on
ing the last decade which show that long jumps can takéhe (110 plane of tungsten, which will be compared with
place, and indicate that as the temperature of the surfad@at of tungsten atoms and discussed in the final section.
increases, longer jumps, to sites two or more spacings away,
become important, as suggested by the theoretical work. This Il. EXPERIMENTAL PROCEDURES
was demonstrated for diffusion of palladium or(2¥1),%7 in
which movement is one-dimensional. In 1997, Lindereth
al. used the scanning tunneling microscope to examine the For determining the movement of atoms we rely on the
distribution of Pt atoms on the reconstructed1®6) plane. field ion microscope; its construction and supporting equip-
These highly quantitative experiments were interpreted ament have already been discussed by Reedl!* The
showing both single and double jumps. However, subsequersample single-crystal wire of110 oriented tungsten,
theoretical calculations by Montalenti and Ferrafiées, well  0.005 in. in diameter ane-0.2 in. long, obtained from FEI
as by Lorensert al.'® demonstrated that on such a recon-Company, Oregon, is spot welded onto the
structed surface, rather than the atoms carrying out lon@.007-in.-diameter support loop, previously aged for 24 h at
jumps at the bottom of the channel, they can move to the-1400 K, and is then electropolished in 2 N NaOH. At-
smooth sidewalls of the diffusion channel and migrate raptached to the loop are two 0.005-in.-diameter potential leads,
idly there. Later it was shown that palladidhand tungste¥ ~ to permit measurement and control of temperature. After
atoms execute long jumps in two-dimensional diffusion onwashing the sample and holder, mounted on a cold finger, the
W(110). Most recently, the rates at which long jumps occurwire assembly is installed in the microscope. The system,

A. Vacuum processing
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FIG. 1. Field ion microscope and vacuum system, constructed
[001]

primarily of glass(Pyrex 7740. Channel plate to intensify the im-
age has 25tm pores and is 1.02 mm thick; the screen is made of
Willemite phosphor.

FIG. 2. Mapping of sites on \{10). Black dots show location
of Ir atom after diffusion at 350 K; open circles indicate positions

which is evacuated by a triple-stage mercury diffusion pumg?f substrate atoms at the plane edges.
backed by a mercury trap in series with a rotary pump, is
illustrated in Fig. 1. It is baked out at 300 °C overnight, way, the difference between support loop and tip temperature
together with the main trap. After cooling the trap with liquid is established; it usually amounts te2 K.
nitrogen, the oven temperature is gradually lowered, and The first operation is to deposit iridium onto tti&10)
once the temperature has reachetl75 °C, all the filaments plane by heating the iridium evaporator fo130 s at 2.3 A;
are lit and the evaporators are heated. The ionization gaugeésis is done to check the conditions for field evaporation.
as well as the molybdenum shields in the evaporators argidium atoms field evaporate readily from (0 only
cleaned by electron bombardment feb h at 175 °C. Four when close to the edge of the surface; this is quite distinct
getters in the system, made up of 0.020 in. titanium wire, argrom tungsten atoms, which field evaporate from the plane
also outgassed. When the system finally reaches room terjust above the voltage for good imaging. Next, the geometry
perature, heating of evaporators and getters is continuedf the surface is examined by depositing an Ir atom and
Outgassing is then begun of the multichannel platetained  allowing it to diffuse until much of the surface has been
from Burle Electro-Opticsused to enhance the image inten- explored. Finally, a grid is drawn through the binding sites,
sity. Electrons from a nearby tungsten evaporator filamenas in Fig. 2, to permit mapping and determination of the
impinge on the plate with an energy 6200 V. The sample plane size.
support loop is cleaned by heating, and the tip by field
evaporation at-20 K. The tip is thereafter bombarded once
by ~1-kV ions produced by electron field emission at
~10%A in the presence of 2107 Torr of neon, intro- Measurements of the diffusivity begin after field evapo-
duced through a heated Wcor tube. This ion bombardmentating at least four layers and then depositing an atom on the
cleans and sharpens the tip in final preparation for extendeshmple surface from evaporator loops of 0.006-in.-diameter
experiments. Bakeout is repeated once the pressure rises sigive. After a 15 s delay, the surface is heated for a diffusion
nificantly. For a multichannel plate that has been exposed timterval, and the temperature is then allowed to drop to
the atmosphere, electron bombardment may take three weeks20 K. Fifteen seconds later, an image is obtained in helium
before the gas pressure, with all filaments hot and the shieldgas at a pressure of10™ Torr, and is videotaped using an
and channel plate outgassing, is reduced to"%Dorr. RCA TC 1430R camera. The diffusion time interval is cho-
Once the system is clean, the first operation is to calibratsen so that the mean-square displacement is preferably less
the tip temperature. The resistance of the tungsten suppathan five spacings. Diffusion is started with the atom in the
loop between the two potential leads is measured and corsentral region of the plane; ten spacings in diameter. Mea-
trolled with a Kelvin double-bridge circuit, described by surements are continued until the atom diffuses to within two
Reed* and in more detail by Kok The temperature of the spacings of the edge. That last observation is withdrawn, and
support loop is then deduced from the resistance curves dhe atom is allowed to migrate at 360 K until it again reaches
Desai et al;!® standard error of the temperature measurethe starting region before resuming measurements. The over-
ments is~0.5 K. Still to be determined is the temperature of all procedure is repeated 100 times, always in the absence of
the emitter tip when the support loop is heated. To do thisfields during the diffusion interval. Thereafter, the surface is
the rate of field evaporation of the tip with the entire systemcleaned by field evaporating a few layers, and another set of
at room temperature is matched by adjusting the heating cu00 recordings is carried out. At low temperatures, where
rent to the support with the leads to the sample suppordiffusion intervals may be close to 2 min, only 100 measure-
cooled by a mixture of liquid and gaseous heliifin this ~ ments are made per day. A total of 1200 observations is

B. Imaging
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recorded, and these procedures are repeated at nine diffusimop. However, initially, on heating the sample, there is a
temperatures. finite period during which the temperature rises until the set
Atom displacements are derived by analyzing the videovalue is reached. At the end of the diffusion interval the
tapes. Twelve frames are averaged to give a good imageeating current is cut, and the temperature drops, initially
(using modules from Data Translation, Marlboro, MA quite rapidly?* At elevated diffusion temperatures, atom
which is examined with the NIH Image program to yield the movement can take place during these temperature tran-
location of the diffusing atom. With this information it is sients, and makes a contribution to the measured distribution.
easy to evaluate the mean-square displacement both alofig compensate for these effects, we separately make 1200
the x andy axes; that is, alon§100) and(110. “zero-time” measurements, in which the heating current is
shut off as soon as the diffusion temperature is reaéhed.
Mean-square displacements during the transients are sub-
tracted from the values in the regular experiments. The zero-
With a total of 1200 observations at one temperature, théime distribution is also analyzed by Monte Carlo simulation
distribution of the individual displacements can also be deto fit the experiments.
rived. From this distribution, information is obtained about To determine the jump rate at the set temperature, we
the possible jump rates on the surface. Theoretical expresubtract the number of jumps in the transient intertedd-
sions for the distance distribution in terms of the jump rategained from fitting the displacement distributjdnom that in
have been derived for movement on an infinite surfdde.  the regular experiments in accord wih
practice, however, these expressions are not really useful for
analyzing measurements with the field ion microscope, as r=(Rt=rgto)te, (2)

here the planes are far from infinite; typically they have ayhereR is the rate and the time in the regular experiment,
diameter of only~22 atomic spacings along theaxis. In- ¢ andt, are the values in zero-time experiments, &rid the
stead, kinetic Monte Carlo simulations are carried out on &me at the diffusion temperature.

bce (110 plane of the same size and shape as in the experi- To get a feeling for the reliability of the rates, we still
ments; the techniques have been described and tested in Rgbed to know their standard error. This we achieve as fol-
19. In the simulations we deposit an atom on the centrajows. From the measured rates we generate a distribution of
region of the planes-10 spacings in diameter, and allow the gisplacements by Monte Carlo simulation. The resulting dis-
atom to diffuse until it comes within two spacings of the tribytion is then analyzed in the usual way to derive esti-
edge. The atom is then returned to the central region, angates for the rates. This process of generating a distribution
diffusion is continued. To set the rate of diffusion in the gnq then deriving rates from it is repeated at least ten times,

kinetic estimates, we pick trial values for the rate of singleand from this array we obtain a rough estimate of the error
jumps, as well as for the ratio of double to single jumps, andpherent in the rates.

for the difference between horizontal and vertical transitions

compared to single jumps. For the waiting time between

jumps and for picking the kind of jump that takes place we Ill. DIFFUSION OF Ir
use the algorithm described by Reed and Ehrifcihe ) . )
simulated distribution so obtained is then compared with the, 'From the mean-square _dlsplacements Of, |r|d.|um.o.n. an in-
experimentally obtained values in the simplex minimization!Nit€ plane during a time interval we obtain diffusivities
programMINUIT,, which adjusts the rates to give an improved 'T0™M

estimate of the distributioff. This yields a reduceg? given (AX®) = 2D, = 22, (3)

by

C. Distribution analysis

x° = [Ne(x,y) = Ng(x,y)J/[Nvar(x,y)], (6h) (Ay?) = 2Dt = 2" €5; (4)

where Ng(x,y) is the experimentally measured number of distances along the axis are measured in terms @f2, and
displacements at a specified skey, Ng(x,y) is the simu- along they axis in terms ofy2a/2, wherea is the lattice
lated value, andN the total number of measurements at thisconstant of the substratd; denotes the mean jump fre-
temperature. The analysis of the experimental displacememguency; and¢ an effective jump length. Our observations
distribution is then carried out for another set of differentare, however, done on a very finite plane. We therefore carry
input parameters, and this procedure is repeated a total ofut Monte Carlo simulations for both the regular and zero-
27-50 times; the best fit is determined from the most reasortime measurements on a plane with the same size and shape
able value ofy? obtained. The same procedure is followed as in the experiments until simulations and experiment are in
separately, but allowing only single jumps, to check the posgood agreement. In this way we can obtain mean-square dis-
sibility of fitting the distribution with nearest-neighbor jumps placements on an infinite surface. The data in Fig. 3 derived
only. in this fashion are plotted as the logarithm of the diffusivity
From such a determination the contribution of long jumpsagainst 1000T; it gives a good Arrhenius plot without any
to the diffusivity is immediately obvious; however, it does curvature apparent at higher temperatures. The standard er-
not give us values for the rates of long jumps at the setors of the mean-square displacements are known from the
diffusion temperature. The steady-state temperature of themeasurements; as 1200 observations were made at each tem-
support loop is determined by the heating current through theerature, the errors are small. We note that the activation
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FIG. 3. Diffusivities D, and Dy for single Ir atom on W110
deduced from the mean-square displacement and(Bgas well as

@ FIG. 4. Possible atom jumps on (M0 plane. In addition to

nearest-neighbor transitiomsand double3 jumps alond 111], we

o ) ] also consider horizontal, and verticals, jumps.
energy for diffusion along the axis, 0.94+0.02 eV, is the

same as alonyg; the diffusion prefactob, along thex axis is temperature for diffusion, the best fit to the distribution re-

3.000x1.8) x 10°2 C"f s ;Nh"e _§he _ve_llue alongy veals only single jumps to adjacent sites alghgl); longer
amounts to 6.78<1.8) X 10°° cn? ™. This is as expected, jymps are absent. Diffusion during temperature transients is
in view of the jump length being2 longer alongy thanx. In - pegjigible as diffusion periods are long, amounting to 110 s.
atomic units,D, along x andy are essentially equal. The From previous observations on tungsténye know that
behavior of the diffusivity therefore appears entirely normal,the contribution of long transitions increases at higher tem-

without giving any indication of long jumps. We also note peratures. We have therefore made observations at nine dif-
that our results are quite close to the earlier work of Lo¥fsa,

who found an activation energy of 0.97+0.02 eV and a

prefactor of 1.70x2.3") X 102 cn? s™%. 800
What is actually happening in the diffusion can be derived 700
from the distribution of displacements measured at different Experiment
temperatures. Here it is a matter of deciding on the nature of g 600
the jumps to consider. The processes examined are shown in %S 500-
Fig. 4; these were previously derived from measurements of 5 400- I Best Fit
the diffusion of W atoms on \W.10),*? and are a good start in Best Fit é
looking at the diffusion of iridium. Besides nearest-neighbor &= 0.00094 3004
jumps « between adjacent sites along the close pacgkéd) g/ (/"0;00 200-
direction, we also consider double jumgs along (111), 5§,a=0 1004

where the adatom reaches a site two spacings from the ori-
gin. In addition, jumpsj, along thex axis ands, along they

axis have previously been found important. These transitions
contribute to the mean-square displacem@natomic unit$
according to

(AX?) = 4at(1 + 28,/ a + 4Bl a), (5)

(AY?) = 4at(1 + 28,/ a + 4Bl a). (6)

The distribution of displacements found from measure-
ments at 301 K is illustrated in Fig. 5, with all observations  F|G. 5. Distribution of Ir displacements on (10 for 110 s
transposed into the first quadrant; experimental results argiffusion intervals at a temperature of 301 K. Experiments are
shown in light gray. The best fit obtained by Monte Carlo given in gray, best fit in black. All measurements are shown in first
simulation is also shown, in black. At this relatively low quadrant. Only nearest-neighberjumps contribute to diffusion.
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FIG. 6. Displacement distribution observed for Ir o{M0) at FIG. 8. Displacements during diffusion of Ir on({M.0) during a

T=331 K after a 9 s diffusion interval. Experiments are drawn in1 s interval at 366 K. All long jumps are contributing significantly
gray, best fit from Monte Carlo simulations in black. The contribu- at this temperature. Zero-time distribution of displacements for this
tions of long jumps have increased above their rate at 301 K, budiffusion temperature is at the upper right.

are still within the limit of errors.
amounts to 0.06; for horizontal as well as for vertical jumps

ferent temperatures; details will only be shown for a few.the ratio to singles is 0.10. Zero-time contributions during
Measurements for diffusion intervals of 9 s at 331 K arethe temperature transients for this diffusion temperature have
given in Fig. 6, which begins to reveal a very small partici- increased, and are also shown.

pation of jumps other than nearest neighbors, but these are These trends continue as the diffusion temperature is
within the limits of error. Displacements at a temperatureraised. In Figs. 8 and 9 we show the results for regular mea-
another 20 K higher, at 351 K, are shown in Fig. 7. Here it issurements alT=366 K and 371 K, together with the distri-
clear that the contribution of long jumps has become nonbutions from zero-time determinations. At the highest tem-
negligible. The ratio of double to single jump$/«)

Best Fit
1 i . » 200 o=1534
ool DestRh Experiment 5 Bloc= 0.04
i =0. = 150
Ssoo | Bla=0 2 8y/o=0.11
' 3504 § oo | Be=0 I Best Fit g e 8y/0=0.11
Experiment § 1004 8,/0=0 ‘ S so
300- ] ]
| BestFit 2 ] © o wloo k
2 o, , S _—
g 200- Best Fit g
3 0.=0.478 S
2 i & [1io]
g ° : Boa=016 3 °
Best Fit 100 J4 [110] Sy/oe=0.51 O
o=0.143 8y /01=0.63
B/o.=0.06
d,/00=0.10
8y/oc =0.10

[110]

[001]
[171] [

FIG. 7. Distribution of Ir displacements on (10 after 3 s at FIG. 9. Distribution of displacements for Ir at the highest diffu-
351 K. At this temperature long jumps have become significantsion temperature of 371 K. Diffusion interval is 1 s. Long jumps
The distribution in zero-time measurements, which is now impor-are now dominant in diffusion. Zero-time distribution is given at the
tant, is shown at the upper right. upper right.
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TABLE |. Rate ratios for Ir on W110).

Regular Final

T (K) a Bla &l a Oyl a Bla &l a ol a

301 0.00094 0 0 0 0.00094 0 0 0

311 0.00286 0 0.0634 0.0634 0.00288 0 0.0635 0.0635
321 0.00976 0.0283 0.0311 0.0311 0.00988 0.0328 0.0311 0.0311
331 0.0244 0.0337 0.0241 0.0241 0.0252 0.0336 0.0241 0.0241
341 0.0714 0.0435 0.0610 0.146 0.0646 0.0506 0.0711 0.170
351 0.143 0.0583 0.0996 0.0996 0.111 0.0834 0.143 0.143
361 0.366 0.0833 0.0137 0.0684 0.237 0.140 0.0264 0.101
366 0.428 0.146 0.378 0.322 0.168 0.438 1.090 0.886
371 0.478 0.161 0.514 0.625 0.0250 3.399 11.26 14.27

perature at which we have made observations, 371 K, theatios of long to single jumps for all our measurements are

contributions of long jumps are very large. The ratio of

listed in Table I. It is evident that the zero-time corrections

double to single jumps in the regular experiments is 0.16, ohave a very significant effect at higher temperatures.

horizontal to single jumps 0.51, and of vertical to single
jumps 0.63. It should also be noted that the zero-time distri

The behavior of the different jumps is most clearly shown
in Arrhenius plots, which reveal the importance of long

bution now also requires longer transitions to achieve a regumps in the surface diffusion of iridium on W10. The
sonable fit. For these measurements at a diffusion temperaiost interesting of these is the plot for nearest-neighbor

ture of 371 K, we finds/ «=0.04 ands,/ a as well ass,/ a is
0.11.

jumps « in Fig. 10. What is quite clear is that at low tem-
peratures, the rate behaves normally. As the temperature is

Using the zero-time experiments we have corrected théncreased, however, the actual jump rate departs from a
regular measurements. From the distributions we obtain thstraight Arrhenius plot of the logarithm for the rate versus
ratios of long jumps to nearest-neighbor transitions duringlO00/T; it goes through a maximum, and then diminishes.
temperature transients. These zero-time experiments akes shown in Figs. 11-13, the rates for other jumps do not
dominated by nearest-neighbor jumps, and their contributiolehave this way; they all have straight Arrhenius plots over
to the final values increases with rising diffusion tempera-the entire temperature range from 301 to 371 K.

ture. Therefore, when corrections are made using(Bcthe
effect is to further lower the nearest-neighberrate. The

Temperature T (K)

IV. COMPARISON AND DISCUSSION

The activation energies and prefactors derived from our
experiments for the different kinds of jumps are listed in
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FIG. 10. Temperature dependence of the rate of siaglemps
for Ir adatom and also W on W10 (Ref. 13. Straight lines are
fitted to data at or below 340 K, where long jumps are not yet
important. At higher temperatures, jump raiedeviates signifi-
cantly from Arrhenius plot.

1000/T (1/K™)

FIG. 11. Rates of doublg jumps for Ir and W on W110) as a
function of 10007. Straight lines fit experimental data over entire
temperature range. Tungsten data from Ref. 13.
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Temperature T (K)
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Temperature T (K)
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FIG. 12. Rates for horizontas, jumps of Ir and W atoms on FIG. 13. Verticald, jump rates for Ir as well as W on W10.
W(110), the latter from Ref. 13. The two rates are essentially thel he two rates dlffer significantly. For Ir, the vertical jump rate is the
same, and are well described by a straight line for all the temperaS@Me as the horizontal. Only upper error bars are shown. Tungsten

tures. Only upper error bars are shown. data are from Ref. 13.

Table Il. It is clear that at higher temperatures long jumps Comparison of the behavior of iridium atoms with that of
play a major role. At 371 K, the rate of double jumpsis  tungsten is worthwhile, as, surprisingly enough, there are
three times that of single jumps, horizongltransitions are  similarities. The previously measured activation energies and
11 times higher, and vertical jump$ are 14 times higher. prefactors for diffusion processes of tungstaare also given
What is evident is that the barriers to long jumps are signifiin Table Il. The rates of horizontaf, jumps in Fig. 12 and
cantly larger than for nearest-neighbor transitions, and theertical 4, jumps in Fig. 13 are essentially the same for iri-
same is true of the prefactors. This is in accord with thedium. For tungsten, shown in the same graphs, they are
appearance of long jumps only at higher temperatures. Theather different, with the barrier and prefactor @ signifi-
activation energy for double jumps is 25% higher than for forcantly larger than fos,. The chemical nature of the diffusing
singles, the barriers for horizontal and vertical jumps are the@tom apparently does play a role in influencing the jump
same and~1/3 higher than for singles. processes. This happens even though the overall diffusivity
It must be noted that even though our measurements ai& iridium and tungsten on W10) is quite the same, despite
extensive, we have covered only a small range of temperdhe marked difference in the bulk properties of the two ma-
tures, when considering the fact that the melting point ofterials: the heat of vaporization is 6.24 eV for iridium, but
tungsten is 3695 K, 10 times higher than our highest diffu-8.51 eV for tungsten.
sion temperature. At more elevated temperatures than cov- One possible rationalization for this equality is that diffu-
ered here, aff ~400 K, the long jumps we have invoked, sion on WZ110 occurs via an exchange mechani&hin
together with other long transitions, can be expected tavhich movement occurs by the iridium deposited on the sur-
dominate the transport of atoms over the surface. Singléace exchanging with a neighboring substrate tungsten atom,
atom jumps will make entirely negligible contributions to the which moves to the surface and perpetuates motion. To
diffusivity. Much the same can be said about the diffusion ofcheck this possibility we measured the conditions for evapo-
tungsten atoms on W10, which we previously ration after every second measurement cycle. From these
examined:?13 measurements, it is clear that at the end of an experiment the

TABLE Il. Rate parameters on \W10).

Ir/W (100 W/W(1102

Activation energy

Frequency prefactor

Activation energy

Frequency prefactor

Rate E (eV) v (871 E (eV) Vo (879
a 0.94+0.02 5.46x1.9t1) x 10'2 0.94+0.03 5.99x2.51) x 1012
B 1.18+0.04 1.17x4.28Y) x 1015 1.24+0.13 8.06x8.1*1) x 10°
8, 1.25+0.08 2.70x1.31) x 106 1.28+0.13 3.78x8.61) x 1016
8 1.27+0.09 4.6(0x1.81) x 106 1.37+0.13 1.00x8.4t1) x 1018
aFrom Ref. 6.
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event is transitiony to a nearest-neighbor site. At higher tempera- 1000 (1K)

tures, this jump may continue to a site two spacings awgyjump,

or deviate to the rights,) or left (&). FIG. 15. Sum of all jump rates in diffusion for Ir and also W on

W(110 (Ref. 13. A straight line covers the data points over the

atom diffusing on the surface is iridium and not tungsten;qire temperature range.

this rules out exchange occurring during diffusion.

The single jump ratex for iridium is compared in Fig. 10
with values measured for tungst&€hThis rate behaves in
much the same way for both atoms, increasing at first but
eventually going through a maximum and then decreasing a
the temperature is increased. The explanation previously ot-
fered for W also seems applicable to Ir atoms. The lon
jumps of Ir appear to stem from the basic jump process o
the surface, which is the movement of an atom to a neares
neighbor position. At higher temperatures, the atom does not
always de-excite at the neighboring site, however. It can con- i=Rn. (7
tinue to a site alongl11) two spacings from the start, or else . .
it can deviate to agr}eighbor aa the%ight or left, as suggestea—he deviation probability can be written as
in Fig. 14; that is, the atom can make horizonfajumps or  ~ Xp(-E/KT), so that we finally have
vertical 8, jJumps. Every time a long jump occurs, the rate of
single jur)%ps to a nearest-neighbor site is diminished, so that ri = vy expl— (E+ EKT]. (8)
at more elevated temperatures where long jumps beco
more important, the rate deviates ever more strongly from

for long jumps, and the physical properties of the lattice.
The question now arises as to why the activation energies

nd prefactors of the long jumps are so much higher than for

earest-neighbor transitions. We can write the matef a

ong jumpi as given by the product of the basic jump rate
=v exp(—E/kT), multiplied by the probabilityp; of a devia-

fion occurring, giving

m1ehe prefactor for the long jump rate appears as a product,
the linear Arrhenius plot, as shown in Fig. 10. At tempera- and is therefore very likely larger than for single jumps; the
tures arounc~400 K, not accessible to our measurementsovera" activation energy is the sum of the barrier to the basic
the same type of process can be expected to occur ith jump plus that of the deviation, and will therefore also be on

double jumps. The net effect may therefore be a diminutlorjfhe large side.

of the contributions of@ jumps, similar to what we have If this picture is correct, and long jumps have their origin
found for nearest-neighbor jl’Jmps in our temperature in nearest-neighbor transitions, then the sum of all jump rates

range. In this range of much higher temperatures, eve hould be equal to that of_singtejumps extrapolated from

longer jumps can be expected. ower temperatures. That is |nd.eed the case both for Ir and
A question still remains about the factors responsible fo , as is apparent in Fig. 15. This appears to be the behavior

vertical and horizontal transitions on(@10). Our measure- typlcal of diffusion on tungstenl10. Is such behavior gen-

ments establish the existence of such transitions, but not th ﬁral for other surfaces as well? That is something that will

detailed paths over the surface. It is the interactions betweeIFHaVe to be examined in the future.

the jumping atom and the lattice that dictate how a jump

proceeds. As is clear from the difference in horizontal and ACKNOWLEDGMENTS
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