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We have conducted a detailed study of Kr films adsorbed on BN. We have performed adsorption-isotherm
measurements and calculations for the potential energy of Kr atoms on the surface of BN. Both the experi-
mental and the theoretical results are extensively compared to data for Kr on graphite, as well as to data for
N, and CO on both BN and graphite. For, dnd CO, the energy calculations found similar corrugations on
BN and on graphitéthese two molecular adsorbates do not discriminate between the B and N atoms on the BN
substratg This is not the case for Kr. The corrugation for Kr atofwhich do discriminate between B ang N
is quite different on BN from what it is on graphite. Our adsorption isotherms indicate that a commensurate
solid phase is present for Kr on BN. However, this commensurate solid exists only over a surprisingly narrow
temperature interval of less than 5 K. Our experimental results are compared with those from previous studies
of this system. We offer possible explanations for the differences observed and attempt to present a coherent
picture of the experimental situation for this systd®0163-18206)03226-3

I. INTRODUCTION therms at 77.3, 78, and 90 KRef. 13 using a coverage
interval of ~1% of a layer. No substeps were found in this
Over the course of the past two decades a great deal study.
experimental and theoretical attention has been devoted to On graphite, Kr, N, and CO form commensurate solids
the study of films physisorbed on graphit&he parallel de- near monolayer completion. These three adsorbates have
velopment of sophisticated calculational tools and of morevery similar monolayer phase diagrafsAt high coverages
accurate experimental techniques has allowed researchersdad temperatures, the commensurate solid melts to a reen-
correlate quite well the experimentally observed behavior ofrant fluid as the coverage is increaséd® As the coverage
a film with detailed calculations of its interaction potential. increases further, the reentrant fluid solidifies to an incom-
For most substrate@with a few notable exceptions, €.g., mensurate solid®® At low temperatures, the transition is
MgO),%* the amount of information available lags well be- girectly from the commensurate to an incommensurate solid
hind that which is available for graphite. In recent years thergyg the coverage is increased. Below the pure commensurate

: : 479N,
ha]}ve been a nuhmber of studies of films a_dsoer!g;d on BN; phase there is a coexistence region between the commensu-
information on this substrate continues to incr &l is an rate solid and a fluid pha§é716A fluid phase is present at

' ' ith 29 ) !
insulator that has the same structure as graphite, with Z/é’overages below this two-phase coexistence reffion.

larger lattice parametefS. Recent studies of N(Ref. 5 and CO(Ref. 6 have found

We present the results of an investigation of Kr on BN
that combines information obtained in adsorption isothermthat’ contrary to what occurs on grapfityn BN these two

experiments with theoretical calculations for the potential-""dsorb"’}te.S behave differently from Kr on BN. Both Bind
energy surface of Kr on BN and with a determination of theC© exhibit trge same sequence of phases on BN that they do
most stable monolayer solid configuration of Kr@K on  ©" _graphlté' (There are differences in the temperatures at
this substrate. We compare our experimental results witf/hich the phases appear on the two substrates, which reflect
those obtained in previous investigations of this systefi  differences in substrate corrugatipn.

and discuss the differences that exist between Kr on BN and

Kr on graphitet*~'" We use the results of the theoretical

portion of this study to compare Kr films on BN with those [l EXPERIMENT
of N, (Ref. 5 and CO(Ref. 6 on BN and on graphit&1°
There have been three previous studies of Kr on'BN? The experimental setup is the same one used in recent

Adsorption isotherms measured between 77 and 93 K, usingdsorption studies on BN performed in our laboratbrylt

a low density of data point&overage intervals of 4% of a  has been described in detail elsewh@re.

layer were employed found no evidence of any phase tran- The Kr used in our measurements was research grade
sition in the first layet! A second study simultaneously Matheson(purity 99.999%. The substrate used for all except
measured volumetric and dielectric isotherms at 78" 3By ~ one of the measurements reported here was BN type Alfa,
contrast, this study found a fairly sharp solidification sub-manufactured by Johnson-Matthey. It has a surface area of 3
step, near 0.16 Torr. A third study measured adsorption isom?/g. For comparison, one isotherm was measured on an
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temperature. Simple heating under vacuum has traditionally
been the only cleaning method used for BN substrees.

1-3IIIIIIIIIIIII!IIIII

Ill. EXPERIMENTAL RESULTS

In order to characterize the BN substrate used in this
study, we performed adsorption isotherms of Ar and gf N
on the same powder that was used in the Kr measurements.
The Ar measurements were conducted to determine whether
the BN was free from soluble borate impuritf@sThe N,

I|I|||II|||II|[||||[II|I
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isotherm was measured to permit a comparison of the two

ool adsorbates on exactly the same substrate.
‘2.0 2.1 0.2 9.3 0.4 In a previous study we had shown that the presence of
Pf ( Torr) soluble borate impurities in the BN leads to a broad com-

pressibility peak in Ar adsorption isotherfisThe peak is

FIG. 1. N, adsorption isotherm on BN at 58 K. There are two du? to Ar adsorption taking place on the _impurities. For an
features present in the data for this temperature: a lower-pressuf®’ ISotherm at 77.3 K the broad compressibility peak is cen-
sharp step, marked by the arrow, and a kink at higher Coveragegered near 6 Torr. We studied this region in detail and estab-
The lower coverage feature corresponds to a commensurate solighed that the substrate was free from impurities. No broad
plus fluid coexistence region, while the kink corresponds to thecompressibility peak was found.
melting to a reentrant fluid. A N, adsorption isotherm was measured at 58 K; the data

are displayed in Fig. 1. There are two features in the iso-
Advanced Ceramics, type HCP, BN substrate; this powdetherm: a sharp substep and, at higher coverages, a kink. The
has a surface area of 6.0%fg. sharp substep is due to the commensurate solid plus fluid

Before being placed in the adsorption apparatus, the BNoexistence region. The kink occurs when the pure commen-
underwent a recently described cleaning treatrfibrithe  surate solid melts to the reentrant fluid phase as the coverage
powder was washed in methanol, filtered, and the resultings increased.
precipitate was placed in an oven at 900 °C under vacuum We have measured 15 Kr adsorption isotherms on the
until the pressure reached belowk80~° Torr. This clean- same BN substrate for temperatures between 74 and 96 K.
ing treatment has been shown to be effective in removingsome of our isotherms are presented in Fig. 2. There are four
soluble borate contaminants from the BNBecause soluble distinct regions present in the data in the range of coverages
borates(boric acid and boric oxidehave very low vapor that we investigated(roughly, from n=0.75 to above
pressures even at 900 °C, these impurities cannot be re=1.0).
moved by simply heating the powder to this or to lower (i) Between 74 and 82 K there is only a weak substep
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FIG. 2. Adsorption isotherms for Kr on BN. The coverage €xis is given in absolute unitél cm?® Torr at 273 K is equivalent to
3.5x 10 molecule$. The X axis displays the log, of the pressurgin Torr). Shown, from left to right, are data far="78 (*), 80 (x), 83
(M), 84 (@),85(A), 90 (+), and 96 &). Only a weak substep or kink is present in the data measured below 83 K. For isotherms between
83 and 88 K there are two features in the data: at lower pressures there is a sharp step and at higher pressures there is a kink in the data. Th
isotherms measured in this narrow temperature intef®at-88 K display characteristics very similar to those fopr r CO on BN
(compare this figure to Fig.)1The 90-K isotherm is characteristic of isotherms measured between 89 and 95 K: only a very weak substep
is present in the data. For the 96-K isotherm there are no features present in the data, indicating that no transitions take place in the interval
of pressures and coverages studigtbr the sake of clarity, the two highest temperature isotherms shown have been displaced along the
X axis to lower values: the 90-K isotherm by one decade and the 96-K isotherm by 1.1 dekladieental arrows mark the position of the
weak substep; vertical arrows mark the position of the low-coverage substep present between 83 and 88 K.
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FIG. 3. Isothermal compressibility characteristic of adsorption ~FIG. 5. Isothermal compressibility corresponding to adsorption
isotherms measured between 74 and 82 K. The compressibility isotherms at 90 and 96 K. The very weak substep present in the
shown forT=78 and 80 K. The weak substep appears as a broa80-K isotherm appears as a weak and broad isothermal compress-
isothermal compressibility peak. The compressibility is displayed adbility peak. There are no compressibility peaks in the data corre-
a function of the chemical potential of the adsorbed @akative to ~ sponding to the 96 K isotherm. The double-headed arrow corre-
the bulk chemical potential at the isotherm temperatufae data  Sponds to 25 m/N.
have been displaced along tifeaxis for the sake of clarity. The
double-headed arrow corresponds to an isothermal compressibilitYhis feature appears at increasingly higher coverages as the
interval of 20 m/N. temperature of the isotherms is increased.

(iv) Finally, for the highest temperature studied, 96 K,
present in the isotherms. This indicates there is a single tranhere are no substeps present in the isotherm data, indicating
sition occurring in the film as a function of increasing cov- the absence of transitions at this temperature in the coverage
erage at these temperatures. While it is difficult to estimaténterval studied.
the coverage difference for this featuileecause the step is We have obtained the isothermal compressibility of the
not vertica), it certainly does not exceed 0.04 layers. Kr films from the adsorption isotherm data. Selected isother-

(ii) For isotherms between 83 and 88 K there are twamal compressibility traces, corresponding to the different re-
features present: a sharp substegcurring at coverages be- gions, are displayed in Figs. 3-5. For temperatures between
low those of the broad substep present for the lower74 and 82 K(Fig. 3) a single broad isothermal compressibil-
temperature isothermsand a broader substep, at higher cov-ity peak is present in the data. It has a peak height of ap-
erages. Isotherms in this temperature range display proximately 15—-20 m/N. For temperatures between 83 and
sequence of features similar to that present fgrdh BN, 88 K (Fig. 4) there are two compressibility peaks present.
shown in Fig. 1. The lower-pressure sharper peak is approximately a factor of

(ii ) For isotherms measured between 90 and 95 K only & larger than the higher-coverage peak; this sharper peak has
single, broad, higher-coverage substep is present in the data.height between 30 and 40 m/N. Above 88(Kig. 5 a
single very weak peak is present in the data; its height is on
the order of 6 m/N. No isothermal compressibility peaks are
present in the 96-K isotherfirig. 5), the highest temperature
studied.

In addition to the data measured on the 3.8/gnBN
powder on which most of the measurements were made, we
investigated the effect of substrate quality by measuring one
adsorption isotherm at 74 K on a sample of BN, type HCP,
manufactured by Advanced Ceramics, with a specific surface
area of 6.0 M/g. This sample of BN was subjected to the
same cleaning treatment as that undergone by the BN pow-
der used in the rest of the measurements. While the broad
T T substep present at 74 K is still resolvable for the larger spe-
- 450 _35p -250 cific area BN sample, it appears as a weaker signature on this

Chemtcal Potent lal sample. This indicates that the weak isotherm substep for Kr
on BN is sensitive to the quality of the substrate.
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FIG. 4. Isothermal compressibility for adsorption isotherms at
84 and 85 K. The low-pressure sharp substep appears as a sharp V. CALCULATIONS
isothermal compressibility peak, while the kink appears as a smaller
peak. The compressibility corresponds well to that measured for Prior to the work discussed below, there had been one
N, at 58 K (see Fig. 1 The double-headed arrow corresponds to atheoretical study that attempted to determine the corrugation
isothermal compressibility interval of 25 m/N. in the potential energy for rare gases on 8\ that study,



8836 LI, SHRESTHA, MIGONE, MARMIER, AND GIRARDET 54
mensurate structures for.,Nand CO on this substrate.

O B A. Interaction potentials

SN The interactions are separated into adsorbate-adsorbate
and adsorbate-substrate terms

Y V(R,Q)=Vaa+Vps. 1)

oo Nol

N .r\\‘—‘ N . X

Both the adsorbate and the substrate are taken to be under-
formable, so thaV depends only omR, the position of the
center of mass, and of}, the orientation of the adspecies

N\E S (see Fig. 6.
%ﬁ The dominant interactions ¥, 5 are the quantum contri-

butions, which are treated in the usual form with an atom-
FIG. 6. Geometry of the adsorbate-substrate systems the ~ atom Lennard-Jones potential
lattice parameter, equal to 2.46 A for graphite and 2.51 A for BN. ‘
The angley betweenX and X’ is equal tow/6 on the figure. aij
gley a 9 yg:—4s”k2612<—1>k’2(7) , @
=6, i
each one of the B and N atoms in the substrate were replaced J
by the same “effective atom” of BN. As we shall show, wherei andj label two rare gases as well as two atoms
important information is lost by making that simplifying as- belonging to two different molecules. The sets¢) for the
sumption. various pairs, taken from the literatud&?® are given in
In this section we first present, a detailed discussion of th@able I.
interaction potential used. We then proceed to calculate For N, and CO the quantum interactions are supple-
potential-energy surfaces for single atoms of rare gases amdented by multipolar electrostatic potentials, which are rep-

single molecules of Mand CO on BN. Finally, we calculate resented by interactions between distributed multipolar mo-

the most stable monolayer structuré®« for rare gases on ments (to include the effect of the finite extent of the
BN and compare the energies for commensurate and inconglectronic clougl For N, a three-point-charge distribution

TABLE |. Lennard-Jones potential parameters.

Interactions Atomic pairs €2 o, 2 e’ oy P
substrate-substrate B-B 1.92 4.32 2.02 3.84
Cc-C 2.29 3.83 2.42 3.40
N-N 2.38 3.52 3.52 3.12
adsorbate-adsorbate Ar-Ar 10.41 3.45 10.41 3.45
Kr-Kr 15.49 3.66 15.59 3.65
N-N 2.38 3.52 3.11 3.32
Cc-C 2.29 3.83 3.05 3.88
0-0 2.09 3.38 4.99 2.88
C-0 2.19 3.60 3.88 3.13
substrate-adsorbate B-Ar 4.46 3.89 4.59 3.64
C-Ar 4.88 3.64 5.03 3.42
N-Ar 4,98 3.48 5.12 3.28
B-Kr 5.45 3.99 5.60 3.75
C-Kr 5.95 3.74 6.10 3.53
N-Kr 6.08 3.58 6.25 3.43
B-N 2.14 3.92 251 3.58
C-N 2.34 3.67 2.65 3.36
N-N 2.38 3.52 2.80 3.22
B-C 2.09 4.02 2.48 3.61
B-O 2.00 3.85 3.16 3.36
Cc-C 2.39 3.83 271 3.39
C-0 2.19 3.60 3.46 3.14
N-C 2.34 3.67 2.77 3.25
N-O 2.23 3.45 3.53 8.00

#Parameters calculated by using the usual combination rules from the data of Ref. 22, except for rare gases

(Ref. 23.

bFor graphite, values given byrRef. 29 and for BN scaled from the parameters of Ref. 24.
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TABLE Il. Distributed multipole moment value@.u).2 In addition to the contribution t&/,5 given in Eq.(4),
: Vernov and Steef@ proposed that bonding in graphite gives
N/C N/O Bond site rise to aspherical atomic charge distributions that are the
N, M© —0.405 —0.405 0.0810 source of_electrostatlc fields exh|b|t|ng spatial gre_ldlents.
) _ They considered the presence of an axially symmetric quad-
M 0.5655 0.2994 0.865 . . .
) _ B rupole moment at each carbon site, associated syithhy-
co M 1.057 0.414 0.287 bridization. We expect a similar effect on the BN surface
M@ —0.236 0.130 0.763 ' P

with, however, a significantly different behavior due to the
aThe multipolesM(™ are located on the atomic site and at the insulating nature of this substrate when compared to graph-
middle of the molecular bond. ite. We write the electrostatic contribution Y., between

the quadrupole momentd(® on B and N and the multipolar

modef® appears to be convenient, while for CO distributedMoments of the admolecule as

charges, dipoles, and quadrupoles are reqtfres ensure

the convergence of the multipolar series expansion. We can V-E=E M-(m>T-(m+2)(r-|)M(2>. (5)
write the general expression for the electrostatic contribution e e

as

The quadrupolar tenscM,(z) is diagonal in the surface frame
and a single component, usually! (2))22, needs to be deter-
vE=2 MMTM N (rmim, (3)  mined. For a pure quadrupolar charge distribution aligned
n.m along the normal to the surface, the calculated effective value
for carbori® is about 1.x10°2% esu cnf (0.753 a.u. For
whereMi(m) defines thenth point multipole at théth site in boron and nitrogen atoms with, respectively, unoccupizd
the molecule andr{"*" is the usual action tensor of the and twofold occupiedN) p, Hiickel orbitals, an estimate of
electrostatic fields. The values b(™" are given in Table (M{?),, leads to values 0 and 2010 2% esu cn? (1.487
Il. The adsorbate-adsorbate potentigl, is obtained after a.u). To account for the inaccuracy of this determination, we
summing Eqgs(2) and (3) over the molecular siteGatoms  vary these values. The adsorbate-substrate interactiggs

and over the adsorbate molecules. are thus the sum over the substrate and adsorbate sites of
The molecule-substrate interactioNgs are based on a Egs.(4) and(5).
modified Lennard-Jones form which accounts for the distor- Additional interactiongnamely, substrate mediated inter-
tion of the electronic distribution in the BN substrate in aactions and electrostatic image eff¢ctgere considered in
manner similar to that of the model developed by Carlos angbreliminary calculations, but were subsequently dropped.
Cole for graphité® This atom-atom potential between an These additional terms do not change in an appreciable way
adsorbate and a substrate atom is written as any of the conclusions that will be obtained. They result in
energy corrections of less than 10% in the magnitude of the
k adsorption energy, without changing the equilibrium adsor-
[1+ y— agyccog(n,r], bate sites. These changes are not significant, given the accu-
racy of the dominant contributions to the interaction poten-
4) tial. Moreover, recent simulations by Hansen and Bfticin
N, films adsorbed on graphite conclude that the calculated
transition temperatures are brought into closer agreement

anisotropies in the polarizability of the BN substra#g=3  \ith experiment if substrate-mediated interactions are sup-
andaj,= ¢ are numerical coefficients, amdis the unit vec- pressed in the calculations.

tor normal to the surface. Unlike the case for graphite, thé 14 symmarize, the potential for the molecule or atom-BN
information on the interaction parameters on BN iS VelYinteractions is similar to that extensively discussed for graph-
poor. We are thus left just with considering two different SetSjte 'with two main differences. In the quantum contributions,
of parameters for Eq4). In Table I, the parameters denoted o B and N atoms are clearly discriminated by theo)

by the subindex were obtained using combination rules of o gjther gas or bulk effective valuéthe substrate anisot-
homogeneous atomic pairs given in the literature. The pasqpy of the polarizability is considered to be kept unchanged
rameters denoted by the subindéxwere obtained by cor- ith respect to graphite, since it is mainly a result of the
recting the €,07) values for an atomic pair by effective bulk g2 hypridization in both substratedn the electrostatic con-
scale factors. This is done in order to account for the presgiption, the presence of different quadrupole moments on B
ence of the surrounding solid. The scale factors tend Qg N introduces another source of discrimination between

slightly increase the: parameter and significantly decrease yhe two substrate atoms. These differences are expected to be
the Lennard-Jones diametenrelative to the unscaled values. of fyndamental importance in interpreting the monolayer

When these scale factors are used for the graphite surfacgyyctures formed on graphite and on BN.
they allow the molecule-graphite holding potential to fit very
well the adsorption characteristi¢sosteric heat of adsorp-
tion, molecule-surface distance, ¢td’he parametergg and

1, are not known for BN, so we assumed that they have the
same values as they do for graphite, i.¢5=0.4 and The axes and angles that describe the position and orien-
v1~=—1.05. tations of the adsorbate molecule and of the substrate are

g
vifQ=dey 2 (-1)7 —
k=6,12 Fif

where vy and vy, describe the attractive and repulsive

B. Potential-energy surfaces for a single admolecule
on the substrate
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TABLE Ill. Comparison of the adsorption energigaeV) and corrugationgmeV) for rare gas and diatomic molecules adsorbed on BN
and graphite. Ec gnsm COrrespond, respectively, to carbon, boron, nitrogen, saddle point, and minimum adsorption energigs. gnd
describe the corrugation above the surface and along equilibrium valley. The values in parentheses are associated to dispersion-repulsion
contributions onlyli.e., disregarding electrostatic terms

Ec = En Es Equilibrium Em AEc  AEy
sité?

Ar BN —-83.5 —88.6 —88.6 (0.5,0.29 -92.1 8.6 3.4
Gr —94.2 —-95.0 (0.5,0.29 —-101.5 7.3 6.5

Kr BN -112.9 —-117.9 —-117.9 (0.5,0.29 —-122.1 9.2 4.2
Gr —-123.4 —124.3 (0.5,0.29 —-131.3 7.8 7.0

N, BN —-89.9(-89.3) —91.2(-92.4) —92.0(-92.6) (0.36,0.37 —95.7(-94.9) 5.85.6 3.72.3
Gr  —96.2(—96.5) —~98.0(-98.7) (0.50.29 —100.9(-100.00) 5.03.5 2.91.3

CO BN —94.0(-92.7) —94.4(-96.8) —97.0(-96.8) (0.33,0.39 —102.4(-100.6) 8.47.9 5.43.9
Gr —103.5(-104.3) —-105.4(-107.0) (0.5,0.29 —110.7(-110.2) 7.25.9) 5.33.2

bThe equilibrium positior(0.50,0.29 in reduced units of, defines the hollow site; for the other values, equivalent positions are obtained
from symmetry consideration€; or Cg).

displayed in Fig. 6. The equilibrium geometry for a single for both Ar and Kr on graphite than on BN. The other sig-
admoleculgrare gas, N, or, CO was determined by mini- nificant differences are that the equilibrium valley goes from
mizing Va<(R,Q) for the two sets of interaction parameters the hollow site to the middle of the C-C bond and that on
X andY of Table I. The results for th&y parameters are graphite the surface hagGymmetry for the rare-gas atoms

presented in Table Ill. Additional calculations with theset  [Fig. 7(b)].

of parameters were aborted because they yield results that

are at variance with known facts: the adsorption energies 2. Diatomic molecules

calculated with theX parameters are nearly equal on graphite . .
and on BN, a feature inconsistent with the available experi- While the hollow site appears to be the most stable ad-

mental data#? and these parameters lead to molecule-Sorptlon site for N and CO on graphite, the equilibrium

substrate distances that are larger than the commonly ag_osition is _sligh_tly_shifted with respect to the hexagon center
cepted value® on BN. This shift is nearly the same for the two molecules,

In Table Il we give for every case the adsorption energythough the molecular axes are flatter foy than for CO. For

at 0 K above the on-top sitd€, B, or N), the energy above CO the tilt reaches about 10°—15° with respect to the sur-

S . face. The adsorption energy on BN is smaller by 5%
the equilibrium site(at or close to the hexagon centeand .
the energy for the saddle points. Moreover, we give the val£N 2) and 8%(CO) than on graphite. The values for,hire
ues of the corrugation energiésE, and AE,, which are closer to those obtained for Ar than for Kr, Kr has the largest

defined as the difference between the maximum and th@dsorption energy among the four species. The molecule-
minimum energies experienced by the adsorbate when ﬁurface d|s_tar.10e.s are equal to 3.39 anq 3.29 A fpoN BN
moves laterally above the surfacE,) and when it moves and graphite; similar values are obtained for CO, respec-

along the equilibrium valley AE,). The potential-energy tAivEer 3'26. a.?d f3'I ';? . The cgrrugatiorklj enErgiezSECl and f
surfaces for Kr and N on graphite and BN are presented in — ~* are similar for the two substrates, but they are larger for
Fig. 7. CO than for N,.

The main difference between the diatomic molecules
(N, and CQ and the rare gases is the lack of discrimination
between B and N atoms as viewed by the diatomic mol-

In Table Ill we see that the center of the hollow site ecules. Indeed, while the N atoms behave as saddle points
corresponds to the equilibrium position for Ar and Kr on along the equilibrium valley for Ar and Kr, the Nand CO
both substrates. The atom-surface distances are 3.44 and 3/5#lecules do not experience significant differences between
A for these two rare gases on BN. The B and N sites arehe B and N sites. This feature is due to the effect of the
discriminated by about 5 meV; the N site is more stable tharelectrostatic adsorbate-substrate interaction, which tends to
the B site, which appears to be more repulsive. The hollowincrease the repulsive part of the potential with the N and to
site is clearly more stable than the on-top sites. The corrugaalance the discriminating influence of the Lennard-Jones
tion energiesAE. andAE, are, respectively, around 9 and 4 part. The influence of this electrostatic interaction on the
meV. There is an equilibrium path going from the hollow to magnitude of the adsorption energy is weak, as can be seen
the N site. As a result, the surface appears to have ratheria Table Ill by comparing the energy values with and with-
C5; symmetry for the rare-gas atorfisig. 7(a)]. out including the electrostatic contribution to the molecule-

On graphite, the rare-gas adsorption site is again the hobkurface potential. However, it appears to be sufficient for the
low site, with atom-surface distances slightly smaller—3.32diatomic molecules to change appreciably the shape of the
A for Ar and 3.44 A for Kr. The adsorption energy is about potential-energy surface on BN as compared to that on
10% larger than on BN. The corrugatiakE, is slightly  graphite[cf. Figs. 7c) and 7d)], due to the eccentricity of
smaller on graphite for both adsorbates, whilg,, is larger  the molecular center of mass. Indeed, since three equivalent

1. Rare-gas atoms
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% ( YA ; é FIG. 7. Potential-energy surfaces f@ Kr

adsorbed on BN(b) Kr adsorbed on graphitéc)

-\_/ Eé\ b N, adsorbed on BN, andd) N, adsorbed on
c graphite. All the energies are given in meV.
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adsorption sites occur for Non BN, the apparent symmetry eters:L, the side length, ang, the angle defining the rota-
is C;. However, the N atoms are energy maxima, like the Btion of the cells with respect to th¢ axis (see Fig. 6. Using
atoms; the N molecule is therefore hindered from freely the symmetry properties of the BN surface, one has
moving outside the cup formed by the corners of the BNO< )< #/6. Moreover, assuming reasonable unit cell areas,
hexagon. This is to be contrasted with Kr on BN, for which one limits values of to less than @ A . If a characterizes
the equilibrium valleys are along the N atom directions. Notethe substrate periodicity for the sek,@), we can write
that changing the values of the quadrupole moments of the=na, wheren is an integer number. Let there be rare-
substrate atoms (0:5102° and 1.5<10 %° esu for B and gas atoms over the lengthand leta, be the incommensu-
N, respectively decreases very slightly the discrimination rate lattice parameter; then the registry misfit condition for

and does not change the conclusions drawn here. the (m:n, ) structure is written as
C. Monolayer geometries 0.95<(na/ma)=1.05, (6)
1. Rare gases where the maximum and minimum values in H@) are

To determine the most stable structures of the rare-ga&l0Sen in such a way that the contraction or dilation of the
layers adsorbed on graphite and on BN, we minimized thstructures considered do not y|eld_ a misfit larger than
potential V=V + Vs With respect to the positions of the 5> 10° when compared to the floating monolayer.
centers of mass of the atoms. Among the infinite number of Such a criterion allows us to eliminate all the structures
structures ranging from a low-order commensur@t®C)  (M:n,y) that are unrealistic and to distinguish the order of
phase to the incommensurdfoating monolayerl, we se- commensurability of the retained phaseé/hen =0 we
lected layer geometries with lozenge-shaped unit cells, to bill omit it in the structure nomenclatupe. .
consistent with both the adsorbate’s and substrate’s atomic The second criterion allows us the calculation of the av-
arrangements. We then applied two additional critétia. erage adsorption energy per adat@ig=E,/m? at 0 K for
First, lozenge-shaped unit cells are defined by two paramthe retained phases. A comparisorEgffor these structures,
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TABLE IV. Comparison of the various structures for the monolay¥®s;, Vaa . E_A are the equilibrium
holding, lateral and average energies per atom or molecule.

BN Gr
Ar 1:1(R30) 2:3 [ 1:1(R30) 2.3 [
Vas -92.1 -87.9 —-87.5 —-101.5 —96.6 -96.1
Vaa —-24.9 -339 —-34.6 -27.1 -321 —-34.6
En -117.0  —121.8 -122.1 -1286  —1287 —-130.7
Kr 1:1(R30) 3:5 | 1:1(R30) 35 |
Vas -1221  -117.3 -117 -1312  -1258 —125.5
Vaa —45.6 -50.0 —-51.4 —48.3 -51.3 —-51.4
En -167.7  —167.3 -168.4 -1795  -177.1 —-176.9
N,? 3x43 I 3x43 |
Vas —95.7(—94.8) —92.0(—92.4) —100.9(- 100.0) —97.7(—98.1)
Vaa —-285 -31.0 —-29.9 -31.0
Ep —124.2(-123.3) —123.0(- 123.4) —130.8(— 129.9) —128.7(-129.2)
co? 3x43 I 3x4/3 [
Vas —102.4(- 100.6) —97.7(-97.2) —110.7(-110.2) —106.1(- 107.2)
Vaa -33.6 -36.2 —34.6 —36.2
Ep —136.0(- 134.2) —133.9(- 133.4) —145.3(— 144.8) —142.3(- 143.4)

&/alues in parentheses are associated to dispersion-repulsion terms only.

to find the one with the lowest energy, leads to the mosthe rare-gas monolayers are in general incommensurate
stable geometry. This lowest-energy structure is expected tstructures on BN and on graphite, except for Kr on graphite,
correspond to the actual structure of the monolayer. which exhibits the(experimentally observedommensurate
For Ar adsorbed on BN, the lowest-order commensuratgeometry. The different behavior of Kr on the two substrates
phase that satisfies the geometric criterion is(218) struc-  is the result of two effects. From a strictly geometric point of
ture, with four adsorbate atoms per unit cell. The other strucview, the graphite lattice parameter accommodates very well
tures are clearly high-order commensur@t#©C) structures that of the Kr layer. From an energetic point of view, the
with more than 50 atoms per unit cell. THi&:3) low-order  graphite surface as viewed by the Kr atom is more corru-
phase is compressed by 2%. The corresponding mean adated than that of BN. The greater corrugation tends to trap
sorption energy per atom is lower by 4.8 meV than for thethe adatom in the potential cup withy Gymmetry[cf. Fig.
V3% /3 commensurate pha$ee., the(1:1, w/6) structure. 7(b)]. The BN surface appears less corrugated. This surface
However, the2:3) structure is higher than the incommensu- allows the Kr atom to move easily along the equilibrium
rate phase by 0.3 me\see Table IV. Similar results are valleys formed by the hollow and N sitgsig. 7(a)] and thus
obtained for Kr adsorbed on BN. The lowest-order commenfavors an incommensurate structure. A good basis for confi-
surate structures ar€:5) and (5:8); they are nonrotated dence in our calculations is the fact that they correctly yield,
structures with, respectively, 9 and 25 atoms per unit cell anfior Kr on graphite, the commensurate solid as the equilib-
misfits equal to—2.8% and 1.3%. The other nonrotated andrium phase, in agreement with what is experimentally ob-
rotated structures are clearly HOC phases, with more than 4gerved.
atoms per unit cell. Thé€3:5) and (5:8) LOC phases have
energies close to the3x /3 commensurate and to the in-
commensurate phas€Bable 1V), but the calculations show The presence of angular degrees of freedom prevents us
that this latter structure is slightly favored over the others. from conducting the detailed analysis performed in the pre-
On graphite, the stable Ar monolayer is the incommensuvious paragraphs. We limit our energy calculations to com-
rate phase, because the misfit of tf#3) LOC structure paring the commensurate and incommensurate structures
corresponds to a compression of 4%, which is large enougbnly. The conventional 83 commensurate structdife
to prevent the occurrence of such a geometry. The othegith two orientationally inequivalent molecules per unit cell
nonrotated and rotated structures that are intermediate in efs always found to be the most stable struct(Fable V).
ergy are HOC. By contrast, graphite accommodates veryhe N, molecules are nearly flat above the BN surface,
well the /3% \/3 rotated commensurate Kr layer and also thewhile the axes of the CO molecules are each slightly titled by
(3:5) nonrotated geometry, which gives a very small misfit ofabout 15° away from the surface and are mutually perpen-
—0.7%. The calculation of the mean adsorption energy pedicular (=90+5°). The energy differences between the
Kr atom nevertheless favors the staki@x 3 commensu- mean adsorption energy per molecule for the commensurate
rate phase. and incommensurate phases remain small, especially for
From the results presented in Table IV we thus see thal,. It may be noted that these differences are still much

2. Diatomic molecular monolayers



54 MONOLAYER Kr FILMS ADSORBED ON BN 8841

smaller when the electrostatic adsorbate-substrate interac-
tions are disregarded; indeed, the relative stability of Ghe
and | structures on BN can even be inverted. We should
point out that while it is true that, in absolute values, the
uncertainties in the interaction potentials used to appear to be
of the same order as or larger than the differences calculated
for the mean adsorption energy, the relative values of the
differences calculated are much more accurate. -350

TT 1T T 1T T 1T vV 1T 1T TrTTrTTd

-250

Potenttal

V. DISCUSSION
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Chemltcal

We compare our experimental results to previous reports T
for this system. The work by Dupont-Pavlovsky, Bockel, and '45@70 80 Sa 100
Thomy*® reports isotherms at 77.3, 78, and 90 K. At these Tempereture (K)
temperature we only found a weak substep in the ¢Rig

2). While the StUdY of Duppnt-PavIovsky, Bockel, a_nd Th- FIG. 8. Phase diagram for monolayer Kr on BN. The chemical
omy e_mploye_d a h'g_h density of data points, the region the3f)otential (relative to the bulk chemical potentjals plotted as a
'nveSt'gated, in detail corresponds to Cover.ag@*.]er than function of temperature. The chemical potential difference is given
those at which we found the weak substeft.is quite prob- iy K. The phases proposed in this phase diagram are the follow-
able that the region where the weak substep is present Wasy: |s, incommensurate solid; F, fluid; and CS, commensurate
missed in that study. The possibility of missing the weaksolid. The upper boundary of the commensurate solid region ends at
substep is even stronger in the adsorption isotherm study @fither a reentrant fluid phagahich solidifies to an incommensu-
Regnier, Thomy, and Duvat, which utilized a coverage in- rate solid at slightly higher coverager a commensurate-
terval between data points too large to detect this ratheihcommensurate transition.

broad feature.

In both the Dupont-Pavlovsky—Bockel-Thotiyand the and BN? The calculations yield very similar results for the
Regnier—Thomy—Duvét studies the BN cleaning was lim- most stable monolayer solid for Ar and Kr on BN: in both
ited only to heating the powder under vacuum. This methodases it is the incommensurate solid. For both Ar and Kr on
can leave soluble borate impurities on the substtabmpu- BN there is a small coverage interval involved in the transi-
rities could be another possible source for the differencesion and a relatively small compressibility peak suggestive of
between our results and theirs. weakly first-order or continuous solidificatiénWe thus

The simultaneous volumetric and dielectric study by La-identify the weak substep between 74 and 82 K as corre-
heurteet al? reports on one isotherm at 78.3 K that is quali- sponding to a solidification transition from a fluid to an in-
tatively similar to those we measured between 83 and 88 KGommensurate solid as the coverage is increased.
the only temperature interval where our isotherms have both As noted before, the data forNon BN and that for Kr on
a sharp substep and a kink. There is a kink present above th#N between 83 and 88 K are similar. We identify the lower-
sharp substep in the data of Laheueteal,'? even though coverage sharp substep as indicative of a coexistence region
this feature was neither noted nor discussed by the authordietween a fluid and a commensurate solid; this transition is

Some differences exist between our data and those of Ldirst order. The existence of a very narrow temperature inter-
heurteet al?> We found no sharp substep in the isotherm atval over which a commensurate phase exists is compatible
78 K. The pressure at which we found the weak substep at 7@ith the results of our calculations. We note that all the
K is lower than that at which a sharp substep was measurethlculations performed here have been conduct@dkaand
in the combined dielectric and adsorption isotherm studythat the difference found between the average energies for
(0.06 Torr in our study, 0.16 Torr in the dielectric stidy the commensurate and incommensurate solid structures for
The weak substep present in the Lahewstal. study ap- Kron BN is 0.7 out of 168 meV, or 0.4%. This is the small-
pears near 0.5 Tol'? at much higher pressures than the weakest difference(both in absolute and percentual tejnize-
substep in our study. Possible explanations for the observedeen any 3x 3 commensurate and incommensurate
differences include the influence of the electric fiélehich  structure among those studi¢see Table IV. Calculations
is present in the dielectric experim&ntout not in oury,  for ionic and metallic substratéwhich have larger corruga-
which might alter the range over which the different phasesions than either BN or graphit® find that finite-
are present, and the possibility of a cold spot in the dielectritemperature contributions do not invert the relative stability
experiment, which would result in a saturated vapor pressuref the solid phases. However, for Kr on BN the small corru-
corresponding to a lower temperature than that at which thgation and the small difference betweer th K energies
BN powder is actually at. might result in the commensurate phase being favored over a

The lack of structural information for Kr on BN restricts narrow temperature interval at higher temperatures.
our ability to associate isotherm features with the phases For temperatures between 83 and 88 K we interpret the
present in the film. We are limited to compare isotherm ancbroad substep present at higher coverages as being due to
compressibility data and to guide us with the results of theone of two possibilities. It corresponds either to a
calculations. For Kr on BN the low-temperatufee., be- commensurate-incommensurate transition or to a pair of
tween 74 and 82 Kadsorption isotherm and compressibility transitions that are too closely spaced for our experiment to
data are very similar to the data near the solidification for Arresolve: first, from the pure commensurate to a reentrant
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fluid phase, and then, at slightly higher coverages, a soliditial vs temperature planés presented in Fig. 8, which also
fication of the reentrant fluid to an incommensurate solidconstitutes a summary of our experimental findings. The nar-
(i.e., a sequence similar to that for CO, Kr, and, ln row temperature width over which the commensurate solid is
graphite.?° present for Kr on BN, together with the relatively broad fea-
A plot of the chemical potentiafrelative to that of the tures of the isotherm substeps for temperatures outside this
bulk) vs temperature for the observed isotherm featuresparrow region, may help explain the absence of features re-
shown in Fig. 8, has a break in the slope of the line correported in previous volumetric studies of this systen
sponding to the broad substep taking place near 83 K. This is Our calculations show that Nand CO essentially do not
an indication that between 83 and 88 K the broad substegiscriminate between B and N atoms and, as a consequence,
corresponds to a different transition than that at lower temfor them the corrugation on BN is very similar to that on
peratures. graphite. Because the corrugation is essentially the same on
The small substep present at temperatures above 88 K hasth substrates, the sequence of ph#&aed hence the phase
smaller and broader compressibility peaks than the broadiagram is the same for these two diatomic molecular ad-
feature between 83 and 88 K. We identify it as correspondsorbates on BN and on graphite. By contrast, for Kr, the B
ing to a weakly first-order or continuous solidification tran- and N atoms of the substrate look quite different. There are

sition from a fluid to an incommensurate solid. no electrostatic terms in the energy for Kr and the corruga-
tion has a different symmetry on BN than on graphite. These
VI. CONCLUSION differences help explain why CO and,Nhave the same se-

o ) ... quence of phases on BN and on graphite, while Kr has a
Our adsorption isotherm and isothermal compressibilityyitferent phase diagram on these two substrates.
results show that Kr behaves differently on BN and on

graphite and also differently from Nand CO on BN. Over

the range of coverages and temperatures studied, the simplest
interpretation for our data suggests that there is a very nar- One of us(A.D.M.) would like to acknowledge the Do-
row temperature interval over which a commensurate solichors of the Petroleum Research Fund, administered by the
phase is present for the Kr on BN system. The phase diagradimerican Chemical Society, for partial support of this re-
corresponding to the region studi¢d the chemical poten- search.
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