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Hydrogen promotion of surface self-diffusion on R{100) and Rh(311)
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Field ion microscope observations show that the rate of surface self-diffusion for individual atoms on the
(100 and (311 planes of Rh is significantly increased by exposure of the surface to hydrogen. (@@0Rh
admission of hydrogen at partial pressures in the®10orr range causes the onset temperature for migration
of a Rh adatom to decrease from 290 to 240 K. Once the adatom is mobile, its mean-square displacement is
constant as a function of time. Similar exposures of hydrogen lower the onset temperature for self-diffusion on
Rh(311) from 180 to 120 K. Here the mean-square displacement increases monotonically as a function of time
after admission of hydrogen. The continuous increase indicates that the enhancement of the diffusion rate due
to hydrogen is coverage dependent. The difference between the results(f@0Rénd RK311) is attributed
to the higher temperatures required for self-diffusion or{1RB). At the higher temperatures, a significant
amount of hydrogen is thermally desorbed during the diffusion intervals and the coverage remains relatively
constant as a function of time. The observed coverage dependence indicates that the mechanism of hydrogen
promotion involves more than a simple lowering of the activation barrier of surface diffusion by the attachment
of a hydrogen atom to a Rh atoff50163-18207)04212-4

[. INTRODUCTION motion of an individual atom as it migrates on a perfectly
defined single-crystal plafemakes it possible to separate
The ability to control the evolution of surface morphology the effect of hydrogen on the diffusion rate of a single ada-
during crystal or thin-film growth by modifying elementary tom from the other steps involved in film growth. In past
steps in the growth process has wide potential application istudies, the FIM has been successfully employed to examine
the synthesis of materials. The use of adsorbed atoms d@he migration of individual atoms on clean surfaces and de-
molecules, often referred to as “surfactants,” to increase theéermine diffusion parameters for a variety of metal-metal
smoothness of deposited films has attracted considerable inembinations>~° Considerable care is taken in these stud-
terest in recent years?® Although much of the work in this ies to ensure that no contaminant atoms or molecigsge-
area has focused on the effects of group-V and -VI surfaceially hydrogen are present on the surface during the mea-
tants such as As, Sb, and ¥, difficulty in removing the  surements. In the experiments reported here the procedures
surfactant atoms has limited the application of these materiare essentially the same, except that hydrogen is intentionally
als in actual growth situations. This has stimulated efforts tantroduced to determine its effect on adatom diffusion.
use common gaseous adsorbates as surfactamich are There are two previous FIM studies that address the ques-
easily removed by thermal desorption. Hydrogen, in particution of how hydrogen influences the mobility of metal ada-
lar, has been shown to be a good candidate for the modiftoms on metal surfaces. In a study of self-diffusion on vari-
cation of epitaxial growth on both metal and semiconductorus planes of Ni, Tung and Grah&hmote that the presence
surface€:1%! However, our understanding of the atomic- of hydrogen dramatically increases the diffusion rate for Ni
scale processes that lead to modified growth by adsorbeatoms on th€110), (311), and(332) planes of Ni. They find
gases such as hydrogen is still in its infancy. that when the Ni surfaces are prepared by thermal annealing
A common assumption in describing the effect of surfac-(without hydroge, the onset of adatom motion is observed
tants is that the chemical adsorbate in some way changes tla¢ temperatures around 150 K. When the surface is prepared
diffusion rate of atoms involved in the growth process. Forby hydrogen-promoted field evaporation, however, adatoms
example, the formation of a smoother film may be attributedare found to move freely at the base temperature of 30 K.
to an increase in the diffusion rate of atoms across terraces @ven after removing the hydrogen from the system and re-
to a reduction in the barrier for diffusion over stépsHow-  peated annealing and field evaporation of the substrate, re-
ever, there are a number of steps involved in the overalsidual effects of hydrogen are observed. These residual ef-
process, any one of which may be subject to modification byects appear to be the most pronounced for self-diffusion on
adsorbates. To sort out the details of the different effects, it ishe Ni(110) plane.
therefore important to be able to isolate the individual steps The effect of hydrogen on self-diffusion on (821) is
of the growth process and determine how the adsorbate afrarkedly different from that discussed above for diffusion
fects each one individually. In the case of atom migrationon Ni surfaces. FIM studies by Casanova and T$bigli-
across terraces, one specifically needs to know whether @ate that the presence of hydrogen on thé3®1) surface
given adsorbate will promote or inhibit the diffusion process.actually reduces the diffusion ratd a W adatom. In this
In this study the field ion microscop@éIM) is used to case, the effect is relatively small: the activation energy of
investigate how hydrogen influences surface self-diffusiorsurface diffusion increases by only 0.05 eV over the barrier
on RH100 and RK311). The ability of the FIM to track the on the clean surface. The hydrogen partial pressure used in
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these studies was-10"° Torr and the temperature during ments of the atoms are determined from the recorded images
the diffusion intervals was-300 K. The authors indicate that using site-visitation maps to calibrate the distance scale. The
under these conditions there should be a saturation coveragéffusion coefficientD at a given temperature is obtained
of hydrogen on the surface during the diffusion intervals. from the measured mean-square displaceme"f)t and the

Theoretical studies also indicate that the influence of hytime interval according t®=(r2)/2nr, wheren is the di-
drogen on metal-atom diffusion is system specific. First-mensionality of the random walk.

principles calculations by Stumifshow that a hydrogen | the present experiments, a single Rh adatom is depos-
atom adsorbed on top of a Be atom reduces the self-diffusiofaq on the crystal plane of interest with pure neon at a pres-
barrier on B€000D by a factor of 3. A strong H-Be bond - g ;re of 2¢ 107 Torr in the system. A sequence of diffusion

weakens the bond of the adatom to its surface neighbors, i.6neryals is carried out to establish the mean-square displace-
a “skyhook” effect. In contrast, classical-potential total- ,ant of the adatom in the absence of hydrogen. Without
energy calculations by Hauet al® predict that a hydrogen removing the neon, hydrogen is leaked into the system to a
atom acts as weak trapping center for Ni atoms ofl0D),  reset partial pressure. The leak valve is calibrated in control
effectively slowing down the rate of self-diffusion. The trap- gy herimentgwithout Ne to determine the partial pressure to
ping is attributed to the fact that the hydrogen atoms prefer tQ 4qeq hydrogen. Subsequent measurements are made with

occupy quasisubsurface-interstitial sites. This result also agne mixture of neon and hydrogen as the imaging gas. The
pears to be at odds with the experimental result for Ni SUrpartial pressure of hydrogen is typically in the low

faces mentioned above, although #10 surface was not 15914t range. At lower partial pressures, hydrogen has a

addressed specifically in the experimental sttftly. _ negligible effect on the diffusing adatoms. At hydrogen par-

To d_evelop_ a_cl_e_arer picture (_)f th_e ro_Ie_of hydrogen Niial pressures above 108 Torr, Rh adatoms field desorb
promoting or inhibiting surface diffusion, it is obvious that from the surface during field ion imagirg.This point is
more systems need to be examined. Self-diffusion on Rh WaSiscussed further below.

Zhoseln for dthéi sltulgg/ for ;gveral reasons. F;ast EIM stu:ﬂie_s BY During the course of the experiments the surface is sub-
yrault and Ehrlich™ provide an extensive database relating;q 1o aiternatively to elevated temperatuf@szero electric

to self-diffusion on clean Rh surfaces. They find that diffu-ﬁe|d) and elevated electric fieldat 77 K. The results(dis-
sion on RIf100 takes place_ near room temperature, Whereaﬁussed beloyindicate that some hydrogen is removed from
diffusion on RH311 sets in at much lower temperatures v o\ rface during the diffusion intervals at elevated tempera-
(~200 K). Hence investigations on these two surfaces permif o<y thermal desorption, but hydrogen is not removed by
one to examine the influence of hydrogen in dlfferen.t €M+he electric field(typically ~3.0 V/A) during field ion imag-
perature regimes. It has also_been ShOW_” that Se'f?d'ffus'ofhg. This latter observation is consistent with previous stud-
on RA100 proceeds by ordinary hopping-type displace-joq of thermal field desorption of chemisorbed hydrogen
ments;" as opposed to the exchange-type displacements ol Rh surfaces The primary effect of the electric field is
served for self-diffusion on th€100) surfaces of PRef. 22 yhe adsorption of hydrogen. The electric field used for

and Ir=® An additional motivation for this study was to de- imaging can polarize hydrogen atoms in the gas phase and

te.”“‘r_‘e whether or not the presence of hydrogen cha_n_ges Nftract them to the surface thereby enhancing the arrival
diffusion mode from hopping to exchange. The ability 10 51524 Tig effect, combined with the possibility of field-

]E:ontrol thelzdn;echanism lf:’yl Whi?fh atoms rréigratr(]a acrosshSl;ri'nduced migration of hydrogen from the tip shank to the
aces would be very useful in efforts to modify the growth of g\ tace makes it impossible to determine the actual hydro-

crystals and thin films. gen coverage in the present experimental setup. However, it
is possible to investigate qualitatively the effects of increas-
Il. EXPERIMENTAL DETAILS ing hydrogen coverage by examining the mobility of t_he ada-
tom as a function of time, keeping the hydrogen partial pres-
The experimental procedures used in FIM investigationsure constant.
of single-atom surface diffusion are described in detail in A series of field ion micrographs illustrating the general
several recent review articlé®: 1> A brief overview of these procedure used in this investigation is shown in Fig. 1. Fig-
procedures is given here to aid in the discussion of the obdre 1@ shows a single Rh adatom on ®B0 imaged in
servations. In a “standard” FIM surface diffusion study a pure Ne at 77 K. Figure(b) shows the same adatom after a
field emitter surface is cleaned by a combination of anneal30-sec heating interval at a temperature of 275 K in pure Ne.
ing, ion sputtering, and field evaporation. An image of theMeasurements of the adatom’s coordinates indicate that the
surface is obtained by applying a high electric field to thelocation of the adatom is the same in Fig&)land Xb). In
sample in the presence of an inert dag., He or Ng& Im-  ten subsequent diffusion intervals at 275 K with only Ne in
ages are recorded with the sample at 77 K. Individual atomghe system, the position of the atom did not change. Figure
are deposited on the crystal plane of interest by heating &(c) shows the same adatom after a heating interval during
wire coil to a temperature near the melting point of thewhich 2x10™° Torr of hydrogen was added to the imaging
metal. Atoms deposited on low index crystal planes appeagas. Two effects of the hydrogen are observed. First, the
as high-contrast image spots on a uniformly dark backpresence of hydrogen in the imaging gas changes the char-
ground. Motion of the deposited atom is induced by warmingacteristics of the image spot associated with the Rh adatom.
the surface to a preset value for a fixed interval of time in thdn Fig. 1(c) the image spot appears larger and with less con-
absence of an applied electric field. The imaging gas remainsast than the spot in Figs(d and Xb). This can be attrib-
in the system during the heating interval. Images are reuted to field-adsorbed hydrogen atoms as discussed B&low.
corded immediately following each heating period. Displace-More importantly, the addition of hydrogen causes the ada-
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FIG. 2. Mean-square displacemefit?) of a Rh adatom on
Rh(100 in the presence of hydrogen remains essentially constant as
FIG. 1. Field ion microscope images showing the diffusion of ang function of time.
individual Rh adatom on RR00). Between each photograph the
sample was warmed from its base temperature of 77 K to 275 K
The introduction of hydrogen betweéh) and (c) induces adatom
mobility as discussed in the text.

self-diffusion on R100) changes when the partial pressure
of hydrogen is increased. The temperature during the diffu-
sion intervals in this experiment is 280 K. At time=0

) ) . hydrogen at a partial pressure ok10 ° Torr is admitted.
tom to make a noticeable displacement. As discussed Iatebver a period of 90 min, the mean-square displacement in-
this is the result of chemisorbed hydrogen on the surfaceCreases from a negligible value te2 A% When additional
Figure 1d) shows the adatom after an additional heating,y ;qqen is addetiapproximately & 10-° Torr), the mean-
interval Of. 275 K. Again the position of the.adatom hgs square displacement increases-# A2, With the addition of
changed significantly. From over 100 observations following,yan more hydroger(approximately 2 10-° Torr) the
heating intervals at 275 K with hydrogen present, the mean- ean-square displacement jumps to 3 Faus an increase

squares displacement of the atom is found to be 7.3 hydrogen partial pressure increases the mobility of the

2 . .
=1.7 A% This corresponds to approximately one nearestsaom The results shown in Fig. 4 suggest that the magni-

neighbor displacement per diffusion interval. Thus the ad(.ji'tude of each increase tends to diminish over a period of time,

tion of hydroge_n causes the initially immobile atom to mi- but the statistics are insufficient to establish the trend con-
grate at an easily detectable rate. clusively

_From 'the orientation of the map Qf_sﬂes thgt the atom Figure 4 shows the temperature dependence of the mean-
visits as it moves across the surface, it is determined that thg

. D ; ) ; guare displacement for self-diffusion on(R80) plotted in
mechanism of diffusion is ordinary bridge hopping, not the zrheniys form for both clean and hydrogen-exposed sur-
exchange mechanism found for self-diffusion @®0 sur-

. ey / f . litatively, tes that th bility of the ada-
faces of Pt and 1f#?*Since self-diffusion on RHL00) in the aces. Qualitatively, one notes that the mobility of the ada

b f hvd | K | by ordi hobi tom increases monotonically as the temperature is increased
absence of hydrogen also takes place by ordinary hopping,. po, cases, but the rate of increase is much less for the

?ltydrogen—exposed surface. Figure 4 also indicates that a lin-

change the diffusion mechanism. ear relationship is followed in the Arrhenius plots for both

ll. RESULTS D
A. Self-diffusion on Rh(100) Rh/Rh(100) ]
Figure 2 shows a plot of the measured mean-square dis- 20 - 280K ]
placement for a Rh adatom on @00 as a function of time L Add H Add H 1
after admission of approximatelyx310~° Torr hydrogen to S 2 2 ]
the vacuum chamber. The diffusion intervals are 30 sec in * ]
length at a temperature of 275 K. The bin size for each data W10 ]
point is 20 diffusion intervaldi.e., 20 displacements were A ]
squared and averaged for each point plottéd a tempera- 5 }‘}’d H, : + ]
ture of 275 K and with the hydrogen present, the mean- i ¢ F
square displacement is in the range 5—%) dorresponding o L., ST AT
to approximately one nearest-neighbor hop per diffusion in- 0 50 100 150 200 250
terval. From Fig. 2 it is apparent that the mean-square dis- TIME (MIN)

placement is essentially constant as a function of time. As

discussed later, this result is markedly different from that FIG. 3. Mean-square displacemefit’) of a Rh adatom on

found for self-diffusion on R{811). Rh(100 increases upon addition of hydrogen to the background
Figure 3 shows how the mean-square displacement fagas.
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FIG. 4. Temperature dependence of the mean-square displace- TIME (MIN)

ment(r2) for self-diffusion on RIL0O0) plotted in Arrhenius form

for clean and hydrogen-exposed surfaces. The presence of hydrogen FIG. 5. Mean-square displacemef#?) of a Rh adatom on

leads to a largéapparent reduction in the activation energy and Rh(311) in the presence of hydrogen increases rapidly as a function

Arrhenius prefactor. of time. The two curves are for two different hydrogen exposures at
140 K. Both curves fit a power-law dependence with an exponent of

situations. The activation energy and Arrhenius prefactor de=-2, indicating a square dependence of the mean-square displace-

termined for self-diffusion on the clean surfa@89 eV and  ment with time.

4x10°2 cné/sec) agree with previous measurements by

Ayrault and Ehrlich(0.88 eV and X102 cné/sec). For age should increase linearly as a function of time, one must

the hydrogen-exposed surface the activation energy and prefiso consider the field enhancement of the supply from the

actor are both exceptionally low(0.29 eV and 1 9as phase during field-ion imaging as well as an additional

x 10712 cr/sec). It should be noted, however, that the re-Supply due to hydrogen diffusion along the tip shahki-

sults of such an analysis are misleading because, as discus3€t knowledge of the time dependence of these effects is not

below, the coverage of hydrogen is dependent on the surfacvailable, making a direct conversion of the measured time

temperature during the heating interval. At higher temperadependence into a coverage dependence beyond the scope of

tures, the coverage of hydrogen is lower. Since the mobilityhis study.

of the adatom is dependent on hydrogen coverage, the linear The temperature dependence of adatom mobility for self-

relationship observed in the Arrhenius plot for the hydrogerfiffusion on RK311) in the presence of hydrogen was also

exposed surface is most likely fortuitous and the extractednvestigated. As in the case of self-diffusion on(R00), the

diffusion parameters cannot be interpreted in the conveni€an-square displacement increases with increasing tem-
tional way. perature. However, because the mean-square displacement

also increases as a function of time as discussed above, it is
B. Self-diffusion on Rh(311) not possible to determine quantitatively the change in mean-

) ) square displacement as a function of temperature at a con-
The time dependence of the mean-square displacemesfant hydrogen coverage.

for self-diffusion on RI311) in the presence of hydrogen is
markedly different from that for self-diffusion on Rt00).
Figure 5 shows the results for two separate experiments with
different initial hydrogen exposures. The plots show the A general discussion of hydrogen promotion of self-
measured mean-square displacement during 10-sec diffusiatiffusion on RK100) and R311) is facilitated by a brief
intervals at 140 K. Prior to admission of hydrogen, the adateview of past temperature-programmed desorptibRD)
tom is immobile. After hydrogen is added to the backgroundnvestigations of hydrogen on these crystal surfaces. On
gas, the adatom remains immobile for 10—15 diffusion interRh(100 Kim, Peebles, and Whité find that deuterium ad-
vals. The mean-square displacement then increases mongerbs dissociatively with an initial sticking coefficient of
tonically as a function of time. The curves drawn through the0.53+0.05. At low coverages corresponding to 0.05 L
data points are fits to a power-law dependence. The expdl L=10 ° Torr seg, the maximum of the TPD peakaken
nents obtained from these fits are approximately 2, indicatingt a heating rate of 25 K/spoccurs at 361 K. As the expo-
a square dependence of the mean-square displacement withre increases, the peak maximum temperature decreases, in-
time (i.e., a linear dependence of the root-mean-square digdicating second-order desorption kinetics. For exposures be-
placement with timg tween 0.5 and 1 L, a shoulder appears at about 260 K. At
Quallitatively, these results provide compelling evidenceexposures of 0.8—1.0 L, a low-temperature desorption peak
that hydrogen promotion of surface diffusion is indeed cov-also appears and the high-temperature peak broadens on its
erage dependent. Quantitatively, however, one cannot detdiew-temperature side. Measurements of the areas under the
mine the actual coverage dependence of the mean-square dig?D curves indicate that the coverage of deuterium versus
placement from the measurements. Although the thermaéxposure is linear up to about 0.5 L of deuterium. The ther-
desorption studies mentioned below indicate that the covemal desorption kinetics for hydrogen on ®R0) are pre-

IV. DISCUSSION
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sumed to be identical to those for deuterium. and the prefactor leading to unrealistic values of the diffu-
On RK311) TPD measurements by Nichtl-Pectetral?’  sion parameters.
indicate that five distinct binding states are populated upon On Rh311) the situation is quite different. Here the tem-
hydrogen exposures at 90 K. These states originate from diperature range of the experiments is 120-160 K. According
sociatively adsorbed hydrogen as proven by isotope exto the thermal desorption studi#slittle hydrogen will be
change experiments. The value of the initial sticking coeffi-thermally desorbed at these temperatures during the diffusion
cient is ~0.25. The highest-temperatutlowest-coverage intervals. This allows the hydrogen coverage to build up over
peak is at about 350 K. A large low-temperature peak75 a period of time and, as the coverage builds up, the diffusion
K) begins to grow in at exposures above 0.6 L. Two addi+ate increases. One therefore observes a marked increase in
tional peaks appear at intermediate exposures. Above expthe measured mean-square displacement as a function of
sures of 1 L, an even lower-temperatiirel25 K) peak ap- time.
pears. It is interesting that the mobility of an adatom exposed to
These TPD studies make it clear that hydrogen adsorbRydrogen in the low 10°-Torr range increases as a function
dissociatvely on both the100) and(311) surfaces of Rh with  of time for over 1 h, but the adatom does not field desorb.
a relatively high sticking coefficient. It is therefore reason- Yet, if the partial pressure of hydrogen is raised~+d0~®
able to assume that the observed promotion of self-diffusiod O the adatom immediately desorbs. Apparently, the de-
on both surfaces is due to adsorbed atomic hydrogen. Thigorption of the adatom is promoted by field-adsorbed hydro-

being the case, it is somewhat surprising to find that the timg@en (weakly bound hydrogen held on the surface by polar-

dependence of the measured mean-square displacementi4@tion forces due to the applied electric fédrom the gas

gualitatively different for the two different substrates. On Phase, whereas the mobility of the adatom is promoted by

Rh(100) the mean-square displacement of a Rh adatom inchemisorbed hydrogen on the surface. When the surface is

creases upon exposure of the surface to hydrogen, but thgr?ated’ field-adsorbed hydrogen is removed, but chemi-

remains constant as a function of time after expos@ig sorbe.d hydrogen remains. This field _adsorbed hydrogen also
2). At first glance, this suggests that the hydrogen promnotior?xplalns the change in image spot size as mentioned above.
: L ' . It is important to emphasize that the diffusion rate is cov-
effect is mdependent of coverage beca}use the coverage é?age dependent for self-diffusion on both (R¥0) and
expected_to increase as a function of time with a constangp311), but the coverage dependence manifests itself as a
pressure in the background. On®h1), however, the mean- ime dependence in the measured mean-square displacement
square displacement increases dramatically as a function %Iy in the case of Ri811). On RK100) the coverage de-
time (Fig. 9. This indicates a strong dependence of the dif-pendence is inferred from the increase in the diffusion rate
fusion rate on hydrogen coverage. upon the addition hydrogen to the background and on the
The difference in the time dependence for the two crystatemperature dependence of the mean-square displacement as
planes can be explained by the difference in the temperaturdiscussed above. From a mechanistic standpoint, the obser-
required to initiate self-diffusion on the two surfaces. On thevation of a coverage-dependent effect in the promotion of
clean RK100) surface the onset of self-diffusion occurs at diffusion by hydrogen rules out a simple skyhook eftBct
temperatures near 300 K. Exposure of the surface to hydrdi.e., a weakening of the metal-metal bonds by a strong
gen lowers the onset temperature +@60 K. In this tem- H-metal bong. In this case, one would expect a single-step
perature range, the thermal desorption studies mentionddcrease in the diffusion rate corresponding to when a hydro-
above indicate that a substantial fraction of adsorbed hydragen atom attaches itself to the Rh adatom. The monotonic
gen will thermally desorb from the surface during the heatingncrease in the diffusion rate with hydrogen coverage indi-
intervals. Hydrogen is readsorbed during the time betweenrates that if a skyhook effect exists at all, it is a transient
the heating intervaldi.e., during field ion imaging A  effect, i.e., once a displacement occurs, the hydrogen is no
steady-state hydrogen coverage is established and the difflenger bound to the diffusing atom.
sion rate remains constant as a function of time. The results of this study are also inconsistent with the
This argument explains why the self-diffusion rate onconclusions of theoretical studies for the effect of hydrogen
Rh(100) increases when additional hydrogen is added to then the diffusion rate of Ni atoms on {i0Q 2 The calcula-
system(as shown in Fig. B The higher partial pressure tions predict that the presence of hydrogen should decrease
causes an increase in hydrogen coverage. The subsequéme rate of self-diffusion on N100), whereas the result re-
decreases suggested by the data shown in Fig. 3 can be egorted here for Rt100) indicates that the presence of hydro-
plained by thermal desorption of hydrogen over the succesgen increases the rate. This suggests either that the effect of
sive heating intervals, i.e., it takes a number of desorptioydrogen is totally different for self-diffusion on Rt00)
cycles before a steady state is reestablished. As indicateahd Ni100) or, perhaps, the calculations, which involve only
earlier, this explanation is also consistent with the observedne hydrogen atom per metal adatom, are not an adequate
temperature dependence of the mean-square displacementm@presentation of the experimental situation.
Rh(100) and the exceptionally lowapparent diffusion pa- Having ruled out a simple skyhook effect as the mecha-
rametergFig. 4). Thermal desorption of hydrogen during the nism of promotion, it is natural to speculate on alternative
heating intervals causes the steady-state coverage of hydrpessibilities. It could be that the diffusion barrier is lowered
gen to be higher at successively lower temperatures. As thiey an interaction similar to a skyhook effect, but in the pro-
temperature is lowered in the experiments, the rate of diffucess of making a displacement, the hydrogen atom detaches
sion is enhanced due to the higher hydrogen coverage. In atself from the adatom. Another possibility is that the promo-
Arrhenius plot, this has the effect of reducing both the slopeion effect is not due to a direct interaction of the hydrogen
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motion mechanism, a method is needed to determine the ac-
tual coverage of hydrogen during the experiment. This may
be possible by the measurement of field emission work-
function changes carried out during the course of the field
ion microscope studies. For a given dipole moment and a
given tip radius, the change in work function due to the
adsorption is directly related to the coverage of the adsorbed
species® Unfortunately, such measurements are not feasible
L in our current experimental setup. Further insight into the

) promotion mechanism could also be obtained from detailed
calculations of the energetics associated with a hydrogen
atom in the vicinity of a metal adatom.

V. CONCLUSION

The results of this investigation lead to three important
conclusions{i) the adsorption of hydrogen on both ti0)
and (311) planes of Rh significantly enhances the rate of
. . o surface self diffusion(ii) the promotion effect is dependent

FIG'. 6. SChemat.'c drawing of a Rh atom Oﬁ(m’ indicating on the coverage of hydrogen, afiiil) the presence of hydro-

a possible mechanism for the promotion of diffusion by the pres- . . . .
ence of hydrogen. gen does not change the diffusion mechanism from hopping
to exchange. With regard to the use of hydrogen as a surfac-
with the diffusing atom, but due to the interaction of the tant as discussed in the Introduction, the second conclusion
hydrogen with the surface atoms in the vicinity of the ada-is significant in that it suggests the possibility of a control-
tom. A plausible scenario for the case of self-diffusion onlable adjustment in the diffusion rate of atoms across ter-
fce(100) surfaces is shown in Fig. 6. When a hydrogen atonraces, of one of the elementary steps in the growth process.
occupies a fourfold hollow site next to the adatom, the inter-Although the inability to characterize the actual coverage of
action of the hydrogen with the substrate atoms may reduchydrogen in the experiments makes it difficult to interpret the
the diffusion barrier for the adatom by either weakening itsresults in a quantitative fashion, the observed time and tem-
binding to the substrate at the equilibrium position or lower-perature dependences allow us to eliminate a simple skyhook
ing the energy of the saddle point at one of the bridge sitesffect as a mechanism of promotion and make some specu-
Previous studies of hydrogen diffusion on other metal surlations as to what the mechanism might be. In experiments
faces indicate that at temperatures high enough to inducelanned for the near future, the effect of hydrogen on diffu-
motion of a Rh adatom, hydrogen atoms will be highly sion for a system that the exchange mechanism is energeti-
mobile?® Once the hydrogen atom promotes a displacementally favorablde.g., self-diffusion on R1L00)] will be exam-
it moves quickly away from the vicinity of the adatom. In ined to determine if hydrogen changes the preferred
order for the adatom to displace again, another hydrogemechanism in the reverse direction, i.e., from exchange to
atom must come along. As the coverage increases, the probepping.
ability of a hydrogen atom finding itself next to the adatom
becomes higher, leading to a coverage-dependent promotion ACKNOWLEDGMENTS
effect. The coverage dependence would be enhanced if hy-
drogen atoms were required at two of the neighboring sites It is a pleasure to acknowledge many fruitful discussions
instead of just one. with Brian Swartzentruber throughout the course of this in-
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