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The atomic structure of hydrogen and deuterium films adsorbed on Mo(011) is investigated by
the low-energy electron diffraction technique over a broad temperature range (7 = 5-300K)
and coverage ¢ = 0-1. The phase diagram of the H-Mo(011) system with a single ordered
structure (2 X 2) is determined for a stoichiometric coverage ¢ = 0.5. Thermally-activated
migration of the adsorbed atoms is found to be substantial at 7> 20 K. The order-disorder
transitions for the (2 X 2) structure were investigated by analyzing the temperature dependence
of the structural reflection intensities: The critical exponent 8 = 0.25 + 0.07 of the order
parameter is found. The effect of slow electrons on the degree of structural perfection of films in a
nonequilibrium (frozen at 7= 5 K) state is analyzed. The degree of order of initially perfect
structures ( pre-annealed films) diminishes under electron beam action; electron-induced (EI)
disorder is not complete, but rather ceases at some nonzero level. The electron-induced disorder
cross section is estimated at ogp ~ 10~ '® cm?. Electron-induced ordering is found for films
having a near-amorphous initial structure (obtained by low-temperature adsorption); such
ordering is achieved with a stoichiometric coverage of the same final level at which electron-
induced disordering ceases. The regularities of electron-induced disordering are analyzed. An
isotopic effect is discovered (the process occurs five times slower in deuterium films). The rate of
the process is found to have a weak dependence on electron energy and no threshold with respect
to kinetic energy. The electron-induced rearrangement mechanism is discussed based on a
hypothesis that the adsorbed atoms are excited by the electrons to the long-lived, above-barrier

states (above the surface migration barrier).

INTRODUCTION

Interest in low-temperature studies of adsorbed hydro-
gen films can be attributed to recent reports of an anoma-
lously high mobility of adsorbed hydrogen atoms on the
(011) face of W at T< 120 K.'™ These studies analyzed
fluctuations in the field-emission current at various tem-
peratures to determine the existence of tunnel migration of
the adsorbed atoms. The hypothesis of adsorbed hydrogen
atom tunneling on the W surface was not, however, con-
firmed in many experiments using other techniques (the
low-energy electron diffraction (LEED) technique® and
surface reflection of conduction electrons®). On the other
hand it has been established that the anomalous mobility of
low-mass adsorbed atoms at low temperatures may be the
result of low-energy electron action that in the final analysis
causes electron-induced (EI) disordering of the adsorbed
films.>"®

EI disordering is manifested as a reduction in the inten-
sity of LEED reflections from the film structure at 7= 5 K
when a film that is pre-ordered by annealing is exposed to an
electron beam. It was established that structures do exist
[specifically, W (011)—p(2X 1)H] in which EI disordering
is not completed, but rather stops at a specific level.” This
served as the basis for the hypothesis of a competing EI or-
dering process, and direct observation of such a competing
process is one of the primary goals of the present study. For
this purpose it was necessary to fabricate films with a less-
ordered structure than that obtained as a result of electron-
induced disordering. In principle this can be attained by low-
temperature adsorption of hydrogen. However this gas
reaches the surface in the molecular phase, and the adsorbed
particles may dissociate in the subsequent experiment,
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thereby complicating interpretation of results. In order to
avoid such a difficulty it is best to use a substrate where
dissociation will occur during the adsorption process itself.
A Mo(011) face was used as the substrate for this purpose;
hydrogen is adsorbed by dissociation on this face as reported
by Ref. 9. Preliminary results from an investigation of hy-
drogen isotope films ('H on Mo(011)) were published in
short form in Ref. 10. The present study reports data for the
'H and °H isotopes. ,

The other purpose of the study was to investigate the
order-disorder transitions and to obtain information on the
critical exponent /3 of the order parameter. These data are of
interest in connection with the unique behavior of the expo-
nent 8 for the H-W(011) system: The two-fold difference
for lattices described by a Hamiltonian of the same symme-
try''. A (2X2) film structure of identical symmetry is typi-
cal of the H-Mo(011) system under analysis here. The
phase diagram of the H-Mo(011) system is of independent
interest. Reference 12 contains information on the phase dia-
gram of this system, based on measurements of the width of
the LEED reflections. The phase diagram is determined by a
different technique'' and over a broader temperature range
in the present study.

EXPERIMENTAL TECHNIQUE

A “Reber” universal ultra-high vacuum set designed
for comprehensive analysis of surface properties was used in
the experiment. Figure 1 clearly demonstrates the method-
ological capabilities of the set. The following set modules
were used in the study (including several nonstandard mod-
ules): A cryomanipulator, a low-voltage electron diffrac-
tometer with a telescopic spot-photometer (for LEED anal-
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FIG. 1. Experimental setup: 1—Cryomanipulator; 2-—specimen; 3—
thermocouple; 4—low-voltage electron diffractometer; S—telescopic
spot-photometer; 6—quadrupole resonance mass-spectrometer; 7——ro-
tating collar; 8—hydrogen and deuterium sources.

ysis of the surface structu-e), a quadrupole resonance
mass-spectrometer (for mc ‘oring gas composition and re-
cording the thermal desorp’ion spectra from the electron
gun shot), a rotating collar containing two electron guns
(one gun is used to irradiate the samples with a broad elec-
tron beam of variable energy, while the second is used to
measure the contact potential difference by the Anderson
method).

One necessary condition of EI rearrangement experi-
ments is deep cooling of the specimen to avoid self-annealing
of the film structure. The specimen was spot welded onto a
direct-channel tungsten heater mounted on the molyb-
denum current taps of the cryomanipulator. Electron bom-
bardment of the back end of the specimen can be used for
additional heating (to 7=2300 K). When the cryomanipu-
lator bath is filled with liquid helium the temperature of the
specimen can be reduced to 7=5 K via heat dissipation
through the specimen holder mount. The specimen tempera-
ture was measured by a thermocouple fabricated from VR-
5/VR-20 alloys; liquid nitrogen is used for temperature con-
trol for the thermocouple ends.

Information on the degree of order in the adsorbed films
was obtained from a comparison of the LEED reflection in-
tensities from the test film structure (/) and from an identi-
cal thermally-annealed structure (7,,,) which was taken to
be the most perfect structure. Annealing was implemented
by direct incandescent heating of the specimen to the re-
quired annealing temperature 7, ; the specimen was main-
tained at this temperature for ¢,,,, = 10 s after which it was
cooled to the bath temperature of the cryomanipulator.
When annealing was intended to obtain the most perfect pos-
sible film structure, 7, was adjusted to 200-300 K. Below
we will argue that the number of structural film defects re-
maining after this annealing process was negligible. In the
kinematic approximation of diffraction theory and neglect-
ing the Debye-Waller effect (which is allowed at low tem-
peratures) we have then I /I, = n°, where 7 is the order
parameter.
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FIG. 2. Reflection profiles (1/2, 1/2) of a (2X2), deuterium structure
for ¢4 =0.5 and E =20 eV corresponding to different film states: 1—

T = SK afterannealingat 7, = 300K, ¢,,, = 10s;2—7 = SK after EI

disordering, electron irradiation dosage: J,# = 0.15 A-cm™~?'s; 3—T = 5
K after adsorption at T, =5 K; 4—the same film after EI ordering
(J,t=0.15 A-cm~2's; 5—T =160 K (the order-disorder transition
points lie below T ); 6—7 = 200 K (in the vicinity of 7. ); 7—curve 1
corrected for equipment distortion.

We know that if the width of the reflection profile re-
mains unchanged, both the profile amplitude and the inte-
gral over the entire profile or over the majority of the profile
can be used as a measure of the intensity /. A higher sensitiv-
ity of the method is obtained in the second variant, which is
used in the present study. Most often the round iris dia-
phragm of the spot-photometer is set at an aperture dimen-
sion d such that only the central portion of the reflection is
transmitted to the detector, thereby cutting off the edge near
one-half amplitude. Profiles corresponding to different
structural states including post-annealing, post-electron-
bombardment, and near the order-disorder transition point
(Fig. 2) were investigated in order to estimate the error that
may result from such integral measurements of 7 due to pos-
sible changes in the profile width from film disordering.

The profiles shown in Fig. 2 were obtained at d = 0.5
mm corresponding to a reciprocal-lattice period
8k =1.3-10~2 A~'. Although this value of 8k is compara-
ble to the profile half-width Ak (for example,
Ak =1.5-102 A~ for curve 1) the equipment distortion is
not substantial: This is illustrated by curve 7 which shows
the corrected I profile (correction by anticonvolution). The
difference Ak for curves 1 and 7 is less than 10%. A compari-
son of the half-width of profiles 1-6 in Fig. 2 shows that the
error attributable to the integral measurement of [ is less
than 5% in investigating the EI disordering and the order-
disorder transitions (with the exception of the immediate
proximity of the transition point) and therefore can be ig-
nored; in the case of EI ordering the error is greater although
in this case it is also possible to bring the error within accep-
table bounds by increasing diaphragm size. The background
level shown in Fig. 2 is produced by noncoherent quasielas-
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tic electron scattering, while the inelastic scattering back-
ground is cut off by the four-grid system of the electron dif-
fractometer. The background 1is identical, within
measurement error, for a pure Mo(011) surface and a sur-
face covered by an ordered hydrogen film.

All intensity measurements described in the study were
carried out for the first order diffraction reflections on a
(2x2) film structure; in an orthogonal coordinate system
these reflexes are labeled as (1/2, 1/2). The lowest electron
energy levels satisfying the Bragg conditions for successive
diffraction by the film and substrate lattices'® (the corre-
sponding peaks occur at 12 and 20 eV) were used here. Such
an energy selection provided a maximum 7 with a minimum
Debye-Waller factor.

Either the same LEED electron gun or different elec-
tron guns, one of which (the probe gun) produces a narrow-
er beam, could be used to investigate the EI rearrangement
by irradiating the films with electrons in order to alter and
probe their structure. Identical results were obtained in both
cases. In order to make the probe electron beam have a negli-
gible influence on the structure, in these experiments and
other necessary cases I was recorded over a significantly
short time period At <1 s (the variation of I over such a
period did not exceed 2% ). The absence of any effect on the
structure from various light sources, including the gun cath-
odes, was established independently.

The remaining details of the measurement technique as
well as the fabrication of the substrate and the adsorbate
sources were identical to those described in previous stud-

ies.>!!

ATOMIC STRUCTURE AND PHASE TRANSITIONS

In order to obtain submonolayer films the hydrogen
was adsorbed when the gas was in disequilibrium with the
substrate in an H, pressure range p = 10~ °~107° Pa at sub-
strate temperatures 7, = 78 K and T, = 5 K. A diffraction
pattern of the (2X2) structure appears even at a moderate
dose of hydrogen molecules directed at the substrate surface,
L =1.5-10" cm™2. The change in reflection intensity I of
this structure with increasing L is shown in Fig. 3. No other
ordered structures nor substrate-reconstruction indicators
were observed in the range L = (0-20)10'° cm ™2 (as in the
case of adsorption of Hon W (011), Ref. 14). These observa-
tions are consistent with the results of Ref. 12. The (2X2)
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pattern vanishes when L = (6-9)-10'° cm~? and the
(1Xx 1) pattern corresponding to a monolayer is restored. If
the hydrogen pressure is maintained at p>2-10~> Pa and
the substrate is cooled by liquid helium the background
across the entire electron diffractometer screen grows sub-
stantially at a large adsorbate dosage L>2-10'® cm~? and
the (1 X 1) pattern vanishes, which can be taken as an indi-
cator of the appearance of a thick amorphous H layer
(thicker than a monolayer). Evidently adsorption occurs
with the gas and substrate in equilibrium. The subsequent
drop in p causes desorption of the thick layer and a restora-
tion of the monolayer (1 X 1) hydrogen coating. Qualitative-
ly the change in LEED patterns from deuterium adsorption
occurs analogously. The same changes in the LEED patterns
are observed at equivalent adsorbate doses. No changes were
discovered in the work function during the adsorption of H
on Mo(011) (within the sensitivity range of the Anderson
method: 0.05 V).

The value of I depends on the annealing, although even
without annealing the value of 7 obtained immediately after
adsorption at 7, = 5 K is nonzero. A substantial rise in J
occurs at T,,, >20 K. The most likely cause of the moderate
initial ordering, which is higher for hydrogen than for deu-
terium, is the rather long-term dissipation of the heat of ad-
sorption of these light adsorbed atoms, during which they
can complete several migrational jumps. According to Ref.
15 this time exceeds the oscillation period 7, of the H atoms
adsorbed on W by two to three orders of magnitude. It is
possible to estimate the activation energy of the surface dif-
fusion of the adsorbed atoms from the value to 7,,,, at which
I rises most sharply, T2 =~60 K: E, =k, T° In(t,../
107,) =0.15 eV, where kj is Boltzmann’s constant, with 10
migrational jumps assumed to be necessary for substantial
ordering.

To establish the nature of the film arrangement we will
consider the dependence of the intensity of LEED reflec-
tions on concentration. For this purpose it is necessary to
convert from the adsorbate dosage L at the substrate surface
to the concentration n of atoms adsorbed by the surface. This
transformation was carried out by measurements of the ther-
mal desorption (TD) curves'® at various values of L. To
obtain the absolute values of » we utilized a fact established
in Ref. 17: A new phase 3, appears in the TD spectrum of the

H-Mo(011) system when ngz >7-10" cm™>. Figure 3

FIG. 3. Intensity 7 (1-3) of reflections of a (2 X 2) structure and
the concentration n of hydrogen atoms desorbed in the irradia-
tion shot (4) as functions of the adsorbate dosage L applied to
the surface at 7, = 78 K without annealing (1,4) andat 7, =5
K with annealing (2) and without annealing (3).
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FIG. 4. Reflection intensity of (2X 2) structure as a function of hydrogen
coverage: 1—7, = 78 K without annealing; 2—7, = 5 K with annealing
at 7,,, = 200 K; 3—the expected linear relation /().

shows the results from the determination of n(L) at T, = 78
K. Itisnow possible to plot I(n) based onthen (L) and I(L)
data. We shall henceforth use J—the coverage—in place of
n for brevity, i.e., the value of n normalized to the concentra-
tion of surface substrate atoms 1.43-10'® cm 2. Figure 4
(curve 1) shows such an I(+}) relation corresponding to
T, = 78 K. The broad range of the (2 X 2) structure extend-
ing from a value of & near O to a ¢} near 1 with an LEED
reflection intensity maximum near ¢ = 0.5 indicates the
possibility of film growth by means of two first-order phase
transitions, a first order phase transition from lattice gas to a
(2X2) structure in the range ¢ = 0-0.5, and first order
phase transition from a (2X2) to a (1X 1) structure near
¢4 =0.5-1. We note that ¢ =0.5 is stoichiometric for a
(2X2) structure not with a primitive cell but rather for a
structure containing two adsorbed atoms. We will use a sub-
script to account for this in the structural designation:
(2X2),. A hypothetical model of this structure is given in
Ref. 10.

Assuming that these phase transitions exist and are
complete from the kinetic viewpoint we would expect a lin-
ear I() relation'® as shown in Fig. 4 by the dashed line.
However the experimental curve in the case 7, = 78 K is
substantially nonlinear. Possible causes of this deviation in-
clude the low order-disorder transition temperature (see be-
low) as well as the elevated level of film dispersion far from
the stoichiometric value ¢ = 0.5.

The difference in the values measured at 7, = 78 and 5
K of L at which the I(L) curves pass through the maximum
is insignificant (see Fig. 2) and this means that similar ad-
sorbate doses are required to obtain coverage of 4 = 0.5 at
both adsorption temperatures, i.e., the adhesion coefficient
varies little in the range 7, = 5-78 K (at least for /<0.5).
Hence the same calibration can be used in converting L into
n or 4 in this T, range. Figure 4 (curve 2) shows the ()
relation obtained on this basis from the datain Fig. 3 (curves
2and4) for T, = 5K (with annealingat 7,,, = 200K prior
to measurements of I). A comparison of curves 1 and 2 in
Fig. 4 clearly indicates that when 7 = 5 K the experimental
I(9) relation is much closer to a linear relation, suggesting
that the assumption of film growth by two first-order phase
transitions may be well substantiated. This comparison
shows the importance of measuring the LEED intensities at
low temperatures. We note that the temperature did not
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FIG. 5. Reflection intensity of the (2X2) structure as a function of tem-
perature for different coverages ¢: 1—0.18; 2—0.5; 3—0.73.

drop below the boiling point of nitrogen in the majority of
earlier studies.

The phase diagram was investigated in a higher tem-
perature range by analyzing the order-disorder transitions.
The I(T) curves measured with different coatings were used
as the raw data. Some of the most characteristic curves are
shown in Fig. 5.

Each curve has a broad T range in which I = const on
the low-temperature side. A substantial portion of this re-
gion lies above the temperature of noticeable surface migra-
tion of the adsorbate (20 K, as demonstrated above). Conse-
quently this range of 7 = const cannot be attributed solely to
annealing, and at 7> 20 K it reflects an equilibrium state
with so few defects that they have no effect on the LEED
intensity. This fact confirms the previous assumption that a
value 7 = 1 is attained in the annealed film, at least within
the coherence length of the electrons for the LEED tech-
nique (~10%A).

The high-temperature segments of the curves describe
the temperature changes of the order parameter; in the case
of second-order transitions such changes occur near the
transition temperature 7, and follow the power law':

I(T)
Lo (T

— (1)

—pm=d 21)°,

where C is a certain constant, while 3 in the exponent is the
index of the order parameter. The method of determining 7,
and [ is described in detail in Ref. 11. This method is based
on an approximation of the experimental 7( T) curves by the
power law (1). An analysis of the results from processing the
curves in Fig. 5 show that the power law holds over a broad
range AT = 30-50 K which falls 10-15 K short of T,. The
fluctuation process is strongly enhanced in this immediate
proximity to T ; this process causes an additional growth in
intensity compared to relation (1). The high-temperature
segments of the /( T') curves are therefore in good agreement
with the second-order phase transition theory. An investiga-
tion of the deuterium films has revealed that the isotope ef-
fect does not occur in order-disorder transitions.
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It is possible to determine the boundary between the
ordered and disordered structural regions on the phase dia-
gram of the H-Mo(011) system based on the derived data
with T, (). The overall bell-shaped configuration of our
T. (9) curve is similar to that measured in Ref. 12. The dif-
ferencein 7., = 180 K at ¢+ = 0.5 is within the measure-
ment error (67 = + 8K, ¢ = + 0.05). Moreover our
T.(8) curve is nearly symmetric with respect to the line
@& = 0.5 while the phase diagram contains two two-phase re-
gions on the low-temperature side in which (2X2), struc-
tures coexist with the lattice gas while (2X2), structures
coexist with ¢(1Xx 1) structures. Our model of a lattice of
adsorbed centers in the so-called distorted long bridge posi-
tions with repulsion of the first nearest neighbors and attrac-
tion of the second nearest neighbors eliminates naturally the
difficulties in interpreting the absence of the (2 X 1) phase at
¢ = 0.5 and explains the two-phase regions of the phase dia-
gram at low-temperatures, unlike the model proposed in
Ref. 12 (the long bridge).*°

The order-parameter exponent /3 remains constant over
a broad range of coatings. The value 8 = 0.25 is identical to
the value reported in Ref. 11 for the (2X2), structure of H-
W (011) which has the same lattice. These values are anoma-
lously high compared to those obtained for other systems
although in this case the theory allows anomalous behavior
of the exponent 3.%!

ELECTRON-INDUCED REARRANGEMENTS

The perfection of the (2X2) structure is substantially
altered under slow electron irradiation. These are nonequi-
librium processes; the specimen temperature 7= 5 K is sig-
nificantly below the temperature of appreciable thermal mi-
gration of the adsorbed atoms, while 7" remains unchanged
during electron irradiation of the specimen. No structural
changes in the film will occur over a rather long time period
(~1 hour) in the absence of an electron beam. Figure 6
illustrates the kinetics of the variation in the reflection inten-
sity I of a stoichiometric (2X2) film irradiated by an elec-
tron beam, for two initial film states: after low-temperature
adsorption and after annealing. The first of these initial
states (prior to electron irradiation) corresponds to a high-

| . !
0 Z Y 14 15
{, min

FIG. 6. Kinetics of the variations in reflection intensity of the (2X2)
hydrogen structure at ¢ = 0.5 under electron beam irradiation (electron
energy E =12 eV) and a current density J, = 3-10™* A-cm 2. The ini-
tial film states: 1—After adsorption at 7, = 5 K without annealing (ini-
tial value I /1,,, = 0.2); 2—after annealing at T,,,, = 200K for 10's; 3—

after annealing at T, = 40 K for 10 s; 4—exponential extrapolation of
the initial section of curve 2.
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ly-disordered structure, while the second state corresponds
to maximum order. The final state is identical in both cases:
partial order is established. Partial annealing can be used in
the initial state to establish the same degree of order as in the
final state for these two cases. The beam induces no changes
in 7 in such a film (curve 3, Fig. 6). The electron beam will
therefore induce either order or disorder, depending on the
degree of order, while incomplete electron-induced disor-
dering can be attributed to its competing ordering process,
which is also electron-induced.

Experiments where the electron current density J, is
varied by a factor of 5 have demonstrated that identical elec-
tron doses J, t will cause identical changes Al, while the ini-
tial rate of change of I is directly proportional to J,.

As discussed above, the change of I by electron-induced
ordering is accompanied by a substantial rise in the reflec-
tion sharpness (see Fig. 2). The half-width Ak diminishes
from 3.2:1072 A~' (immediately following low-tempera-
ture absorption) to 2-10~2 A~ (following electron irradia-
tion of the same film). Obviously such a film consists of
domains substantially smaller than the electron coherence
length ( < 10? A), while the domain dimensions grow during
electron-induced ordering. On the other hand the profile
width remains unchanged from electron-induced disorder-
ing and hence the film state in electron-induced disordering
can be described by a model of a lattice containing point
defects which, as we know, do not cause broadening of the
diffraction reflections.

This model was used previously to determine the elec-
tron-induced disordering cross section ogp.>*? However
unlike the case of complete EI disordering®2? the kinetics of
the change of the LEED reflection intensity from both EI
ordering and EI disordering of a (2X2), H-Mo(011) lat-
tice is not exponential (compare, for example, curves 2, 4, in
Fig. 6). This effect is not due to any electron beam inhomo-
geneity effects (the result is obtained also when the specimen
is irradiated by a broader beam), and in fact reflects the
features of opposite electron actions on the structure. An
exponential behavior of I(¢) normally indicates constancy of
the relative rate of change of I remains constant, i.e., of
normalized to unity, which makes it possible to determine
the cross section of the process?*:

1,() (1—9)e
@) 2.

, (2)

Og|p =

where e is electron charge. In this case the EI disordering
process is accompanied by an inverse ordering process. The
rate of the latter will depend on whether the adsorbed atoms
occupy the “improper” sites, and hence (2) can be used to
determine o, only as z—0 when there are still virtually no
adsorbed atoms at the “improper”’ lattice sites. On this basis
we obtained a value o =~ 10~ '® cm? by reducing curve 2 of
Fig. 6. Electron-induced rearrangements are five times
slower in deuterium films.

As in the case of the H-W(011) system, electron-in-
duced rearrangements of H on Mo(011) had no kinetic-en-
ergy threshold. The variation of I at identical electron irra-
diation doses (electron energies from E=0 to 30 eV)
remains constant to within the measurement error (25%).
The zero-threshold effect reported in Ref. 7 can be attributed
to the fact that the electrons entering the metal from the
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vacuum acquire additional energy equal to the work func-
tion ® (in this case ® = 5eV). Hence the energy range from
0 to @, in which the threshold of the EI process could be
observed in experiments with an external electron source, in
concealed. It is only possible to claim that the threshold does
not exceed 5 eV in this case.

The set of data on El rearrangements in 'H and *H films
on the (011) face of Mo (the isotope effect, the weak depen-
dence of the initial rate of electron-induced ordering and
disordering on electron energy, and the low energy thresh-
old of the processes) suggests that electron excitation of the
adsorbed atoms to the upper-lying vibrational energy levels
underlies these processes.® As noted above, the quasilocal
vibrations of the 'H and *H adsorbed atoms may be so long-
lived that at low temperatures the adsorbed atoms may mi-
grate over substantial distances. Essentially the film is sub-
ject to nonequilibrium heating by the electron beam, and the
effective temperature 7' * may reach tens of kelvins.® Then EI
ordering is similar to annealing at 7 *. Indeed, the potential
wells describing the “proper” adsorption centers are
~kg T, deeper than for the “improper” centers. The excited
adsorbed atoms will therefore have a higher density of states
at the proper centers, meaning that these atoms will most
often experience relaxation to the ground state. Moreover
the probability of the transition of an adsorbed atom from
the lowest level in a deeper well to a level exceeding the sur-
face migration barrier is lower, which also contributes to
preferential population of the proper centers. Obviously 7 *
must not be too high if ordering is to occur. If T* > T, EI
disordering alone will occur by analogy with the order-dis-
order transition. In this case 7, = 100-180 K and, taking
the estimate 7 * < 80 K8 into account, the necessary condi-
tion T* < T, for EI ordering is satisfied.

The long-lived modes in the vibrational excitation spec-
trum of the 'H and ?H adsorbed atoms apparently plays no
small role in the EI ordering process. In order for the ad-
sorbed atom to reach a proper adsorption center on the mi-
gration path this path must be of sufficient length. Single
jumps of the excited adsorbed atoms to randomly distributed
neighboring adsorption centers, which corresponds to disor-
dering, are more probable in the case of long-lived excita-
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tions (compared to the vibrational period ). This is probably
the character of electron-induced disordering in the Li-
W(011) system.?? As to the H-Mo(011) films, both pro-
cesses must be assumed to exist. In this case the vibrational
spectrum of adsorbed H atoms will contain, in addition to
the long-lived modes considered in Ref. 8, quite short-lived
modes. This is indicated by the simultaneous occurrence of
electron-induced ordering and disordering.

The authors are grateful to O. M. Braun for extensive
useful discussion.
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