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DIFFRACTION STUDIES OF ORDERED PHASES AND PHASE TRANSITIONS:

A synchrotron x-ray scattering study of nonolayers of CFy
adsorbed on graphite

and

A neutron scattering study of the diluted uniaxial dipolar
coupled ferromagnets LiTb_3Y_9F4 and L:iHo 3Y_ 7F4

K. Kjer

Abstract. Two investigations are reported here. First, mono-
layers of CF4 physisorbed on the (001) face of graphite have

been studied by means of x-ray diffraction experiments carried
out at the electron storage ring DORIS in HAMBURG. The exfoliated
graphite substrate UCAR-2YX was used in order to obtain a large
area for adsorption and hence a large sample. Four two-dimensio-
nal solid phases of the CF4 films were seen, including a struc-
ture which is 2 x 2 commensurate relative to the substrate. On
compression (by variation of coverage or temperature), this phase
transforms to a uniaxially compressed structure ("stripe" phase).
Further, at higher co&erages a hexagonal structure was seen, in-
commensurate relative:to the substrate, and at low temperatures
and coverages, a complicated structure emerged, giving three
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close diffraction peaks in the powder pattern. Data are presented
characterizing the meltings and commensurate to incommensurate
transitions.

Complementary to the synchrctron x-ray data, a presentation of
the theory of synchrotron radiation is given.

The second investigation was of the ferromagnetic phase tran-
sitions in the randomly diluted, dipolar coupled uniaxial ferro-
magnets LiTb_ 3Y_7F4 and LiHo_3Y_ 7F4 by neutron diffraction at

the RIS® DR 3 reactor. Crystals were grown, the expected
(Scheelite) struciure was confirmed and the structural parameters
were refined for the Tb compound on tne basis of a neutron dif-
fraction structural study. Mounted in a 3He-4He dilution refri-
gerator, the crystals were cocled to their Curie points of 0.49
and 0.36K for the Tb and the Ho compound, respectively. Just
above the phase transition, the critical neutron scattering of
either crystal exhibits the asymmetry characteristic of a dipolar
coupled uniaxial ferromagnet; however, an anomaly appears at low
momentum transfers for the Tb compound only. Further, data are
presented for che magnetic Bragg scattering of both crystals.

This report has been submitted to Danmarks Tekniske H@jskole
(The Technical University of Denmark) in partial fulfilment
of the requirements for obtaining the degree lic. techn.
(Ph.D. )o
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1. INTRODUCTION

1.1. Motivation

For the order (positional order, magnetic (spin) order etc.)
obtained in condensed matter systems, the concept of spatial
dimensionality is of considerable importance. In general, this
is so because the dimensionality determines the amount of phase
space available to long-wavelength, low-energy fluctuations
which tend to destroy the order. This was realised by Peierls,
Landau and others, who proved that the positional order in a
two-dimensional harmonic crystal .s unstable against destruction
by long-wavelength phonons (Ref. 1.1). At the higher dimension-
ality of three, such a model is stable. This is the general ef-
fect: A lowering of the dimensionality eventually destroys the

order.

For condensed matter systems of sufficiently high dimensio-
nality to attain long ranged order, the nextc question concerns
the manner in which this order disappears when the temperature
is raised, i.e. the nature of the phase transition from the
ordered to the disordered state. Here, too, the dimensionality
is observed to play an important part: The critical exponents,
describing the singular variation of thermodynamic quantities
near a phase transition, are observed to depend not on the de-
tails of the interactions in the system, but only on its di-
mens.onality and a few other general properties (notably the
symmetry of the system) (ref. 1.2).

1.2. Diffraction experiments

X-ray and neutron scattering (or diffraction) experiments are
two very u<eful techniques for investigating questions such as
those mentioned above. X-rays are scattered strongly by elec-
trons, and therefore, an x-ray scattering experiment gives the



Fourier-transformed electronic pair correlation function and,
oy inference, the correlation function of the atoms. Thus, the
range and general nature of the positional atomic order can be
measured. Thermal neutrons by their interaction with the nuclei
can provide the same information, but in addition the neutrons
interact with (electronic) magnetic moments, so that the mag-
netic (spin-) correlation function can be measured.

1.3. Systems

The work reported below has been on two classes of systems which
can be thought of as representing opposite extremes of spatial
dimensionality (D). Also, the complementary diffraction techni-
ques described above were used. Here, only a brief introduction
to each is given, and the details are deferred till later.

Chapter two concerns the low-D limit and describes experiments
on monolayers of CF4 gas physisorbed on the (001) face of a
graphite substrate. The layers can be thought of as two-dimen-
sional systems. X-ray diffraction was used to determine the 2D
positional order of the CF4 molecules.

The x-ray source was the electron storage ring DORIS at Deutches
Electronen Synchrotron (DESY), Hamburg. (A presentation of the
theory of synchrotron x-ray radiation is given in Appendix A of
this report).

Chapter three describes magnetic neutron scattering measurements
carried out at the RISO® DR 3 reactor. The systems investigated
were crystals of the Rare Earth Scheelite family. These are
tetragonal crystals containing magnetic Rare Earth ions (formula
LiRF4, where R = Rare Earth). When the Rare Bacth is Terbium or
Holmium, ferromagnetic ordering of the Rare Earth spins occurs
at low temperature, due to the magnetic dipolar interaction be-
tween the spins. As explained in Chapter three, insofar as the
critical phenomena at the ferromagnetic phase transition are
concerned, the systems can be thought of as simulating four
spatial dimensions! (The systems are at upper marginal dimen-



sionality,. In the crystals investigated here, the magnetic ions
were randomly diluted by replacement by non-magnetic Yttrium
ions, leading to the formulae LiTbh_3Y_ 7F4 and LiHo_3Y_ 7F4. These
systems, then, are random magnets at margimal dimensionality.

References

1.1. See: IMRY, Y. (1978) CRC Crit. Rev. Solid State Mater. Sci.
8, 157-74.
and
VILLAIN, J. (1980) in: "Ordering in strongly fluctuating
condensed matter svstems. Edited by T. histe (Plenum Press,
New York) p. 222 (Nato Advanced Study Institutes Series:
Series B, Physics, 50)
and
NELSON, D.R. and HALPERIN, B.I. (1979). Phys. Rev. B:
Condens Matter 19, 2457-84
and
references quoted in tnese papers.

1.2, See: Phase transitions and critical phenomena {1976). Edited
by DOMB, C, and GREEN, M.S. (Academic Press, New York).
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2. MONOLAYERS OF Cr4 PHYSISORBED ON GRAPHITE

By means of x-ray diffraction, monolayers of CF4 physisorbed on
the 001 face of graphite were studied. The exfoliated graphite
substrate UCAR-ZYX afforded a large total area for adsorption.
Use of a diffractometer at the electron storage ring DORIS
enabled the collection of a large amount of diffraction data

at adequate resolution.

Several two-dimensionally crystalline phases of the CF4 films
were sn~en, including a commensurate 2 x 2 structure. On varia-
tion of temperature or coverage thi; phase experienced a uni-
axial compression, thus transforming to a so-called striped
structure. At higher coverages an isotropic, compressed phase
was seen, and at low temperature and coverages a complicated
structure giving three close diffraction peaks appeared. The
characterization of these phases and their meltings and other
phase transitions was aided by analyzing the observed diffrac-
tion response in terms of simple calculated line shapes.

2,1. Introduction

2.1.1, Theories of two-dimensional systems

Two~ (and one-) dimensional condensed matter systems are attrac-
tive to thecrists for two reasons: Firstly, they are often

easier to handle than their higher-dimensional analogues, and
secondly new, exciting phenomena are predicted. 2 celebrated

case in point is the "Ising” model of one-dimensional spins on a
square lattice which was solved exactly2-19, and for which a
state of true long-range spin order is found below a second-order
transition with non-classical critical exponents.

For other two-dimensional (2D) systems, absence of true long-
range order (LRO) is predicted. Most interesting here is the



case of a 2D harmonic solid, for which a state of "quasi LRO" is

predicted2-7, in which the usual Bragg reflections of diffraction

experiments i.e. delta function terms in the scattering function
>

S(Q), where Q is the scattering vector are replaced by algebraic
singularities at low-order reciprocal lattice points,

* »> +* =24n >
S(Q) = 1Gy - QI %, ng = Gy l? .
Other interesting pheromena include second-order melting of this
"quasi LRO" solid, and a resulting "hexatic liquid" with expo-
nential decay of positional order, yet still a quasi-long-ranged
orientational order2-7,

2.1.2. Gases physisorbed on the (001) face of graphite

The above-mentioned predictions make real 2D systems very in-
teresting for experiments, although such systems aren't easy
to come by. Experimentally accessible systems include single
crystal surfaces, thin layers adsorbed there upon, and thin,
freely suspended films of liquid crystals.

Among the adsorbate-on-a-substrate systems, gases physisorbed
on the (001) face of graphite are quite attractive for a number
of reasons. The adsorption potentials for inert gases and among
simple molecular gases are of the -100K order of magnitude,
allowing reversible ad- and desorption at convenient tempera-
ture. Moreover, several exfoliated graphites are available, in-
cluding Gr:aphoilz-20 and UCAR-2YX2:20, These offer a large area
for adsorption (30, resp. 3 mz/gram substrate)2:21, Their main
difference is the size of coherently diffracting 2D crystallites,
which is about 110 A2.20 for Grafoil and about 1600 A2.20,2.5
for ZYX.

An interesting feature of the (exfoliated) graphite substrate
is that adsorption takes place layer by layer., This is illustra-
ted (for CF4) in Fig, 2.1,
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Fig. 2.1. Isotherm of CF4 adsorbed on exfoliated
graphite, reproduced from Ref. 2.17. The graph shows
the adsorbed amount of gas ¢ versus the equilibrium
pressure of the three-dimensional gas phase (norma-
lized by the bulk vapour pressure Pw), at 77.3 K,
The step-like character of the curve reflects the
adsorption layer by layer. Four layers can be dis-
tinguished here. The amount of gas is given relative
to the amount needed to complete the first layer,
and the pressure is normalized by the pressure for
equilibrium with infinitely many layers, i.e., with
bulk CF4.

This means that by adsorbing the right amount of gas one can

prepare a sample consisting of one layer, or a fraction of one

complete layer,

The graphite substrate thus makes a two-dimensional experiment
possible by confining the adsorbate to a 2D geometry. At the
same time, forces from the adsorbate may prejudice the 2D charac-



ter of the adsorbed gas system. Clearly, gas atoms strongly
chemisorbed onto specific sites on (say) a metal surface have
poor 2D properties, so far as their translational degrees of
freedom are concerned. The graphite surfzce, however, exerts
sufficiently weak forces parallel to the surface, that incom-
mensurate 2D solid phases, 2D liquids and 2D dilute gas phases
are observed in diffraction experiments on Ar, Kr, Xe, CHg4, N3
and other gases physisorbed cn exfoliated graphite substrates2.21,
As an added bonus, when the natural lattice constant of the
adsorbate comes sufficiently close to a repetition length of
the graphite, lock-in or incommensurate-to-commensurate tran-
sitions occur.

Hexagonal Incommensurate phases

When the adsorbate's equlibrium lattice constant shows a suf-
ficiently large misfit, relative to that of the substrate, a
Hexagonal Incommensurate (HI) solid 2D phase will result, This
is the case for Ar2-.1,2.30 and xe2.8,2.22, and for Kr2.23,2.24,

CH,225 and n,2-26

at suitable coverages and temperatures. For
these not too small misfits, the lateral forces from the sub-
strate will average out. Thus, the HI phases can be considered
good approximations to truly 2D solids, so that these phases

and their melting transitions can be studied.

Commensurate phases

When the natural lattice constant of the adsorbate is (nearly)
commensurate with that of the (001) graphite surface, an
epitaxial or commensurate structure will result, in which the
adsorbate is in registry with the substrate. Such phases have
been obsecved for Kr2+27, N22‘26 and CH42'25 (the /3 x /3

R 30° structure) and for CFy (2 x 2 R 0° structure) (Ref. 2.13
and this work). The CF4 commensurate structure is illustrated
in Pig. 2.2,
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Fig. 2.2. Commensurate 2 x 2 structure as deduced
for CF4 physisorbed on graphite. Every vertex of the
hexagon network represents a carbon atom in the top
layer of a graphite (001) surface. The clover leaves
and the tristars represent tha projection of the
tetrahedral molecules. Outlined are the unit cells
of the 2 x 2 structure and (smaller cell) of the
graphite lattice (1 x 1 structure). As shown, there
are eight adsorption sites (1-8) within a 2 x 2 unit
cell (i.e., eight sublattices).

These commensurate structures will inherit long-range positional
order (LRO) from the 3-dimensional substrate and can therefore
not be considered as 2D crystals in the sense of having continu-
ous symmetry translational degrees of freedom.



Commensurate to incommensurace transitions

When the adsorbate's ratural lattice constant is varied away
from the commensurate value (i.e., by variation of coverage or
temperature), competing forces will be acting on the adsorbate,
namely: 1) the periodic potential from the substrate, which
favours a commensurate structure, and 2) the adsorbate-adsorbate
interactions, which favour a homogeneous, incommensurate struc-
ture. When the latter forces become sufficiently strong, a com-
mensurate-to-incommensurate (C-I) transiticn will occur. Figure
2.3 depicts (in reciprocal space and for the case of a com-
pressed incommensurate structurze) the three "normal modes" of
this distortion: An isotropic compression, and uniaxial com-
pressions along two different symmetry axes. The uniaxial modes
were not seen in experiments for a long time, but have recently
been observed in N3 layers (Ref. 2.10) and CF4 layers (this
work).,
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(a)

(b

(c)

(d)




Fig. 2.3. Reciprocal lattices of commensurate and

incommensurate adsorbed structures.

Commensurate structure, e.g., 2 x 2 or /3 x /3
structure.

Simple compressed structures, relative to (a).
Hexagonal incommensurate structure. Note that all
the six low-order reciprocal lattice vectors have
the same length,

This type of structure has been observed in layers
of Kr, CH4 and CFy4.

Uniaxially compressed structure, as observed in

N2 layers. Four low-order Bragg points are at a
scattering angle slightly larger than that for the
commensurate structure (a), and the remaining two
are four times further away.

Uniaxially compressed structure, strain axis 30°
from that in (c). (c¢) and (d) exhaust the uniaxial
deformations (along symmetry directions) of a hexa-
gonal structure. In (d), there are two reciprocal
lattice vectors orthogonal to the strain direction.,
Their lengths are therefore unchanged in the com-
pression. The remaining four low-order reciprocal
lattice vectors are stretched, however. This type
of structure has been observed in CF4 layers on
graphite (this work; "stripe phase").



Domains

In the incommensurate phase, near a C-1 transition, the two
competing interactions (substrate-adsorbate and adsorbate-ad-
sorbate) will be of comparable strength. To analyze this situ-
ation, imagine however that the periodic potential from the
substrate is turned off: A homogenous, incommnensurate 2D adsorb-
ate crystal will result. When the substrate potential perturbs
this equilibrium state, the most economical response will be for
the most of the particles to move towards the nearest minimum of
the potential, thereby forming domains of locally nearly commen-
surate structure, while the excess particles (for a denser in-
commensurate phase) are accommodated in domain walls where the
density is substantialiy higher. At the other end of the scale,
i.e. if the periodic po*ential is assumed to be dominant, per-
fectly commensurate domains would result separated by walls of
very high density. This line of reasoning is illustrated in Fig.
2.8a on page 49 below.

Thus, the concepts of domains and domain walls are central to
the physics of C-I transitions2-7,2.28,2.29,

Further awav from the C-I transition, the "domains”™ will be
quite small, and the width of the "domain walls” will extend
right through the "domain". Thus, the domain concept loses its
significance here, and the substrate potential plays only a
minor role in the physics of the incommensurate phase, since
it averages out even on a rather fine-grained scale (averaging
over few neighbouring particles).

2.1.3. CP4 physisorbed on graphite

Nitrogen and Argon on graphite were the first systems to be in-
vestigated by (neutron) diffraction experimentsz-2612-3°, fol-
lowed by Kr, Xe and CH4. These systems all were found to have
the /3 x /3 commensurate structure, and/or nearby hexagonal in-
commensurate structures. The discovery (Ref. 2.13) that mono-

layers of the larger CF4 molecules have a 2 x 2 commensurate
phase made this system an obvious candidate for one with new
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phenomena, and a synchrotron x-ray scattering study was per-
formed. As reporteq below, this was rewarded by the discovery
of a very rich phase dj xgram, including the first observed uni-
axially incommensurate phase (case (d) in Fig. 2.3 above; soon
afterwards, the complementary mode of distortion, case (c), was

observed to be ef  2:ctive in N, monolayer52'10).

The rest of this chapter is organized as follows: 2.2 reports
on the experimental method, results and discussion are in 2.3
which includes two earlier published reports, and 2.4 concludes
the chapter on CF4 monolayers on graphite, Furthermore, Appendix
A reviews the theory of synchrotron, wiggler and unduiator radi-
ation.

2.2. Experimental procedure

The data were taken with an x-ray diffractometer at the electron
storage ring DORIS at DESY, Hamburg. As the properties of syn-
chrotron radiation are reviewed in some detail in Appendix A, it
is sufficient to recall here that the electrons, when accelerated
in a bending magnet of the storage ring, emit an intense elec-
tromagnetic radiation, the spectrum extending well into the

x-ray region. The machine parameters were 3.3 GeV and (on average
average) 50 mA, With an electron orbit radius of 12.12 m, this
yields a critical wave length of 1.88 A, The diffractometer was
situated 20 m from the source. It is shown in Fig. 2.4. At the
selected wave length, » = 1.76 A, the calculated flux at the
entrance slit Al is about 2 « 109 photons per second per sguare
millimeter per 10-4 relative bandwidth A\/A,

As described in Refs. 2.1 and 2.2, the slit A1 (4 mm) defines
the white beam that impinges on the monochromator, consisting

of two parallel Germanium (111) crystals M and M. The crystals
were actually offset about 1 millidegree from parallel; this
suppresses 3rd and higher orders of the beam while still trans-
mitting most of the ist-order intensity. After the sample S in
the cryostat, the slit A2 (1 mm) and a position-sensitive x-ray
detector (PSD) a distance Lb = 550 mm away, define the direction



- 18 -

Fig. 2.4. Top view of the x-ray diffractometer.

of scattered rays. The PSD signal was analyzed by a multi-channel
analyzer into channels of 0.35 mm each. (It's intrinsic resol-
ution is better than 0.1 mm)

At X = 1,76 A, this yields a resolution FWHM (47 sin8/1) =
0.0064 A-!, in good agreement with observed values. The con-
tribution from the aberrations in the monochromator to this
width is negligible. This resolution was chosen to match the
coherence length of the ZYX substrate approximately.

The sample cell S has beryllium windows and is mounted in a
Displex cooler, C, also with Be windows. Thus, temperatures

down to 10 K were accessible, Via a capillary the cell is con-
nected to the gas-handling system which as shown inciudes a
barometer and the s:andard volume V. Further shown in the figure
are evaluated beam tubes and an ionisation chamber used for moni-
toring the monochromatic beam intensity.

The average (001) direction of the ZYX substrate was vertical,
i.e. orthogonal to the scattering plane.
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2.3. Results and discussion

This paragraph is organized as follows: First come reprints of
the previously published papers: Phys. Rev. B 26, 5168 (1982),
which was the first account of this work to appear, and Surf.
Sci. 125, 171 (1983), a contribution to the "2nd Trieste Inter-
national Symposium on the Statistical Mechanics of Adsorption®,
Trieste, 26-29 July (1982). Then some further analyses follow.

This method of presentation will necessarily result in some
repetitions, with which the reader must be asked to bear.
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2.3.1. Published papers

PHYSICAL REVIEW B

VOLUME 26. NUMBER 9

1 NOVEMBER 1982

Monolayers of CF, adsorbed on graphite, studied by synchrotron x-ray diffraction

K. Kjaer, M. Nielsen. and J. Bohr
Riso National Laboratory. DK-4000 Roskilde. Denmark

H.J. Lauter
Institut Laue-Langerin, 156X, 38042 Grenoble Cedex. France

J. P. McTague
Brookharen National Laboratory. Upton. New York 11973
{Received 6 May 1982)

With synchrotron x-ray Jiffraction we have measured the phase diagram of CF, mono-
lavers adsorbed on the graphite substrate UCAR-ZYX. We have found four two-
dimensional crystatline phases including the 22 commensurate structure. Between this
and the denser incommensurate hexagonal phase we find an axially compressed phase in-
terpreted to be the stripe domain structure. Our data indicate that the order-disorder tran-
sition imelting) of the 2 % 2 commensurate phase as well as melting of the stripe and of the
hexagonal incommensurate phases are continuous.

INTRODUCTION

Physisorbed monolayers on graphite of rare-gas
atoms or of simple molecules have been studied ex-
tensively in recent years with the main purpose of
describing the nature of phase transitions in two-
dimensional systems. The transitions studied in
most detail are melting of the ircommensurate
free-floating solid (Ar (Ref. 1) and Xe (Ref. 2)
monolayers), order-disorder transition (melting) of
the commensurate v 3V 3 structure {Kr (Ref. 3
and He (Ref. 4 monolayers], and the
commensurate-incommensurate  (C-N  .rans.tion
[Kr.) H;. and He (Ref. 6) monolayers]. We report
here on diffraction studies on monolayers of CF,
adsorbed on the graphite substrate UCAR-ZYX.

The CF, layers on graphite constitute a funda-
mentally different system from that of the rare-gas
monolayers because of two factors. First, the ad-
sorbed particles are larger and thus commensura-
tion occurs at the 2 2 structure instead of at the
denser V3x V3 structure. Second, the preferred
adsorption site is assumed to be above the vertex
points of the graphite honeycomb structure, whii 1
have a symmetry different from that of the center
positions taken up by the rare-gas commensurate
layers. but similar 1o that of oxygen atoms chem-
isorbed on Ni(111) surfaces.” |

Figure | shows the honeycomb structure of the
{0002) graphite surface and the CF; molecules in
the commensurate 2 x 2 structure. They are shown
with a three-fluorine plane parallel to the graphite

surface and the projections of the Lennard-Jones
spheres of the fluorines are shown shaded. At the
temperatures where the 2x 2 structure exists, the
molecules will have large-amplitude rotational vscil-
lations. In the figure the lowest-energy configi.ra-

FIG. 1. Schematic arrangement of the CF, molecules
on the (10002) surface of graphite, in the 2~ 2 commensu-
rate structure. They are shown by the projection (shaded)
of the Lennard-Jones spheres of the fluorines (using the
diameter of neon: 2% =3.17 A) assuming that the mol-
ecules have a three-fluorine plane paraliel 1o the substrate
and are located above the vertex points. Molecules are
rotated away from the high-symmetry orientations. Bro-
ken line shows the unit cell of the 2 « 2 structure.
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tion is shown as estimated from the potentials of
Ref. 3. The molecules are rotated away from a
symmetric ofientation by the interaction with the
substrate. Within the umt cell of the 2~ 2 structure
'Fig. 11, there are four equivalent adsorption sites
per molecule and four more sites connected with the
former by a 130" rotation. Further. the above-
mentioned rotation may be chosen clockwise or
counterclockwise. Therefore, the order-disorder
transition of the 2 2 structure is different from the
three-state Potts transition® applying for the
v 3% v 3 phase and is 1o be described by a Heisen-
berg mode! with cubic anisotropy or by an lsing
model." For the (C-D transition between the 22
structure and the denser ‘ncommensurate hexagonal
structure, the different symmetry has the following
implication: If a hexagonal structure existed with a
layer density a little above the commensurate densi-
ty. this would give a superstructure of domains'® in
which the domain walls form triangles instead of
hexagons as for the slightly incommens:rate Kr
layers.!! A triangular superstructure would in the
crossing points of the domain walls have six walls
meeting, and this would involve a high wall-
crossing energy. According to Ref. 12 this favors
the altemative domain configuration. the stripe
structure, in which the domain walls are parallel
lines with no walls crossing. The latter model is
found 1o describe our results, and this is the first
observation of the stripe structure in monolayers
adsorbed on graphite. The existence of this phase
allows us to study the following transitions: com-
mensurate 2x 2 to stripe structure, stripe to incom-
mensurate hexagonal structure, and melting of the
stripe phase into an isotropic fluid.

The measurements were done with an x-ray spec-
trometer at the storage ring DORIS at Deutsches
Elektronen-Synchrotron (DESY) in Hamburg. The
instrument is described in Ref. 13 and consists of a
monochromator with two parallel Getl1]) crystals
and a position sensitive detector as analyzer. The
graphite substrate is a stack of UCAR-ZYX strips
contained in an ali metal sample cell with Be win-
dows. and the cell was mounted in a Displex cryo-
stat.

PHASE DIAGRAM

The diffraction from the CF; monolayers was
measured exclusively in the region near the (10) re-
flection of the 2x 2 structure. At the higher-order
reflections the intensity was insufficient to obtain
useful groups. Data were taken as fu-ction of tem-

perature and CF, coverage. and Fig. 2 shows the de-
nved phase diagram. At coverage less than 0.7

{we use as unit of coverage the amount of gas which
would give one tdeal and completed monolayer with
the 2~ 2 structurei. we observe triple-point behavior
between dilute gas ‘G, liquid (L), and commensu-
rate 2 2 phase {C). The gas-liquid coexiszence line
is drawn in accordance with the cnitical point taken
from Ref. 4. With decreasing temperature the
coexisting gas plus the 2 2 phase go into the coex-
isting gas plus stripe (S} phase at 65 K. Below 57
K coexistence between gas and a “three-peak struc-
ture” (3P) is observed. The nature of this three-
peak structure is not interpreted and will not be dis-
cussed further here.’* The stripe structure is ob-
scrved in a rather broad region around the 2% 2
phase, and at higher layer density the hexagonal in-
commensurate structure (/) was found. The nature
of the phase transitions between the different phases
is indicated by cither single lines (continuous transi-
tions) or by shaded coexistence regions ‘first-order
transitions). However, the phase diagram is tenta-
tive and several ambiguities remain. In the diffrac-
tion data there is no distinct difference between the

CF -3PaPwTE
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!
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" ‘
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3 0 3 2 X

TEMPERATURE W)

FIG. 2. Phase diagram of CF; on (0002} graphite. C,
S. 1. and 3P denote the 2 < 2 commensurate. stripe. hex-
agonal incommensurate, and three-peak structures. and L
represents a two-dimensional liquid. Full lines indicate
phase boundaries and broken fines show transitions of
solid phases in coexistence with the dilute-gas phase 'not
shown in the figure).. Coexisience regions are shaded.
Points denoie diffraction measurements in the following
sense: O. liquid. . single 2<2 paak at' 1475 A" @,
two peaks with [:2 intensity ratio, J one peak at
Q>1.475 A-'. . three peaks. O. four peaks ‘coex-
istence of 3P and D. |
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gas plus homogenous solid (say 2\ 2 phase! and the
homogenous solid phases, and thus the correspond-
ing phase lines are uncertain. A very noticeable ef-
fect is that the homogenous 2 2 structure is not
found at the coverage ! but rather near 0.8. This
must imply that the 2x2 phase contains a high
concentration of vacancies or a nonideal behavior of
the substrate. The total subsirate surface area was
determined before and after the measurements by
measuring Ar vapor-pressure isotherms at T =65
K. and reference to diffraction measurements on Kr
monolayers using the same sample cell.'® The Ar
isotherms give a practical check on the area of ad-
sorption on an uncalibrated scale. The absolute
scale of the area was determined in more complicat-
ed measurements where a series of diffraction scans
are measured at low temperature for adsorbed
monolayers of Kr with increasing coverage. The
sharp onset of the commensurate-to-incom-
mensurate phase transition defines the coverage giv-
ing the v 3 V'3 monolayer.

In the region where three of the phases in Fig. 2,
I. S. and 3P, come together, the phase diagram is
not known, but a pronounced first-order transition
is observed from 3P to I and from / to S.

Figure 3 shows the position of the observed
Bragg peaks as function of temperature for three
different coverages. The signature of the C phase is
a single peak at the position Q =1.475 A~! which
is half the (10! reciprocal-lattice vector of the gra-
phite honeycomb structure. The stripe structure is
characterized by two peaks. and the distance be-
tween them is 2 measure of the axiul compression.
Our conjecture that the S phase of Fig. 2 has the
stripe structure'’ rests on the following observa-
tions: When we move out of the 2% 2 region either
by decreasing the temperature or by increasing the
coverage, we observe that the single (10) reflection
of the 22 structure splits into 2 double peak such
that the low-Q component remains at the commens-
urate position Q =1.475 A~', and the other one
moves to slightly higher Q values. There is a con-
stant ratio of 1:2 between the :ntensity of the two
peaks, the low-Q component bcing the smallest.
The distance between the peaks is a continuous
function of temperature and covurge. This is ex-
plained by an axial compression of the structure or
a corresponding expansion of the reciprocal lattice
as is shown in the upper part of Fig. 3. The diffrac-
tion from an idea! stripe structure comprises extra
peaks (sateilites) on both sides of the doublet
described above. These are due to the periodic den-
sity modulation associated with the difference of
layer density in the middle of the domains and in
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FIG. 3. :a) Points and dashed lines: reciprocal lattice
of the uniaxially compressed (stripe! structure. (No satel-
lite reflection points are shown.) Full lines: reciprocal
Iattice of the 2~ 2 structure. b Reciprocal lattice of the
2+ 2 structure. ) Peak positions vs temperature for
three different coverages. In the upper panel. the filled
circles represent the signal from the / phase coexisting
with the three-peak structure. Lines are guides to the
eve.

the domain walls."” However. if the walls are very
broad, the satellite intensity is weak. We have not
observed any such satellites.

When the temperature is lowered through 57 K
at coverages less than 0.76 the double peak of the
stripe phase changes into three peaks. Very close to
the transition the diffraction response gets broad,
and we cannot conclude whether this transition is of
first or second order. The positions of the three
peaks are Q =1.465. 1.486. and 1.518 A, and
these as well as the transition tempeiature are in-
dependent of coverage in ithe snlid plus gas coex-
istence regime. At coverage 0.8 the 3P structure
coexists with the incommensurate hexagonal phase
observed at higher density. The latter component
gives a single peak, in the upper panel of Fig. 3 at
Q =1.502-1.508 A~'. The nature of the 3P phase
has recently been discussed on the basis of neutron
scattering results,'’ however, more information is
needed 10 conclude on the structure of this phase.

Figure 4 shows tne intensity of the (10) Bragg
peak of the 22 phase at four different coverages.
Below the liquid point at the triple-point line. at a
coverage 0.74, the intensity of the (10) peak disap-
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. FIG. 4. Peak intensity of the 2x2 reflection at 1.475
A~" vs temperature at four different coverages. All the
diffraction groups represented in the figure had the reso-
lution width of the instrument, corresponding to a coher-
ence length of L > 1100 A. From above, the panels show
melting of the homogenous 2% 2 phase. “pressure-
broadened” decrease of 2x2 intensity due to coexistence
with a dense liquid, and t{lower two panels) sharp triple-
point transition from 2x 2 plus diluie-gas coexistence to
liquid plus gas coexistence.

pears discontinuously at the triple point. For cover-
age 0.76 the intensity decreases gradually as we go
through the liquid plus solid coexistence region.
However, at the triple point there should be an
abrupt decrease of intensity as we go from solid
plus gas coexistence to solid plus liquid coexistence.
Thus the liquid plus solid region of Fig. 2 may be
incorrectly indicated, but further measurements are
needed to solve this problem. The upper panel of
Fig. 4 shows that at coverage 0.80 the 22 phase
has a very sharp melting transition: The intensity
disappears within 0.1 K. This transition is analo-
gous to the melting of the commensurate v 3% v3
phase of Kr on graphite described by the three-state
Potts model with a continuous transition. For CF,
monolayers the symmetry is different as discussed
above, and it would be of particular interest to
study the melting by diffraction in the same detail
as has been done for Kr.' It should be noted that
the phase diagram of Fig. 2 shows that the transi-
tion changes over from first order to second order
with increasing coverage, and this is analogous to
what was found for Kr on graphite' and discussed
theoretically in Ref. 17,

At higher coverages first the C phase changes
into the stnpe phase, the melting of which is dis-
cussed in the next section, and then the dense in-
commensurate hexagonal stmcturg is formed.
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Melting of the latter was studied in 2 constant cov-
erage scan at p=1.0. A set of (10) diffraction
groups typical for a continuous melting transition
was observed. Above the melting temperature T,
the groups broaden. They can be fitted by powder-
averaged Lorenzian functions'” with correlation
lengths § which ideally should diverge at T, but in
practice are limited by ﬁnits-size effects. We find
that § varies from § > 1200 A below Ty, a limit set
by our instrumental resolution. to £ =170 A at 6 K
above Ty. This is a much slower vanation than ob-
served for Xe and Ar films*' on the same substrate,
but more studies are necessary before this can be in-
terpreted.

The phase diagram of CF, on graphite has earlier
been studied by neutron diffraction.’* The result
was different from ours reported here, due to the
lower resolution of the neutron scattering technique.
In particular the stripe phase was not seen. Also
low-energy electron diffraction measurements have
been performed on this system.'® The 22 struc-
ture was identified and around 60 K a rotated
slightly incommensurate structure was observed.
The latter observation is difficult to combine with
our interpretation.

Y

PHASE TRANSITIONS INVOLVING
THE STRIPE PHASE

Two transitions involving the stripe phase, § in
Fig. 2, were studied in detail, namely Cto S and §
to L. Figure 5 shows some observed diffraction
groups near the (10) reflection of the 2x 2 structure
when we go from C to S by changing temperature
at constant coverage near the top of th: C-phase re-
gion in the phase diagram. In the upper panel, at
T =80.01 K, we have the typical smgle group of
the 2 2 structure at Q =1.475 A~' with the War-
ren line shape.® The full line is the fitted diffrac-
tion profile with a Gaussian coherence length® of
L =1100 A, which is determined by the spectrome-
ter resolution. Presumably the intrinsic coherence
length of the 22 structure is longer, and given
by the ZYX substrate to be L ~ 1600 A.'> When we
go through the C-to-S transition, the double peak of
the S phase develops in a continuous way. Clearly
the groups in Fig. 5 at 74.96 or 70 K cannot be con-
structed as coexistence groups between the upper-
panel group and one of the others. The full lines
are fitted curves assuming a uniaxial compression
of the monolayers in the direction shown in the
upper panel of Fig. 3. The integrated intensities of
the two peaks have the ratio 1:2. The position of
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FIG. 5. Measured diffraction intensities (circles) and
fitted line shapes \full lines) at constant coverage for four
different temperatures. Upper panel: single 2« 2 peak of
resolution limited coherence length L =1100 A. Lower
three panels: double peaks in 1.2 integrated intensity ra-
tio, characteristic of the stripe phase. Left peak has
L;=1100 A and right peak has L, (fitted) = 500600
A. Gaussian cross sections have been used in the Warren
{(Ref. 6) formulia for both peaks for simplicity.

the low-Q component is fixed at @ =1.475 ;\",
and the high-Q component is shifted outwards ac-
cording to the increasing compression as T is
lowered. For the group at T=74.96 K, which is
very close to the transition, this shift is
AQ=0.0073 A~' corresponding to an axial strain
of €=0.0066 or a domain wall separation of 40 lat-
tice distances which is ~200 A. In the calculation
of the curves fitted to the double groups of Fig. 5
we have assumed that the low-Q component has the
same Warren line shape as the group of the pure
2% 2 structure with L =1100 A. For the high-Q
component we also used, {or simplicity, the Warren
line shape, but let the Gaussian coherence Ienggh
vary, and best f{its were obtained with L =600 A.
In fact, different types of line shapes are expected
for the two components if the uniaxial compression
does not alter the range of coherence of the two-

dimensional (2D) crystal in the direction perpendic-
ular to the strain while fluctuations of the local-
strain amplitude limit the correlation length in the
parallel direction. The statistical accuracy of our
data points does not allow a detailed analysis of line
shapes, but in principle the groups describe the type
of fluctuation existing in the S phase.!®-%

The phase transition C —S was studied in a series
of scans for coverages between p=0.57 and 0.83,
and the same behavior as that of Fig. 5 was ob-
served. This also applies for p <0.79, where the
phase transition occurs with the solid coexisting
with a dilute gas. Thus the driving mechanism for
this transition is of a different kind from that
operative in the commensurate-incommensurate
trapsition of Kr, where a considerable spreading
pressure is needed.'’ However, CD, monolayers on
graphite undergo the transition from v3xv3 t0a
more dilute incommensurate hexagonal structure at
T~50 K, also in a phase coexisting with its dilute
gas.’' This transition is thus analogous to the C-
to-S transition of the CF, layers in the sense that it
is the change of the amplitudes of the thermal oscil-
lations of the molecules which drives the change of
phase. An important factor must be the molecular
rotations, and it would be of particular interest to
stedy this by nuclear magnetic resnnance. It should
also be noted that the relatively high concentration
of vacancies in the solid phases may be an impor-
tant factor for the transition.

Although the observed diffraction groups near
the C-to-S transition ratler clearly indicate a con-
tinuous phase transition, there can of course be a
small not resolved discontinuity of the order param-
eter in the transition. The separation AQ of the two
groups of the § phase varies in our data from
AQ=0.03 A~ to AQ=0.006 A~', the smallest
value we can resolve. An indication that there may
be a small first-order jump is that we saw a small
hysteresis when a set of groups lik= those of Fig. §
was measured with increasing and decreasing tem-
perature. This could be as large as 1| K but many
groups would be needed for a precise determination
of the hysteresis. Hysteresis of the C-to-S transition
has been discussed theoretically in Ref. 10 and may
in fact not require a first-order transition.

As shown in Fig. 2 the stripe phase for a range of
denyities melts into a liquid. This raises the follow-
ing question: How can the uniaxially compressed §
phase transform into an isotropic fluid? Figure 6
shows a constant coverage scan through the melting
transition. The generai feature seems to be that the
double peak of the S phase gradually becomes a sin-
gle, broad, liguidlike group by both the high- and
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FIG. 6. Constant coverage scan through the melting
transition of the stripe phase. Circles: measured intensi-
ties. Lines: fitted curves. Upper panel: single broad
peak fitted by a Gaussian Warren line shape (L =200 A).
{Alternative line shape discussed in text.) Second panel:
double peak fitted by two Warren line shapes of coher-
ence lengths L, =600 and L, =350 A in 1:2 intensity ra-
tio. Lower two panels: double peak fitted by Gaussian
Warren line shapes in 1:2 intensity ratio. Left peak has
L,=1100 A (resolunon limited), and right peak has L.
(fitted) = S00—600 A.

the low-Q component being broader and broader
through the transition. However, the scatter of the
data points of the T =85.98 K group does not al-
low a definitive conclusion in this regard. T.ie
change of the splitting AQ is only a minor effect.
The full lines in Fig. 6 show the fitted groups where
we again have used Gaussian structure factors in
the Warren-line-shape formula for simplicity. As
discussed above, the low-Q component of the double
group is insensitive to fluctuations in the lattice
parameter in the direction of the uniaxial compres-
sion, and a correct line-shape calculation should in-
volve an anisotropic and non-Gaussian structure
factor around the reciprocal-lattice points of Fig.
3(a). Although the quality of our data does not al-
low such detailed analysis, they do indicate that
when approaching the melting transition, there exist

fluctuations in the S phase which change the struc-
ture factor in both directions.

We have also fitted the liquidlike scattening pro-
file of the upper panel of Fig. 6. at T =36.73 K. to
a powder-averaged Lorenzian structure factor. * We
find that the correlation length is S~300 A. a value
similar to what was found in liquid Xe (Ref. 2} and
liquid Ar ‘Ref. D) near the melting transition be-
tween the liquid and an isotropic incommensurate
solid with hexagonal structure. As Xe and Ar
layers have continuous melting transitions. the in-
tnnsic correlation lengths of the liquids diverge at
the melting points, but finite-size effects limit the
value and give rise to a ““rounding” effect very close
to the transition. A value of $=300 A is within
this rounding regime of the transition. Thus the
liquid phase just above the S-to-L melting transition
is, within the accuracy of our data, equivalent to the
liquid phase of adsorbed Xe or Ar, bur it would be
of interest to study this with much improved inten-
sity.

Contrary to the two phase transitions descnibed
above the transition from stripe to the hexagonal in-
commensurate phase appeared to be distinctly of
first order. In constant coverage scans at p=0.85
and 0.87 we measured groups in the shaded coex-
istence region of Fig. 2, which could be constructed
as weighted sums of the S- and /-phase signal. We
do not have sufficient data to decide whether the
coexistence region extends all the way to the melt-
ing line as indicated in the tentative phase diagram
of Fig. 2. The first order character of the S-to-/
transition is theoretically expected.'”

CONCLUSION

The study of the CF, films has shown that they
have a rather complicated phase diagram with at
least five different phases in the monolayer regime.
At present our experimental information about the
system is very limited; in particular no measure-
ment or calculation of the rotational state or the po-
sition of the adsorbed molecules has been per-
formed. Despite this, diffraction measurements can
identify phases already discussed theoreticaily'*'’
and give important information about the nature of
the phase transition between structures with dif-
ferent symmetries. Most significant in our data is
the clear evidence that the commensurate-to-
incommensurate transtion between the 22 struc-
ture and the denser hexagonal structure takes place
through the intervening uniaxially compressed
phase, the stripe domain structure. The C-to-S, the
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S-to-L, and the I-to-L transitions are continuous, or
at least very weakly of first order if so, whereas S to
I and 3P to I are of first order. Our diffraction
data also give some information about the fluctua-
tions near the continuous phase transitions: It is
clear, e.g., that the structure factor near the
reciprocal-lattice points of the stripe phase z.e an-
isotropic near the C-to-S transition but become
more isotropic very near the melting line of the
phase diaginm. However, a detailed analysis of the
functional form of the structure factors requires
much higher scattering intensity than was available
in our measurements.
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The quasi-two-dimensional solid and fluid phases of CF, physisorbed on the (001) surface of
graphite were studied by means of X-ray diffraction at the clectron storage ring DORIS. Hamburg.
Four crystalline phases were observed, one of which 15 a registered 2 X 2 structure. On vaniation of
temperature or coverage, the system eapericaces a phase tramsiion from the 2x 2 structure 1o
untanially compressed or “siripe” phase. This is unusual among gas-monolayer systems. Only at
higher coverages does an isotropically compressed phase appear. At low temperatures we sec @
complicated structure giving three closely spaced diffraction peaks. We present diffraction data
which charactenze the melung of the stripe and the hexagonal incommensurate phases.

1. Introduction

Monolayers of gases adsorbed on graphite are approximately realisations of
two-dimensional models of current interest, and, as such. are receiving much
interest (see, e.g., refs. {1-6]).

The CF, layers are different from the extensively studied rare gas mono-
layers [1-6] because of two factors. Firstly, the adsorbed particles are larger
and thus commensuration occurs at the 2 x 2 structure instead of at the denser
V3 x V3 structure. Secondly, assuming that the admolecules have a three-fluo-
rine plane parallel (o the substrate, the most plausible adsorption site is above
the vertex points of the graphite honeycomb structure, and these have a
symmetry different from that of the centre positions taker. up by the rare gas
commensurate lavers (21].
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Concerning the commensurate—incommensurate transition, our results indi-
cate that the (C-1) transition leads from the 2 x 2 phase to a umaxially
compressed structure in which there must be a superstructure of domains with
parallel walls (stripe structure {11]). This 1s the first observaton of the stripe
structure in monolayers adsorbed on graphite. At higher coverages a hexagonal
incommensurate structure is formed. Thus, several new phase transitions mayv
be studied. The choice by the system of this stripe structure may be connected
to the symmetry of the adsorption site [21].

2. Experimental technique

The same setup as described in ref. {12] was used. The diffraction data were
measured on an X-ray spectrometer installed at the storage ring DORIS at
DESY in Hamburg. The monochromator has two parallel Ge(111) crystals. A
position sensitive detector is used as analyser. The graphite substrate is a stack
of UCAR-ZYX strips contained in an all metal sample cell with Be windows,
and the cell was mounted in a Displex cryostat.

3. Phase diagram, stripe phase

Data were taken as function of temperature and CF, coverage, and fig. |
shows the tentative phase diagram. At sub-monolayer coverages a triple point
behaviour was observed between dilute gas (G), liquid (L) and commensurate
2 % 2 phase (C). The gas-liquid coexistence line is drawn in accordance with
the critical point taken from ref. {13] With decreasing temperature the coexist-
ing gas + 2 x 2 phase go into the coexisting gas + stripe (S) phase at 65 K.
Below 57 K coexistence between gas and a " Three-Peak Structure” (3P) is
observed. The nature of this *3P Structure” will not be discussed further here
[14]. The stripe structure is observed in a rather broad region around the 2 x 2
phase, and at higher layer density the hexagonal incommensurate structure (1)
was found. The nature of the phase transitions between the different phases is
indicated by either single lines (continuous transitions) or by shaded coexis-
tence regions (first order transitions). The unit of coverage { p) is the amount of
gas which would compiete an ideal 2 X 2 structure. A very noticeable effect is
that the homogenous 2 x 2 structure is not found at the coverage | but rather
near 0.8. This must imply that the 2 X 2 phase contains a high concentration of
vacancies or a non-ideal behaviour of the substrate. The total substrate surface
area was determined before and after the measurements by measuring Ar
vapour pressure isotherms and reference to diffraction measurements on Kr
monolayers using the same sample cell [12]. In the region where three of the
phases in fig. 1, I, S and 3P, come together, the phase diagram is not known.
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but a pronounced first order transition is observed from 3P to [ and from | to
S.

Fig. 2 shows the position of the observed Bragg peaks as a function of
temperature for three different coverages. The signature of the C phase is a
single peak at the position Q = 1.475 A "' which is half the (10) reciprocal
lattice vector of the graphite honeycomb structure. The stripe structure [11] is
characterized by a double peak. and the distance between them is a measure of
the uniaxial compression. When we move out of the 2 x 2 region either by
decreasing the temperature or by increasing the coverage, we observe that the
single (10) reflection of the 2 X 2 structure splits into a double peak such that
the low @ component remains at the commensurate position Q = 1.475 Al
and the other one moves to slightly higher Q values. There is a constant ratio
of 1:2 between the intensity of the two peaks, the low Q component being the
smallest. The distance between the peaks is a continuous function of tempera-
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ture and coverage. This is explained by an axial compression of the structure or
a corresponding expansion of the reciprocal lattice such as shown in the upper
part of fig. 2 [15}.

At low coverages (p < 0.76) and temperatures (T < 57 K) we see the three-
peak structure. At higher coverages this phase coexists with the hexagonal
incommensurate structure, so that four diffraction peaks are observed (fig. 2c,
upper panel).

The phase diagram of CF, on graphite has earlier been studied by neutron
diffraction [14]. The result was different from ours reported here, due to the
lower resolution of the neutron scattering technique. In particular the stripe
phase was not seen. Also LEED measurements have been performed on this
system [17]. The 2 x 2 structure was identified and around 60 K a rotated
slightly incommensurate structure was observed. The latter observation is
difficull t: combine with our interpretation.
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4. Line shape analvsis

The peaks from the 2x 2 phase are well fitted by a powder-and-ult
averaged Gaussian (Warren line shape [6]) of coherence length L= 1100 A,
representing the combined effect of the 1600 A coherence length of the ZYX
substrate [12] and the instrumentat resolution. For the hijuid, a powder-and-ult
averaged two-dimensional Lorentzian cross section (2] is apphicabic. and this
also fits the peaks from the hexagonal incominensurate (1) structure well. (We
shall not discuss here the ideal scattering function of the 1 phases [1.2].) In our
data the coherence length £, of this two-dimensional Lorentzian varies from
80 A for the weakest liquid scattering peaks 1o 1600 A for the peaks from the |
solid. For these peaks. the abovementioned effective Gaussian resolution
function also contributes to the width, We have not attempted 1o deconvolute
this contribution. For the siripe phase we assume that the scattering function is
anisotropic, being approximately Gaussian in the direction perpendicular o
the strain, while fluctuations in the local strain amplitude lead o a one-dimen-
sional Lorenizian shape in the parallel direction,

2,2
S(Q()""i)“c"p" L4Z; )_—lT_«.
I+4§aq;

Q, being a Bragg point of the stripe reciprocal lattice. Upon powder-and-tilt
averaging, this leads to the abovementioned Warren line shape for the fow-Q
component of the stripe doublet, while the high-Q peak is approumately
described by a tilt-averaged Lorentzian, the powder-averaging being redundant
when the Gaussian is narrow compared to the one-dimensional Lorentzian.
These line shapes were found to describe the stripe phase doublet quite well.

For the 3P structure it was noticeable that the widths of the three peaks
were different.

S. Meltings and other phase transitions

The stripe doublet develops from the single peak of the 2 X 2 phase in what
seems to be a continuous transition [21].

Contrarily, the transition from the stripe to the hexagonal incommensurate
structure appeared to he disinctly of first order. The transiton takes place
through a coexistence region. in which the diffraction signal can be constructed
as the weighted sum of the S- and l-phase signals.

The melting of the S phase was studied in constant coverage scans at
p =0.85and p = 0.90. Fig. 3a shows some of the data for coverage p = 0.90. At
low temperatures (lowest panel) we see two peaks of separation 3Q = 0.030)
A "' corresponding to a strain ¢ = 0.027. As the temperature is raised. the peak
separation varies little, but the high-Q peak broadens. Close to the transition
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§ =275 and 350 A

(Tyy = 86 K) the low-Q component experiences some broadening, too. Finally,
a single broad peak to the high-Q side of the 2 x 2 peak position emerges and
this liquid-like structure factor could be seen in a temperature range of about
1.5 K above the transition. Thus, the transition seems most likely to be
continuous. The full lines in the figure are fits of the line shapes described in
the previous section: For the liquid, a two-dimensional Lorentzian. and for the
solid, a Gaussian and a one-dimensional Lorentzian locked in a 12 ratio of
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integrated intensities, the coherence length of the low-Q peak being fixed at
L=1100 A except very near the transition. The fitted parameters are repre-
sented in panel B of fig. 4.

From a theoretical point of view, there is need of an investigation of
possible mechanisms for a continuous freezing transition in which the isotropic
liquid transforms to the uniaxial solid. and of the resulting diffraction lin-
eshapes.

For completeness we show data for the melting of the hexagonal incom-
mensurate solid at p = 1.00 (fig. 3b). Panel A of fig. 4 shows the continuous
variation of peak position, width and intensity through the melting point taken
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o be Ty, = %6 K. at which point the peaks start to broaden quicklyv. The peak
positon vanes hittle, and no distinct feature of this parameter marks the
transition. The data indicate that the | to L melung transinon of CF, s
CONINUOUS.

Panels C and D of fig. 4 show for comparson the data for two other
melting transitions of incommensurate 2D solids on graphite: Dense mono-
favers of xenon and submonolavers of argon.

Comparirg the four transitions, it 15 apparent that the region of the CF,
hexagonal incommensurate solid extends over 0.1 in reduced temperature
T, Ty. a much wider range than for any of the other films. The dense Xe
layers show a very steep decrease of correlaton length in the higquid. These
differences are not understood.

6. Conclusion

The study of the CF, films has shown that they have a rather complicated
phase Jdiagram with at least S different phases in the monolaver regime. At
present our experimental information about the system s very limited. n
particular no measurement nor calculation of the rotational state or the
position of the adsorbed molecules has been performed. Despite this. diffrac-
tion measurements can identify phases already discussed theoreticaily [11.18]
and give important information about the nature of the phase transiiions
between structures with different symmetries. Most significant in our data s
the clear evidence that the commensurate to incommensurate transition be-
tween the 2 x 2 structure and the denser hexagonal structure takes place
through the intervening unmiaxially compressed phase, the stripe domain struc-
ture. The C 10 S, the S to L and the I 10 L transitions are continuous. or al
least very weakly of first order if so, whereas S 1o | and 3P 1o | are of first
order. Our diffraction data also give some information about the fluctuations
near the continuous phase transitions: The diffraction peaks from the stripe
phase could be fitted by line shapes derived by assuming anisotropic fluctua-
tions and structure factors that are amisotropic near the Bragg points. The
simple model assumed here can certainly be improved. More detailed measure-
ments of the line shapes would then be needed. requiring much higher intensity
than was available in our measurements.
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2.3.2. Line shape analysis. Warren line shape

In this and the next section we give an account of the line
shapes used to analyse the data.

The observed diffraction line shapes are strongly modified by
the special nature of the sample, which is a powder of two-di-
mensional (2D) crystallites, but with some preferred orientation.
First, however, we must consider the scattering function of the
average crystallite in the powder.

-
The momentum transfer is Q = Ef - K., which we resolve in com-
> >

i'
ponents in the crystallite plane and orthogonal to it, Q = Qph +
av- For a large 2D crystal, with long-range positional order

({LRO), the scattering function is
» 2+ &> »
S_(Q) = ZéIF (Q)|52(Qh-G) .

Here, F2 is the structure factor. The sum is over the reci-
procal lattice points (&) of the 2D crystal, and the 2D delta
function defines the "Bragg rods™ of the 2D crystal. Near a
reciprocal lattice point 6 we make the further decomposition
ah = 31 + at' along and across the 5 vector.

For at crystal of finite size L, the delta function is replaced
by a (sin(Q'L/2)/sin(Q°a/2))2 form where a is the lattic constant.
The oscillating tails of this form which corresponds to a sharp
cut-off in r=al space are unrealistic2.3, and following Warren2.4
we replace it by a Gaussian

L2 ag, 2
4n

sw(é) « exp( - )

> -

where 8Q = Q - é. To within 6 per cent, Sy has the same width as
the (sin(Q*1/2)/sin(Q*a/2)2 form. It is appropriate for a com-
mensurate crystal (C), with 2D LRO imposed by the substrate. For
the zYX substrate, L = 1600 A2-5,
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Next, Sy must be averaged over all orientations of the crystal-

lites in the plane, (powder average)

I

- > 2n
Sw(Qe) = > [ dw Sy (Qg cosw, Q¢ sinw)
(o]

(354

By approximating the circle by a straight line we get

- . L? 203
Sw(Qe) = exp( - —) .
4n

Finally, we must average over the distribution of crystallite
normals (tilt average). We take the probability for a crystallite
normal deviating the angle © from the vertical to be exp(-62/w2),
with FWHM(8) = 18 degrees for the ZYX substrate. Following

J. Bohr2-6 we take the angle between a crystallite normal and

the momentum transfer 5 of the diffractometer to be (n/2-8,),

and further, the azimuth of the normal (around Q) to be ¥, and

express the powder- and tilt-averaged intensity as

- -82/y2
<$>(Q) = [ [ S(Qcosfy)e e ,
6, ¥ oV
o
where
4aa = 8 )
0y cosfy 4845 dv
and

cos® = cosby cosv .

In principle, <S> must finally be convoluted with the resolution
function of the instrument as derived in 2.2,

For simplicity, the resolution was, however, accounted for by
replacing the true coherence length 1600 A with the value Lgff =
1100 A.
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2.3.3. Other line shapes

For phases other than the commensurate structure, different
line shapes are observed and predicted from theories. A simple
approximation to this problem is to us2 an effective coherence
length in the Warren line shape. This provides a family of
curves with the asymmetry characteristic of the experimental
method, and a variable width. (This approach was used for simp-
licity in the Phys. Rev. paper above).

A more thorough approach is to substitute the appropriate line
shape for the delta function in the formulae of Section 2.3.2.
For the 2D liquid phase (L), assuming isotropic exponential
decay of correlations, a 2D-lorentzian is in order2-22,

SopL(@) = (1 + &3 ag)~!

where £9 is the correlation length. This form must in prin-
ciple be convoluted with the "Warren”™ Gaussian describing the
finite size; however, when &7 is not too long, this can be
ignored. Using the same approximation as before, the r-wder
average leads to

Sop1(Qg) = (1 + €2 803)~1/2 |

For the (hexagonal) incommensurate solid phase (I), algebraic
decay of positional order is expected2:7, leading to

+» » -2+n > 2

Sne(Q) = 18Qy1 G, ng = |G|
This form, appropriate for an infinite crystal, must be con-
voluted with the finite size function Sy,

2+' », +* »,

Sh =/ d°Q 5,.(0) 5,(Q-Q) .
This can be done analytically2.3,
However, Heiney et al.2.8 found that their high-qualit