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Commensurate-incommensurate transition of monolayer krypton
on graphite by helium-atom scattering
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The commensurate-incommensurate transition of monolayer krypton films on a graphite single-
crystal substrate is observed by helium-atom diffraction for transition temperatures in the range
50—60 K. The change in lattice spacing appears continuous, with an upper limit of 0.3% on a possi-
ble jump, with no detectable hysteresis. The slightly incommensurate phase is disordered but ap-
parently well correlated. The spatial correlation length changes in a possibly discontinuous manner.
A decrease of specular and diffracted intensities while the film is still commensurate is observed.
This may be due to incoherent elastic scattering from isolated defects, or possibly to increased inelas-
tic scattering.

INTRODUCTION

The krypton monolayer physisorbed on the graphite
basal plane has been extensively investigated over the past
half-dozen years because it exemplifies the interesting be-
havior that can occur in the presence of two competing
spatial periodicities. The natural Kr-Kr interatomic dis-
tance is a few percent smaller than the spacing of second-
neighbor graphite cells, but the corrugation of the Kr-
graphite potential is suSciently strong that the Kr atoms
can be held in these cells to form a commensurate (C)
monolayer. This may, however, undergo a phase transi-
tion to a more dense incommensurate (IC) layer which ex-
ists over an appreciable temperature and pressure range
before second-layer condensation sets in.

The commensurate-incommensurate transition (CIT)
was first discovered in volumetric adsorption measure-
ments' in the range of about 70—125 K and 10 to 500
Torr. It was also found by electron diffraction ' to occur
in the (50—60)-K, (10 —10 )-Torr range, and, by x-ray
diffraction, in the (80—90)-K, (10 —1)-Torr range. The
diffraction results generally indicated a continuous varia-
tion of lattice constant, such that the incommensurability
6e [shift in reciprocal-lattice constant (r) from the com-
mensurate value (r, ), i.e., 5e=r r, ] behaved appro—xi-
mately as
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One exception was the work of Bohr et al. , which indi-
cated a first-order transition, showing coexistence of C
and IC phases; however, in this study the CIT was driven
by D2 spreading pressure.

The high-resolution synchrotron x-ray-scattering results
of Moncton et al. emphasized the presence of strong dis-
order when the film was only slightly incommensurate,
i.e., at temperatures just slightly below T, . The authors
described this as a "liquidlike" phase. Indeed, later stud-
ies in the (115—130)-K, (100—600)-Torr range reported
that a truly fluid phase (the "reentrant fluid") intervenes

between the C and IC solid phases. A detailed study of
the transition was also carried out by Stephens et al. in
the (90—100)-K range. They, too, found a decrease and
broadening of the diffracted peak. Apparent coexistence
of a C and a slightly IC phase in two of the three runs
was attributed to a "distribution of critical points" which
may have been the result of the particular form of graph-
ite substrate (ZYX) they used.

Another intriguing aspect of the transition is the rota-
tion of the IC phase relative to the graphite lattice. This
was first predicted by Novaco and McTague' and verified

by means of low-energy electron diffraction" (LEED) and
transmission high-energy electron-diffraction THEED
(Ref. 4) measurements. Shiba' calculated the variation of
rotation angle with degree of misfit, and this too was
verified by means of synchrotron x-ray diffraction. '

The present paper describes a study of this transition by
means of helium-atom scattering. Though inherently of
lower resolving power than synchrotron x rays, this probe
offers certain unique advantages in the comp1ete absence
of penetration, in the availability of information in the
specular as well as the diffracted beams, and in the sensi-
tivity to surface defects.

EXPERIMENTAL METHODS

The apparatus has been described before. ' In brief, it
is comprised of a cryopumped ultrahigh-vacuum (UHV)
chamber equipped with a cooled two-axis sample goniom-
eter, a movable quadrupole-mass-spectrometer detector,
LEED-Auger optics, and a supersonic helium-atom beam
source. In the latter, He gas is expanded from about 50
bars at 77 K through a 5 pm nozzle followed by two
differential pumping stages. The beam-velocity spread is
less than 1% full width at half maximum (FWHM). The
mean wavelength, as determined by diffraction from bare
graphite samples, is observed to vary slightly from day to
day as the liquid-nitrogen coolant ages. The angular
divergence is 0.03' (full angle) and the beam width at the
crystal is about 0.4 mm. The detector aperture swings on
a 50-mm arc and just accepts the full beam, so the
FTHM of the direct-beam signal is slightly under 0.3.
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The beam source is flexibly coupled to the scattering
chamber, so that it may be moved laterally to search for a
nearly flat area of the crystal sample.

The substrate samples used for these experiments are
flakes of natural graphite single crystals that were extract-
ed from a Ticonderoga, NY, ore kindly supplied by Dr.
T. S. Noggle of Oak Ridge National Laboratory. They
are approximately 2—4 mm in diameter and 0.5 mm
thick, selected for flatness by optical microscopy and
laser-beam reflection. The selected crystal is mounted
with epoxy onto a spring-loaded oxygen-free high-
conductivity copper rocker plate for adjustment of posi-
tion and tilt. Final small trimming adjustments can be
made in situ under vacuum by means of a bellows-
mounted screwdriver. The copper rocker plate is mount-
ed on the two-axis goniometer and is thermally linked by
copper braids to a Displex (Air Products Co.) closed-cycle
refrigerator. The crystal is cleaved in air using transpar-
ent adhesive tape. A base pressure of 2&10 ' Torr is
typically obtained after a 24-h bakeout at 120 C. Prior to
each experimental run the crystal is heated by electron
bombardment from behind the rocker plate to about 700
K for about 1 h. After cooling, the temperature of the
crystal mounting plate, as measured by a platinum-
resistance thermometer, has long-term stability of about
+0.1 K.

Krypton films were grown by cooling the graphite crys-
tal to 50—60 K and admitting research-grade krypton gas
(99.995%) through a UHV leak valve via a stainless-steel
capillary which was aimed either at the crystal (direct dos-
ing) or at the wall of the vacuum chamber (indirect dos-
ing). In either case, the specular beam intensity was mon-
itored continuously during the deposition. Typically, the
specular reflection intensity decreases quite linearly with
time in the beginning of the deposition, then levels off' to a
final steady value. A nude ionization gauge, not separate-
ly calibrated for Kr, measures the background pressure in
the chamber. In the case of direct dosing, the static back-
ground pressure rises during the deposition by about
(2 —5)X10 ' Torr depending on the valve opening. A
simple calculation shows that the effective pressure of the
Kr gas at the crystal surface is roughly 10 times higher. '

For indirect dosing, higher chamber pressures were used.
The incident beam is chopped mechanically in the

second stage of the source at a frequency of about 200 Hz
with a 40%%uo duty cycle, and the detector output is mea-
sured in analog form on a lock-in amplifier. For the most
painstaking measurements of diffracted beams, the detec-
tor was moved in increments of 0.05', the lock-in time
constant was set at 4 sec, and the signal recorded after a
lapse of 12 sec. A 5 scan through a peak thus took about
20 min. In cases where the temperature was varied, a
period of up to 30 min was allowed for stabilization be-
fore starting each scan, whereas a 15-min interval was
used for the constant-pressure runs.

EXPERIMENTAL RESULTS

Dosing

The general behavior on admission of the Kr has been
described. ' In brief, the specular intensity decreases

Dift'raction

Figure 1 gives examples of the (0,0) and (1,0) peaks
from the Kr overlayer, with a 17-meV beam incident at
70 in the (1,0) azimuth. The complex shape of the (0,0)
beam indicates that at least two major facets of the crystal
are contributing to the reflection. However, the leading
edge of the stronger peak, up to and somewhat beyond
the maximum, looks like a sharp single reflection. Ac-
cordingly, we take the first half of this peak, along with its
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FIG. 1. Polar scans of He diffraction from the commensurate
Kr monolayer on graphite with E;=17 meV at o, =70.4. (a)
(0,0) peak, solid line is the smoothed and symmetrized one; (b)
(1,0) peak.

markedly then levels off, the bare graphite selective ad-
sorption pattern disappears, and the (1,0) diffraction peak
from a &3 X &3 R 30 structure appears and grows. Un-
der suitable conditions of temperature and dose rate, the
position of this peak corresponds exactly (within + l%%uo) to
the commensurate spacing (Q= 1.70 A '). In a few
cases, a break in the slope of the specular intensity de-
crease, similar to that found on close-packed metal sur-
faces, ' was observed, but a complete characterization of
this behavior has not yet been carried out. Furthermore,
the exact conditions leading to a commensurate mono-
layer are still not completely known. Slow dosing, i.e., a
deposition time of about 20 min, has generally proved
successful. Higher krypton pressures or lower crystal
temperatures (e.g. , &50 K) usually resulted in IC films.
These could, however, be driven into the C phase by gen-
tle annealing.
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mirror image, to represent the measured single-facet
reAection. The shape, after smoothing the data by a
weighted spline-fitting algorithm, is also shown in Fig.
1(a). The width of this peak represents the overall
broadening due to imperfect collimation, finite detector-
aperture width, and aplanarity of the principal facet.
Broadening due to the wavelength spread of the beam is,
of course, not included in the specular beam; however,
diffraction from bare graphite and other crystals in the
past has shown this to be negligible relative to the other
sources of broadening. We have therefore taken the solid
curve of Fig. 1(a) to represent the fully-instrument-
broadened line. It can be well fitted by a Lorentzian atop
a constant background. We designate this "instrument
response function" as B (Q), where Q =2k;sin9.

The measured diffraction peak I (Q) of Fig. 1(b) is the
convolution of a "true" diffraction peak I(Q) with the in-
strument response function

I (Q)=I(Q)+B(Q) . (2)

I(Q) =
(Q —r) +o. (3)

The amplitude 3 and the linewidth o. were treated as
free parameters in the fitting procedure. A typical exam-
ple of the fit to the raw data is illustrated in Fig. 2. Al-
though the secondary crystal facets are much less prom-
inent in the diffraction data [compare, e.g. , Figs. 1(a) and
1(b) at larger detector angles], the fitting procedure was
applied only to the first half of the peak. The reduced
prominence is presumably due to the azimuthal misalign-
ment of the minor facet.

IO—
(T,o)

Deconvolution of the experimental data was performed in
the following way. The raw diffraction data was initially
smoothed and symmetrized in order to first extract the
peak position, ~. A parametrized functional form for
I(Q) was convoluted with the previously determined in-
strument function and then least-squares-fitted to I (Q).
A simple empirical functional form which describes the
data well is
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A summary of the fitted parameters is shown in Fig. 3
for two constant-pressure runs as the substrate tempera-
ture was incrementally decreased. In Fig. 3(a) the peak
position ~ is found to be nearly constant at the C position
of 1.70 A ' until the temperature reaches 51.0 K, at
which point an abrupt increase begins. The change in ~,
however, appears continuous, with 0.3%%uo as an upper limit
to a first-order jump. No detectible evidence for two-
phase coexistence appears in this region. In the neighbor-
hood of the transition the incommensurability follows Eq.
(1), as shown by the solid line. Far from the transition
the misfit saturates at a ~=1.79 A ', characterizing the
"fully IC" phase.

Figure 3(b) illustrates the half-width behavior of the
data. This, too, is remarkably constant throughout the C
range, where its value of 0.0018 A ' indicates that a spa-
tial correlation length (micr) of about 1700 A is charac-
teristic of the C phase. The coherent domain size of the
graphite substrate is at least comparably large, as indicat-
ed by diffraction-line widths. At the transition, o. in-
creases abruptly (by approximately threefold), rises rapid-
ly to a maximum of 0.006 A (micr =500 A), and then
steadily decreases with decreasing temperature. Although
the absolute values of the coherence lengths are somewhat
uncertain owing to the necessity of deconvolution, the
marked changes, which are evident directly in the raw
data, are the important points here. This marked line
broadening for the weakly incommensurate phase is indi-
cative of a significant amount of disorder associated with
this density regime. The ratio e/o. is plotted versus e in
Fig. 4.

The integrated intensities of the (0,0) and (1,0) peaks
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FIG. 2. Same as in Fig. 1. (1,0) difFraction peak. Solid line is
the fit as discussed in the text.

FICx. 3. Parameters for two constant-pressure runs; (d) was
obtained in a separate run. Solid line is a least-squares fit to a
power law: 5e( T)=0.074 25(51.00—T)
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FIG. 5. Temperature dependence of ( 1,0) peak position.
Solid circle, decreasing temperature; open circle, increasing tem-
perature. Solid line is a least-squares fit to Eq. (1).

are shown in Figs. 3(c) and 3(d), respectively. At temper-
atures well above T„ the intensities increase with decreas-
ing temperature according to the Debye-Wailer effect.
But at a temperature TI about 0.5 K above T, they begin
to decrease. At T, , there is an abrupt intensity decrease
accompanying the broadening.

Thereafter, both intensities come to minima and slowly
increase. En several other constant-pressure runs at higher
Kr pressures (giving higher T, values), the initial intensity
decrease at TI was much less pronounced, disappearing at
T, =57.5 K. Attempts were also made to follow the
effects to lower T„but owing to poor controllability of
the leak valve the film always turned out to be IC as-
deposited, and the transition to the C phase upon warm-
ing was never found below 50.5 K.

Several runs were made in both directions through the
transition. An example is shown in Fig. 5. The mea-
sured ~ values are quite closely reproduced upon both
heating and cooling, so that there is no pronounced hys-
teresis evident. The small discrepancies might be due to
imperfect thermal equilibration.

Numerous earlier runs were made by increasing the Kr
pressure at constant temperature. The results are shown
in Fig. 6. Again, using the peak positions to indicate the
incommensurability, the near-transition region is de-
scribed fairly well by
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DISCUSSION

A number of conclusions from this study confirm
and/or extend those of previous work.

T EMP.
0 597K
~ 58.1K
~ 57.4 K

~ 56.5 K

I l i 1 I I

not very precisely fixed in position, the difference is prob-
ably attributable to changes in flow geometry. Both sets
have about the same slope as the data of Ref. 3, which
were measured under static conditions with a calibrated
gauge. Our attempt to approximate static conditions by
indirect dosing (gas inlet tube aimed away from the crys-
tal) gave rather erratic results which lie about one decade
in pressure below those of Ref. 3.

A few azimuthal scans were made to investigate the ro-
tation of the EC phase. The results were generally con-
sistent with previous LEED measurements performed in
the same temperature range, but we shall not discuss
them in detai1 here.

56=6p —1p
p,'( T)

(4)

I.70—
O 0 Oo0 0 0

where p' is the pressure rise in the scattering chamber due
to the influx of the Kr gas, and p,' is the value of the latter
at the onset of the transition. The relation of p,

' to T is
shown in Fig. 7. The points determined by direct dosing
fall into two sets differing by about tenfold in pressure.
Since the dosing tube was moved several times and was

)0- lo
I I I I I I l I I

io-'
CHAMBER PRESSURE (Tarr)

FIG. 6. (1,0) peak position at different crystal temperatures
while changing the chamber pressure. Solid line is a least-
squares fit to Eq. (4).
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FIG. 7. The critical chamber pressure vs temperature at C-IC
transition. Solid and open circles show direct and indirect dos-

ing, respectively, for constant-pressure runs. Crosses show direct
dosing for constant-temperature runs from Fig. 6. Squares show
LEED results, Refs. 3.

(1) The lattice-spacing transition is a continuous one, as
indicated by the absence of significant discontinuity
( &0.3%), hysteresis, or two-phase coexistence. This con-
clusion agrees with those of the previous x-ray studies, all
of which were at a higher temperature. In the two x-ray
runs on one sample where apparent coexistence was ob-
served, it was attributed by its authors to a "distribution
of critical points. " Earlier LEED (Ref. 3) and THEED
(Ref. 4) studies in the lower-temperature range also indi-
cated continuity.

(2) The incommensurability follows the —,'-power law of
Eq. (19) near the transition, again in agreement with ear-
lier work (e.g., Fig. 1 of Ref. 9). We observe a saturation
at about 5% linear compression, as would be expected
from the size of the krypton atoms.

(3) An uncharacterized disordered phase (referred to in
earlier works as a "reentrant Auid") intervenes between
the highly ordered C phase and the fairly well-ordered
fully IC phase. This has been one of the main points of
interest since its discovery at higher temperatures by x-ray
diffraction. Indeed, at high temperatures, the disorder is
so great that the phase has been designated a fluid. In the
present work, the disorder never reaches this extreme, and
the film appears reasonably well correlated throughout the
transition.

(4) The range of spatial correlations (n/cr) of the fil.m
changes in a seemingly discontinuous manner at the tran-
sition. Starting from the rather large value of nearly 2000
A in the C phase, there is an abrupt change, by nearly a
factor of 3, with barely any shift of the diffraction peak.

Perhaps the increased linewidth and decrease in peak in-
tensity are related to the formation of unresolved weak su-
perlattice peaks ' associated with domain-wall formation.
The exact values of the correlation length depend, of
course, on the exact functional form for the line shape
used in the deconvolution procedure, but the trend is un-
mistakable even in the raw data. The x-ray data show
much more gradual changes, possibly owing to the much
better instrumental resolution.

(5) In agreement with x-ray results, the range of spatial
correlations again increase as the fully-IC state is ap-
proached. The size seems to level off at about half the C-
phase size, which may be associated with the presence of
two oppositely rotated domains.

(6) The ratio e/o, shown in Fig. 5, may behave some-
what differently than in the x-ray data (Fig. 13 of Ref. 9).
The trend seems to indicate e/cr ~e for small values.
This, of course, simply refIects the relatively slow varia-
tion of cr once T (T, . However, the relative-error limits
on the small values of e are so great that the limiting be-
havior e/o ~1 cannot be totally ruled out.

The foregoing features tend, broadly speaking, to
confirm the main conclusions of the x-ray experiments
and to extend them to lower temperature. The interven-
ing disordered phase is, however, not as highly disordered
at the lower temperature, so the nature of the transition
may be somewhat different in detail. One possible
scenario is the formation of isolated localized defects that
would act as random uncorrelated scattering centers
without shifting the diffraction-line position. These de-
fects might be isolated single atoms or small clusters in
the second layer, or interstitials in the first layer. In ei-
ther case, one could speculate that their formation could
act as a precursor to the transition in that the accumula-
tion of a sufficient number could trigger their condensa-
tion into the domain walls usually invoked to describe the
main transition. An alternative possibility is an increase
in the inelastic background scattering due to the softening
of one or more phonon modes.

Clearly, it will be of interest to extend these observa-
tions to still lower temperatures and more fully character-
ize the rotation of the IC domains (our preliminary az-
imuthal scans of the diffraction peaks are generally con-
sistent with the LEED and x-ray results). Our further at-
tempts to do so have thus far been frustrated by lack of
precise pressure control and understanding of the conden-
sation kinetics. We plan to pursue these matters in the
near future.
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