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Orientational disorder and melting of CF,Cl, monolayers physisorbed on graphite
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We present specific heat experiments on,@ClE monolayers physisorbed on graphite and determine the
entropy changes at the structural and melting phase transitions. The results confirm previously reported x-ray
studies where a phase sequence from a low-temperature commensurate hexagonal phase to an incommensurate
triangular mesophase and finally the liquid phase was observed. The temperature dependence of the excess
entropy reveals that the low temperature phase is orientationally ordered. Angular disorder with respect to
reorientation around the surface normal evolves in the mesophase, and is fully developed just below the
melting transition where the molecule starts to rotate around an axis parallel to the surface. We observe strong
evidence for two-dimensional random exchange or random field behavior at the melting transition of the
mesophase due to the bond disorder produced by the rotation about an axis parallel to the surface.

[. INTRODUCTION of the structural phase transition and the melting transition.
In contrast to most other heat capacity studies on phys-
Physisorbed monolayers are examples of almost perfedgorbed layers, we will also extract the entropy from the data.
two-dimensional2D) systems. Although the binding energy This allows us to determine the degree of orientational order.
of the molecules to the substrate is large compared to th&he results will be compared to 3D plastic crystals in gen-
intermolecular potentials, the molecules are able to movéral. Previous x-ray data and the present specific heat results
almost freely, parallel to the surface, and thus can form a 2@ue then combined to explain the anomalous melting behav-
gas, a 2D liquid, and one or more 2D crystalline phadse$. ior in terms of a 2D random exchange resp. random field
course, the binding energy may prefer a certain orientation onodel.
the molecule with respect to the surface normal. Moreover, The previously established coveragetemperatureT
the corrugation of the substrate leads to constraints both ophase diagram of GEI,° is confirmed and refined by the
the lateral and the orientational degrees of freedom parallgiresent studysee Fig. 1. The higher binding energy of the
to the surfacé:® While the constraints on the lateral degreesCl to the substrate suggests that in the low-temperature 2D
of freedom act like an additional 2D interaction which hascrystalline phases, the molecules rest on thgFGtipods
minima for distances of the molecules equal to a lattice vecrather than the smaller,El tripod. This is confirmed by the
tor of the substrate, and thus can lock the layer into registry-ray data: the Bragg positions and the resulting area per
with the substrate, the constraints on the orientational demolecule correspond to the El tripod.
grees of freedom, due to the substrate, can be regarded as an
additional anisotropy field which leads to a preferred orien-
tation of the molecule with respect to the substrate. On the
other hand, the interaction with the neighboring molecules is
lower than in 3D, simply because of the smaller coordination
number, usually 6 compared to 12 for compact globular mol-
ecules. This point favors the appearance of orientationally
disordered phases in ZDEven with equal coordination
numbers in 2D and 3D, the splitting of a fully ordered sys-
tem into domains with freely fluctuating domain walls, be-
comes more and more favorable with decreasing dimension,
due to an increase of the entropy gain with respect to the
energy loss by building a domain wall. This means that dis-
ordered phases are generally more favorable in 2D than in
3D. Even glassy phases have been found in homogeneous
monolayers of small moleculds.
The molecule of the present study, the polgy Galom-
ethane CECI, crystallizes in 3D out of the liquid state into
an orthorhombic structuregpacegrouf-dd2) which is fully
orientationally ordered, the dipole moments all pointing into
the c direction® The monolayers adsorbed on graphite form  FIG. 1. The coverage-temperature phase diagram gCG®N
three 2D crystalline phasésThis article deals with the evo- graphite.L: 2D liquid; G: 2D gas; 2.: second liquid layerz, 3, y:
lution of the specific heat capacity in the temperature rang@D crystalline phases.
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The highT B phase is triangular and incommensurate.

The high symmetry of this lattice in conflict with the low 20 -
symmetry of the molecule calls for orientational disorder, -
which is confirmed by the present specific heat data. In the 10k
x-ray experiment, the melting of th@ phase is evident from |
a broadening of thel0) diffraction peak which changes over o Lo
smoothly into the first maximum of the 2D liquid. This sug-
gests that theB phase melts continuously. The low- 20
temperature phases(commensurajeand y (compressed in- -
commensurajeare hexagonal with 9 molecules in the unit 10
mesh. The3 plane group symmetry demands that at least 6 = 1
of the 9 molecules are orientationally ordered. Hheghase is 2 ol
a compressed incommensurate but otherwise isomorphous <
variant of the commensurate’2x 4v3 « phase. The-8 and D
¥-B transitions are of first ordér. -
10
Il. EXPERIMENT 0 r
The experimental setup has been described elsevhere. 20 L
The substrate is exfoliated graphifeapyex. The active area
of the substratéabout 370 ) has been determined from the I
measurement of an adsorption isotherm ofdtl 70 K. The 10
N, isotherm shows a substep in the monolayer regime due to - p=0.50
the transition from the commensuraf@xv3 into an incom- olbev v b Lol

mensurate phase. Accordingly, the volumetric coverage 0 50 100 ~ 150 200

will be quoted as number of molecules per 3 graphite hexa- T (K)

gons. CKCl, gas has_, _bee_n purchased_ with a nonjlna_l PUNYY £, 2. The heat capacity per molecule in unitskgffor four

of 99%. Further purn‘lc_atlon was gchleved by rejecting theggiected coverages.

fractions of the gas which adsorb first and which adsorb last

on the graphite at low temperatures. The heat capacity dats the formation of a second 2D liquid layer out of the bulk
were obtained with the conventional adiabatic heat puls€3D) solid. Corresponding corrections have to be made in the
method. Special attention was paid to the thermal isolation ophase diagram fop>0.8: Below 105 K, the monolayer
the cell with the result that the temperature drift of thephasesy, B, 2D liquid coexist with the bulk solid, whereas
sample was small compared to the temperature changes iabove 105 K, the first liquid layer coexists with the second
duced by the heat pulses. Thus, the entropy as an integratéiduid layer. In the submonolayer regime, the present heat
quantity can be determined reliably. Twelve coveragesapacity experiment and accompanying adsorption isotherms
(p=0.25,0.35,0.50,0.56,0.61,0.64,0.69,0.73,0.80,1.02) 1.6roduced evidence for the approximate extension of the 2D
have been investigated for temperatures between 30 and 19@s—2D liquid coexistence region. A small hump of the spe-
K. The heat capacity of the empty substrate and can wereific heat capacity shows up at0.25, 150 K and becomes
measured in a separate run. Except close to the phase tranaibroad feature at lower temperatures at the next higher cov-
tions, the heat capacity of the adsorbed layer is a few percemtrage. This indicates a phase boundary the tangent of which

of the total heat capacity. is parallel to the coverage axis p£0.25, but not at higher
coverages. Thus the 2D critical point is at aboLf”
_ i 12D/ 73D . i
Il RESULTS =150K. The ratioT¢/T;" is 0.4; similar values have been

observed for other small molecules adsorbed on graphite
Figure 2 shows the heat capacity per,Ck molecule for  which confirms the interpretation of the above discussed fea-
some selected values of the coverage, where the contributidares of the specific heat capacity and adsorption isotherms.
of the substrate and the can have been subtracted. Twihe ratio reflects approximately the number of nearest neigh-
anomalies are clearly visible: the stronger one at the lowebors that is reduced from 12 to 6 when going from 3D to 2D.
temperaturdl’¢ (about 75 K due to the structural phase tran-  The discrepancy between the absolute values of the volu-
sition, a-B or y-B depending on the coverage the weaker metric coverage and the crystallographic coveragealcu-
one at the higher temperatufg, due to the melting of th@  lated from the lattice parameters is a common observation
phase. From measurements of this type, the boundarider studies on exfoliated graphite. Here, the upper critical
Ts(p) and T, (p) of thep,T phase diagram have been deter-coverage for the pure commensuraiephase isp,=0.56,
mined (Fig. 1). The phase diagram thus obtained is in goodthat of they and 8 phases in their most compressed states
agreement with that of the diffraction stifgs far as the p,=0.6. For comparison, the-y boundary of thep, T phase
submonolayer and monolayer regimes0.8, is concerned. diagram in Fig. 1 is ap=0.64, the maximunp for the 8 and
A new feature has been detected for higher coverdges v phases 0.8. This discrepancy is due to molecules in irregu-
=1.02,1.62, an additional anomaly of the heat capacity atlar sites where they do not contribute to the Bragg peaks nor
about 105 K. Since the intensity of this anomaly scales withto the heat capacity anomalies at the phase transitions. The
(p—0.8), it has been interpreted as a layering transition, i.e.number of irregular sites per regular site is not a constant, it
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varies with the specific production parameters of the sub- 3.0 prerrprrrrr e
strate but also with age, i.e., the number of thermal cycles. In F
particular, at higher coverages, for theand 8 phase, there 2
are definitely extra molecules outside the 2D and 3D crystal .
lattices which may nevertheless influence the structural and e
thermal behavior of the monolayér. \_\_Ej
Altogether, the heat capacity curves are very similar for }

<

3
2

all coverages within the submonolayer and monolayer re- 1.0 -
gime. The anomaly related to the structural phase transition o
is almost &-function shaped for submonolayefsee Fig. 2 0.5 p=0.697
for p=0.5). This suggests that the transition is of first order L e N ..f‘ ‘ "‘ R
and that the temperature interval of theg phase coexist- O'Oo 50 100 150 200 250 300
ence is very narrow, in agreement with the x-ray study. The T (K)

anomaly is slightly broader in the monolayer regime when
the surface is completely covered with the adsorbate. It ap- FIG. 3. The “excess” entropyAS (which is part of the total
pears plausible that the transformatians or -3 proceeds entropy connected with the structural phase and the melting transi-
less freely at complete coverage and that correspondinglyion) per molecule in units okg for the four coverages of Fig. 1.
the coexistence region is somewhat wider. The transitiod "€ temperature scale refers to=0.50. The other curves are
temperaturd varies slightly withp (Fig. 1). The values for ~ Shifted to the right in steps of 50 K.
the - transition are a little bit lower than those for theB
transition. This may be due to the fact that thephase is  3). Nevertheless the whole set of data gives convincing evi-
stabilized, with respect to the phase, by the commensura- dence for the picture developed below.
bility with the substrate, which acts like an additional inter-  Independent of the coverage, the entropy change at the
action term. structural phase transition in Fig. 3 is about<ld 3, while
Since the melting anomaly is very smédlee Fig. 2the  the excess entropy up to a temperature just below the melting
scatter of the data does not make it possible to fit analytianomaly,AS;, is 1.8 which is approximately In 6. These
expressions for the critical behavior to the data. Hence, wgalues are independent of whether the transitionaig
cannot decide whether the transition is of second order or gcommensurate-incommensurater y-8 (incommensurate-
smeared-out first order transition. However, a comparison tthcommensuraje As suggested by the adsorbate-substrate
CF;H monolayers is in order: GEIl, as well as CEH form  potentials and known from x-ray resuftdin the 8 and «
an incommensurate triangular 2D solid in which the mol-phases, the molecules rest on theigFCtripods. In thes
ecules rest on an asymmetric trip@dl,F and KBH, respec- phase, they are surrounded by 6 neighbors which produce a
tively). Nevertheless, the melting behavior is different. Thesixfold anisotropy of the nearest-neighbor interaction poten-
abrupt disappearance of the Bragg peaks andsthaction  tial. In spite of the low symmetry of the molecule, the an-
shaped anomaly of the specific heat capacity identify thésotropy is sixfold in case the molecules are dynamically
melting of the triangular phase of G as a first order disordered with respect to their azimuthal orientation. The
transition’ For CRCl,, the gradual broadening of the dif- anisotropy is also only sixfold, in case they are sufficiently
fraction peaks suggests a transition of second dtddove  far apart so that their noncylindrical shape produces only
p=0.64,T,, decreases with increasingand eventually, for higher-order terms. Accordingly, there are six distinguish-
p=0.80, the tiny melting anomaly disappears in a back-able equivalent azimuthal orientations for every molecule in
ground of enhanced heat capacity which extends for all covthe g8 phase. For this model of discrete azimuthal orienta-
erages in this region fronTg across theB phase to well tions, the entropy increase from a completely ordered state to
above the melting temperature. The anomalous slope of thene with fully developed azimuthal disorder is In 6. Applied
Tm(p) boundary in this range is connected with a negative to the present system, this suggests that the low-temperature
thermal expansion coefficient of the phasé’. Part of the phases,a and v, are fully ordered and that the azimuthal
apparent broadening of the melting transition may resuldisorder is eventually reached in tf¥gohase at temperatures
from the finite slope of the phase boundary. A possible ex€lose to the melting transition. Thus, th# phase can be
planation for the negative slope as well as the broadeningegarded as an orientationally disordered 2D phase. At tem-
based on the temperature dependence of the orientationpératures closer to the phase, still within the8 phase, the
disorder is given after the discussion of the entropy changenolecules are obviously prevented at any particular moment
with temperature. from adopting some of the six orientations because of the
Figure 3 shows the excess entrop$ (per molecule, in  orientations of the neighbors at that instant. This means that
units ofkg) related to the structural phase transitiang for ~ the symmetry of the nearest-neighbor interaction potential
p=0.5 and 0.61, or-B for p=0.69 and 0.8Band to the melt- has become lower because of the asymmetric shape of the
ing of the 8 phaseAS is determined from the excess part of molecules—either via reduced distances or via slower and
the heat capacity above a noncritical background. This backslower jumps between the six orientations. Independent of
ground has been obtained by fitting a smooth curve to théhe positive or negative thermal expansion coefficient which
data, which interpolates between the noncritical regimes beshanges sign ap=0.64, all coverages show an entropy
low 70 K and above about 150 Kdashed lines in Fig.)L  change from aboukg In 3 at the low-temperature end of the
This procedure is to some degree arbitrary and leads to som@ phase tokgIn6 at the high-temperature end. Hence, all
error of the asymptotic high-temperature valueA$ (Fig.  coverages experience the lowering of the symmetry of the
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interaction potential, independent of whether the lattice conwhich are most closely related to gF,, the tabulated\S;,
tracts or expands with decreasing temperature. Therefore, th@lues are 0.96 and 1.2AS, values are 2.71 and 2.45, re-
reason for the lowering of the symmetry of the interactionspectively. Thus, the ratid S;/AS; is about the same as for
potential must be slower movements due to smaller thermahe 3D plastic crystals and for the present example of a 2D
energy. In thex phase, the molecules evolve long-range cor-plastic crystal, while the ratio of corresponding quantities
relations with threefold symmetry. Close to thetransition  AS?’/AS®P (i=m,t) is about equal td.

but still in the 8 phase, these correlations will be of short  We come back to the observation that the increase of the
range but nevertheless determine the number of equivalegitropy at the melting transition is small compared to the
orientations, which can no longer be sixfold but only three-increase at the orientational phase transition and the increase
fold. The situation is the same at the phase transition bewithin the 8 phase due to orientational disorder. We also pay
tween the two incommensurate phasesnd 8. At the phase  attention to the fact thah S,, of approximatelykg In 2 can
transition, the molecule locks into one of three equivalententirely be accounted for by the orientational Ising type de-
orientations which are favored by the short-range correlagree of freedom which corresponds to flips of the molecule
tions. from the CLF tripod onto the ECI tripod. Hence the trans-

In contrast, for the triangular phase of £F AS=1.3  |ational part of the entropy increase at the melting transition
hence the azimuthal disorder is never completed below thgust be vanishingly small compared to the Ising-tikgén 2
melting transition, presumably because of stronger correlacontribution of the orientational disorder. Naturally, we con-
tions between the GH molecules. Note that the dipole mo- clude that in our case the melting is dominated by the disor-
ment of CRH is more than three times larger, namely 1.5D dering of the discrete orientational degree of freedom and
compared to 0.4D for CEl,. Furthermore, the JH tripod  hence is of 2D Ising type. Although the specific heat capacity
of CF;H is somewhat more asymmetric than thgFllripod  data atp=0.5 do not allow us to distinguish between a power
of CF,Cls. law divergence and a logarithmic divergence, they neverthe-

Melting leads to a further increas&S,,, of the entropy. less support divergent behavior of one or the other kind. The
AS,, is of the order of 0.7 in CJEl, for the coverages of Fig. shape of the melting anomaly of the specific heat capacity at
3. The asymptotic high-temperature value of the excess erp=0.5 is at least not in contradiction with the|Ta-T|
tropy, AS,.=AS;+AS,, is about 2.5. This value also applies anomaly of the 2D Ising model.
to p=0.8, although there is no distinct melting anomaly of Keeping this in mind, the idea of gradually reduced ori-
the heat capacity. Clearly S, should at least to some ex- entational order up to the melting transitionith complete
tent be due to translational degrees of freedom, i.e., to therientational disorder just above the melting transitias
loss of the quasi-long-range 2D crystalline order. The transimplied by the temperature dependence of the entropy pro-
lational aspect of melting in two dimensiohsyhether melt-  vides an explanation for the negative thermal expansion
ing is a phase transition of first or second order, whether it imbovep=0.64: Close to the melting transition, with increas-
a one step process or proceeds via a hexatic mesophase, ang temperature, more and more molecules start to flip be-
the role played by various types of defects are still undetween the CJF tripod and the §Cl tripod. Because the,El
discussion. Of course, the melting process can involve addtripod needs less surface area, the lattice contracts as more
tional degrees of freedom. For the present molecule, meltingnd more molecules are standing on thE€IRripod.
may, e.g., be connected with flips of the molecule from the Furthermore, the amount of molecules in tBephase
Cl,F tripod onto the ECI tripod. This alternative orientation standing on the fEI tripod also increases with coverage, as a
supplies a second set of 6 azimuthal states which increase tkenaller surface area is more favorable at higher coverages.
value of the orientational entropy to In 12, remarkably closeThe Bragg-peak positions at about 90 K @:0.64 and
to the experimental value. If we assume that the orientationgd=0.8 (Ref. 6 reveal a decrease of the average molecule
order is entirely removed at the melting transition for bothdistance by about 3%, implying that about one half of the
CF;H and CRCl,, the different amount of orientational order molecules are standing on th&1% smaller in areaF,Cl
that is left to be removed at the melting transition may ex-tripod atp=0.8.
plain why the melting appears to be first order in8rand The interactions involving one or more molecules on the
second order in CEl,. F,Cl tripod differ from those between molecules on,Kl

Whether or not the melting anomaly is dominated by thetripods. Such random interactions are known to influence
addition of the last orientational degree of freedom, namelyong-range order significantly. According to an argument by
the flipping of the molecule between RCGInd CIR tripods,  Harris!! the phase transition remains sharp in spite of the
the entropy of melting\ S, is very small, both in absolute bond disorder, only if the specific heat of the pure system
units and with respect to that part of entropy which is re-behaves likdT— T ™%, a being negative. For positive, a
leased in the preceeding orientational disordering proces$roadening of the phase transition and a shift of the transi-
AS;. AS,, values of similar magnitude have been reportedtion towards lower temperatures with increasing number of
for the triangular phases of G (Ref. 7 and CR (Ref. 9 “wrong” bonds are predicted. This still holds for a 2D Ising
monolayers adsorbed on graphite. Analogous observationshase transition with logarithmic specific heat anomaly as
have been made in 3D molecular crystals. In fact, low valueshown explicitly by Harris-* Even without knowing the uni-
of the entropy of fusion have been taken as the thermodyversality class of the melting transition, we can rely on the
namic criterion for the existence of an orientationally disor-experiment atp=0.5 which shows a distinct melting
dered “plastic” mesophas¥. Values of AS, and AS,, of  anomaly of the heat capacity with either logarithmic diver-
several 3D molecular crystals have been compiled in thigence or a power law with positive, but certainly not a
reference. Concentrating on £&nd CC}, the molecules power law with negativer. Accordingly, we can expect the
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melting transition to shift to lower temperatures and tofor a molecule resting on an asymmetric tripod in a triangu-
broaden more and more, the more molecules are flipped frotar lattice are accessible. There is no evidence for a partial
the FC}, tripod to the KCI tripod. orientational disorder in the low-temperature phases, as pro-
In a slightly different line of reasoning we include the posed in a previous diffraction study. The existence of an
defects of the substrate: They will not destroy long-rangedzimuthally disordered mesophase is a peculiarity of the 2D
order as |Ong as the system is homogeneousy i'e.' Consistiﬁ%stem. The 3D SyStem d|reCt|y §O|IdIerS Into an orientation-
of only one type of molecules, those that are standing oy ordered phase. The low melting entropy compared to the
their CLF tripods. As soon as we have molecules with twokreceding contribution by or|entat|onal_d|sorder qualifies the
types of physisorption energies, the defects of the substrafYStem as an example of a 2D plastic crystal. Indeed, we
act as random fields to the system. No doubt the substra@/9ue that the melting anomaly itself is dominated rather by
has an abundance of defects. Because the lower critical dRfientational disorder with respect to the discrete degree of
mension for the random field Ising problem is three, in twofeedom that corresponds to flips of the molecule between
dimensions the phase transition is destroyed by randor{{!® ChF tripod and the §CI tripod than by disorder of the
fields!? This is an even stronger argument why the meltingranslational degrees of freedom. Thus, the melting shows
transition must broaden significantly and shift to lower tem-the characteristics of a 2D Ising phase transition. Increasing
peratures with increasing number of molecules standing oROVerage in the plastig phase leads to an increased number
their F,Cl tripods. of molecules on the smaller,€l tripod and introduces ran-
dom interactions as well as random fieldisie to the differ-
IV. CONCLUSION ent sensitivity of CJF and ECI to defects of the substrate
into the system. The melting anomaly becomes broadened
CF,Cl, monolayers give a fine example for an orienta-and shifted to lower temperatures as expected for a 2D Ising
tional order-disorder transition preceding the melting transitandom exchange or random field system. Altogether our
tion. The entropy changes derived from our specific heaspecific heat capacity data provide convincing evidence that
capacity experiments show that the orientational disordethe melting of theB phase of CECl, on graphite can be
achieved in theB phase close to the melting temperature isregarded as an example for the random exchange and ran-
complete, in the sense that the six azimuthal states expecteldm field problem in two dimensions.
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