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Lattice parameter and orientation of xenon on graphite at low pressures
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A study of xenon adsorbed on (0001) graphite has been performed using transmission high-energy
electron diffraction (THEED). The single crystal diffraction patterns have been obtained at a range
of pressures 1.8 X 10 "&p & 1.8 X 10 ' Torr and temperatures 50 & T & 80 K, which covers the in-
commensurate monolayer, commensurate monolayer, and bilayer phases. The lattice-parameter
misfit, m, has been measured to +0. 1%, and the misorientation 0 to +0. 1 accuracy. The misfit in
the incommensurate phase is parametrized as m =B ( T —T„)~,with P=O. 80+0.03 and B and T„as
functions of log, o(p). A tricritical point (I-C monolayer, bilayer) is observed at p =2.0+0.5 X 10
Torr, T=62.5+1 K. The small misorientation (0~0&0.4') is a well-defined function of m in the
monolayer phase, with an aligned-rotated transition at m =1.5+0.5%. These features are corn-
pared with other experiments and with theoretical predictions.

I. INTRODUCTION

Structures and phase transitions of rare gases phy-
sisorbed on the basal plane of graphite have been an area
of extensive research during the last two decades. Vari-
ous techniques have been used to study the heavier rare
gases including, for the case of Xe, thermodynamic mea-
surements, ' electron diffraction in the form of low-
energy electron diffraction (LEED), reflection high-
energy electron diff'raction (RHEED), and transmission
high-energy electron diffraction (THEED), ' x-
ray, ' and light atom diffraction. Several authors
have reviewed much of this work in the context of sur-
veys of adsorption of the heavier rare gases and simple
molecules on graphite. '

Since the original explorative work of Thorny and Du-
val, ' a number of different phases and phase transitions
have been discovered. As a result, a 1arge amount of data
are now available, and the phase diagrams of these gases
have become well known. In particular, the gases show a
wide region of the (log&olt, T ') Plane where an adsorbed
solid monolayer is stable. This monolayer can be either
commensurate (C) or incommensurate (I) with the un-
derlying basal plane of graphite. The incommensurate
phase can either be aligned with the graphite lattice (IA
phase) or rotated (IR phase). The IR phase was first ob-
served for Ar on graphite, and has since been observed
for Kr (Refs. 11 and 40) and Ne.

For xenon on graphite at low pressures, previous
transmission high-energy electron diffraction (THEED)
investigations " showed that the xenon first condensed
into an I phase with a positive misfit with respect to the
graphite. As the temperature was reduced at constant
pressure, the misfit decreased towards zero indicating an
I-C transition. It has subsequently been claimed, on the
basis of oriented-powder x-ray diffraction work, that
the C phase did not exist, but rather a striped phase
(one-dimensional misfit) existed at low pressures near
monolayer coverage; various other aspects of the I-C and
monolayer-bilayer transitions were also queried.

We have now performed new experiments on this Xe-
graphite system using a THEED camera, modified to
contain a uhv environmental chamber. We have
confirmed the existence of the I-C transition, and ob-
tained better accuracy than the previous misfit measure-
ments. " As reported here, we have extended these mea-
surements to a wider range of pressure and temperature,
spanning the I-C and monolayer-bilayer transitions. The
relevant section of the (logtop, T ') phase diagram is
shown in Fig. 1.

The main results of this work are that we have not seen
any evidence of a striped phase in the whole range of the
phase diagram studied. The data indicate a tricritical
point at the coexistence of the I, C, and bilayer phases.
New bilayer data confirm the previous LEED data. The
onset of small amounts of rotation was also seen at small
positive misfit, indicating the existence of an IA-IR tran-
sition. This is compared with the most recent single crys-
tal x-ray data.

The structure of the paper is as follows. In Sec. II, we
briefly describe the main experimental modifications in-
cluding the new environmental chamber, the sample
holder, and the gas handling system. A description of the
sample preparation, misfit, and rotation measurement
procedures is also given. Section III describes the lattice
parameter and rotation results, and power-law fits are ob-
tained from these data and discussed. In Sec. IV the re-
sults are compared to previous THEED and x-ray results
and a phase diagram is constructed.

II. EXPERIMENTAL TECHNIQUES

A. Apparatus

The previous THEED experiments of Xe on graphite"
were carried out in the pressure range
5.0X10 (p & 1.5X10 Torr; the system relied on lo-
cal cryogenic pumping to achieve a good base pressure.
In order to extend this work to a much wider pressure
range, several modifications have been made, including a
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FIG. 1. Phase diagram of xenon on graphite in the temperature and pressure region studied, prior to this work. The following
phase transition data are shown: Monolayer and bilayer LEED data from Suzanne et al. (Ref. 6, horizontal rectangle) and (Ref. 7,
vertical rectangle); THEED data from Venables et a1. (Ref. 10, inverted triangle), Schabes-Retchkiman and Venables (Ref. 11, dia-
mond). The crosses are the lowest pressure quartz crystal bulk condensation measurements of Levenson (Ref. 42).

new uhv environmental chamber, sample holder, and gas
handling system. A more detailed account is published
elsewhere, but the following description is sufficient to
understand the capabilities of the apparatus. We are us-

ing a heavily modified Hitachi HU. 11B transmission elec-
tron microscope (TEM), dating from 1964, to obtain the
electron beam and to record the diff'raction patterns, but
any (nonautomatic, 100 kV) TEM would do in its place.

l. Environmental chamber design

The basic requirement of the design was to have a
chamber which could be operated at uhv, in order to
clean the sample, and at a controllable (high) pressure to
do the experiments. A schematic cross section of the
chamber is shown in Fig. 2. The incident beam (E}
passes through the top aperture ( A ) through the sample
(S}and then leaves the uhv chamber through the bottom
aperture (B) located just above a new objective lens (0).
The apertures are mounted on a ring of four miniflanges.
One of these is occupied by a small window so that the
sample can be seen. The chamber is made from a 63-mm
diameter tube which can be removed from the right-hand
side of the microscope if necessary. An extension block
( C} between the tube and the original microscope
chamber was provided for aperture adjustments during
the alignment procedures. The left-hand side of the
chamber (P) is connected to the uhv pumping system,
which consists of 50 1 s ' turbomolecular pump (backed
by the microscope vacuum), and titanium sublimation
pump. A gate valve isolates the turbopump from the uhv
cell during the experiment ~

The critical choices involve the sizes of the apertures A

&w- 4 rand.
C

3/vv

FIG. 2. Schematic diagram of the new environmental
chamber and sample holder: 3 and B, apertures; C, extension
block; F, electron beam; JI, helium How cryostat; 0, objective
lens; P, pumps; S, sample. See text for discussion.

and B and the distances SA = 10 mm and SB= 7 mm.
The size of the bottom aperture B was chosen to be large
enough to allow the second-order (20) Xe reAections
through the aperture at 100 kV: this resulted in a 400-
pm diameter aperture being chosen. In principle, the top
aperture A could be smaller, but experiments with a
250-pm aperture gave difficulties with alignment; the ex-
periments were done with another 400-pm aperture. The
distance AB limits, due to gas scattering of the electron
beam, the upper pressure available to around 1 Torr.
The area of the apertures clearly determines the leak rate
and the e(fective (impurity) background pressure at the
sample.
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With the apertures chosen, a pressure ratio of about
3000 can be maintained across them. This means that we
can run the apparatus in one of two modes. To clean the
sample we run the chamber under uhv conditions at( 10 Torr, with the pressure in the main external
chamber below 10 Torr. Alternatively, we can Hood
the environmental chamber with the gas concerned and
allow the external chamber pressure to rise to —10
Torr. Thus the highest pressure achievable is a few Torr;
the pressure limits caused by gas scattering and pumping
speeds are of the same order. The important point is that
a pressure range of 10 p ~ 1 Torr is achievable, which
is wider than for any other electron diffraction apparatus
currently used for adsorption studies.

2. Sample holder design and temperature measurements

An uhv-compatible side-entry low-temperature holder
was designed, as shown schematically in Fig. 2. The
main requirements were to achieve a lower temperature
of 30 K, with a sample heating temperature for cleaning
of up to 1500 C. It consists of two parts. The first part is
made of a stainless steel double "0"-ring rod fitted with a
vacuum jacket, which acted as a continuous liow helium
cryostat (0); this terminates in a Cu-Te cold finger. The
second part of the holder consists of a cooling block and
sample support, both made of Cu-Te. The cooling block
is clamped to the cold finger ensuring a good thermal
contact. A silicon diode sensor was attached on the cool-
ing block for temperature measurements ( T). Good
thermal contact between the diode and the cooling block
was ensured by using silver dag. A small heater was also
wound on the cooling block to regulate the temperature.

The sample, S in Fig. 2, was mounted on a separate
support piece. First a tungsten microscope grid (approx.
3 X 1.5 mm ), which had been cut down to maximize its
resistance, was spot welded to a tantalum tag. The tag is
then screwed onto the support piece. One end of the
sample was insulated from the rest of the holder by
machinable glass ceramic insulators. This was provided
for sample cleaning. A current could be passed through
the tag, then through the specimen to earth. After pick-
ing up the sample on the support piece, the whole assem-
bly was fixed with two screws onto the cooling block. To
ensure good thermal contact, a thin sheet of gold leaf was
placed between the support piece and the cooling block.
All the wires were fed into the sample chamber via an
electrical feedthrough and were heat sinked to the cool-
ing block, in order to minimize the heat input to the sam-
ple.

The temperature was measured by a silicon diode
(Lake Shore Cryogenics Inc. , Model DT500K), calibrated
at Sussex against a calibrated gold-iron versus chromel
thermocouple to better than 0.1 K. The voltage and the
temperature of the sample were displayed on a DRC-82C
temperature controller. Temperature control was
effected by changing the rate of the helium Aow using a
needle valve in the helium pumping line. Temperature
stability of +0.1 K was achieved routinely.

3. Gas handling system and pressure measurements

A simple gas handling system was manufactured by
Cryogenic and Vacuum Technology (CVT) Ltd. The gas

line was isolated from the environmental chamber by a
metal valve and a needle valve. A Baratron gauge (MKS
Instruments, Inc. ) was used to measure pressures up to
1000 Torr. The Xe gas used was of nominal purity
99.997% (British Oxygen Corporation grade X), the main
impurity being krypton. To preserve the purity of the
gas we cleaned the gas line as follows. After isolating the
gas line from the environmental chamber is was roughed
by a liquid-Nz —cooled sorption pump. The gas line was
then connected to the uhv chamber through the metal
valves and baked. After reaching a good vacuum
( —10 Torr) the gas line was isolated and filled with gas
to —500 Torr.

During the experiments the pressure was measured by
a second Baratron head ( 10 —1 Torr) and an ionization
gauge, with calibration of the ionization head against the
Baratron, taking account of the xenon sensitivity factor
of 2.78 with respect to Nz. The titanium sublimation
pump was used to keep the rare gases clean, and a residu-
al gas analyzer was available to monitor gas purity.

The pressure was typically kept constant in an experi-
mental run as the temperature was varied. For compar-
ison with true equilibrium adsorption, a thermomolecular
correction factor —T' should in principle be made.
However, as in previous experiments, " this has not been
done, since it has an unknown magnitude which depends
on the vapor temperature near the sample. Since the
sample holder is much smaller than the enclosure, the
variation in effective pressure at the sample will be small
over the range of T explored. During a particular run the
pressure was kept constant within +15%. Our best esti-
mate is that the absolute pressure is known to better than
+30% with relative errors of order +15%. For example,
we obtained agreement at this level with previous mea-
surements of the bilayer condensation pressure, as shown
later in Fig. 8.

B. Sample preparation

The method followed to prepare the graphite specimen
is the same as the one used in previous THEED experi-
ments. " Two cleaned microscope slides were coated
with 5% weight-to-volume solution of polyvinyl pyrroli-
done (PVP) in distilled water. Just before the PVP ce-
ment dried, a fairly thick piece of graphite ( —0.1 mm)
held by a double-sided adhesive (sellotape) was glided
onto the slides causing cleavage to occur. This was fur-
ther cleaved until the remaining piece as seen under a
light microscope showed large homogeneous areas trans-
parent to light. The thinnest films (a few tens of nanome-
ters) were transparent and were light grey in color in
transmitted light. The large thin areas were then Aoated
on a warm distilled water bath and picked up onto a
prepared tungsten grid using the support piece. The
graphite sticks firmly to the grid with good thermal con-
tact.

C. Run procedures

After reaching a vacuum of —1X10 Torr, the sam-
ple was cooled to a temperature of -40 K. The liquid
helium was transferred from a 100 L Dewar via a transfer
tube down the axis of the side entry rod. A current of
-4.5 A was then passed through the tungsten grid to
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D. Lattice-parameter (misfit) measurements

The misfit, defined as the relative difference between
the lattice parameter of Xe, a, and the graphite sub-
strate, a„is given by"

a„—a, g I 1010) —g I 11I b,
m =

g.a,

where g and g, are, respectively, the reciprocal-lattice
vectors of the Xe and graphite. The misfit was measured
by projecting the diffraction pattern onto a screen at
about 15 times magnification. Three methods, differing
only in detail, were used, as shown in Fig. 3.

The first method was used by Schabes-Retchkiman. "
A triangular lattice was drawn between the I 10I Xe spots
and then a straight line was drawn through the I20I Xe
spots. In this case, g =g& corresponds to half the dis-
tance between two opposite lines drawn through the I20I
spots; Ag is Ag& as shown in Fig. 3. A second method
was used in the absence of the second-order Xe spots.
The center of the pattern is first determined by drawing a
triangular lattice between the I 10] spots. The three g
values and the corresponding bg's (only b,g~ is shown in

Fig. 3) were measured, and the misfit was found by taking

clean the graphite sample for 5—10 min. A yellow glow
was observed through the small window at the front of
the chamber. The heating caused the pressure to rise
momentarily up to 1 ~ 10 Torr. The sample was then
flashed for 10 s at —5 A. After cooling down the back-
ground pressure was 1X 10 Torr. A pressure of gas
was then introduced into the chamber through the needle
valve. After fixing the pressure, the temperature was
lowered very slowly and diffraction patterns were record-
ed on SP352 (Ilford) films at different sample tempera-
tures. The exposure time was 10 s, and the cooling rate
typically ~ 0.5 K/min.

the average of the misfits in the three directions. The
average accuracy to using these two methods was
Am =+0.2%%uo. The misfit for the above methods was
corrected at small values for systematic errors caused by
radial distortion in the projector lens.

The third method used double diffraction between xe-
non and graphite when it was present, as discussed by
Faisal et al. ' previously. Two parallel straight lines
were drawn, one through the center of the double
diffraction spot Q and the other through the neighboring

I 10I Xe spot R. The lines were perpendicular to PR
where P is the j 10) Xe spot doubly diffracted by graphite
to Q. The distances PQ and PR give g, I 1010j and

g„I 11)=g3, respectively, and hence the misfit from Eq.
(1). An accuracy of +0.1% was achieved using this
method.

E. Densitometry procedures

The small angle of misorientation between xenon and
graphite was measured using a computer-controlled den-
sitometer at the Royal Greenwich Observatory at Herst-
monceux, Sussex. The procedure is, in principle, the
same as the one used by Schabes-Retchkiman" to mea-
sure diffracted intensities. In our case, a raster of
(128 X 128) pixels was scanned across a I 10I Xe spot in
20-pm steps. Care was taken to make sure that the raster
was centered on the spot, and the x and y axes were
parallel and tangential to the graphite lat tice. The
(128 X 128) measurements of photographic densities were
stored on a magnetic tape as integers and then
transferred onto disk at Sussex University where data
analysis was performed. This is described in detail in Sec.
III D.

III. RESULTS AND DISCUSSION

A. Lattice-parameter measurements

gg Qhgq

FIG. 3. Methods of rnisAt measurement: 1, 2, and 3, as dis-
cussed in the text. Large solid circle, graphite I 1010) spots;
small solid circle, Xe t 10), I

1 1 ), and t20I spots; open circle,
double diffraction spots. The Xe diffraction spot P is diffracted
by graphite to the doubly diffracted spot Q.

In order to clarify some aspects of the I-C transition of
xenon on graphite, we performed new experiments using
the THEED camera described in Sec. II. The experi-
ments were carried out in the pressure range of
1.8+0.5X10 «p ~ 1.8+0.5X10 Torr and tempera-
ture range of 50~ T ~ 80 K. All the experiments were
done at constant pressure by lowering the temperature.
After recording the diffraction patterns, the misfit was
measured as described earlier. The measurements are
shown in Fig. 4 where the misfit is plotted versus the tem-
perature for nine different pressures. The lines are
power-law fits which are discussed below.

As one can see from Fig. 4, the misfit decrease mono-
tonically as the temperature is lowered at constant pres-
sure. The data can be divided into two groups. In the
pressure range 1.8+0.5 X 10 +p ( 1.8 X 10 Torr, the
misfit decreases continuously from a value of around 6%%uo

near the gas-solid transition, to a value of 0.0+0.2%, in a
continuous manner. This is characteristic of a second-
order I-C transition. Then the misfit increases abruptly
to a value of 2.2+0.1% characteristic of a first-order
transition from the commensurate monolayer phase to
the bilayer phase. Multilayers have essentially the same
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FIG. 4. Misfit vs temperature measured for nine fixed pressures, indicated in panels (a)—(i). The lines are power law fits discussed
in the text. For panels (e) and (g) previous data from Ref. 11 are also shown (squares) with similar power-law fits (dashed lines). The
pressures are in descending order, in Torr, as follows: (a) 1.8X10 ', {b) 3.6X10, (c) 2.9X10, (d) 1.8X10, (e) 7.2X10, (f)
3.6X10 ', (g) 1.8X10 ", (h) 7.2X10 ', (i) 1.8X10 '. See text for discussion.

lattice parameter. One can notice that as the pressure is
decreased the I-C transition temperature decreases,
whereas the width of the commensurate region increases.
For the lowest pressure studied, p =1.8 X 10 Torr, this
width is equal to 2.5+0.5 K.

For the second group of data, at pressures
p ~ 1.8+0.5X10 Torr, we do not see the zero misfit
condition. The misfit decreases monotonically to the
lowest measured value of 0.5—0.9% without reaching the
zero state. Then it rises discontinuously to the bilayer
value of 2.2%%uo. This confirms previous work" which re-
vealed that at high pressures the Xe monolayer is incom-
mensurate at the monolayer-bilayer transition. Conse-
quently, a tricritical point exists at the coexistence of
the incommensurate, commensurate monolayer, and bi-
layer phases. We determined the position of this tricriti-
cal point to be at 62.5+ 1 K at a pressure of
2.0+0.5X 10 Torr in the T ', log&~ plane.

B. Misfit data analysis and discussion

The misfit data were fitted to a power-law formula of
the form

m =B(T—To)~.

The fitted curves are represented by the solid lines in Fig.
4. This was done by fixing @=0.8 and choosing the
values of B and To by the least-squares method. By vary-
ing P, but keeping it constant for all the data, we could
see that @=0.80+0.03 was the most sensible choice. The
curves fit the data points with an rms error of 0.05%,

which is better than the typical measurement error.
The values of B and To ' so determined are plotted in

Fig. 5. Both B and To ' increase as the pressure is de-
creased. Although there is some scatter, particularly for
8, we have chosen to fit these dependencies in the same
two groups, at pressures above and below the tricritical
point. The least-squares fits

B =Bo+B&x, To ' =Co+Cix, (3)

where x = —log, +v, are shown in Fig. 5.
A comparison with previous THEED data can be

made by referring to Fig. 4. The misfit data for two pres-
sures (p = 1.8 X 10 Torr and p =7.2 X 10 Torr) from
Ref. 11 are plotted together with this work. In both
cases, the zero misfit state is attained before the bilayer
forms, characteristic of a second-order I-C transition.
Previous THEED data at p = 1.5 X 10 Torr (not
shown) showed that the misfit goes to zero as the temper-
ature was lowered. Our data at p =2.9X10 Torr and
above shows that the misfit does not go continuously to
zero, since the extrapolated line intersects the tempera-
ture axis at a temperature where the bilayer is observed.
The two sets of data were fitted with the same power law,
shown as dashed and solid lines in Fig. 4. From the
power-law fit, we obtained B=0.65 for our data at

p =7.2X10 Torr corresponding to point F in Fig. S.
The data from Ref. 11 at p =7.0X10 Torr gave a
value of 8=0.53 corresponding to point S in Fig. 5; these
data are consistent with ours if point F is ignored. The
data at p =1.8 X 10 Torr show a small shift near the I-
C transition. In this case our accuracy appears to be su-
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where two pressures below the tricritical point are
shown. The fits, discussed below, show strong evidence
for the onset of the rotated phase at finite misfit as en-
visaged by Shiba. However, note how small the
misorientation is (0 ( 0 (0.4'), which we have deter-
mined to an accuracy of around 0.1'

~ There is also evi-
dence, from the radial width of the spots shown in Figs.
6(c) and 6(d), that the films become somewhat more disor-
dered as the misfit is reduced. These features are dis-
cussed below.
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FIG. 5. Values of B and T„'from the power-law fit of Eq.
(2), as functions of x = —log, op. See text for discussion.

perior. The data set of Fig. 4 shows that there is a tricrit-
ical point (I, C, monolayer, and bilayer) at p = 2.0
+0.5X10 Torr and T =62.5+1 K. It is not possible
from these data to say unequivocally that there is no
commensurate phase above this temperature and pres-
sure. However, if there is, it must exist over a very nar-
row range of temperature ((0.5 K) at fixed pressure, and
be formed in a first-order transition. This is discussed
further in Sec. IV.

D. Rotation data analysis and discussion

The photographic densities of the Xe t 10
I spots were

measured using a computer controlled densitometer as
discussed in Sec. II E. The data were then transferred to
Sussex University where a detailed analysis was per-
formed using Fortran routines written for this purpose.
First the data were smoothed using a (5 X 5) convolution
program. The densities were then converted to intensi-
ties using the photographic calibration previously
developed. " The background was then subtracted by
taking the average of 16 points at the four corners of the
raster by linear interpolation, and a contour plot pro-
duced. An example is shown in Fig. 7(a) which corre-
sponds to point A in Fig. 6(a). Sections along the radial
(x) and tangential (y) directions were then drawn [Figs.
7(b) and 7(c)] and fitted to various functions.

The spot intensities are a relatively good fit to a two-
dimensional Gaussian

I(x,y)= 3 exp[ —(x —xo) /2o. —(y —yo) /2o~] .

C. Rotation results

Novaco and McTague first predicted that an incom-
mensurate overlayer could reduce the strain energy
caused by the substrate by rotating out of parallel align-
ment. Shiba included the effect of domain wall forma-
tion and predicted the existence of a finite critical misfit
for the onset of rotation. Experimentally, the first IR-IA
transition was observed in Ar on graphite. Using
LEED, Fain, Chinn, and Diehl observed that Kr ad-
sorbed on graphite also undergoes an IR-IA transition
suggesting the existence of a finite misfit for the onset of
rotation. Schabes-Retchkiman' ' also revealed the ex-
istence of the IR-IA transition for Kr but found no rota-
tion in the case of Xe. Recent single-crystal x-ray-
diffraction work ' ' has seen evidence for the rotated
phase. In particular Hong et al. reported that a Xe
monolayer undergoes an IR-IA transition with decreas-
ing temperature, in the temperature range of interest.

In the present work, we also observed a small misorien-
tation of the Xe monolayer with respect to the graphite
substrate, using densitometry of the Xe I 10I spot shapes.
The relevant data are shown in Figs. 6 and 7. Figures
6(a) and 6(b) show plots of the misorientation 9 as a func-
tion of misfit; the lines are least-squares square-root fits.
In Fig. 6(a) two pressures above the tricritical point are
shown. The angle of rotation 0 decreases continuously as
the misfit decreases reaching a zero state at a critical
misfit of 1.5 0.5%. Similar behavior is seen in Fig. 6(b)

Figures 7(b) and 7(c) show the x and y cuts of this func-
tion, where o. and o were determined from central sec-
tions of the data by a least-squares fit to the peak. The
misorientation data of Fig. 6 were obtained by taking

0=(o —o )/g, I 10I, (5)

which is the simplest measure of misorientation based on
Eq. (4), and is the same as used previously. " The spot
shapes clearly indicate a distribution of misorientation,
and other fits such as Lorentzians' '' ' or split (e.g. ,
two-center Gaussians) are being investigated.

The data of Figs. 6(a) and 6(b) show considerable
scatter but they also show convincing evidence for an
IA-IR transition at mo=1. 5+0.5% in agreement with
the most recent x-ray work. The least-squares fit to a
square-root law shown in Figs. 6(a) and 6(b) has a low
variance by comparison with other power laws. For
comparison the x-ray data show similar curves, with
slightly larger 0 values and m o =0.033/1. 70 = 1.9% with
error +0.3%. So we are undoubtedly seeing the same
phenomenon, differences in 0 probably being due to
different measures of the rotation angle. As noted by
these workers the absolute value of the rotation is
smaller than that envisaged by Shiba, although the
form of the curve is similar. We are exploring the possi-
bility that this is another consequence of strong anhar-
monicity in the Xe layer. "

The radial spot widths o„shown in Figs. 6(c) and 6(d)
show an increase as the misfit decreases, from around 75
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to 150 pm. This width results both from the positional
order in the film, and, as discussed previously, " from the
coherence of the incident beam; assuming perfect coher-
ence will underestimate the extent of order, perhaps
severely. However, these measurements of o. can be
translated directly into a half width at half maximum
(HWHM), as expressed for example in Ref. 38, crz, as

o'I, =(2log~02) ~ (o' /g )1 ~ 701 (A ) (6)

With g =12.5 mm on the diffraction pattern as recorded,
o.

&
is in the range 1.2—2.4X10 (A '). The coherently

diffracting domains are thus greater than 2~/cr I,

—600—300 A, possibly much greater. However, the in-
crease in width is almost certainly due to a decrease in or-
der, as the temperature is lowered towards the I-C transi-
tion. Whether this is a thermodynamic effect, associated
with the entropy of domain wall configuration or motion,
or an effect due to increasingly sluggish kinetics is not en-
tirely clear. There is considerable theoretical interest in
equilibrium disorder near I-C transitions, which we dis-
cuss in Sec. IV. However, all the present data have been
taken by decreasing the temperature at constant pressure,
so the disorder could in principle be either thermodynam-
ic or kinetic in origin. Sluggish kinetics and irreversibili-
ty in the IA-IR transition have been reported by the x-
ray workers. ' Further experimental work is in pro-
gress on these points.

E. Monolayer-bilayer transition

The monolayer-bilayer transition was investigated in
the same region of the phase diagram. Schabes-
Retchkiman and Venables" measured a misfit of
2.5+0.3 % for both the bilayer and bulk regimes. Our re-

vised value is 2.2+0.1%, similar to theirs within experi-
mental error. As previously noticed, two different transi-
tions were observed. Above the tricritical point, the tran-
sition occurs from an incommensurate monolayer to the
bilayer. Below the tricritical point, the monolayer under-
goes first an I-C transition, and then an incommensurate
bilayer forms with an abrupt rise of the misfit. The mea-
sured misfit was found to be temperature independent
within our error in both multilayer and bulk crystal re-
gimes. As seen in Figs. 6(c) and 6(d) a rather wide range
of radial spot widths was observed. This might be due to
instrumental adjustment, but it seems more likely that it
is due to different amounts of disorder.

IV. THE PHASE DIAGRAM
AT LOW PRESSURES

In this section we compare our results briefly with oth-
er experimental studies and with theory. Of the experi-
mental work only the x-ray and THEED results have
sufhcient resolution, in misfit and misorientation, to war-
rant a detailed comparison. The phase diagram in the
pressure and temperature region of interest is shown in
Fig. 8. Here we use our data shown in Figs. 4—6 to indi-
cate some details of this diagram.

We can construct isosteres in the monolayer regime
from the data of Fig. 4 using Eqs. (2) and (3), on the as-
sumption that vacancies and second layer atoms are
unimportant in this temperature range, which is thought
to be the case. ' In that case, the coverage (or areal
density) n is given by

n =(1+m)
where n=1 corresponds to the C phase. The lines for
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FIG. 8. Phase diagram incorporating the results of the present work. Data points from experimental fits to coverage n=0.92
(vertical rectangle), n = 1 ( ) and first appearance of the bilayer (D ). See text for discussion.
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n=0.92—1.00 in steps An=0. 02 are shown in Fig. 8. The
points corresponding to the fitted lines of Fig. 4 (indivi-
dual B and To values for each pressure from Fig. 5) are
shown in Fig. 8 also for n =0.92 and n = 1.00 (i.e. , the I C-
transition). Although we have fitted the data in the two
groups above and below p =10 Torr, there is no sug-
gestion of a discontinuity at this point in the data. How-
ever, a slight positive curvature in these 'isosteres" is in-
dicated in Fig. 8. The worst case discrepancy from the
lines presented is for p =3.6X 10 Torr, for which both
B and To ' correspond to a somewhat higher pressure.
In this n is wrong by b, n =0.01 (b, m =0.005) but general-
ly An +0.006 or Am ~0.003. Systematic differences in p
or T conditions between runs could account for this error
Am being somewhat higher than the 0.1—0.2%%uo measure-
ment error on the diffraction patterns.

The data of Fig. 6 indicate an IA-IR transition at
m = 1.5+0.5 % corresponding to a coverage n =0.97
+0.01. This is added to Fig. 8 as a dashed line. The an-
gle of misorientation increases with decreasing density
reaching =0.4 for the lowest density n =0.90 studied.
Recent single crystal x-ray work indicated that the IA-
IR transition occurred at about m =1.9+0.3%, so we
are almost certainly seeing the same transition, even
though their pressures are not known.

The commensurate phase is clear on Fig. 8 as a thin re-
gion of the phase diagram, broadening as the pressure is
reduced, and appearing to terminate as the n=1.00 line
meets the bilayer line is a tricritical point in the region of
T =62.5+1 K p =2.0+0.5X10 Torr. In this same
region there is a suggestion of a small excursion in the bi-
layer line as judged by the highest temperature points
which have the characteristic bilayer misfit of 2.2+0. 1 '7o

at the various pressures. It seems significant that previ-
ous LEED studies of Suzanne, Coulomb, and Bienfait
also observed a similar excursion in the same pressure re-
gion. This is shown dotted in Fig. 8.

A quantitative comparison of our results with the x-ray
data is hampered by the fact that the two sets of experi-
ments followed very different paths in the phase diagram.
The x-ray experiments were carried out at a nominally
constant coverage, or filling factor f, where f= 1 corre-
sponds to filling a C-phase monolayer; in general the
pressure was not measured. In our case p and T are
known but the coverage is obtained from Eq. (7), which
assumes no vacancies or second-layer atoms. Thus n =f
only under those conditions, and we cannot continue our
"isosteres" into the bilayer region. However, allowing
for these differences, some comparison can still be made.
Based on x-ray diffraction profiles obtained from Xe ad-
sorbed on oriented powder graphite, Hong, Birgeneau,
and Sutton claimed that Xe never goes commensurate.
Instead they interpreted their results in terms of an
incommensurate-striped domain structure transition.
This was inconsistent with previous THEED results and
the causes of disagreements were discussed by Faisal
et al. "

In a more recent publication, Hong et a(. used
single-crystal graphite samples to study the adsorption of
Xe at four different coverages, f=0.90, 0.96, 1.02, and
1.16. For the three highest coverages, which are relative-

ly close to the monolayer-bilayer transition, they saw the
commensurate phase at suitably low temperatures, thus
confirming the previous THEED work. ' ' ' ' However,
there are still several points of apparent disagreement
with the new THEED data, and with the phase diagram
as drawn in Fig. 8. For example, at f=1.16 they report-
ed that Xe undergoes three successive transitions as the
temperature is lowered: a first-order aligned-rotated
transition at —117 K, then a continuous rotated-aligned
transition at —80 K, and finally a first-order J-C transi-
tion at 73 K. Assuming that these transitions are all at
pressures close to the monolayer-bilayer line, the first two
transitions are at pressures higher than those in Fig. 8 ~

We have not examined these regions, although the
present apparatus will allow us to do so in future. How-
ever, the third transition, marked H on Fig. 8, seems to
sit somewhat uneasily on the same phase diagram as our
data.

Any discrepancy between their results and ours con-
cerns a very narrow region of the (log, ~ —T ') phase
diagram at pressures very close to the bilayer line on Fig.
8. At f=1.16, the x-ray misfit data show that an IC-
transition occurs at T=73 K with a jump in misfit from a
value of —1.2% to zero. Our data indicate that above
T=62.5+1 K, Xe is always observed to be incommensu-
rate at the monolayer-bilayer transition while below this
temperature the misfit goes to zero in continuous manner,
as discussed in Sec. III B.

To reconcile these two observations it would be neces-
sary that the C phase extends from 62.5—73 K at pres-
sures very close to the bilayer line, but spanning a finite
range of coverage. We clearly cannot rule this out from
our data of Fig. 4. All that we can say is that we have
never had the exact T and p conditions to observe the C
phase in this region, and that the extrapolation of the
higher T monolayer misfit data does not lead one to
suspect such a phase. From the density of data points in
Fig. 4, we think that any such phase must exist only

0.5 K from the bilayer line; assuming it does exist, it
would have to be first-order transition, in contrast to the
findings at lower pressures.

The differences in power laws quoted by the x-ray
workers is due to the difference in paths through the
phase diagram. Hong et al. argue for P=0.33; but this
is for the nominally constant coverage experiment (along,
or close to, the bilayer line presumably) above point H on
Fig. 8. Our data of Fig. 4 clearly show P=O. 80+0.03 for
nine experiments at constant pressure. There is no obvi-
ous reason why these two power laws should be the same,
since the paths are very different. Detailed theories are
needed to explain these values of P.

We feel sure that the power law deduced from the x-
ray experiment is bound up with the monolayer-bilayer
transition is some way, as described above. At low tem-
peratures where there are no vacancies or second layer
atoms, ' a truly constant coverage experiment would
show no variation of the lattice parameter at all, as re-
quired by Eq. (7). However, their method of assuring
constant coverage by using a large "ballast" of oriented
powder graphite must have difhculties during a first-
order event such as the monolayer-bilayer transition.
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The coverage on the single crystal is mediated by the va-

por pressure above the powder. Since by definition the
pressure is constant in a first-order transition, it follows
that this pressure can produce any coverage l ~f ~ 2; the
coverage so produced will also be susceptible to (very
small) differences in properties (e.g. , steps, capilliary con-
densation) between the two samples, and to kinetic
effects.

The comparison with results for krypton needs to be
done carefully. A power law of the form of Eq. (2) is well
established for the (negative) misfit observed in the mono-
layer region with f3=0 32+0..02. " It is reasonable to
compare models of the I-C transition for Kr and Xe,
since the main difference is in the sign of the misfit; in
this sense our value of /3=0. 80+0.03 is the xenon value
to use, not the value quoted by the x-ray workers, because
of the different position in the phase diagram. We argue
elsewhere '" that the prime driving force for the I-C
transition is thermal expansion and that the anharmonici-
ty involved does produce different values of the "ex-
ponent" in the sense observed.

The observation of diffraction spot broadening as the C
phase is approached may have a bearing on theoretical
studies of the domain-wall structures. If the broadening
is thermodynamic in origin, the effect is possibly due to a
distribution of domain sizes as described by the Villain
picture of breathing modes. If, instead, it is kinetic, the
effect may be the result of a finite response (or relaxation)
time of the monolayer. Recent theoretical models have
shown that the domain wall spectrum has a gap, and con-
sequently a finite relaxation time. ' This would mani-51,53

fest itself ultimately in a finite response time of the 2D
adlayer to changes in p and T. Further experimental
work is in progress to determine if any time dependence

of the broadening can be observed.
Nonetheless, it does seem that the phase diagram as

presented in Fig. 8 is not the full story, and needs to be
complemented by information as a function of the "third
dimension, " i.e. , the coverage f which we do not measure
directly in our experiments. At finite temperatures we
can envisage the commensurate rnonolayer existing from
f= I up to a given f, between I and 2, with second layer
atoms in the form of a dense fiuid; above f, there .would
be a first-order transition to the incommensurate bilayer.
The recent x-ray work" suggests that this (commensurate
monolayer plus fiuid) exists up to temperatures consider-
ably beyond our 62.5 K; the transition point we observe
would then correspond to the temperature and pressure
at which the I-C transition, which is second order at low
pressures as shown here, becomes first order. The up-
ward curvature in our isosteres would also be less marked
if there is a substantial density (few percent of a mono-
layer) of second layer atoms at higher pressures. More
detailed work is needed, however, to confirm these points
and to elucidate the full extent of kinetic effects.
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