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Nuclear-resonance photon scattering study of bO multilayers adsorbed on Grafoil at 12 K
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The nuclear-resonance photon scattering technique was used for studying the out-of-plane orientation of
N,O molecules physisorbed on Grafoil at 12 K and coverage$.77 to 3.7 monolayers. By monitoring the
resonantly scattered intensity ratios from the 6324 keV levéPihwith the planes of the Grafoil adsorbing
surface set parallel and perpendicular to the direction of the incident photon beam, the average out-of-plane tilt
of N,O relative to the graphite planes was obtained. The behavior of the system reveals a striking similarity to
that of the N+Grafoil system. Specifically, the tilt angles of the@molecules with respect to the graphite
surface are practically the same despite its more involved character. It is shown that the occurrence of a pure
four-sublattice pinwheel ordering can be ruled out. The possibility of explaining the measured intensity ratios
at 12 K, by assumingartial dewetting of the NO moleculegwhere the molecules in the first layer lay flat on
the graphite surface while the overlayers consist of highly disordered tsutkiscussed in some detail.

[. INTRODUCTION analyzed relying om-diffraction (ND) results. In this study,
the possibility of the occurrence of a PW structure, thought
The structural arrangement of molecules, such as N to occur near the fully compressed monolayer coverage, was
NO,, CO, GH,, and GH,,*~° physisorbed on graphite was ruled out.
extensively studied in relation to two-dimensional physics. The principle quantity measured in the present work is the
In contrast to adsorbed atoms, such nonspherical molecul@gisotropy ratioR, of scattered intensities, with thg beam
carry additional degrees of freedom related to their in-plangarallel and perpendicular to the graphite planes of the
and out-of-plane orientations relative to the graphite planessample. The NRPS high sensitivity to out-of-plane tilts
This additional feature gives rise to complex structbiige makes it very easy to distinguish between structures of her-
the orientationally ordered 2-in and 2-out herringb¢H®&) ringbone, pinwheel, or a combination of both. This point is
or pinwheel(PW) configurations and to new types of struc- illustrated by noting that the calculated valueRof I, /1, , at
tural phase transitions. Among all investigated physisorptiori.2 K from >N in the form of NO on Grafoil, isR~0.97 for
systems of molecular gases on substratestddaphite is  an ideal four-sublattice PW ari~1.31 for a 2-in HB struc-
considered to be a model system due to its relative simplicityure.
and to the extensive information accumulated from both ex- The linear heteronuclear,® provides yet an additional
perimental and theoretical studies. Due to the huge amourtegree of freedom, i.e., its head-tail ordering. It has a small
of data’ there is a broad consensus about the interpretatiodipole momertt(~0.55< 10"%°C m) and a large quadrupole
of the phase diagram obtained for thg4\yraphite system. moment (~—1.0x10 3°Cn?), double that of §. The ad-
The structural richness of the two-dimensioiaD) phase sorbed layers are expected to take a structure corresponding
diagrams arises from the subtle balance between the asyris the optimum balance between the holding potential of the
metric adsorbate-substrate potential and the adsorbatgraphite substrate, the van der Waals interactions, and the
adsorbate quadrupolar interactions. Yet, one interesting feafuadrupolar coupling between the molecules. It may be
ture, incompletely covered by all other techniques is thenoted that although the NRPS method is highly sensitive to
study of the out-of-plane tilt angle of the molecular symme-the out-of-plane tilt angle of the adsorbed molecules it is
try axis relative to the graphite planes. The nuclear-entirely insensitive to the ordering within the plane, or the
resonance-photon-scatteriiyRPS techniqué used in the degree of commensurability on the graphite surface, or to the
present work is unique in that it provides a very sensitivehead-tail ordering. Experimentally, the,0Hgraphite sys-
tool for measuring the out-of-plane tilt angle of adsorbedtem was studied by measuring its adsorption isothéfrhg,
molecules. It differs from all diffraction methods in provid- calorimetric method&! and byn diffraction!? However, we
ing information not only on that part of the adsorbed gasfound no molecular-dynamics simulatiofdDS) studies of
which is in a crystalline phase, but on all adsorbed moleculethe N,O+graphite system. Such calculations were exten-
of the gas irrespective of its physical state. Recently, in aively used for studying the N-graphite system and many
measuremeff the tilt angle of N monolayers adsorbed on interesting experimental features of this system could be re-
graphite, a detailed out-of-plane tilt behavior was obtaine¢produced. Because of the similarity between th©Mnd N
for the N,+graphite system, between 0.6—5.0 commensuratenolecules, it would be very interesting to compare the be-
monolayergCML) at 20 K where the multilayer regime was havior of the NO-+graphite system with that of \-graphite
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FIG. 1. Calculated shapes of the Doppler-broadened level at

6324 keV in'®N, of peak energy, and of the Doppler-broadened

(A,=10.6eV) incident line of thé3Cr(n,y) reaction of peak en-

FIG. 2. Schematic representation of the internal and external
modes of motion of the hD-graphite system. The open circles

ergy Es (after recoil correction The nuclear level shape is depicted represent thé®N resonance scatterer. Note that {#fs-1“N bond is

for two ideal casesat T=0 K), where the NO symmetry axis is
aligned parallel and perpendicular to thebeam direction. The
corresponding Doppler widths, andA , of the two lines are indi-

shorter(Refs. 13 and 26than the'*N-O bond by~5% only and not
as shown. All frequencies are in K units and correspond td'iNe
atom. In the doubly degenerate internal bending mode!®ieno-

cated. The overlap integrals between the shapes of the incident linfon is normal to the BO molecular axis, while in the stretching
and the nuclear level are shown as shaded areas and corresponchigdes(Ref. 14, its motion is along the molecular axis. The exter-

the scattering cross sectiong ando .

nal modes (=5, . ..,8) araepresented by Einstein oscillatdsee
Eq. (1) of Ref. 8|, where arrows indicate the direction of motion of

and to see to what extent their behavior correlate. In thé,O with respect to the graphite plane. The indicated values of the

present work we studied the tilt angle of theONgraphite

lattice frequenciesjE>5, . ..,8) werededuced by us empirically,

system versus coverage at 12 K, where the thermal motion ihereas those of the internal motions=(1, . . . ,4) were taken
practically frozen, and the anisotropy ratios can be viewed afom Ref. 13.
caused mainly by the zero-point kinetic energy of the four

internal vibrations of the pD molecule.

II. PRINCIPLE OF THE NRPS TECHNIQUE

axis) are a factor of 2—4 higher than those of the bending
modes (contributing in the normal direction Hence the
Doppler broadening of the nuclear level has a maximiym,
along the NO molecular axis and a minimurny,, , perpen-

Nuclear-resonance photon scattering from N-containinglicular to it. These correspond to scattering cross sectipns

molecules involves a chance overlap betweenlme, gen-

ando, that are proportional to the overlap integrésown

erated by theCr(n, y) reaction, and the 6324 keV nuclear as the shaded areas in Figl and fulfill the relationo

level of *N. Both the incidenty line and the nuclear level
are Doppler broadened and are separated §=29.5eV

>o, . The dependence of the scattering cross seetjoon
the orientation of NO with respect to the photon beam is

(Fig. 1. It tuns out that the overlap between the two line utilized here for measuring the out-of-plane tilt angle of the
shapes(Fig. 1) gives rise to a resonance scattering signalN;O molecular axis with respect to the adsorbing graphite

whose cross sectiorr, is proportional to the Doppler
broadening A, of the nuclear level, whereA,
=E(2kT,/M,c?)? with E the excitation energyM, the

nuclear massJ, the effective temperature of the scattering

atom, k the Boltzmann constant, arwthe velocity of light.
A similar definition holds for the Doppler width ¢ of the
incidenty line. The effective temperatufig gives a measure
of the total kinetic energy of th&N atom, including that of
the zero-point motions. ) is a linear molecule with four
internal vibrational modes of motioh consisting of two

planes.

IIl. EXPERIMENTAL DETAILS

The N,O+Grafoil system was studied previousfyand
the out-of-plane tilt was monitored between 12 and 297 K at
two molecular coveragesi=0.77 and 1.33 monolayers. All
the experimental details, including the experimental setup,
photon beam properties, details of thesource, temperature,
the Grafoik-N,O target, and the Ge detectors may be found

stretching modes of the N-N and N-O bonds and antisymin Ref. 14. Here we just mention that we used isotop}ON

metric bendings of the N-N-O angle. The®l used in the
present work, was isotopic ga89% °N) with only one
15N-labeled atom, namely®N-1“N-O (see Fig. 2 The ki-

of the form ®N-1“N-O (see Fig. 2 The molecular coverage
of N,O on Grafoil was determined by weighing the amount
of adsorbed BO gas and comparing its weight with the cor-

netic energy of thé®N atom contributed by the internal vi- responding amounts of Nn the N,+Grafoil system(deter-
brational modes has a maximum along the molecular axisnined by vapor pressure measuremgftat 77 K). Thus

and a minimum along the perpendicular directisee Fig.

our calibration point was the weight amount of dh Grafoil

2). This may be understood by noting that the frequencies oforming one CML; the corresponding amount of was

the stretching mode&ontributing along the bO molecular

larger by the mass ratio betweéPN“NO and **N, being
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1.50. It is not clear however whether,® does indeed form nuclear levelS;, Sz, andS; are the energy fractions shared
a registered/3 triangular lattice on graphite, even though the by the **N atom in the translational, rotational, and vibra-
actual effective area of the® molecule, found by adsorp- tional motions of ®N*NO. Thus, §;=15/45 is obtained
tion measurementSwas~15.1 A2, which is consistent with from the mass ratioM (**N)/M (**N**NO). Similarly, Sg
that of the registered3 unit cell (15.7 A2). In the following ~ =0.4982 is obtained from the atomic distances §®Nas the
we shall thus use the term “monolaye(ML) to refer to the  fraction of the rotational energy ofN in that of the NO
N,O molecular coverages rather than “commensurate mononolecule** The fractionsS; of the internal vibrational modes
layers” usually used for the N-Graphite system. The J®  (Fig. 2 were obtained using computational methods of mo-
was inserted into the adsorption cell in an off-line fashion.lecular spectroscopy. For a pure NO gas, namely, foff
This was done by passing calibrated amounts of gas through 182 K, Eq.(1) may be rewritten a8

a valve fitted on the adsorption cell by cooling its lower part L

to 77 K. The pressure buildup of,® atT=300 K inside the

cell was about 100 psi for a loading coverage of 1 ML, and Tr=ST+ 5121 Sja; 2

it increased with increasing coverage. The cell was then at- o )

tached to the cold finger of a variable temperature cryostadith $=(S+2Sg/3), the kinetic-energy fraction of the N
(12 K to 300 K. The system was cooled slowly first to 100 &om in the external modes of motion of,®, andT the

K at a rate of~0.5 K/min, then to 12 K at-2 K/min. In  thermodynamic temperature. This yields

some cases, the temperature was raised slowly to 220 K for

annealing and then recooled at a rate~69.5 K/min; the T;~0.665T +288 €
system was left to equilibrate for2 h prior to starting the implying that the zero-point kinetic energy of vibration of
measurements. The scattered intensity ratios are averag&® in N,O is T,=288 K, which contributes to the Doppler

over several independent measurements. broadening of the nuclear level. At 297 R,=486K, of
which 59% arise from the zero-point energy.
IV. THEORETICAL REMARKS Equation (1) gives an idea of calculating the effective
. . ) temperature of°N for a nonoriented sample, where the sys-
As mentioned in Sec. I, if the adsorbed molecules argem and hence the scattered intensity is isotropic. However,

aligned along they beam, the scattered intensity is much yhen dealing with adsorbed,® on oriented graphite, we
higher than the case in which the molecular axis is normal tGnay calculate the scattered intensities by following two
the beam. This fact is being used for deducing the tilt angl&tens. |n the first, we calculate the scattered intensities by
of _the molecular axis by measuring the scaltgere.d INteNsityssuming that the O is adsorbed on a fully oriented graph-
ratio R=1,/1, from the 6324 keV level of™N in the it sample. Having done that, we go to the second step in
N,O+Grafoil system with they beam parallel and perpen- \yhich the scattering cross sections and hence the intensity
dicular to the Grafoil planes. The measured valueRos  ratios R are modified by accounting for the actual structure
related to the directional Doppler broadenings of the resoyf the Grafoil substrate. The first step is carried out by de-
nance nuclear level, which in turn depend on the effectivgining two effective temperatures dfN: T, and T, along
temperatures of thé°N scatterer in the two perpendicular and normal to the plane of an assumed fully oriented graph-
geometries of the sample. In the following, a brief descrip-jie sample. To do that, we consider a singh“NO mol-

tion of the calculation of the effective temperature'eXl in cule with its axis tilted at an average anaeelative to the

15N114 . . .
N“NG and of the scattering cross sections are discusse raphite plane; the same tilt angle is assumed irrespective of

and the relation to lattice frequencies of the system is given; o . P
For a given temperature and coverage, the measRraido the head-tail orderingl, and T, are deduced by projecting

depends orii) the spatial distribution of molecular tilts and the motion of the™N atom along and perpendicular to the

(ii) the mosaic spread of the adsorbing substrate. graphite plane, yielding
The effective temperatur€, of 1N is related to its total

kinetic energy, &T,/2, which include the part contributed by T,=

the internal vibrations. pD is a linear molecule having nine

kinetic degrees of freedom: three translationkT32), two s

rotations kTg) and the four internal vibrationske;/2, + (Se/2)(ag+ arsirt 6), @

j=1,...,4). The expression far, may thus be written %

o.5j :23’4 S aj>cos.2§+ 0.5 S,y + Sy, Si? 0) + S

4 Tc:(j_E&4 S]al

2 1
T=ST+ 3 SeTat 3 Zl Siq;. (1) 5
: wherea,, a, andas, a, are related to the internal bending
T, and T are the effective temperatures of the translationabnd stretching modes of ), respectively. The remaining
and librational motions of the entire molecul&a;/2  energy terms are the lattice modes of thg®N graphite sys-
= (hv;/2)[(e™i’*T=1)"1+1/2] is the kinetic energyas- tem represented by five Einstein oscillat¢see Fig. 2 (i)
suming an Einstein oscillatpof the jth internal vibrational two in-plane degenerate vibrations (ii) an out-of-plane
mode of motion(with v; the corresponding frequen 14 vibrationvg, (iii) an out-of-plane libratiow, and(iv) one
and the factor1/2) multiplying it arises from the fact that in-plane libration vg. The kinetic energies(ka;/2, ]
only half the average vibrational energy is kinetic, and only=5, . ..,8 are defined in a similar manner to those of the
this part contributes to the Doppler broadening of ik internal modes. In deducing, and T, we assumed a de-



PRB 61 NUCLEAR-RESONANCE PHOTON SCATTERING STUD. .. 7703

coupling between the in-plane and out-of-plane degrees of Grafotl
freedom of motion of NO relative to the graphite surface. 207 Sheets H F13

Equations(4) and (5) may also be used for deducifg
for the case of a nonoriented §8+graphite) sample as

T,=(2T,+To)/3. (6)

Equation(6) is useful because Grafoil is known to consist of
a nonoriented fractionf =0.44, of crystallites, whereas the

remaining fraction (+ f ) is characterized by a half width at "N"“NO

half maximum(HWHM) mosaic spread anglg,=15°. The =~ 10 mmmmmmm o Lo
value, f=0.44, for our Grafoil sample was deduced by not- S S A ; T

ing that theN, molecular axes lay flat on the graphite surface n (CML) n (ML)

atn<1 and lowT, and by requiring that the calculatdrl

=1,/1, of theN,+Grafoil system must be equal to the mea- FIG. 3. Measured anisotropy ratid®=1,/I, of the scattered
suredR (see Ref. 15 Next, the scattering cross sections intensities from the pD+ Grafoil system(squaresversus the mo-
from N along and perpendicular to the fully oriented !ecular coverage, taken at 12 K. The solid line was passed through
graphite plane is obtained from a knowledgeTof and T, the data points to lead the eye. Similar data for the-Rapyex

and the parameters of the nuclear level as explained in detgiyStemicircles, at 20 K, were taken from Ref. 8. Note the stepwise
elsewherd:4 behavior and the huge difference in the valuesRoin the two

We now turn to the second step of calculating the scatterystems. The stars denote the calculated valueR @r a case

ing cross sections fromSNINO adsorbed on Grafoil with where partial dewetting of the J@ overlayers is assumed while

the photon beam parallel and perpendicular to araphit retaining the original tilt of the first ML. The dashed line Rt 1
P P perpendicu 9rapnite, , esents the ratio for nonoriented samples. The inset ifShe

planes. The Grafoil structure may be accounted for by def'néase illustrates schematically the two perpendicular geometries of
Ilr;g gnother two eEfE,eci[Lve temperaturég(() anch(Q).of the samples relative to thgbeam direction.

N in the form of “N-*NO related to the two perpendicular
geometries of the Grafoil planes relative to the beam direc- ) )
tion. The spatial angl€) between the DD molecular axis @lmost a factor of 2 lower than those deduced in the previous
and the beam direction may be expressed in termg)d:he Work.14 The faCt that the presentzﬂ—l—graphite |attice Values

N,O tilt angle @ with respect to a certain graphite crystallite &€ 1arger than those of N-graphite is due to the much

plane, (2) the orientationg of the crystallite with respect to stronger intramolecular interactions as reflected in the much
e : . . ; : : 10

the Grafoilc axis, and(3) the azimuthal anglg of a given ~ higher melting pointT,;.~110K of N;O on grqphﬂé

molecule relative to they direction. Finally, the scattering It is important to note that in spite of the different proce-

cross sections(#) ando, () with the y beam parallel and dure, the main conclusions obtained in Ref. 14, for the aver-

perpendicular to the Grafoil planes are obtained by integra@3€ Out-of-plane tilt angles at=1 ML assuming a 2-in HB

tion over¢ and ¢ to account for the Grafoil structure. In this structure, 'remain intact, and on.Iy'smaII diﬁerenceg as to the
. . S deduced tilt angle occurred. This is due to the dominant con-
manner, the anisotropy ratiB=1,/1, =0(6)/o,(6) was

obtained as discussed in detail in Ref. 8. With this proceduré{)ﬁiléﬂoget%frr;?r? e Itr;]t: rgjtl_o\?_t;rlgaznﬁlt f;ﬁgu;necfsoﬁzﬂe or-
we obtained for the ED+Graf0|I_systemR=0.97 for a pure der of magnitude higher than those of the external lattice
PW structure and 1.31 for a 2-in HB structure. odes(see Fig. 2
Finally, it should be emphasized that the present mé3thodm '

of calculatingR is more accurate than that of Ref. 14. In this
latter work the scattering cross section from the 6324 keV
level in N was assumed to be linearly proportional to the
effective temperature dPN for the entire temperature range. Figure 3 shows the measured ratiBsof the scattered
This assumption is not correct at low effective temperaturesntensities versus, the molecular coverag@t 12 K) from
where a flattening of the scattering cross section occurshe two perpendicular geometries of the,ON-Grafoil
When this assumption was abandoned in Ref. 8, the fitting O§amp|e with respect to the beam direct(ﬁquare}; TheseR
the calculated values @t to the measured data ylelded reli- values were used to deduce the average out-of-p|ane tilt
able frequencies of the N-graphite lattice modes. Thus the angle?of the N,O molecular axis versusat 12 K (see Fig.
average in-plane and out-of-plane lattice mog#sibrations 4). The behavior of the ratioR may be interpreted as fol-
and vibrationg v,~70K andv,~80K (in the solid phasg lows. At low T and submonolayer coveragesn (
were found to be in excellent agreement with those:077ML) R has a maximumR~1.31) that corresponds
calculated® theoretically using lattice-dynamic simulations. T~ o o . .
Those values are much lower than those deduced empirical atilt of 6~3.0 - 2.0, representmg 3O molecules lying

at on the graphite surface. WhenincreasesR decreases

in the original NRPS work on the N+graphite system. 3 . .
This same method of calculation was applied to thesllghtly to R~1.29 around 1 ML completion. A relatively
N,O+grafoil system, and the characteristic in-plane and outSteep drop t(RN 1'1’? atn~1.31 ML occurs where a s@rp
of-plane lattice modesof vibrations and librationsof the ~ out-of-plane “jump” of the NO molecular axes tod
adsorbed BO molecules in the solid phase were deduced to~16.3°+1.0° occurs. On increasingto 1.8 ML, R reached

be vs=vg=100 andvg=v,;=230K, respectivelyFig. 2), a value of~1.10 corresponding t6=22.0°F 1.0° and then

VI. RESULTS AND DISCUSSION
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30 T Thus, the strong increase of occurring between 0.8 and 1.3

ML seem to indicate a phase transition in which monolayer

251 & N, .
compression seems to take place. Another structure that

%\ 207 could be tested is the pure pinwheel, theoretically predicted
8 ol Mo for linear nonpolar moleculdswhere each pin = 90°)
Q . . .
) ~ molecule in the unit cell is surrounded by three molecules
1 107 0 a lying flat on the surface{=0°). Our calculatedrR for such
5 a pure PW structure of )0 on Grafoil, at 12 KEq. (12) of
G - Plane Ref. 8 is R~0.97. This is far lower than any of the mea-

T suredR values up to a coverage nf-3.7 ML. Obviously, as
g =8 4o 8N predicted theoretically and shown experimentalfit” for
N, on graphite, the wheel molecules in such an assumed PW
— structure could have a finite out-of-plane tilt which further
FIG. 4. Deduced average out-of-plane dlat 12 K of the NO a4y cesR below 0.97. Alternatively, a combined structure
molecular axes with respect to the graphite plaselid circles o gisting of PW underlayers coexisting with highly disor-
versus the molecular coverageThe tilt § is schematically defined  ggred overlayéF’zowould increase the value &to ~1.0 at
in the inset, with the resonance scatterfiy atom drawn differ- the mos€ Thus, our results indicate that a pure PW ordering
ently. The solid line was passed through the data points to lead th@annot occur in the pO+graphite system at 12 K and be-
eye. The data points of the ,MPapyex systenRef. 8 (open tween 0.77 to 3.7 ML.
squarepare also shown. Note the remarkable similarity between the These facts may motivate new calculations based on MD
two systems. simulations in a similar fashion to the ,Mgraphite
decreased further to 1.06 at-3.7 ML where the tilt is6 SySteml-G’_lg_ZSAlthOUQh the polarity may not play an impor-
—24.7°%71.0°. The dotted line in Fig. 3 aR=1.0, repre- tantrole in the molecular orientational ordering, the compari-
sents the anisotropy ratio for the case where th® kol- ~ SON between the two system may yield a deeper insight and
ecules are randomly orientet| € 1,). The fact that all our ~ Understanding of the role of the quadrupole moments in de-
values are considerably higher than unity, implies that up tdermining orientational ordering of adsorbed linear mol-
the highest measured coverage, th®©Nnolecules have, on €cules on surfaces. _ _
the average, a definite forward tilt relative to the graphite_ Another alternative explanation for the above behavior of
surface. The fact that around 44% of the crystallites infv @N>1ML, is the possible occurrence of partial dewet-
Grafoil are randomly oriented and the remaining 56% have 4n9g of molecules forming bulk BD. In such a process,

mosaic spread of 15° at HWHM reduced markedly the anWhich could occur below the 2D melting transitiSn(at
isotropy ratios. ~110 K), it is assumed that all excess molecules above 1

L . — . ML transforms into a highly disordered bulk while the first
Itis important to emphasize that the deduced values of ML retains its original tilt. The predicted values Bffor this

are useful only fom~1 ML where all the surface molecules scenario, in the coverage regime-1.3—3.7 ML (indicated

are assumed to have the same out-of-plane tilt. At multilayerS stars in Fig. Breveal, apart from the data point at
coverages, the various layers usually have different averag% 9. » ap P

tits as shown in the neutron-diffraction study of the ~1.8ML, a reasonable agreeme_n_t_wnh experiment. It may
. 7 ' be noted, however, that the possibility of complete dewetting
N,+Grafoil system’ where the first layer was found to have of the surface, as observed in the GaBrafoil syster® ma
a definite forward tilt, while the molecules in the secondbe ruled out ll'his is because bulk adsor tio)r/1 is likel %’0 be
layer and higher layers were mostly disordered. . T SOrplc y
o i — nonoriented as it is expected to be in a highly amorphous
It is interesting to compare the tile versusn of the  ga1e Such a situation occurs in the-Grafoil system’ and
present system, taken at 12 K, with that of theHGraphite

r: ) -3 . obviously leads tdR=1, in contrast to the present results. It
systent taken at 20 K. Figure 4 reveals a striking quantita-ghoid be admitted that this interpretation suffers from some

tive similarity whereby the values of are found to follow difficulties because only a small changeRnwas observed
practically the same dependence at low and lay on the above the 2D melting transition, when the temperature was
same smooth curve, passed through the data to lead the eygecreased between 12 K t0150 K as reported in Ref. 14.
This similarity occurs in spite of the nonzero dipole moment  Another feature worth discussing concerns the question
and much larger quadrupole moment gfON A much better  whether the NO monolayer on graphite forms a registered
agreement could have been obtained by artificially rescaling3 structure with the molecular axis parallel to the graphite
the NO coverages, by reducing all coverages correspondinglane. This point is interesting because of the striking simi-
to n=1 ML, by 5%. Such a displacement could be justified|arity between the present results and those of o

if one keeps in mind that the overall uncertainiy the re-  graphité where a CML is known to form. Another point is
ported coveragesdepending on the definition and the that the effective area of JO is ~15.9 A% as may be seen by
method of measuremenis ~5% atn<1 ML, and ~25%  noting that the long diameter of the;® molecule is~5.3 A,
above 1 ML. The behavior of the two systems should beconsisting of the bond lengtis: dy.y=1.125A, dy.o
contrasted to those of the NdGrafoil (Ref. 18§ or  =1.190A, and the Van der Waal§DW) diametef®?” of N
NO,+Grafoil,” whereR<1 was measured for most of the and O being~3.0 A. This means that O could form av3
coverages. The remarkable closeness of the tilt angles  registered structure with a 2-in HB ordering at IGwand 1

the two systems suggests a similar interpretation of the®dataML coverage. In fact, Terlain and LarH8rspeculated the

5 20 25 30 3.
n (ML)

T
05 10 1
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possible occurrence of th8 structure for the MO+graphite  N,+Grafoil system. Moreover, the occurrence of a pure four
system based on adsorption isotherm measurements. Furtterblattice PW structure in this system was ruled out. It is of
evidence may also be found in the ND stlfdlyf the interest to note that in spite of the fact that thgONmolecule
N,O+ Grafoil system at 90 K where a trianguldd structure is longer and has a higher quadrupole moment than the N
was reported and an upper limit for the out-of-plane tilt wasmolecule, the lowF behavior of the tilt angle of the two

set at#~10°. However, Inaba, Shirakami, and Chih&ra, Systems is practically the same. It is worth noting that the
relying on calorimetric data at submonolayer coverage bePresent MO results may also be understood by assuming a
tween 4 to 130 K, have questioned the existence of the compartial dewetting behavior whereby the first ML is orienta-

mensurate/3 structure, from arguments on the phonon den-tionally ordered and is coexisting with an overlayer structure
sity of states. Thus, this point remains an open questiogonsisting of bulk MO below the 2D melting transition.

waiting further experiments. More experimental and theoretical studies of the
N,O+graphite system could help to resolve the ldvayer-
VIl. CONCLUSIONS ing structure of MO on graphite. It may also lead to a deeper

understanding of the dewetting process, multilayer growth,

Using the NRPS technique, the average out-of-plane tiland the role of the quadrupole moment in determining the
angle# of N,O adsorbed on graphite at 12 K was determinedstructural arrangement of molecules in those systems.
versus molecular coverage. The tilt was found to increase on
increasing mol_ecular coverage a_nd to behave essentially the ACKNOWLEDGMENTS
same, qualitatively and quantitatively, as that measured for
the N,+Grafoil system at 20 K. The “jump” in the out-of- We would like to thank Y. Feuerlicht and D. Kalir for
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