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Coadsorption phase diagram for Ki/CCl, on graphite
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We present the results of an extensive calorimetric study of krypton coadsorbed on graphite precoated with
a saturated monolayer of carbon tetrachloride. Combining the heat capacity data with film equation of state
measurements from a previous stydy. J. Weber and D. L. Goodstein, Phys. Rev. L&8, 3888(1999 |
permits construction of the Kr/Cglcoadsorption phase diagram between 77 and 130 K. Kr succeeds in
displacing the CGlfrom the surface, by a continuous process which results, at lower temperatures, in a film
indistinguishable from that of pure Kr adsorbed on graphite. At higher temperatures, a new first-order phase
transition, unique to the coadsorption system, is observed and likely indicates a transition to a mixed Kr/CCl
film. Finally, measurements at higher Kr coverages reveal evidence for a high temperature extension of the
reentrant layering phenomena previously observed for Kr on graphite.

DOI: 10.1103/PhysRevB.66.165419 PACS nuntber68.43—h, 68.35.Rh, 64.75:.g, 64.30:+t

. INTRODUCTION por pressure of displacement of Sy Xe® For the case of
Kr/CCly, the x-ray diffraction results of Abdelmoulkt all
Coadsorption of Kr and Cg¢lon graphite is one of a num- support this picture of displacement, indicating that the
ber of two component films exhibiting an interesting phe-emergence of a pure Kr monolayer structure is accompanied
nomenon known as displacemért.In such systems, a by a diminishing of the pure Cgmonolayer domain and the
preadsorbed monolayer of a strongly adsorbing materiasimultaneous emergence of a diffraction signal indicative of
such as CGl, SFK;, or GHy,, is observed to be displaced bulk CCl, crystal growth.
from a graphite substrate by a relatively inert gas, such as Kr, Using this qualitative picture of displacement, we recently
Xe, or CH,.3>~° Displacement’s signature in volumetric coad- presented a simple and general thermodynamic description
sorption isotherms, which measure the film coverage of thef displacement accommodating any displacement of a satu-
inert gas species as a function of its vapor pressure or chemiated preadsorbate monolaygo be called species) that
cal potential, consists of a suppression of the inert gas adesults in a pure film of the inert gdspecies 2 by either
sorption at low chemical potentials followed by a “reaquisi- first-order or continuous processés-or first-order displace-
tion” of the pure inert gas isotherm at higher pressures. Foment, domains ofor rich in) species 1 and 2 coexist, as
Kr/CCl, at 80 K, for instance, there is little Kr adsorption separate phases sharing a unique spreading pregsunatil
observed at the pressure of pure Kr monolayer condensatiahe species 2 phase has completely replaced that of species 1.
on bare graphité.At nearly 500 times this pressure, how- In continuous displacement, a single phase mixed film is
ever, a first-order condensation of Kr is observed, followedformed, with displacement occurring continuously as the
by second and higher layer condensations occurring at theoncentration of species 2 in the solution runs from 0 to
same pressures as observed for Kr on bare graphite. Thi00%. A simple thermodynamic relation applies to both
recovery of the pure Kr adsorption behavior implies that Krtypes of displacement, givefi) the coexistence with bulk
succeeds in adsorbing on bare graphite at the expense of theystals of species 1, fixing the chemical potentialat the
much more strongly adsorbed GClwhich has been dis- bulk saturated valug? and(2) that, at some inert gas chemi-
placed. cal potential u3P, displacement of the preadsorbate be-
The nonwetting nature of the preadsorbate, J6lthis  comes complete, resulting in a pure film of species 2 identi-
case, simplifies the coadsorption thermodynamics and pre:a| to that formed in the absence of species 1. In this limit,
vides the mechanism behind displacement. &@ts graph-  one can relate the equations of state for the inert gas film
ite only partially at low temperature, saturating and f0fmi”9density in single species adsorptio§fand in the coadsorbed

bulk crystgtllsl in coexistence with a film of only monolayer ¢, nS®@with the saturated spreading pressure of the pread-
thickness' > A full monolayer of such an adsorbate thus sorbateq?
1

coexists with its own bulk crystals, allowing transfer of mol-
ecules between monolayer film and bulk solid phases with no disp
cost in free energy. Thus the total system free energy may be f”Z (n3>- ngoa‘ﬁdﬂé: ¢>2(T). (1)
lowered if molecules from the preadsorbate monolayer are

displaced into the bulk phase and thereby allow the weakly

attracted inert species to adsorb directly onto the bare sub- As c{)‘l)(T) is a property of the preadsorbate itself, inde-
strate. A first-order transition can occur if separate domainpendent of the second adsorbate, the integral on the left hand
of each species coexist on the substrate at the same spreadside of Eq.(1) should thus be the same for two different inert
pressure during the displacement process. Menaucourt amses displacing the same preadsorbate. Equétiothus
Bockel applied this latter idea to the case of displacement oéxpresses an experimentally verifiable prediction of this
one pure film by another and successfully predicted the vasimple model for coadsorption systems exhibiting displace-
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ment. The left-hand side of E4l) can be evaluated by in- visited in both the discussion of the experimental technique

tegrating measured isotherm data and is precisely the aré&ec. 1)) and in the concluding commentSec. V B.

between the coadsorption and single species isotherm curves, The Abdelmoulaet al., study of Kr/CCl, at 80 K re-

as plotted, for example, in Fig. 4 below. The limit of speciesported CCJ displacement as a first-order transition, with no

1 saturation is approached experimentally by “overfilling” evidence for formation of a mixed Kr/Cgfilm. Our volu-

the cell with several monolayers worth of the preadsorbate tenetric study?, extending above 110 K, however, showed

ensure the creation of bulk crystals. Comparison of coadedisplacement of CGlin a continuous process, occurring over

sorption and single species isotherm data can reveal the ean increasingly wide range of Kr chemical potential with

tent to which displacement runs to completion, resulting in ancreasing temperature. The graphite substrate used in our

pure film of the second adsorbate. study is roughly 20 times denser than that used by Abdel-
Such a comparison was performed for €QIsing the moulaet al, and has a reduced degree of surface uniformity,

Kr/CCl, and CH,/CCl, coadsorption systems, working in which has been observed to produce “broadening” of the

the limit of ,ucc|4=,ugc|4, with excess fillings of CGland  displacement transitiofsee, for instance, Ref,) 2nd likely

measured simultaneously in the same cryostat with the caldXPlains the slight broadening of the displacement transition
rimetric data presented here. Measurements for the two sy§bserved even at the lowest temperatures of our study.
tems yielded the same value f¢,gd4 at the level of a few However, it cannot explain the temperature dependence ob-
percent across the temperature range of 77 to 112 K, in Coﬁ_erved here,_nor the Iarge_, order of magnltude_, pressure range
firmation of the equilibrium thermodynamic model of dis- over which displacement |s.0bserved at the high tempe_rature
placement. epd of the study. The contlnuous nature of thg trgnsmon_ at

The applicability of equilibrium thermodynamics in de- hlgherl temperature_s carrles_the.therm_odynamlc |mpl|cat|on
scribing displacement is in a sense surprising, given the lo#hat displacement is occurring in a single phla?smxe_d
vapor pressure of CGl and, indeed, not all aspects of the KI/CCly, process, rather than a first-order phase coexistence
Kr/CCl, coadsorption system are described well by an equiof separate CGland Kr domains. Mixing in coadsorbed
librium model. The low CGJ saturated vapor pressure at low films has been studied theoretically in the context of
temperatures essentially “freezes out” the exchange of thelisplacement; though direct observation of solution phases
preadsorbate molecules with the gas phase and thus restriktas not been observed in the experimental studies of
the CCJ, mobility to surface diffusion processes. The Kr/CCl,. Our observation of continuous displacement
Kr/CCl, studies cited hefe*2all report varying degrees of helped to motivate both the general thermodynamic model of
incompleteness of the displacement of GGlith a substan-  displacement discussed above and the detailed calorimetric
tial fraction of the surface area remaining covered by Cl exploration of the Kr/CCJ coadsorption phase diagram pre-
This is consistent with the idea that slow kinetics preventsented in this paper.

formation of the true equilibrium macroscopic GGirystals While not exhibiting the surface uniformity offered by the
that would free nearly the entire graphite surface for adsorpmost expanded versions of exfoliated graphite, the more
tion by the displacing Kr film. compressed graphite substrate we use has the virtue of a

It should also be noted, however, that the lack of a globabreatly increased surface area. The increased amount of ad-
equilibrium with the gas phase does not preclude the exissorbate thus contained in a film of given thickness makes
tence of local equilibrium between Cilm, CCl, bulk, and  calorimetry an effective probe of the film structure, with
Kr or Kr/CCl, film phases, which come in close contact on phase transitions occurring in single layers of film giving rise
the graphite substrate. Whether or not molecules are exe detectable heat capacity signals. In this study, we use calo-
changed through the vapor phase, the Lfiin is still un-  rimetry to detect phase boundaries in the Kr/C&adsorp-
stable to 3D crystal growth at the chemical potential fixed bytion system. Comparison with similar calorimetry data for
bulk solid CC}, in the cell, which is nearly independent of pure Kr on bare graphite, measured in the same crybstit,
the pressure imposed by the vapor phase. Stated differently,alows a test of the purity of the Kr film formed by displace-
CCl, film still becomes unstable to displacement, mechani-ment and a search for unique characteristics of the coadsorp-
cally as well as thermodynamically, in the presence of antion system, associated with displacement itself or with pos-
other possible film phase of spreading pressure higher thagible mixture phases. Combining the calorimetric data with
¢2c,- As such, the local equilibrium picture can be relevantpreviously presented volumetric equation of state Haiix
even without a global equilibrium, permitting creation of IOWS construction of the Kr/CGlcoadsorption phase dia-
bulk solid CC}, in coexistence with monolayer CCIThis s~ 9ram between 77 and 130 K and for films up to four layers

consistent both with observed x-ray evidehtr creation of thick. These calorimetric data are discussed in detalil in Sec.

3D CCl, crystals following displacement by Kr and the ex- :j\(ﬁWhti_le ar;lqther Wid; temperattfjre trangf studhy, using x-ray
perimental measurements Ofl"gC|4 by Kr and CH iffraction, discovered a range of interesting phenomena, in-

) 12 cluding displacement and mixing, in the Kr/S8ystent the
displacement” As the exact nature of the crystals formed by comprehensive and highly resolved thermodynamic investi-

displacemento and their exact chemical potential are Nofation of Kr/CCJ, presented here is a unique contribution in

can differ slightly from the true bulk solid equilibrium value. A final motivation of this study is to extend the phase
Equilibrium in the Kr/CC} coadsorption system will be re- diagram for pure Kr on graphite to thicker film coverages.
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o6l T is temperature an@uw, (E,uKr—,uﬁr) is the chemical
¥ ) potential of Kr measured relative t@ﬁr(T), the bulk satu-
Lo rated chemical potential. Similar ®u, , which approaches
0.5 4s - . s
”"/ zero from below] su,| ~Y® also increases as the film grows
==, . : thicker. Because of the inverse cube law of the Van der Waals
- ., "3.5 A : -1/3
L 04f 3s - : substrate attraction felt by an adsorbed moledudey,|
e ______ ____“'Pure Kr . is roughly proportional to the adsorbed film thickriésand
® Multilayer thus conveniently spaces the individual layers in a multilayer
¥ o= / ' film phase di h as th in Fi
L 28 Lot ilm phase diagram such as that shown in Fig. 1. For smaller
:? s portions of the phase diagram, we use the more physically
2 poptPs .- intuitive Suk, as the ordinate.
5 m;l: Assuming that the CGlchemical potential is fixed at
Hic CCl, / Kr Mixture saturation by the presence of bulk soliducc) = pcc
0.1 4 . 0 . . 4 N
@ ~ mcel,=0), variablesT and 5u, provide a full thermody-
« Solid CCl, Monolayer — namic description of the system. Choosing to plot the coad-
Y50 o0 108 I8 08 180 sorption phase diagrams iff (ou,), selecting chemical po-
Temperature (K) tential instead of number, allows easier comparison to the

single species Kr adsorption data and to experiments per-

FIG. 1. Proposed phase diagram for coadsorption of Kr andormed in other apparati, independent of the surface area

CCl,, for Succ,=0 available to the coadsorbed film, which can depend on the
nontrivial distribution of the excess bulk CLI

Studies of noble gas films in our apparatus had been limited At the bottom of the coadsorption phase diagram, for
to coverages of several layers of film, with the study of|Suy,| ¥*=0 (equivalently, for Suy,=—), our experi-
thicker films prevented by the onset of capillary ments begin with a pure saturated monolayer of L85 Kr
condensation>!"~**The nucleation of the bulk phase in the is introduced with increasing chemical potential, it adsorbs in
abundant small pores of the Grafoam substrate not only contontinuous fashion into a single phase solution film with
petes with film growth, but its melting produces a large latentCCl,, with displaced CCJforming bulk solid. Displacement
heat signal near the bulk triple point, which obscures imporbecomes complete @u2S%(T), where the Kr density in the
tant signals arising from phase transitions in the thickeningoadsorption system is observed, in the volumetric coverage
film. The problem is vexing because experiments onmeasurements, to become equal to that of a pure Kr film.
multilayer Kr films near the bulk triple point could open a Crossing below this line in a calorimetry experiment, from
window on the phases of matter near a bulk surface and oRigher to lowersu, , results in a broad heat capacity feature
the melting transition in the evolution from a two- due to the onset of Kr desorption as the film enters a mixed
dimensional film into bulk condensed matter. This is particu-phase, with CGl reversibly reclaiming the graphite surface.
larly true in light of observed novel reentrant layering phe-The sharp onset of desorption suggests that, although dis-
nomena in several-layer-thick noble gas films on grapiiite, placement is clearly continuous at such temperatures, with
which has been interpreted as the onset of the “preroughno discontinuous jump in the Kr coverage, passing below the

ened” disordered-flat phase of a bulk solid-gas interfagke line at 6/*L(}ilrsp(T)' marked “- -,” does indeed represent a true

and, alternatively, as a surface layer melting phenoméhon, transition into a mixed film phase.

with recent studie_s focusing on the possible connection be- The displacement transition, shown to be clearly continu-
tween preroughening and surface layer melﬁ?‘@‘.By OVer-  ous at the higher temperatures in our study, is drawn to be
filling the graphite substrate with the nonwetting G.CGbne first-order at low temperaturésolid line), in correspondence
can hope to occupy the pores with the preadsorbate, inhibilith the observation of first-order displacement at 80 K by
the growth of Kr capillary condensation, and, should Kr dis-apdelmoula, et al. The speculation of a critical point,
place the preadsorbed monolayer film, allow for a study ofoughly placed here at 87 K, is in analogy to the observation
thicker Kr films on graphite. This study of coadsorbedof a critical-like displacement transition in Kr/cyclohexane
Kr/CCl, allowed a modest extension of the “thick” Kr film  and corresponds to a rough extrapolation of our isotherm
phase diagram and this contribution will be discussed in Seq:ﬂope data_ At h|gh temperatures and |OW Kr Coverage in the
IV D. mixed phase, a small heat capacity feature signifies a new,
unidentified phase boundary that indicates some change in
the structure of the Kr/CGlmixture (marked+ in Fig. 1).

Low coverage calorimetry data leading up to displacement
completion are discussed in Sec. IV A.

We begin by summarizing the proposed phase diagram for At Kr chemical potentials abové,uﬂ'fp(T), coadsorption
Kr/CCl, coadsorbed on graphite, as shown in Fig. 1, beforecalorimetry data indicate that a pure Kr multilayer forms on
discussing the experimental technigi@ec. Il) and results the bare graphite surface, with a phase diagram identical to
(Sec. IV used to draw these conclusions. The coadsorptiomhat of single species Kr adsorption. Just as the first-order
phase diagram is plotted in th@ (Suy,] ®) plane, where layering transitions from one to two and then three layers of

Il. OVERVIEW OF THE PROPOSED Kr /CCl, PHASE
DIAGRAM
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film are observed as vertical steps in the coadsorbed coveand permits an accurate calculation of the Kr chemical po-
age data, so are the heat capacity features, marking triptential 5wk, and, by volumetric analysis, film coveradéy; .
points, melting curves, critical points, and commensurabilityFull details of the design and operation of the calorimeter
transitions, reproduced along the same phase boundaries dimve been presented elsewh&&and we highlight here the
served for single species Kr adsorption. This evidence for therocedures specific to the coadsorption experiments.
creation of a pure Kr film confirms this assumption of the
thermodynamic model of displacement discussed in the in-
troduction and presented previoushDiscussion of the pure
Kr film formed by displacement can be found in Sec. IVB.  The aim in preparing the preadsorbate film is to grow a
Within the realm of this pure Kr multilayer, at high Kr uniform and complete monolayer film of COh conditions
coverages in the coadsorption system one finds evidence a close as possible to equilibrium, with excess, d@iming
the nucleation and melting of unsaturated Kr capillary con-bulk solid in the pores of the graphite substrate. Growing the
densate, along the line labeled “CC.” However, because thequilibrium low temperature film is complicated by the low
smaller pores are effectively filled with the preadsorbedCcCl, saturated vapor pressure, extrapolated to lie between
CCly, the onset of this feature is delayed to higher Kr cov-roughly 102° and 108 Torr in our 75-130 K range of
erage than observed in the single species Kr adsorption systudy” which effectively prevents exchange of molecules
tem, permitting study of thicker multilayer Kr films. This with the gas phase on experimental time scales. Here, as in
permits clearer observations of a continuous extension of thether coadsorption studiesvith CCl,, the idea is to intro-
reentrant first-order layering transition between densities ofjuce the preadsorbate at higher temperatures, where equilib-
roughly 2.5 and 3.5 layers and the first evidence for a similarjum times are relatively quick, and then cool slowly to lig-
extension of the 3.5-4.5 reentrant layering phase boundaryid nitrogen temperatures, limiting temperature gradients or
Data for the thick Kr films is discussed in Sec. IV D. other disturbances that could allow the C@& “freeze” into
Above 112 K, a dominant heat capacity feature, with noa nonequilibrium state.
analog in the pure Kr adsorption system, is observed, repre- |t is important to note that the equilibrium film phase of
senting a first-order phase transition, likely between a purecl, on graphite at saturated vapor pressure is a solid mono-
Kr film and a Kr rich mixture phase. This phase, marked injayer at temperatures below 217 K. This was identified by
light gray in the phase diagram, has a lower Kr density thambdelmoulaet al!! as the “dewetting temperature” for the
the pure Kr phase, with a density discontinuity of as much agecond layer of a bilayer solid that is the stable film at bulk
10% upon crossing the first-order phase boundary. At thesgaturation between 217 and 235'XThe incommensurate
temperatures, there is still a sharp onset of desorption upomonolayer,/3x /3 structure observed below 217 K persists
crossing a boundary, marked “- -," that extends from thedown to liquid nitrogen temperatures. As such, up to the
lower temperature displacement completion line. Howeverre|ative|y warm temperature of 217 K, where the vapor pres-
coadsorption isotherm measurements indicate that the fillgyre is a fraction of 1 Torr and film-gas equilibration is

only reaches the pure Kr density upon crossing the first-ordegchieved quickly, the film can be prepared into a state similar
phase boundary, which we thus associate with the complap that of the low temperature equilibrium film.

tion of displacement at these higher temperatures. Section The data presented in this paper were measured on four
IV C presents this new transition unique to the Kr/€Cl (different coadsorption cooldowns, labeled A-D, each with

A. Preadsorbed film preparation and cooldown

coadsorption system. the cell loaded at room temperature with GQbith fillings
ranging from five to eight times the monolayer quantity
lIl. EXPERIMENTAL TECHNIQUE (given the observed low-temperature monolayer crystalline

structure of CGJ,*° its monolayer coverage should be

Measurements were performed with an automated scameughly 82 stpcc with our substrateCooldown A, per-
ning ratio calorimeter, which was designed specifically forformed with 430 stpcc of CGJ served as a first exploration
the detection of phase transitions in thin adsorbed films omf the coadsorption phase boundaries. Cooldowns B and C,
graphite and permits continuous measurement of film headlso using 430 stpcc of Cgltargeted the precision measure-
capacity and vapor pressure while scanning across a widaent of the coadsorption film density equations of state from
temperature range. The adsorption cell consists of 29 g ofery low coverages through the completion of displacement
Grafoant® in a volume of roughly 100 cc, and thé8x 3  across the 75-115 K temperature rari¢fee cooldown B
coverage commensurate with the graphite lattice has bedaotherm data was presented in Ref).1Rinally, cooldown
determined to b&\ 5= 165 stpcc:>?’. During measurement, D, performed with 600 stpcc C&laimed specifically at ex-
the cell temperature is controlled to equal that of a coppetending our previous “thick film” pure Kr measurements by
block standard, which is steadily heated through the temperauppressing the Kr capillary condensate with £dlhe film
ture range of interest. Heat capacity data are then extractquteparation procedures, which were improved with each
from the cell heater signal. The sample cell is connected to aooldown, are discussed in detail elsewhéras are the
room temperature barocell, allowing simultaneous measurgneasurement and data analysis techniques.
ment of the film vapor pressure. Note that for the tempera- Cooldowns were performed over several days and inter-
ture range of this study, the saturated vapor pressure of CClupted at intermediate temperatures where the,G@por
is orders of magnitude lower than that of a Kr film. Thus, thepressure was sufficient to test that it condensed in the cell
measured vapor pressure is very nearly that of the Kr filnrather than at other stages along the fill tube. Even cooling
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down slowly, we found, in cooldowns A and B, a large im- tion. Second, the effective volume of the cell is also observed
pedance to gas flow in and out of the cell, resulting in timego be reduced, by 20 to 30%, after GGdsorption, indicat-
of up to an hour for Kr gas to reach the cell, indicating ing that a small portion of the cell can be effectively sealed
formation of a partial CGlplug at the entrance to the graph- off by frozen CC}. That a relatively small amount of C{I
ite cell. The resultant slowed pressure equilibration necessivhich condenses into a volume of severafcean block off
tated a slight correction to the measured pressure data, whi@hsignificant portion of a cell with 100 cc free volume and
is discussed in the next subsection. occupy a significant portion of its surface area is clear evi-
The problem of the partially plugged cell was solved indence that the CGldoes not all condense as capillary con-
cooldowns C and D by interrupting the cooldown near 205densate in the pores of the system or as macroscopic bulk
K, where the roughly 0.1 Torr saturated vapor pressure is stilgrystals as one would expect from equilibrium consider-
high enough for measurement and relatively quick evaporastions.
tion of any CC}, frozen outside the cell. Control and modu- j jight of the evidence for a non-reproducible distribution
Iatlon of the temperature of all stages, combined with patlgenbf the excess bulk CG) a few words should be said here on
monitoring of the vapor pressure, allowed both evaporationy, o renroducibility of the coadsorbed film measurements that
of anﬁ{ bu”(IFCJ‘ co.ndensedl'andl a };gnﬂcatlon that Only.thefollow the preadsorbate cooldown. First, the location of the
graphite cell contained CElin significant quantity. Addi- O}Jeat capacity maxima infl(, Sug,) plotted together for all the

tionally, the vapor pressure was measured to be within 10 ooldowns in Fig. 3 and used to determine the coadsorption
roughly the absolute gauge accuracy in this pressure yan ' . : .
(roughly gaug y P yang ystem phase boundaries, are consistently reproduced in all

of the saturated value calculated from the published value?, . . : )
data'® As stated above, observing equilibrium conditions at'24f cooldowns. There_ is a slight broadening of pegks in the
such intermediate temperatures means that the film is aIreac?_rSt two cooldowns with respect to those of the final two,
near the equilibrium low temperature configuration. Continu-Kely due to the delays in gas flow in and out of the cell
ing the cooldown, with the vapor pressure becoming too lowfiscussed above. H?]Wﬁver, .theh mfgaslured pha}se boundaries
for precise determination of the CQielative saturation, the '€ in agreement with those in the final two cooldowns. Sec-
apparatus was cooled at several degrees per hour to ”undey, the coads_orbed Kr equation of state measurements, are
nitrogen temperature. The cell was always maintained seyeproduced to high accuracy in cooldowns B and C, as seen

eral degrees colder than the other stages along the fill tube p]y.the ove_rlap in the g:oadsorptiqn isotherm data in Fig. 4, in
order to prevent migration of the preadsorbate out of thebite of significant differences in the cooldown procedure

graphite substrate. Observing the pressure upon low ten‘?ﬁnd in the resulting amounts of surface area “lost” to the

perature admission of bursts of He gas into the cell alloweEXcess CGCl As such, the irreproducibility in the distribution
verification that flow into the cell was not impeded and al-°f the excess condensed bulk ¢CQloes not have a measur-
lowed calibration of the free volume of the cell. able effect on the thermodynamic properties of the coad-
Following cooldown to liquid nitrogen temperatures, in- SCrbed Kr/CCJ film, which are the main focus of this study.
troduction of the first small dose of Kr to the graphite sub- 1NiS iS consistent with the thermodynamic picture of a bulk
strate allowed evaluation of the completeness of the ad®Cla phase fixing the preadsorbate chemical potential in the
sorbed CCJ film. The ratio of the amount of Kr adsorbed to €XPeriments.
the amount of Kr adsorbed at the same temperature and va-
por pressure in the pure Kr film places a limit on the percent-
age of the substrate left bare. This is an upper limit, because
Kr can also adsorb on top of, or dissolve into, the £@in. Coadsorbed films were formed by the addition of small
For cooldowns B and C, used for precision measurement aloses of Kr, typically on the order of 10% of a monolayer, to
the coadsorption equation of state, this ratio indicates that nthe cell. To obtain reliable film coverage data, in particular
more than 2% of the graphite surface was left bare, and sfor cooldowns B and C, where we have used the entire
the coadsorption experiments were truly performed in thedatasets to construct coadsorption isotherms, measurement
limit of a full CCl, monolayer with excess Cgkondensed runs were performed in order of increasing Kr coverage.
in the cell. Keeping the system on the “adsorption branch” of film
Even with the controlled cooldown procedure, several ob-growth by monotonically increasing the Kr coverage limits
servations indicate that the CQlloes not reach a reproduc- the film coverage hysteresis due to the nucleation, and sub-
ible equilibrium state in the distribution of crystals formed in sequent evaporation, of capillary condensate, as is known to
the cooldown and by displacement. First, there is the alreadgccur in film systems subject to cycles of adsorption and
mentioned reduction in the surface area which the Kr filmdesorption:® After “annealing” the system at the high tem-
occupies adsorbs following displacement, determined to bperature end of the study, the films were cooled and then
roughly 63 and 48%, respectively, of the full surface area inrwarmed across the temperature range of interest. Heat capac-
the cooldowns B and C. This results in the need to normalizéty data were recorded continuously on the warming cycle,
coverages with respect to the surface area available for coadhile scanning at approximately 2 K/h across a temperature
sorption, requiring a scale factbr which varied between the range of 10-50 K.
different cooldowns and will be described in the next sub- Pressure data, which permit calculation of the Kr chemi-
section, to normalize properly the film density calculationscal potential, were recorded on both the cooling and warm-
using the amount of Kr adsorbed at displacement compleing cycles, as illustrated for several runs from cooldown C in

B. Coadsorbed film preparation, measurement, and analysis
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ol eC1d larly _at low temperature and pressure, by the previously
e ecta \K mentioned partial blockage of the fill tube. The computed
-80 \ values forug, were found to agree within 10 K at the lowest
5 _100} temperatures, while above 90 K, where this study reveals
=1 most about the coadsorption phase diagram, the agreement
-1201 was within 1 K, quite small in comparison with the relevant
110l temperature and energy scales in the system.
The lower portion of Fig. 2 illustrates the corresponding
-160 estimated equilibrium times for the same three cooldown C
1500 : : : runs. This is valid only in giving an idea of the longer equili-
o bration times, which can be seen to be roughly a half hour
2 1000} during the displacement procesee the data for run krcC09
§ between 95 and 105)KFor the shorter equilibration times,
‘g 500} the sensitivity to the very small differences in the cooling
E and heating data makes the equilibrium time estimate unre-
of . : : liable (the feature in the krcCl4 equilibrium time data
80 90 100 110 around 118 K corresponds to small artifacts in the pressure
Temperature(K) data, magnified by the proximity of the heating/cooling

curves. However, also because the heating and cooling
curves are close in these cases, the error in the equilibration

ted with the estimated equilibrium trajectori@®tted curves The time estimate I_ntroduces no significant error in Cellculatlng
lower plot shows, for the same runs, the estimated film-vapofh€ corresponding equilibrium pressure and chemical poten-

equilibration times. tial.

The observed timescale, less than an hour, for equilibrium
Fig. 2. A finite gas-film equilibration time leads to the open-during the displacement process, as the system passes
ing of a hysteretic loop in between the heating and coolinghrough the region of T,Sug,;) below the displacement
data, which becomes significant in the region @f§uy,)  completion line(as in krcC09, is far too short to be ex-
that will be shown to be characterized by the transport oflained by exchange of C¢molecules between the film and
CCl,, which means, upon cooling, being displaced from thegas phases. The lack of equilibrium between Liin and
monolayer film state or, upon heating, reentering the filmgas phases on experimental time scales, due to its low satu-
phase. Importantly, note that at both the hot and cold ex¥ation vapor pressure, has already been mentioned. A simple
tremes of the runs, the hysteresis between the heating af@lance between gas molecules striking the adsorption sub-
cooling legs closes, meaning that all Kr adsorptiand thus ~ strate and film molecules desorbing into the gas pHase
any corresponding Cgldisplacement occurring on the gives an expected “sticking time,” characterizing the ¢Cl
cooling cycle is reversibly undone on the heating cycle, thdilm-gas equilibrium, of order several months at 100 K. As
film returning to its original coverage and chemical potential.such, the relatively quick transport of CGetween film and
As such, the CGl in spite of its low vapor pressure, does bulk phases during displacement must involve surface diffu-
manage to move in and out of the film on the time scales ofion processes, rather than the film-gas exchange that can
the experiment. permit quick equilibrium in a pure Kr film at the same tem-

In order to correct for the time lag in the dynamic mea- peratures. A final “thermal transpiration” correctidh,rel-

surement of the film vapor pressure, we assume a simplevant only at the lowest temperatures and pressures of the

FIG. 2. Cooling(upper solid curveand heating(lower solid
chemical potential trajectories for several “C cooldown” runs, plot-

linear equilibration model for the film vapor pressyre study, was applied to the pressure data and corrects for the
thermal gradient between the cell and the pressure gauge.
dp p—po(T,Nk) For each Kr filling, a run thus yields, as a functionTof
T T(T—nK,) (2 the system heat capaciy and vapor pressurng. The latter

allows calculation of the Kr chemical potentiaiuy,, and,
Using Eq.(2), we can combine the cooling and warming databy volumetric subtraction of the number of atoms in the gas
for the pressure and the pressure time derivative to estimaghase, the number in the fiIrNL"rm. When plotted in this
the film's equilibrium vapor pressurp, and characteristic paper, runs from the four coadsorption cooldowns are labeled
equilibration timer for a given temperaturd and Kr film  “krcA” through “krcD,” ¢ implying coadsorption(when
densityny, . Several such equilibrium curves, for the calcu- shown for comparison, data measured for pure Kr on graph-
lated chemical potential, are shown in dotted lines in Fig. 2jte are labeled “krsA,"s indicating single species Kr adsorp-
naturally falling between the heating and cooling data. Thigion). Where given, the nominal run coveragéhe total
dynamic estimate fopy(T) was compared in several cases amount of Kr, in both condensed and gas phpsesl the
with that measured with the cell temperature fixed, upon inactual amount condensed on the substrate are expressed in
terruption of both the heating and cooling cycles. These werenits of /3% /3 monolayers and have been normalized to
performed in the “worst case” cooldown B, in which the the surface area available for Kr adsorption, a correction to
equilibration times were significantly lengthened, particu-be discussed shortly.
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FIG. 3. Kr/CCl, phase boundary crossings, plotted against the multilayer phase diagram for Kr on bare ¢saptiismd dashed lings
The pure Kr phase diagram presented here was measured in the same cryostat used for this coadsorptiRefstudy and 16
supplemented by extensions, drawn with a thinner line weight, in the monolayer regime and at low temperatures, based on other published
experimental datéRefs. 32—34 Solid lines at lower temperatures represent first-order layering transitions, growing frofl@®’ ) to
two (“2S” ) to three(*3S” ) solid monolayers and so on. The first layer has solid phases that are comme(f4@&te) and dens¢“1DS" )
with respect to the/3x /3 graphite lattice, in addition to a single fluid phas&F” ) (Refs. 32,33 The second layer, instead, has triple and
critical layering points, at 95 and 98 K, with a melting line extending to high temperatuwaked “—,” as for other apparently continuous
transitiong, where it is accompanied closely by another phase boundary, likely a commensurability transition. The upper layers feature a
reemergence of first-order layering at temperatures above 100 K, resulting in roughly half-integer coi/8ragé4.5” ), with this novel
reentrant layering “zippered” to the lower temperature first-order layering transitions by a series of continuous trafiR@feng0,21
Finally, the phase boundary, marked: ;" leading to the 116 K bulk Kr triple point has been associated with melting of unsaturated
capillary condensatéRef. 19. For the Kr/CC} coadsorption data, heat capacity features that resemble those found for pure Kr are marked
X . A new first-order phase boundary unique to coadsorption, associated with a large heat capacity peak, is plotted as *, while an unidentified
low coverage feature is marketl. The onset of a broad desorption figure is marked From the equation of state measurements, we
identify first-order layering transitions wittd and the point at which the coadsorption isotherm curves join the pure Kr data@with
“Experimental trajectory” curves traced across the phase diagram by two sample runs are also plotted with dotlad@08sand krcA17,
with 1.25 and 3.31/3% /3 monolayers as well as the corresponding heat capacity distsed. Locating the heat capacity maxima, in
(T,8uk:), for such runs is essential in identifying phase boundaries.

Identifying peaks and other features in the heat capacityhe film densityn,, in units of y3x 3 monolayers, has
data is our primary tool in constructing the Kr/GQload-  been computed using a surface area normalization faetor
sorption phase diagram. Figure 3 shows the location imeeded to overlap the “post-displacement” coadsorption iso-
(T, Su,) of such heat capacity and film coverage anomaliestherm data with the pure Kr isotherms
plotted against the phase boundaries measured for Kr single
species adsorption on graphite, as presented in Refs. 15,16. i
The meanings of the various markers are given in the caption S Nicr
and will be discussed in detail in the next section. The heat Kr™ N3

capacity datdinsed and chemical potential “trajectories” for
two typical runs are also shown in this figure, illustrating thatF ~* represents the fraction of the substrate area available for
the temperatures of various heat capacity features are markéitm growth. For the data of a given cooldowh, varied
along the curves inT,8uk,) to signify the crossing of a between cooldownéetween 1.2 and 2)depending on the
candidate phase boundary. amount of CCJ used and on the success in condensing all
Another clue to the state of the film at a given point in thethe preadsorbate inside the sample cell. Howeflfervas
(T,Suk,) plane is provided by the film coverage data, which,found to be consistent across the temperature range studied
for a series of runs at different Kr coverages, can be “sliced”for a given cooldown, indicating th&tis a relevant indicator
at various temperatures to form a set of isotherms. Figure 4f the available surface area, which remains constant in a
displays coadsorption isotherms made at several differergiven cooldown. Likewise, the resultant coadsorption film
temperatures, plotted against the corresponding single spdensities,ny,, were reproducible between cooldowns, as
cies isotherm data. This also illustrates the overlap betweeseen in the overlap of the coadsorption isotherms in Fig. 4.
data taken on two different cooldowns. For each cooldownThe reduction in the available surface area for coadsorption

)
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102, 111.7, and 115.7 K. Coad-
sorption data from cooldown A
has also been useagdnarked with
squarep in the two higher tem-
perature isotherms to extend to
higher Kr coveragesRef. 35. A
scale factof~ equal to 1.21, 1.60,
and 2.10 has been employed, re-
spectively, for cooldowns A, B,
and C. The schematic figure at the
top shows the portions of the
phase diagram “sliced” by these
isotherms. In the isotherm data,
the lines marked “des” and “FO”
designate the values dfu,(T) at
which one finds heat capacity fea-
tures associated with, respectively,
the onset of desorption upon en-
tering into a mixed film phase and
a new first-order phase transition
characteristic of coadsorption.

has been observed, to varying degrees, in all the volumetriderivative of the heat capacity, where the slope of the calo-
studies cited here, andr is discussed in more detail rimetry data increases most rapidly, and are markedn
elsewheré??° While Kr/CCl, coadsorption isotherm data Fig. 3.
were presented in our previous stddythey are essential
here in the interpretation and construction of the coadsorpheat capacity feature and those, mari@®dn Fig. 3, which
tion phase diagrams, permitting the identification of dis-indicate the completion of displacement, defined as the

placement completion and layering transitions, which arechemical potentialsu

also marked in Fig. 3.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

A. Low Kr coverages: Displacement and desorption

single species Kr adsorption, appears first in krcQ@Sak-
ing near 98 K, and moves to higher temperatu@94 K in

There is a strong overlap between the onset of this broad

at which the coadsorption and

single species Kr film densities become equal within the ex-
perimental uncertainties. The coincidence of these features is
also clear from the isotherm data at 95 and 102 K shown in
Fig. 4. Here, the label “des” marks the values 8fiy, at
which the curve, in T, dug,) drawn through the points cor-
Figure 5 plots coadsorption calorimetry and chemical potesponding to the onset of the broad desorption feature
tential traces for several runs made at low Kr coverage. Arosses the relevant isotherm temperat{fdes” refers to
broad heat capacity feature, not observed in the data fdidesorption” for reasons to be explained shojtlBecause
of this close coincidence between displacement completion
and the lowT beginning of the broad heat capacity peak,
krcC08 with increasing coverage. The peak grows largerthese featuresmarked® and A in Fig. 3) are linked to-
and displays a sharper onset at the low temperature side, fgether to form the displacement completion phase boundary,
example, at 97 K in krcC09, 105 K in krcC11, and 107 K in marked “---" in the proposed phase diagrathig. 1).
krcC12. The locations of this “sharp onset,” ifT (Suy,),

This broad heat capacity is due in large part to the en-
can be quantified by the maxima in the second temperatureanced rate of Kr desorption as a calorimetry scan crosses
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g - S freCl2 broader range obuy;, -
£ [Reecos S , . . . .
3 ; S KreC09 all turn briefly towarc_is higher chemical p(_)tent_|al upon being
-200 S kreC08 heated across the displacement completion (g&=, for ex-
- e ample, krcC09 near 97 K and krcC12 near 106 Rhe turn
kreC02 T . .
P — + T towards higheBuy, means higher gas pressures and thus an
~CCl, / Kr ? increased rate of Kr desorption upon moving into the mixed
-300f Mixture film phase belowsu2SH(T).
i, Because of the energy required to move Kr from “bound”
%0 100 1io' " 120 film sites into the gas phase, the enhanced rate of Kr desorp-
Temperature (K) tion results in an enhancement of the system heat capacity

measured by our calorimeter. This heat capacity enhance-
FIG. 5. Low coverage calorimetry and experimental trajectoryment is proportional to the rate of desorption, given by
data for Kr/CC}. Runs krcC02, 3, 8, 9, 11, 12, have nominal nor-

malized coverages of 0.19, 0.70, 1.25, 1.34, 1.78, and 2®5

X \/3 layers. Co_T (%) _(W_G) dNg"
des aT |\ aT [ | dT
F G
the phase boundary of displacement completion. As the tra- fiim
jectories plotted in Fig. 5 cross below the displacement _ dNigr @)
completion line, the system enters the dark gray region, la- ~ O dT -’

beled “CCl,/Kr mixture,” where isotherm data show the Kr

density to be lower than it would be at the same values Ofrhe heat of desorptiog, can be estimated from our dataset
(T,6pk) in the absence of C&l Moving to higherT and  of fiim coverage as a function of temperature and vapor
following a general trend towards lowéju, , displacement  yressuré? Figure 6 plots the total heat capacity and that due
is run con_tlnupusly in reverse, with Kr_ beginning to MOVe 5 desorption of KICyesand shows, for the kreC09 run, how
from the film into the gas and C?I_eavm_g tt‘? bulk solid 5 sjgnificant portion of the broad heat capacity peak is con-
phase to reoccupy the surface, “dissolving” into a Kr-rich pyted by this desorption term. Because the desorption term
solution film. The experimental trajectories shown in Fig. 54ges not completely account for the magnitude of the heat
capacity feature, there must be an additional change in the

12 - - film entropy, some restructuring that accompanies the chang-

ing composition of the mixed film phase. Finally, note that

219 although the Kr film densities in Fig. 4 continuously rise to
2 gl meet the pure Kr isotherm curves, the sharp onset of the
& broad desorption features seen in Fig. 5 suggests that there
§ 6f KkreC13 may be a higher order phase boundary associated with the
8 completion of displacement. The onset of desorption seen in
= 4 the heat capacity data, and the possibility that there is a con-
T ol ] tinuous phase transition associated with displacement

%——— completion, is likewise reflected in the convergence of the

0 .

: coadsorption and pure Kr isotherm curvessaflsP; they do
90 100 110 12¢ o ) ) ;
Temperature (K) not join with a vertical step in the isotherm data, as one
would expect for a first-order displacement transition, but
FIG. 6. Heat capacity, totafsolid) and that due to desorption rather meet with a change in slope of the coadsorbed Kr
(dotted, for coadsorbed Kr/CGl density, as seen most clearly in the 94.8 K isotherm data.
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is continuous, with Kr adsorptiofor desorption occurring

The displacement producing the broad desorption feature 16— y - y - k
across a wider range of chemical potential as temperature is

increased. While Abdelmouket al,* observed first-order dis- K12y
placement of Kr/CClat 80 K, we do not observe the vertical 2
isotherm step signature of a first-order displacement transi- ‘g’
tion even down to 77 K, likely due to the less uniform sur- g 8
face of our denser substrate. It is qualitatively illustrative, S
however, to look at the maximum slope of the predisplace- *g
ment isotherms as a function of temperature, or, as plotted in o 4

Fig. 7, at the quantity (T))(dN/dSu) 2. as has been used

in extrapolating to find critical temperatufe€ The increase
with temperature above 90 K corresponds to the widening
range of chemical potentials over which displacement oc-
curs, consistent with a “supercritical” displacement phenom-
enon. At lower temperatures, there is a saturation in the
slope, due to the coarse spacing in coverage of our isotherm
points as well as any “washing out” of a first-order transition
due to surface inhomogeneity. The data do not permit a pre-
cise measurement of, or even prove the existence of, a criti-
cal displacement temperature. However, combining the ob-
servation of 80 K first-order displaceménour evidence for
continuous displacement at higher temperatures, and a naive
fit to the 95-105 K data in Fig. 7, we have speculatively
placed a displacement critical point in the neighborhood of
87 K in the proposed phase diagram in Fig. 1. This can

90 100 110 120

clearly be better evaluated by detailed volumetric studies in Temperature (K)
this temperature range using the more expanded substrates
employed by Abdelmoulat alt FIG. 8. Heat capacity and chemical potential data for coad-

In addition to the broad desorption feature in the heasorbed Kr/CCJ in the multilayer regime. Runs krcA10, 12, 9, 13,
capacity data, we observe an additional small heat capacity4 15, 16, 17, and 19 have approximate nominal normalized cov-
peak at higher temperatures and lower coverages. Less tharfteges of 1.9, 2.0, 2.1, 2.3, 2.5, 2.8, 3.1, 3.3, and 8% |3
J/K in magnitude, this first appears around 117 K in runmonolayers. The heat capacity runs are placed in order of increasing
krcCO3(see Fig. 5, where the Kr density is only 35% of the Ccoverage, not run _numbeétfne cooldown A runs were not all per-
pure Kr monolayer coverage. The peak is not seen in thfrmed in order of increasing coverage
krcC0O2 run at roughly 10% of the monolayer density. The
main peak traces out a phase boundaryTinduy,) that is  disordered at these low Kr concentrations. With increasing
marked+ in Figs. 3 and 5. There is a slight but real bump coverage, this phase boundary runs across the high tempera-
appearing consistently almtof K above the heat capacity ture border of our study.
maximum, which has been reproduced in a subsequent
cooldown, suggesting that there might be two adjacent phase _ , , )
boundaries. While this phase boundary is nearTing,), B. Evidence for a pure Kr film resulting from displacement at
those corresponding to monolayer commensurability and low T
melting transitions in the pure Kr system, it does not overlay Figure 8 displays calorimetry and chemical potential data
either of them, and actually crosses the trajectory of the meltfor a number of coadsorption runs made in the “post-
ing boundary from the pure Kr filnicompare the relevant displacement” regime of multilayer film growth. A number
coadsorption and pure Kr phase boundaries around 120 Kf small features, beginning near 95 K, closely resemble heat
and Suk,~—200 K in Fig. 3. Furthermore, the size and capacity peaks observed for phase transitions in the second
shape of the peak does not resemble those observed in thad third layer of pure Kr films and trace out phase bound-
pure Kr systent®?° As such, this small heat capacity peak aries that closely overlay the phase diagrams for the higher
can be associated with a transition unique to the coadsorptidayers of pure Kr. As such, these data suggest that the
system. One would not expect to see pure Kr film behavior amultilayer film that results from displacement of GG@$ in-
these low coverages where the coadsorption isotherm medeed a pure Kr multilayer on bare graphite.
surements indicate a homogeneous mixed film. While the Two small peaks emerge at 95 and 98 K in the krcA10
nature of the phases involved cannot be determined frordata, with the lower temperature peak moving to higher tem-
these thermodynamic measurements, this phase boundgpgratures with increased coverage in successive runs. As
must correspond to some reorganization of the mixed filnseen in Fig. 9, these peaks bear strong resemblance in shape
and raises the possibility that the mixed film may not be fullyand size to peaks from the pure Kr calorimetry datas&he
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FIG. 9. A comparison of coadsorptighrcA) calorimetry peaks
with single speciegkrsA) film data(Ref. 15 reveals both familiar

and new features arising in the Kr/CQ@oadsorption system. Com- -40 LR 5
mon features include second layer melti®$ K in krcA10, 103 K R
in krcA15, 109 K in krcA17, the second layer critical poir®8 K -
in krcA10), a tiny signal due to a commensurability transition in the ) kreC13 )
second laye107 K in krcA17), and third layer melting95 K in 7 new lft.—.Order..
krcAl7). The larger features peaking at 108, 113, and 116 K in the R 80| oaansition —
three krcA runs are unique to the coadsorption system and are dis- e
cussed in Sec. IV C. - /."‘“ =
O _
95 K feature has been associated, for Kr on bare graphite, 100 lTle?nperaturel(Iz{()) 199

with the second layer triple point, and the 98 K feature ap-
pears on passing near the critical point of second layer con-
densation. AS the coverage Is |ncrea5{eel_e run k_rcAOQ ...new coadsorption first-order phase boundary. Runs krcC12, 13, and
above.the g:rltlcal densnyZ the signal assoc_|ated_ with the crm—14 have normalized coverages of 2.05, 2.62, and 3/3X\3
cal point disappears, while the 95 K melting signal remainsy,oolayers, and runs kreD 15, 16, 18, 19, and 21 have nominal
as the second layer is completed. After completion of the.,yerages of roughly 3.3, 3.8, 4.4, 5.5, and 6.8 ML.
second layer, the melting peak moves to higher temperatures
with increasing coveragguns krcA13-17, as is seen in the
pure Kr data. Even a tiny peak found just below the mainin duk:, is consistent with the error introduced by thermom-
second layer melting peak, likely indicative of a second laye€try drift, at the level of 0.1 K in temperature, occurring
commensurability transitiof?, is reproduced just above the between cooldowns, and, as such, cannot be associated with
noise in the coadsorption datat 107 K in krcAl7, for in- a true difference between the coadsorption and pure Kr
stance. Another peak as seen at 95 K in krcA16 and 17, andsystems?®
as seen in Fig. 9, this closely resembles a peak in the single This overlap with the pure Kr phase diagram, in this re-
species Kr data, which has been linked to the melting of theyion of (T, Su,), is consistent with the picture of a pure Kr
third layer of film. film emerging in the coadsorption system. Additionally, the
The phase boundaries traced out by these coadsorptigrositions of the low temperature first-order layering transi-
features closely overlap the pure Kr phase diagram in Fig. &ions, in the second and third layers, and other details of the
Discrete locations in T,8uk,) at which the coadsorption phase diagranfsuch as the commensurability transition in
heat capacity maxima occur are marked ™ (the tiny fea-  the second layemwill be sensitive to the underlying substrate
ture preceding second layer melting is marked with a small “potential. As such, the most reasonable explanation is that
X"). Also marked () are select points along the secondthe Kr film is indeed adsorbing on the bare graphite sub-
and third first-order layering transitions, determined bystrate, as assumed in the previously discussed thermody-
points at which the coadsorption isotherm data display vertinamic model of displacemeft.Additionally, this confirms
cal steps, or, as viewed in the phase diagram plot in Fig. 8nd extends to higher temperatures the findings of Abdel-
where the experimental trajectories for different coveragesnoula,et all, who observed x-ray diffraction patterns char-
converge to overlap inT,duk,). These coadsorption data acteristic of the pure Kr monolayer on bare graphite after
are plotted against the backdrop of the pure Kr phase boundlisplacement of CGlat 80 K. Finally, while the coadsorp-
aries, plotted as solitfirst-order layering and reentrant lay- tion system apparently evolves into a pure Kr multilayer at
ering transitions and dotted lineglayer melting and com- least at these relatively low temperatures, the large peak that
mensurability transitions Note the close overlap of the is observed to emerge at higher temperaténesr 111 K in
coadsorption and single species phase boundaries. The led@tA09 in Fig. 8§ has no analog in the pure Kr system. The
of systematic disagreement between the phase boundarisew phase boundary associated with this peak is the subject
in the pure Kr and coadsorption films, on the order of 1 Kof the next subsection.

FIG. 10. Heat capacity and chemical potential data around a
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C. A new first-order coadsorption phase transition however, extrapolate coverage data for a given run on either

The calorimetry data in Fig. 10 show the onset of a news!de Of the peak up to the phase boundary defined by the heat
heat capacity feature, emerging from the high temperatur§3Pacity maxima and determine that Kr density in the low
side of the broad desorption featufie krcC12 and then temperature phase is denser than that in the high tempera_1ture
growing larger and sharper with increasing Kr coverage®@se by as much as 10% along the high coverage portions
(runs krcC13 at 112 K and in subsequent purihe phase of the pha§e bou'ndary. At the Igw coverage end, .the denglty
boundary associated with this peak thus begins just belofiscontinuity vanishes, along with the heat capacity peak it-
the completion of displacement around 112 K. Seen most€lf, into the mixed CGI/Kr phase. o
clearly in the cooldown A heat capacity data of Fig. 8 and in  'n€ isotherm data, for 111.7 and 115.7 K, plotted in Fig.
the boundary traced out in the phase diagram, the pea‘ﬂt suggest that we as_souate.thls new first-order phase bound-
moves with increasing coverage to slightly lower tempera-2ry With the completion of displacement above 111 K. Here,
tures before turning, at roughly 111 K, toward higher tem-the first-order phase boundary coincides, T du,) with
perature with increasinguy, . The broad desorption feature, (he convergence of the coadsorption and pure Kr isotherm
discussed in Sec. IV A, is observed to move to temperatureSUrves, where the coadsorbed Kr film density approaches
above that of the new sharp pedékins krcC13 and 14 that of a pure Kr film. The phase diagram accompanying the

tracing out a phase boundary, dashed<) in Fig. 10, that isotherm data in Fig. 4 indicates both the new first-order
is nearly horizontal in T, 8x,). We associate the sharp heat (FO) transition boundary and that associated with the onset

capacity peak, unique to the coadsorption system, with &f the broad desorptiofDES) feature. Likewise, the chemi-
first-order phase boundary, plotted with a bold solid line incal potentials at which these phase boundaries intersect the

Fig. 10, that coincides with the completion of displacementnosen isotherm temperatures are marked in the 111.7 and
at higher temperatures. 115.7 K isotherm _pl_ots. The C(_)adsorptu_)n |sotherr_ns at bo_th

The chemical potential experimental trajectories in Fig_temperatures exhibit a steep increase in adsorption Iez_admg
10 experience a sharp “glitch” upon crossing the phase-P to the des boundgry, but in l_:Joth_ cases, at these higher
boundary defined by the heat capacity peaks, moving nearﬁgmperature; the Kr fl!m density |s_st|ll measu_rably less than
parallel to the phase boundary before reapproaching thiat of the single species pure Kr film; the region just above
original trajectory. The temperature extent of this experimenthis des feature is thus labeled the “Kr rich” mixture phase,
tal trajectory “glitch” roughly coincides with the width of inlightgray in Figs. 1 and 10. At 111.7 K, the coadsorbed Kr
the heat capacity peak. This is characteristic of a systerensity very nearly joins the pure Kr data when the first-
undergoing a first-order phase transition and is analogous torder phase boundary is encountefetiich is also very near
bulk melting at constant number and volume, where the systo the onset of the desorption featurdt 115.7 K, where
tem moves along the phase boundary as melting occurs, préiere is a larger separation in chemical potential between the
serving the overall system density during the conversion beFO and des features, the isotherm data also show a small
tween solid and liquid phases of different densities. Whilejump in coadsorbed Kr in the vicinity of the FO boundary,
these films need not preserve the number of either species bringing the coadsorbed Kr density very close to that of the
the film (Kr can desorb into the gas phase and £&zin enter  pure Kr film density.
bulk solid form), a discontinuity in the film density of either At these higher temperatures, where displacement of CCl
species as the phase boundary is crossed will result in theontinues well into the second layer of Kr film growth, the
system following the phase boundary, adsorbing or desorbingverlap between the coadsorption and pure Kr isotherm
atoms until the density is appropriate to move completelycurves is not as complete as at lower temperatures, with the
into the new phase. Kr coadsorption coverage remaining several percent below

The trajectories here shift toward higher chemical potenthat of the pure Kr system. It should be noted here that in-
tials along the phase boundaries &s is increased cluded in the “film densities” measured with our volumetric
[(d/dT)Suk,>0]. This positive shift induk, corresponds to  technique is a contribution from capillary condensatelu-
increasing the Kr gas pressure, which comes from desorbingetry just measures the number of Kr atoms condensed out
Kr from the film, and so the system is moving into a high of the gas phagewhich becomes significant at higher cov-
temperature phase of lower density than the [6wphase. erages. As such, even if displacement of £fédm the film
Referring back to Fig. 6, a desorption feature does indeets 100% complete, we might observe a slightly reduced den-
accompany the heat capacity peak in run krcC13 near 112 kKsity in the coadsorption system if, as expected, the “over-
The desorption contribution does not nearly account for thdilled” CCl, monolayer inhibits Kr capillary condensate. As
full peak size, indicating a true structural change in the filmsuch, this final near approach to the pure Kr isotherm coin-
which increases entropy upon crossing into the Higihase.  ciding with the large heat capacity peak is a likely indication
One also finds in this run, centered near 116 K, the broathat this new first-order phase boundary is associated with
desorption heat capacity peak, which is quantitatively exthe completion of displacement at temperatures above 112 K.
plained almost entirely by the desorption contribution. Summarizing, while most of the displacement of €@tcurs

A given experimental trajectory does not move exactlybelow the boundary marked “des” in Fig. 4, the coadsorbed
parallel to the curve of heat capacity maxima, but ratheiKr density remains measurably less than that of the pure Kr
moves along and through a narrdwoughly 1/2 K zone, density until the first-order phase boundary is crossed. In this
indicating a finite broadening of the phase boundary. We carsense, the “completion of displacement” could be the final
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purification of an already Kr rich film, in moving to the side. However, unlike the large, first-order signal observed
lower T, higherduy, , side of the first-order phase boundary. here in the coadsorption system, the monolayer melting heat
There is another reason to associate the first-order phas@pacity signal in the pure Kr film broadens and nearly dis-
boundary with the completion of displacement. All the data@ppears for densities well above the monolayer
on the low temperature side of the phase transition indicate &mpletion:®*?Additionally, pure Kr monolayer melting oc-
film of pure Kr on bare graphite. The phase boundaries fofurs at temperatures at least 15 K warmer than the first-order
the second layer commensurability and melting transitionscoadsorption transition discussed harefortunately the cor-
shown in Figs. 3 and 10, overlap the pure Kr data until they€sponding high vapor pressures involved at these higher
“collide” with the first-order phase boundary. This is seen in temperatures do not permit us to pursue the pure Kr mono-
the calorimetry data as the second layer melting peak merd@yer melting to higher coverages in our apparatdgis
ing into the large heat capacity feature, occurring betwee@lo€s not rule_out the idea that the first-order transition here is
runs krcD16 and 18 in Fig. 10. At least from the observedconnected with monolayer melting, but makes it difficult to
phase transitions, the film acts like pure Kr on the low tem-Perform a thermodynamic analysis of the transition as a
perature side of the new first-order transition. f‘perturbed" version of pure Kr monolayer meIpng. Fmglly,
The fate of the second layer melting and commensurabillf the just discussed sharp feature observed inside this “Kr
ity transitions on encountering the first-order phase boundar§ich” phase is indeed related to the second layer melting, it
is a probe of the nature of the high temperature phase labelé¥ould suggest that the big first-order phase transition is not
“Kr rich.” The second layer features are both clear, in Fig. SO catastrqph!c to thg film as to disorder t_he second Iayer of
10, on the low-temperature side of the large peak in run&’ along with it, as _rmght pe expected for fI.I’St layer melting.
krcD15 and 16. In subsequent runs, these features “disap- Another possibility, given that the first-order phase
pear” into the large peak. However, in runs krcD18 andbounplgry is not qbserved in the pure Kr system, is that the
higher, there is the clear emergence of another peak on tHEansition occurs in Kr that is adsorbed on top of the £Cl
high-temperature side of the large heat capacity peak. WBUIK. As already stated, the Cbulk occupies a substantial
sometimes observe slight “bounces” in the heat capacityffaction of the surface area, and Kr adsorption atop the, CCl
data immediately following a large peak, an artifact of themust occur at some level, perhaps more so at the higher
imperfect temperature control during an abrupt heat capacitjfgmperatures where Kr liquid films might form. Several ob-
change(the small feature just following the large peak in S€rvations, however, suggest that the transition occurs in the
krcD15 is a possible example of thisHowever, the sharp Kr film adsorbed on graphite. First, there is the suggestive
peak that moves to higher temperatures in runs krcD18 an@oincidence of the first-order phase boundary with the join-
higher is not an artifact but a real heat capacity peak, as th@g of the Kr density in the coadsorption system to that of the
temperature control and resulting heat capacity data have hayire Kr film on bare graphite. Additionally, close overlap of
sufficient time to recover from the initial peak. Seen in thethe “post-displacement” coadsorption and pure Kr isotherm
phase diagram in Fig. 10, this sharp peak traces out a pha§@ta, across the entire temperature range, suggests that sig-
boundary similar to that of either the second layer melting omificant Kr adsorption occurs only on the graphite surface
commensurability transition on the low temperature side ofiberated in the displacement process. If significant Kr ad-
the dominant first-order transition, but the peak is muchsorption on top of the bulk C¢lwere to occur at tempera-
higher and sharper than those occurring in the pure Kr sedUres approaching the 116 K bulk Kr triple point, as might be
ond layer. These data, unfortunately, cannot be extended ®xpected for aliquid film, there would be an excess of Kr in
higher coverage and temperature, because they reach tHe 112 and 116 K scaled coadsorption isotherm data in Fig.
h|gh pressure limit of our apparatmoo TorD' SO we can- 4, which is not found. Fina”y, ina rOUgh Comparison of the
not know if, for instance, there is a second transition in-heat capacity data for runs crossing the first-order phase
volved, as there is for the second layer melting on the lowPoundary in the B and C cooldowns, we find that the inte-
temperature side of the new first-order phase boundary. Warated peak energy or latent heat of the transition grows with
can only say that there is a phase transition occurring abovi@creasing area of the film area of coadsorpfthrat is, with
the first-order phase boundary that is roughly in position td= ) rather than with the remaining area covered with ex-
“connect” to the second layer pure Kr melting transition, but ¢ess CCJ [with (1—F~1)]. These indications all suggest
with a larger and sharper heat capacity signature. that the phase boundary is associated with a first-order tran-
The nature of the “Kr rich” phase occurring at high tem- sition in the Kr film that displaces C¢lfrom the graphite
peratures and relatively large Kr coverages remains unsurface. Structural measurements would complement this
known, other than that its density is slightly less than that othermodynamic study in helping to understand this first-order
pure Kr, suggesting the presence of a C€ontamination”  Phase transition.
of the film. One possibility is that the newly observed first-
order transition represents melting of the pure Kr monolayer
into a mixed liquid film. The reduction in the melting tem-
perature would be caused by the “entropy of mixing” intro-
duced by the presence of CCin the liquid phase. This Another original goal of this study was to extend to
would also be consistent with the idea that this phase boundhicker films our earlier study of pure Kr films, which had
ary represents the final displacement of £Gls the Kr film  revealed interesting reentrant layering and layer melting phe-
would become pure upon crossing to the [@whigh Su, nomena. Youn, Meng, and Hess first observed the reentrant

D. High Kr coverages: Extension of the pure Kr phase
diagram
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first-order layering transitions in Kr films between roughly umes. Just belownear 112.5 K in krsA1Pand abovegnear

100 and 110 K in ellipsometry measuremetit$he calorim- 116 K in krsA21 and moving to higher temperatures with
etry data of Dayet al. showed that the “3.5” transition, the higher coverage this capillary condensate melting peak,
first-order reentrant layering transition between roughly 2.5here is another series of heat capacity features. The locations
and 3.5 layer coverages, extends, at the high temperatume (T,d5uy,) of these small heat capacity features link to-
end, into a continuous phase bound&rf Not visible in the  gether to form a phase boundary which intersects the capil-
ellipsometry measurements, because there is no associatigly condensate melting line and appears to connect to the
film density discontinuity, the phase boundary was detectedeentrant layering “3.5” transition.

as a line of heat capacity maxima in the calorimetry data, In the coadsorption data, we also see the series of peaks
which, plotted in T,duy,), ties into the endpoint of the associated with the extension of the “3.5” transition, clearly
first-order reentrant layering transition. However, calorimetrymoving from 112 K(krcC16 to 120 K (krcD09). Unlike the

data for the “4.5” transition were completely obscured by pure Kr data, the “3.5” peak never disappears into a capil-
the melting peak for capillary condensate near the 116 Kary condensate feature. A capillary condensate peak is ob-
bulk triple point. Growth and melting of Kr capillary con- served in the coadsorption system, but not until considerably
densate prevented study of the fourth and higher layerdigher coverages, at which the “3.5” transition has already
Oversaturating a preadsorbed ¢@honolayer can, poten- passed to higher temperatui@se CC peak is clearly visible
tially, fill enough of the Grafoam substrate’s small pores toin krcD03, where we observe the “3.5” transition in excess
delay the onset of Kr capillary condensate to higher chemicabf 118 K). The onset of Kr capillary condensate is thus suc-
potentials and thus allow the study of thicker Kr films. As

discussed in Sec. IV B, it appears that a pure Kr multilayer Gaussian Interface Radius (Angstroms)

film forms after displacement, and thus the Kr / ¢&ystem 50 —22 50 100200
could permit extension of the pure Kr multilayer phase dia- ) Pure Kr ¥ ls00
gram to thicker films. &40 x  Coad (krcC) .

Figure 11 shows heat capacity data for both pure Kr and é * Coad(kreD) . * ]800
coadsorbed Kr/CGlfor Kr coverages of three or more layers e 30 * 400 &
and in the vicinity of the bulk Kr triple point. For the pure Kr K * % 300 Jm'
film data’®'®a central heat capacity peak appears below 115 20 ) <
K and, with increasing coverage grows and approaches the *gn . ** 200
triple point near 116 K. This peak has been associated with g 10 . & 100
the melting of unsaturated capillary condensateacing a k= o . .o x o
phase boundarffabeled CC in the phase diagram in Fig) 11 -30 25 -20 -15 -10 -5 0
that closely follows the relation S (K)

Lvg \T—Ty FIG. 12. Integrated capillary condensate peak energy as a func-
op= ( v _Us) T 5 tion of chemical potential for single species Kr and for two coad-

_ . . . sorption datasetércC and D. Pore radius, as calculated from Eq.
whereT, is the bulk melting pointl is the bulk latent heat of (7), is shown at top, and the number of Kr atoms involved in cap-
melting, andvg andv, are the solid and liquid specific vol- illary condensate melting, estimated using Eg), is shown at right.
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cessfully delayed to higher coverages in the coadsorptioCl, used, it does allow us to reach higher Kr chemical
system, allowing clearer measurement of the film phase trarpotentials than with pure Kr, reachinfy,~—5 K. This is
sitions at higher coverage. As both the “3.5” and CC transi-just sufficient to permit the first observation of what is likely
tions (marked X in the phase boundary shown in Fig.)11 an extension of the “4.5” reentrant layering transition. We
overlap the phase boundary lines for the pure Kr system, thgbserve this as a small but clear peak poking up as a “right
coadsorption technique indeed appears to permit relevaghoulder” on the capillary condensate peak seen in krcD07
measurement of thicker Kr films. and subsequent runs in Fig. 11. There is a logical connection
The degree to which capillary condensate is suppressed tietween these peaks above the capillary condensate peak and
the coadsorption system is quantified in Fig. 12. The intethe very small, broad features seen at slightly lower tempera-
grated energy of the capillary condensate melting g8ak  tures in lower coverage ruri¢11 K in krcC19 and 113 K in
measured for a run of a given Kr coverage or at a giverkrcD03. The positions in T,duk,) of these featuregsee
chemical potential, gives an estimate of the number of Kiphase diagram in Fig. 11make it likely that they can be

atomsNC, involved in capillary condensate linked together as a continuous phase boundary extension to
the “4.5” first-order reentrant layering transition, with the
E.=|C T=NCCL 6 heat capacity §|gnal obscureq between 113 and 115 K by the
e J peald Kr © encroaching signal from capillary condensate melting. The

ps_light sharpening of the heat capacity feature at higher tem-
peratures is likely related to the upturn in chemical potential
of the phase boundary and thus the more “direct” crossing of
the phase boundary by experimental trajectories.
vo Note that the heat capacity peaks associated with the ex-
Su=— o (1) tension of the “3.5” and “4.5” transitions have been fol-
lowed here to at least 8 and 6 K, respectively, beyond the
whereo andv are the surface tension and specific volume offirst-order reentrant layering endpoints visible in the data of
the relevant bulk phase. Plotting the peak energy as a funddesset al?° without diminishing in size. As such, it is likely
tion of chemical potential thus indicates, for the pure Krthat these features are not associated with the system passing
system, the volume in the Grafoam substrate accessible forear to reentrant layering critical endpoints, but rather repre-
capillary condensate in pores up to a given interface radiusent the crossing of a continuous phase boundary that con-
and, for the coadsorption system, how effective £iSlin  nect to the first-order reentrant layering boundaries.
filling those pores and preventing Kr capillary condensate.
Figure 12 indicates that capillary condensate becomes sig-
nificant for pore radii on the order of 25 A for pure Kr, but V. CONCLUDING REMARKS
not until radii of roughly 75 A, corresponding t6u,~ _ _ _
—10 K, in the coadsorption system on cooldowns C and D. A. Nature of coadsorption experiments and displacement
At Suk,~—15 K, where the “3.5” phase boundary crosses The calorimetric evidence that displacement of CGy
the capillary condensate melting curve, the pure Kr systenkr at low temperatures results in a pure Kr film adsorbed on
has roughly half a monolayer condensed in capillary condenbare graphite is consistent with the results of the 80 K x-ray
sate, nearly 100 stpcc, whereas the coadsorption systediffraction study by Abdelmoulat al! Our study extends
shows basically none, thus allowing measurement of thehis observation to much higher temperatures, with the coad-
“3.5” phase boundary without the interference of capillary sorption phase diagram overlapping that of pure Kr on
condensate. As such, the smallest pores are very effectivelyraphite in the multilayer regime to temperatures in excess of
filled by the CC}. Earlier cooldowns did not show as much the 116 K bulk Kr triple point. Additionally, this pure film of
success in inhibiting capillary condensate, likely because th&r is observed to occur by a continuous displacement pro-
cooldowns were not well enough controlled to allow thecess. This is most clear at higher temperatures, where we see
preadsorbed Cglto find and equilibrate into the smallest continuous evolution from a pure CCfilm into a Kr rich
pores of the system. Referring to the D cooldown data amixed film of two or even three layers, before finally expe-
high chemical potentials in Fig. 12, the integrated heat cariencing a slight density discontinuity on crossing a newly
pacity data indicate that there are as many as 300 fewer stpobserved first-order phase boundary into a pure Kr film. The
of melting Kr capillary condensate than in the pure Kr data.continuous nature of the CgLldisplacement was first ob-
Given a factor of roughly three in the ratio of the bulk con- served in the volumetric isotherm d&tand implies the ex-
densed volumes of the two species, this means that approxXstence of a mixed Kr/CGlfilm. This is confirmed in the
mately 100 stpcc of C¢loccupies the pores in the place of calorimetric study, with a clear heat capacity signal arising
Kr. This is a relatively small fraction of the 600 stpcc dose offrom the desorption of Kr as displacement is continuously
CCl, that was used in the D cooldown, indicating that not allreversed with increasing temperature, presumably accompa-
the CC}, entered the pores in equilibrium fashion even in thenied by the reaquisition of the graphite surface by £CI
most controlled cooldown, consistent with excess £@-  which enters into a solution film with Kr. The existence of
cupying a good portion of the graphite surface. mixed films preceding the completion of displacement was
While the suppression of Kr capillary condensate showralso found at intermediate temperatures in x-ray diffraction
in Fig. 12 is not as great as expected for the large dose aftudies of the Kr/SEsysten?

Likewise, the measured chemical potential indicates the ca
illary condensate interface Gaussian radius of curvaiuas
given by the Kelvin Equatiof®
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Aspects of both equilibrium and nonequilibrium physicsity associated with the 3.5-4.5 reentrant layering transition
are observed in the Kr/Cglcoadsorption experiments de- ends around 110 KRef. 20.]
scribed here. The excess and displaced,Gfdles not all The presence of these apparently continuous extensions of
wind up frozen into the pores of the graphite as one mighthe reentrant layering transitions is relevant to recent theoret-
expect from equilibrium arguments, but rather continues tdcal studies linking preroughening and top layer meltiié!
occupy a substantial fraction of the graphite surface evein the simulation work of Celestirgt al,, solidification of the
after film density and phase boundary measurements indicaturface layer is found to be accompanied by a discontinuous
formation of a pure Kr film on bare graphite. This sharedpopulation, to half occupancy, of the next layer. One might
surface is inconsistent with equilibrium phase rule argu-expect melting in the top film layer to occur also at tempera-
ments. tures beyond the endpoint of the first-order, half-integral lay-

On the other hand, the measurements here show, CCEring transition. Consistent with this scenario, it is possible
reversibly being displaced from, and then readsorbing ontadhat the extension transitions observed here are extensions of
the graphite substrate on experimental time scales. Additiorthe top layer melting transition above the endpoint of the
ally, the measured coadsorption phase boundaries and equaentrant layering density discontinuity, where film growth is
tion of state data for the Kr density in the coadsorbed filmfully continuous. A “zippering” connection between the in-
are reproduced between cooldowns employing differentegral first-order low temperature layering transition and the
amounts of adsorbed CChnd with different amounts of low temperature end of the reentrant half-coverage phase
surface occupied by the remaining GCThis, and the ob- transitions has already been demonstrated, both experimen-
servation that CGldisplacement by both Kr and GHesults  tally and theoreticall??% As such, for at least the third and
in the same calculated CChkaturated spreading pressure fourth layers(referring back to the phase diagram in Fig, 1
¢gC|4(T) over a wide temperature range, suggests that théere is a possible scenario of single melting phase bound-

CCl, chemical potential remains fixed in these displrclcemen?rles connecting a_t_low temperatures to the f|_rst-_o_(dee-
experiments, a function of temperature that is independent (ﬂral) Iaye_rlng transitions, coincidingr nearlly c0|r_10|d|ng at
the “excess” amount of CG| the type of inert gas adsor- Intermediate, “prerough,” temperatures with a first-order re-

bate, and the inert gas vapor pressure. This is consistent wi trant layering transi'tion, aﬂd finally T““”‘”g to tempgra-
the simple model of displacement we have previous! ures above the bulk triple point as continuous layer melting.

presented? However, how close this chemigal potential is to mu\llgg;eerusKerﬂ#"%n parlllz(;xngiazggdetﬁ:a Cc(:)c?;gzgtrﬁt?ogo t(teré?]-
the _t_rug equilibrium bUIk_ potential YaluﬂCCh(T) where nique is not likely to extend the study to much thicker films.
equilibrium thermodynamics says displacement should 0Cas is clear from Fig. 12, the volume accessible to Kr capil-
cur, can not be determined from these measurements.  |ary condensate greatly increases as one reaches chemical
_ Inlight of both the slow kinetics and the observed unwill- potentials close enough to bulk saturation to form films of
ingness of the CGlto leave the graphite surface completely fiye or more layers, demanding larger amounts of pread-
in order to form macroscopic crystals, the existence of &grped CCJ to prevent Kr capillary condensate. With the
metastable crystalline phase in the excess and displaced C%creasing amounts of CCladsorbed, less surface area is
is likely. Without speculating on the nature of these crystalsgyailable for the displacing film of Kr; already, in cooldowns
we note that the crystal phase diagram observed for bullc and D, the scale factoF, is greater than 2, indicating that
CCl, grown in contact with graphite at higher temperaturesiess than half the total substrate is available for film growth.
does not correspond exactly with that of bulk ¢@fown in  As the area available for adsorption decreases, the already

the absence of graphité Specifically, on graphite there is small heat capacity signals arising from phase transitions in
a tendency to stabilize to slightly lower temperatures thene upper film layers diminish.

high temperature rhombohedral phase, which, unlike the
equilibrium low-temperature monoclinic crystalline phase,
has crystal planes with an equilaterally symmetrig3* C. New first-order transition unique to coadsorption

X 3" structure characteristic of the 2D low-temperature Perhaps the most interesting discovery of this calorimetry

solid formed on graphite. It is not known whether such agy,qy is the observation of a new first-order phase transition

meta;table crystalline structure, nucleated at the graphite SYihique to Kr/CCJ coadsorption. The large heat capacity sig-
face, is the actual “bulk” phase relevant to low temperature, s accompanied by clear evidence, from the chemical

displacement of CGl potential data, of the system following the phase boundary
during the transition, and coincides with the Kr density be-
coming, on the lowT side, approximately equal to that of a
The apparently pure film of Kr formed in the coadsorptionpure Kr film at the same point inT( Suy,). While the film
system and the successful occupation of the exfoliatethehaves like pure Kr on the low temperature side of the
graphite substrate’s small pores with excess Callows a  phase transition, linking the transition with the completion of
slight extension of the multilayer Kr phase diagram. Like thedisplacement, the high temperature phase is not known, ex-
reentrant layering transition between coverage of roughly 2.8ept that its Kr density is slightly less than that of a pure Kr
and 3.5 layers, that associated with 3.5—4.5 also appears fibn and that it is formed in a continuougind thus single
extend to higher temperatures, beyond the bulk triple pointphasé displacement process beginning with a solid £CI
as a continuous transitidihe first-order density discontinu- monolayer. It is most simple to link the first-order transition

B. Coadsorption and the study of thicker pure Kr films
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to melting of a pure Kr monolayer into a mixed liquid phase,observed in our thermodynamic measurements, a structural
but this interpretation is complicated by the apparent penstudy, analogous to that performed for Krf3#y Castro and
etration of second layer melting across the first-order phas&@homas’ could be instrumental in determining the nature of
boundary, which would imply the unlikely existence of a this phase transition and in understanding the continuous
solid second layer of Kr atop a mixed liquid phase. At thesesvolution of a Kr rich mixed phase from a pure G@hono-
higher temperatures where the first-order phase transition iayer film.
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