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2D Ising Critical Behavior at an Isomorphous Structural Phase Transition
in C2F6 Monolayers Physisorbed on Graphite
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Technische Physik, Universität des Saarlandes, D-66041 Saarbrücken, Germany

(Received 14 April 1997)

C2F6 monolayers physisorbed on graphite have been investigated by heat capacity and x
diffraction measurements. With increasing temperature, the adsorbate shows a sequence of thre
solid phases, all of them having a triangular lattice, followed by the 2D fluid state. One of t
transitions belongs to the universality class of the 2D Ising model and is of a new orientational or
disorder type. [S0031-9007(98)05379-4]

PACS numbers: 68.45.–v, 61.50.Ks, 64.60.Cn, 65.40.+g
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A large variety of quasi-two-dimensional transitions in
monolayer adsorbates has been studied in the last deca
In many cases, the critical behavior can be describ
in terms of elementary models of statistical mechani
for order-disorder transitions. Concentrating on exampl
in physisorbed layers on graphite, the melting of thp

3 3
p

3 phase of He andH2 monolayers [1,2] is
consistent with the order-disorder transition of the thre
states Potts model and the liquid-vapor critical behavi
of CH4 submonolayers [3] with the two-dimensional (2D
Ising model. Both cases are understood in terms of t
analogy of lattice gas models with the correspondin
spin models. In transitions which involve orientationa
ordering, the relation of the orientation of the molecul
with the spin variable of the models is perhaps somewh
more direct. Here, CO monolayers provide two exampl
for 2D Ising critical behavior. The transition from the
disordered phase to the pinwheel phase in the compres
monolayer [4] and the dipolar head-tail ordering [5] ou
of the herringbone phase in the submonolayer regim
are of this type. For the latter transition, the connectio
between the real system and spin model is particula
apparent, even though the dipole pattern of the order
phase is not known. In the present article, we report on
new orientational ordering transition of the 2D Ising type
Strangely enough, the diffraction patterns suggest that
two phases involved are isomorphous.

Hexafluoroethane C2F6 monolayers physisorbed on the
honeycomb surface of (exfoliated) graphite have be
investigated before by x-ray powder diffraction [6]. A
low temperaturesT , the monolayer is commensurate
sCd 2 3 2 with the substrate lattice. This structure ha
also been observed for other adsorbed molecules wh
contain the CF3 group, namely CF4 (Ref. [7]), CF3Cl,
and CF3Br (Ref. [8]). Steric considerations suggest tha
in all of these cases the molecules rest on theF3 tripod
supplied by the CF3 group. For C2F6, this means that
the molecular axis is perpendicular to the substra
An adsorption on the other, asymmetric and somewh
larger, 1-F2, 2-F tripod with the axis about parallel to
the substrate can be ruled out from these consideratio
0031-9007y98y80(8)y1686(4)$15.00
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and would also be in conflict with the triangular lattice
symmetry. At 80 K, there is a phase transition into a
expanded triangular incommensurate (IC) phase whi
finally melts atTm  115 K. The temperatures refer to
the submonolayer regime in which these phases coex
with the 2D gas (i.e., with practically bare surface
regions). In contrast to the more frequent case ofC-IC
transitions induced by changes of the coverage, theC-IC
transition of the present adsorbate isT induced.

C2F6 monolayers have been investigated by heat c
pacity csTd measurements using the heat pulse techniq
in an adiabatic calorimeter, the substrate being again e
foliated graphite (Papyex). These measurements sh
an additional phase transition intermediate in temperatu
to the C-IC and the melting transition. Therefore, we
reinvestigated the adsorbate by exhaustive x-ray powd
diffraction measurements (and by some ellipsometric a
sorption isotherms, obtained on HOPG. The ellipsome
ric isotherms are of excellent quality comparable to thos
measured on Ar, Kr, and Xe on graphite). The cove
ageu of the heat capacity and the diffraction experimen
is quoted as the number of molecules per four graph
hexagons; thus, the coverage of the ideal2 3 2 phase
is unity. Figure 1 shows the heat capacity foru  0.6.
Note that the additional transitionsTc  103.6 Kd gives
rise to an anomaly considerably stronger than those
theC-IC and of the melting transition. As in the previous
study, there is no symmetry breaking atTc, such as a peak
splitting or the appearance of additional reflections, appa
ent in the diffraction measurements. Thus, both phase
IC2 above and IC1 belowTc, are of triangular symme-
try. Profiles of the (10) reflection of the triangular lattice
are displayed in Fig. 2. Higher reflections, such as (1
and (20), could not be observed. This problem has be
encountered in x-ray and neutron diffraction studies o
the high-symmetry triangular phase of many other adso
bates on exfoliated graphite. The lattice parametera and
the coherence lengthL, i.e., the inverse of the intrinsic
width g21, of the diffraction peak are shown in Fig. 3.
One notes an enormous thermal expansion in the tw
IC phases, which continues in the liquid state above th
© 1998 The American Physical Society
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FIG. 1. Heat capacity per particle for a coverageu of 0.6.
The dotted line is the noncritical background used for th
determination of the critical contribution.

melting temperature. The overall increase ofa up to Tm

is 11%. At Tc, there is a slight kink inasTd and a small
step ing21sT d. Melting shows up as an anomaly ofcsT d
with a well defined maximum atTm. In the diffraction
data, the only fingerprint of the melting is the coherenc
length gradually decreasing to values of the order of tw
molecular diameters in the liquid state. Although the da
suggests that melting is a continuous transition, pow
law fits to the melting anomaly were not successful. Th
C-IC transition is of first order with a small latent heat o
4kB K.

The shape of the heat capacity anomaly of the IC1-IC
transition atTc calls for an interpretation in terms of criti-
cal behavior. Fits to power laws failed, but an excellen
description is obtained with the model functioncsT d 
2A ln jT 2 Tcj with Tc  103.6 K and A  2.48, above
and belowTc (see Fig. 4). The noncritical part of the
heat capacity used in this fit is the linear function ofT
indicated in Fig. 1. Note that only the slope but not th
absolute value of the noncritical background is releva
for the fit.

The heat capacity of the 2D Ising model of a triangula
lattice with next-neighbor couplingJ can be calculated
analytically. In the critical regime, a logarithmicT
dependence with a coefficientA0  0.4991 is obtained
[9]. Thus, apart from the value of the prefactorA, the
heat capacity anomaly atTc follows the 2D Ising model.

As far as the value of the prefactorA is concerned, one
can reconcile theory and experiment with the followin
consideration: Across the critical regime, there is
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FIG. 2. A series of diffraction patterns foru  0.65 showing
the principle reflection (10) of the triangular phases. The 2D
origin of the reflection is apparent from the asymmetric pea
shape (Warren-type profile).

considerable expansion of the lattice;≠ay≠T is of the
order of0.015 ÅyK, henceJ will decrease with increasing
T , thereby compressing the critical regime into a narrowe
T interval compared to the rigid case with constantJ. In
an approximation to first order,JsT d  Jc 1 bsT 2 Tcd
with b  ≠Jy≠a ≠ay≠T , Jc  JsTcd. Since the internal
energy of the model can be written as a product o
JsTd times a functionf of the variableTyJsTd, one
finally arrives at the expressioncycIsing  AyA0  1 2

bTcyJc. Inserting the experimental and theoretical valu
for the coefficient A and using the relationTcyJc 
4y lns3d yields b  21.1 and≠Jy≠a  280 KyÅ. This
appears to be a reasonable value for the variation of t
coupling strength with distance. Alternatively, one ma
postulate aJsad dependence of the formJ ~ a2n. The
enhancement factorAyA0 then requires an exponent of
about 13 which is close to the exponent of the repulsiv
part of the Lenard-Jones potential. The noncritical part o
the heat capacity as obtained from this calculation is,
fact, not linear inT as assumed in our data treatment bu
rather has the shape of a smeared-out step centered atTc.
This explains qualitatively why, in Fig. 4, the data points
belowTc lie somewhat above those aboveTc.

Since the transition takes place in an IC rather than in
rigid C lattice, one expects that the Ising spins couple t
the translational fluctuations (compressible Ising mode
1687
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FIG. 3. The lattice constant and the inverse intrinsic widt
g21 of the (10) reflection as a function of temperature. Th
dotted lines give the transition temperatures of the pha
sequenceC-IC1-IC2-liquid. The low value ofg21 at 80 K is
explained in terms of two nonresolved reflections representi
the coexisting phasesC and IC1.

[10–14]. (Because of the rather peculiar symmetry of th
present Ising variable, which will be discussed below, th
coupling should not involve uniaxial lattice distortions bu
only A1g distortions, the corresponding compliance bein
the 2D compressibility.) The coupling to the lattice ma
drive the transition to first order. Theory suggests th
in cases where the transition is close to second order
as evidenced experimentally by an almost divergent he
capacity—the “pseudocritical” behavior should be sti
that of the Ising model on a rigid lattice.

FIG. 4. Plot of the critical part of the heat capacity at the IC1
IC2 transition. The pattern at the bottom is a schematic vie
of the “1” and “2” domain of the ordered phase IC1. The
symbols represent theF3 tripods of the molecules.
1688
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We suggest relating the Ising variable, which is relevan
to the transition atTc, to the discrete azimuthal orientation
of the molecule about its axis. We recall that this axis i
perpendicular to the substrate. The inset of Fig. 4 show
the orientational pattern of the lower F3 tripods that are
in contact with the substrate in the two domains “1”
and “2” of the ordered phase IC1. AboveTc, in the
disordered phase IC2, the molecules perform hinder
rotations about their axes, with an increasing preferen
for the orientations1 and2 as the temperature is lowered
towardsTc. It is this preference for two special azimutha
orientations which corresponds to the Ising anisotropy
a spin model.

Is the x-ray structure factor different in the ordered an
the disordered phases? The molecule consists of two C3
groups which are rotated by 60 deg with respect to ea
other. The lower CF3 groups of the1 domain have the
same azimuth as the upper CF3 groups of the2 domain,
and vice versa. In our schematic picture, the projection
the molecule onto the 2D plane, therefore, corresponds
a star with six arms, no matter whether the molecules a
in the1 or the2 domain of the ordered phase. A mixture
of 1 and 2 molecules as in the disordered phase IC
has the same projection and, hence, the same 2D struct
factor as in the ordered single domain state of the IC
phase. In a more realistic calculation, the extension
the molecule perpendicular to the substrate is taken in
account. The structure factor is now modulated along th
shkd Bragg rods. The modulation depends on the nod
index and is, at least for a general reflectionshkd, different
in the ordered and the disordered phases. Howev
for the principal reflection (10)—which is the only one
observable in the present experiment—the structure fac
is still identical for the two phases. Thus, the absence
changes at the IC1-IC2 transition in our diffraction data i
perfectly understandable.

The overall structural behavior of theC2F6 monolayers
is as follows: Throughout the 2D solid state, the molecul
is oriented perpendicular to the substrate. The transitio
from the C phase at lowT into the expanded IC
state appears to be induced by the thermal excitatio
of translational and small-amplitude librational mode
rather than by reorientation jumps. Azimuthal disorde
is achieved via a separate, isomorphous, Ising-type pha
transition. The apparently continuous melting [14] of the
monolayers then involves not only the loss of translation
symmetry but also that of the perpendicular alignment o
the molecules with respect to the substrate.

A comparison to monolayers of ethaneC2H6 ph-
ysisorbed on graphite is appropriate. Here, a phase tra
sition which involves a change of the orientation from fla
to perpendicular can be induced by increasing covera
[15]. In the perpendicular state, the thermal excitation o
the rotations about the molecular axis progresses grad
ally with increasingT (Refs. [16,17]), rather than via an
order-disorder transition, as in the present system.
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