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Orientational ordering in films of molecular hydrogen on boron nitride:
Thick „12-layer… films and bilayer films
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We report NMR studies of the orientational ordering of molecular hydrogen in films physisorbed on hex-
agonal boron nitride~BN!. The local orientational ordering of the molecular axes is determined for both thick
films ~12 layers! and thin films~bilayers!. The ordering observed is inboth cases very different from that
observed for bulk solid hydrogen. Quadrupolar glass ordering occurs for intermediate layers in thick films at
low ortho concentrations 0.25,X,0.40 andT<0.7 K. The ortho molecules remain rotationally disordered in
the outer layers of the thick films and invariant to small changes in thickness. In the bilayers one observes a
long range ordering forT<1.95 K andX<0.56, and a quadrupolar glass ordering for intermediate concen-
trations (0.37,X,0.55) and intermediate temperatures (0.7,T,1.1 K). @S0163-1829~98!09019-5#
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I. INTRODUCTION

This paper reports systematic studies of the orientatio
ordering in films of solid hydrogen adsorbed on hexago
boron nitride ~BN! using high-sensitivity continuous wav
~CW! nuclear magnetic resonance~NMR! techniques.1 The
interest in these experiments is to determine the nature o
orientational ordering of quantum rotors in restricted geo
etries where as a result of the constraints and the geome
frustration of the interactions,2–5 new behaviors very differ-
ent from those of bulk H2 are expected for the ordering o
the rotational degrees of freedom. In particular we wanted
compare the orientational ordering in thick films~12 layers!
with that observed in thin films~bilayers!. The surface inter-
actions tend to align the molecular axes either paralle
perpendicular to the substrate, but this trend will comp
strongly with the electrostatic quadrupole-quadrupole~EQQ!
intermolecular interactions for which the molecules prefer
be mutually perpendicular. Furthermore, the enhanced q
tum zero point motion~ZPM! at the free~solid/vapor! sur-
face of the films will tend to inhibit orientational orderin
near the free surface. As a result of these competing tre
periodic orientational ordering is expected to be very frag
in H2 films, and the effects of frustration are expected to le
to very different orientational configurations for thick film
compared to thin films. In addition, new orientational glas
or mixed orientational phases are expected for the c
strained films for dilute ortho concentrations. In order to b
ter understand the effects of substrate potentials and ZPM
the orientational ordering, we have studied the behavio
films of H2 for which a systematic study could be carried o
for a wide range of film thicknesses, allowing one to co
pare the ordering for substrate bound monolayers, very
films ~2 layers!, thin films ~4 and 8 layers!,6 and thick films
~12 layers!.

In bulk H2 samples, it has been well established that
EQQ interactions,VQQ, play the major role among the an
isotropic intermolecular interactions7–9 in determining the
orientational ordering of the molecular axes at low tempe
tures. The molecular centers of mass remain fixed and
570163-1829/98/57~19!/12595~16!/$15.00
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the anisotropic interactions that determine the orientatio
ordering. It is important to note that there is a strong dec
pling of the translational and rotational degrees of freedom
the solid hydrogens and the interpretation of the orientatio
ordering from NMR data is very robust with respect
changes or uncertainties in the translational symmetry of
lattice structures. The NMR line shapes are to a very la
extent determined by the orientational ordering, and
width of the line shapes in the ordered states (;400 kHz) is
much larger than those for orientational disord
(;50 kHz).

At sufficiently high temperatures,kBT.uVQQu, the mol-
ecules are free to rotate and the mean orientation of e
molecule is zero. At low temperatures,kBT,uVQQu, the mol-
ecules adopt orientations to minimize their interaction e
ergy, leading to orientationally ordered structures. The in
actions are highly frustrated because of the incompatibi
between the symmetry of the quadrupole-quadrupole inte
tion and the lattice geometry. In order to probe the geome
cal nature of the frustration in this class of systems, a num
of studies of solid hydrogen in restricted geometries~adsorb-
ed films10–16 and porous materials17–19! have been carried
out to examine the effects of reduced dimensions, geom
cal constraints, and substrate interactions on the orientati
ordering. Carefully grown films20–22form hcp structures, and
the increased ZPM in the outer layers23 combined with the
frustration of the hcp structure apparently prevents lo
range ordering, and complete periodic ordering for the m
lecular orientations has not been observed for these film

The purpose of this paper is to report studies of the lo
orientational ordering for~a! thick films ~12-layer average!
and~b! thin films ~bilayers! of hydrogen for ortho concentra
tions 0.23,X,0.72 and temperatures 0.05,T,10 K. In
the following sections we will first review the quantum pro
erties of solid hydrogen and the quadrupolar~tensorial! order
parameters observed by NMR, and then discuss the exp
mental work and the results observed.

II. BACKGROUND

The two distinct molecular species of hydrogen~ortho and
para! result from the different ways in which the molecul
12 595 © 1998 The American Physical Society
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12 596 57KIHO KIM AND N. S. SULLIVAN
wave function can be antisymmetrized. The ortho molecu
are characterized by an odd rotational quantum numbeJ
51,3,5, . . . ~total nuclear spinI 51) and the para molecule
by J50,2,4, . . . ~with I 50). The para-H2 molecules can be
regarded as spherical with only weak van der Waals’ in
actions. The ortho molecules, on the other hand, have a s
axial electric quadrupole momentQ, and they interact via
highly anisotropic EQQ interactions with the Hamiltonian24

HEQQ
i j 5(

m,n
zmn~Ri j !Y2

m~v i !Y2
n~v j !Y4

m1n* ~V i j !, ~1!

wherev i5v i(u i ,f i) is the orientation of thei th molecule,
Y2

m is a spherical harmonic in Rose’s convention,25 Ri j is the
distance between thei th and j th molecules, andV i j
5V i j (Q i j ,F i j ) gives the orientation ofRi j . Assuming a
rigid lattice and considering only nearest-neighbor inter
tions, the interaction coefficientzmn is given by zmn
5(20p/9)(70p)1/2G i j C(224;mn) where C(224;mn) is a
Clebsch-Gordan coefficient andG i j 56e2Q2/25Ri j

5 is the
nearest-neighbor quadrupole coupling constant. The va
of G i j for the bulk, and aA33A3 registered solid on graph
ite and BN are

G05H 0.87 K for bulk H2

0.528 K for H2 /graphite

0.470 K for H2 /BN.

The lowest-energy configuration for the EQQ interacti
is a ‘‘tee’’ configuration with molecular axes mutually pe
pendicular. In any lattice structure other than a simple tw
dimensional~2D! square array, the quadrupoles cannot att
the lowest-energy configuration for all pairs because it
impossible for all nearest neighbors to be mutually perp
dicular. This feature results from the incompatibility betwe
the lattice geometry and the symmetry properties of the
teraction and the system is therefore said to be geometric
frustrated. The phenomenon of frustration26–33 occurs in a
wide variety of apparently disparate systems34–37 when the
competition between interactions does not lead to simple
dered states that are favorable to all interactions, or w
there is a fundamental geometrical incompatibility betwe
the symmetry of the interactions and that of the underly
lattice structure~or a combination of both features!. The ori-
entational glasses have highly frustrated anisotropic inte
tions, while purely geometrical frustration27 occurs for the
pyrochlores Tb2Mo2O7 ~Ref. 38! and CsNiCrF6 ~Ref. 39!
with antiferromagnetic interactions of spins at vertices
corner-connected tetrahedra. Although the combined eff
of frustration and disorder are needed for most glass form
it is now known that a spin glass ordering can occur with
disorder for very strong geometrical frustration@compare the
spin glass behavior of theB-spinel CsNiFeF5 ~Ref. 40! with
the antiferromagnetic ordering of FeF3 ~Ref. 41! for the same
lattice structure#. The effects of lattice geometry on frustra
tion are therefore of key importance to understanding
microscopic origins of glass behavior.

The anisotropic intermolecular interactions~principally
EQQ! that can lead to admixtures of higherJ states in the
ground state are weak compared to the separation of the
tational energy levels, andJ can therefore be regarded as
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good quantum number. In addition, for our experimen
temperature range,kBT!@E(J53)2E(J51)#5845 K, and
only the lowest rotational stateJ51 is thermally populated.
Conversion from theJ51 state to theJ50 state is very slow
because it is doubly forbidden~as it requires simultaneou
breaking of the spin and orbital symmetries!. A wide range
of J51 concentrations can be studied by simply aging
sample at low temperatures. The system is therefore an
semble of strongly interacting spin-1 quantum rotors with
very high degree of frustration. In addition, the rotation
degrees of freedom have large zero point motions that
play significant roles in constrained geometries, particula
at free surfaces. Solid hydrogen films can therefore serv
prototype systems for probing the combined effects of dis
der and reduced dimensionality on highly frustrated quant
spin systems.

The relevant moments that describe the orientational
servables for ortho-H2 molecules are the expectation valu
of the operator equivalents of the spherical harmonics in
manifoldJ51 and are given in Table I. For interacting orth
molecules, we must consider the many-particle crystal w
function in order to account for collective effects that tend
correlate the orientational degrees of freedom of the or
molecules. The individual molecular states cannot be
scribed in terms of pure states but rather in terms of a sin
particle density matrixr i determined by the quadrupole an
dipole momentsQm andMn , respectively:

r i5
1

3
I 31 (

n50,61
Mi

nj i
n1 (

m50,61,62
Qi

mQ i
m, ~2!

whereI 3 is the unit vector. The dipole moments are expec
to vanish, and of the five remaining degrees of freedo
three can be used to define local principal axes (x̂i , ŷi , ẑi)
for the quadrupole tensor, leaving only two intrinsic quad
polar degrees of freedom. These intrinsic degrees of freed
can be represented by two local order parameters, the a
ment

s i52A3

2
Q2

05 K 12
3

2
Jzi

2L ~3!

and the eccentricity

h i5Qi
21Qi

22* 5^Jxi

22Jyi

2&. ~4!

TABLE I. Definition of the operator equivalentsjn andQm of
the spherical harmonicsY1

n andY2
m , respectively.

Operator Moment

Dipole
j05(1/A2)Jz M05^j0†&

j6157
1
2 (Jx6 iJy) M 615^j61&

Quadrupole
Q051/A6 (3Jz

222) Q05^Q0†&

Q6157
1
2 (JzJ61J6Jz) Q615^Q61†&

Q625
1
2 (J6J6) Q625^Q62†&
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57 12 597ORIENTATIONAL ORDERING IN FILMS OF . . .
As a result of the condition Trr2!1 these parameters mu
satisfy the inequality 4s i

213h i
2<4. The allowed values o

(s,h) are then constrained to2 1
2 <s<1 anduhu<16 4

3 s.
The NMR line shapes are given by the intramolecu

nuclear dipole-dipole interactions, which are directly prop
tional to the order parameters. The local orientational ord
ing can therefore be determined by fitting the NMR li
shapes to either a fixed order parameter or a distribution
order parameters. This fitting is independent of any assu
tions about the lattice structure for the centers of mass of
molecules.

III. EXPERIMENTAL CONSIDERATIONS

Both hexagonal BN and exfoliated graphite~grafoil and
papyex! have favorable characteristics for experimental st
ies of physisorbed films. These characteristics include h
homogeneity, large crystal sizes, relatively low corrugat
in the substrate potential, and compatibility with differe
experimental techniques. The lattice spacing of BN is;2%
greater than that of graphite. BN is, however, much m
suitable for NMR measurements because its electrical c
ductivity is much less than that of graphite, and the ani
tropic platelet diamagnetism of BN is 40 times less than t
of graphite.42 Powdered forms of BN are commercial
available.43–45 We used BN provided by Johnson-Matthey45

because their material had the largest surface areas~10–
15 m2/g, compared to 25 m2/g for graphite46!.

Careful isotherm studies by Shresthaet al.,47 Evans
et al.,48 and Craneet al.49 have demonstrated that BN is
high quality substrate with high homogeneity, large cryst
lite sizes@0.1–3 mm ~Ref. 48!#, and relatively low corruga-
tion of the surface potential. A good test of the quality of t
substrate preparation is the sharpness of the liquid-solid
step at about 34 torr in the Ar on BN isotherm at 77 K50

Although the characterization of the structures of adsor
systems on BN is not as well known as for graphite, NM
studies have accurately identified the coverage for the c
mensurate solid (A33A3) phase for3He on hexagonal BN,
which was 75% of a complete monolayer.49 Incommensurate
structures appear at high coverages. There have been no
cific measurements of the density for theA33A3 registered
phase for H2 on BN, and we assume that it is close to t
value for graphite.

The as-delivered samples must be carefully cleaned
annealed prior to any experiment in order to achieve
highest homogeneity and to remove any impurities ass
ated with the manufacturing process. The procedure use
especially critical for surface adsorption studies. While
procedures necessary to produce clean samples have
well established for exfoliated graphite, many differe
cleaning methods and various heat treatments51–60 are com-
monly used for BN powders.

Wolfson et al.61 reported that annealing a BN sample
900 °C is not always sufficient to produce clean samples
fails to remove soluble borate contaminants~principally bo-
ric oxide and boric acid impurities!, which would tend to
distort the homogeneity of the substrate. In order to rem
these impurities, and following the procedure of Shres
et al.47 we first rapidly rinsed the powder with deionize
water, and then washed the samples with methanol. The
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of reaction of BN with water to form boric oxide is ex
tremely slow at 300 K and the water rinse helps to remo
the soluble borates. The washing process with methanol
repeated three times, and the BN powder was filtered
dried each time. Small magnetic filings were found after
washing and were carefully removed from the powd
samples. It is believed that the filings resulted from the po
dering process during manufacturing.

After cleaning, the BN sample was sealed into a 2-i
diameter quartz tube, which was connected to a low pres
pumping station and placed inside an oven~Thermolyne,
Type 21100 Tube Furnace!. The sample was outgassed for
h at 200 °C and then baked for 24 h at 900 °C unde
vacuum of 1026 torr. Samples prepared in this fashion we
carefully characterized using adsorption isotherms and fr
the number of distinct steps observed and the sharpnes
the liquid/solid substep in the 77-K Ar isotherm, it was cle
that high quality surfaces had been achieved. One con
can be the formation of paramagnetic centers during the b
ing process. NMR studies are very sensitive to the prese
of such centers because they would lead to very signific
additional ortho-para conversion rates. In all our cases
found that the conversion rates were significantly slow
than those reported for graphite for similar densities. Furth
more, the observed conversion rates appear to vary line
with the number of layers adsorbed. This would not be
case if there were even moderately low concentrations~e.g.,
10 ppm per unit area! of paramagnetic impurities.

The baked BN samples were cooled slowly to room te
perature and kept under vacuum until ready to load int
Kel-F NMR sample cell.62 The BN powder was loaded into
the sample cell using a dry-N2 gas tent, thereby minimizing
the exposure to moisture in the atmosphere. It was impor
to prevent water form adsorbing onto the BN surfaces
order to minimize the1H background NMR signal. The
NMR cell was evacuated with a diffusion pump rapidly aft
loading with the BN. The BN powder was left as a loo
uncompressed sample. In order to make thermal contact
the refrigerator a bundle of fine copper wires was inser
into the powder with one end of the wires soldered to a br
flange. This brass flange was an integral part of a cold fin
of a high circulation rate dilution refrigerator. After conden
ing the sample, a sufficient quantity of4He gas was intro-
duced into the chamber to completely wet all surfaces
order to improve the thermal contact.

Prior to the NMR studies, we carried out measurement
the partial adsorption isotherms of Ar on BN at 77 K
determine the number of molecules adsorbed per layer.
surface area of the powdered sample was also determine
measuring the volume that had to be admitted for the
adsorption atP.34 torr to observe the fluid-solid transitio
at 1.06 ML.50 From these measurements and the knowle
of the associated volumes of the H2 gas handling system, we
are able to determine the H2 coverages to better than 5% fo
a given volume.

Gaseous H2 samples of normal ortho-H2 concentration
~75%! were introduced into the sample chamber at about
K through a capillary fill line. A bifilar heater wire was
wound around the fill line to prevent blockages in the li
from solid H2. We introduced sufficient hydrogen gas
form the layer thicknesses that we wanted to study using
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12 598 57KIHO KIM AND N. S. SULLIVAN
surface calibrations described above. For the thick films
not expected that the coverage would be uniform to 12 lay
throughout the material, but the condensation was carried
very slowly ~over approximately 2 h! to ensure that the cov
erages would be as uniform as possible. The bilayer cove
was known precisely from the adsorption isotherm studie63

In the preparation of the thick films, capillary condens
tion can occur with the creation of condensed bulk phase
pressures below the saturated vapor. This occurs in area
the film where there are large curvatures, and in our cas
the edges of the BN platelets. The NMR studies can imm
diately detect this contribution because the NMR line sha
contributed would match those seen for the bulk phases
shown in the results in the next section, the NMR line sha
are very different from the bulk line shapes in all ranges oX
and T explored, and to within a limit of approximately 5%
we can say that we have not seen these contributions.

The NMR absorption signals were observed using a C
NMR quadrature hybrid tee bridge spectrometer operatin
268 MHz.1 The matched resonant tank circuit is located
the low-temperature region of the dilution refrigerator and
connected to the spectrometer via a 2l 50-V coaxial trans-
mission line of low thermal conductivity. The bridge spe
trometer detects the absorptive component of the NMR
nal by adjusting room-temperature fine-tuning capacitors
that there is a small unbalance in amplitude between the
arms of the bridge but with no error in phase. The outpu
the bridge circuit was amplified by a low noise room
temperature narrow-band rf receiver, and the signal volt
modulating the carrier is detected by an rf mixer. The spe
were recorded by sweeping the magnetic field through
resonance with simultaneous ac modulation~1 G! and
lock-in detection. The magnetic field sweep and lock-in a
plifier output were interfaced via a IEEE 488 bus to a p
sonal computer using a National Instrument AT-MIO
16H-25 digital-to-analog conversion board~DAC! for
automated data acquisition. The data acquisition system
lows continuous data collections 24 h a day except during
liquid helium transfers.

To reduce spurious1H background NMR signals from
being introduced into the proton NMR line shapes, t
sample chamber was constructed from Kel-F, which
known to have a negligible proton content. However, a
result of the enhanced sensitivity of our spectrometer,
did, however, detect a small residual background signal. F
ure 1~a! illustrates a typical derivative NMR line shape fo
the residual background signal. The shape of the backgro
signal remained constant over the entire temperature ra
studied, indicating that there was only one source for
background signal. Figure 1~b! shows a typical derivative
NMR absorption line shape of H2 /BN that includes the
background signal. The line shapes arising from the mole
lar hydrogen were therefore determined by subtracting
fixed background signal, which was measured under
same conditions without H2 present.

The NMR line shapes presented here represent the a
age of a single up and down sweep. The sample tempera
reported are the average of the initial and final temperatu
for each down and up sweep. Data analysis programs w
written usingMATHEMATICA ~Ref. 64! in order to subtract
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background spectra and integrate the line shapes for pre
tation as functions of ortho concentration and temperatur

IV. 12-LAYER FILMS

A. Experimental results

In this section, we present averaged derivative and in
grated CW NMR absorption line shapes observed for
layer films of H2 on BN as functions of temperature an
ortho concentration. The ortho concentrations of ag
samples were determined by comparing the total NMR
sorption signal amplitudes measured at a standard refer
temperature~4.2 K!. Using these measurements, the orth
para conversion for the full film was best fitted by a bim
lecular decay process with a conversion rate of 1
60.005%/h. This is less than the bulk value of 1.9%/h b
greater than the value (0.9%/h) observed for the 8-layer fi
coverages previously reported.6

The NMR line shapes observed were distinctly differe
from the line shapes observed previously, either for bulk2
~Ref. 65! or in 2D monolayers,5 for all concentrations and
temperatures explored, except for the trivial rotationally d
ordered line shape observed for high temperatures.~A com-
parison of the line shapes observed for bulk H2, monolayers
and thick films is given in Fig. 2!. Three distinct line shape
corresponding to different orientational ordering regim
were observed:~I! an orientationally disordered@Gaussian
line shape,;50 kHz full width at half maximum~FWHM!#;
~II ! a mixed phase with order and disorder coexisting with
two-component line shape consisting of a central Gaus
component plus a wing structure with peaks at (6)150–170
kHz; and~III ! a state with strong orientational ordering plu
quadrupolar glass ordering with a line shape showing
double peak in the outer wings.~The three classes of NMR
line shapes are shown in Fig. 3.!

FIG. 1. Typical NMR line shapes observed for H2 on BN at 1 K
for ~a! only the proton background signal and~b! for both the hy-
drogen film and proton background.
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57 12 599ORIENTATIONAL ORDERING IN FILMS OF . . .
Regime III is seen at the lowest temperatures,T<0.25 K
for 0.45,X,0.65 andT<0.7 K for 0.25,X,0.45. Region
II is observed for intermediate temperatures. No line sha
intermediate between those of region II and region III co
be clearly distinguished, and transitions of one line shap
the other occurred at well defined temperatures. We there
identify three classes of orientational ordering for thick film

FIG. 2. Comparison of the low temperature NMR spectra
served for Pa3 ordering in bulk samples of solid H2 ~Ref. @65#!,
pinwheel ordering of H2 on Grafoil ~Ref. 5!, and 12-layer films of
H2 on BN ~this report!.

FIG. 3. Three classes of NMR line shapes observed for 12-la
films of H2 on BN.
es

to
re

that define distinct regions of the (X,T) phase diagram for
this system~Fig. 4!. This phase diagram is distinctly differ
ent from that observed for bulk samples or for monolayers
H2 on graphite.

Typical CW NMR derivative and integrated absorptio
line shapes characteristic of regime II of the phase diag
are shown in Fig. 5. The main features of the line shapes
a strong central Gaussian peak~FWHM of 5862 kHz! and
the appearance of a component that is close to 100% or
tationally ordered as evidenced by the formation of two wi
structures separated by approximately 32065 kHz. The
wings begin to appear for ortho concentrationsX<0.66 and
temperaturesT<0.4 K. The fact that significant orienta
tional ordering is not observed for high ortho concentratio
(X.0.66) even at temperatures as low as 0.1 K is in stro
contrast to the behavior observed for bulk samples. T
property for films is believed to result from the competitio
between the substrate interactions and the short-range E
interactions. The latter are reduced significantly at the f
surface of the film because of the large zero-point fluct
tions of the orientations. This is discussed in the next sect

If one subtracts the central Gaussian from the line sha
the outer wings of the NMR line shape can be fitted to a P
doublet line shape, corresponding to orientationally orde
molecules with a well-defined mean local order parametes̄.
For Fig. 5~b! the fit yieldss̄50.8660.08. As the concentra
tion X decreases the outer wings increase in amplitude at
expense of the central disordered peak.

The transitions of the wing structure in moving from r
gion I to region II of the phase diagram are reasonably sh
~e.g.,Tc50.9060.05 K for X50.4) but we could not iden-
tify a true first-order phase transition with hysteresis at t
boundary. In region II of the phase diagram,s̄ increases as

-

er

FIG. 4. Phase diagram for thick~12-layer! films of H2 on BN as
inferred from NMR studies.~The solid lines are guides to the ey
only.! The symbols represent the observed changes in the NMR
shapes, and SCF designates substrate crystal-field ordering.
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FIG. 5. Typical CW NMR derivative and integrated absorption line shapes for region II of the phase diagram for 12-layer H2 films on
BN: mixed SCF ordered and disordered states.
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the temperature is reduced. This growth of the local orien
tional order is similar to the behavior observed for bulk2
but for totally different values ofX andT. The intensity~i.e.,
height and area! of the wing structures also increases at t
expense of the amplitude of the central peak ass̄ increases.
This is in contrast to the report of NMR studies for thin film
~4 and 8 layers!.6

The behavior for region II can be understood quant
tively if the orientational ordering occurs predominantly
the first 2–3 layers near the BN substrate for the tempera
range explored.~In the studies of 4- and 8-layer films, it wa
shown that the orientational ordering occurred principally
the first four layers.6! The temperature dependence of t
wing components of the line shapes is well described b
temperature-dependents̄ given by a constant crystal fiel
Vc . The detailed analysis is given in Sec. IV B. The orderi
is therefore driven principally by the anisotropic interactio
with the substrate, which is therefore referred to as a sur
-

-

re

a

ce

crystal field ~SCF! ordering. The basic NMR line shape o
region II, consisting of a central Gaussian plus well-defin
wings given bys(T), extends down to low concentration
without any significant changes@Figs. 5~e!–5~h!#.

At the lowest temperatures explored the NMR line sha
were observed to transit to a completely new structure. T
is labeled as region III in the phase diagram of Fig. 4. T
new line shapes of this region are plotted in Fig. 6, and
characterized by the emergence of clear double pe
~marked byA andB) in the outer wings. The peak compo
nent markedB resembles the features observed for the q
drupolar glass line shapes seen for bulk H2 samples for in-
termediate ortho concentrations.

In order to test this interpretation we fitted theB compo-
nent to a glass line shape using a broad order param
distributionP(s). The fit to the line shapes is shown in Fig
7~a! and 7~c!. The weighting of the components was made
assuming that the number of molecules contributing to



of H

57 12 601ORIENTATIONAL ORDERING IN FILMS OF . . .
FIG. 6. Typical CW NMR derivative and integrated absorption line shapes for region III of the phase diagram for 12-layer films2

on BN: mixed quadrupolar glass and SCF ordered states.
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the
three features remained approximately constant. At the l
est temperatures,P(s) develops the characteristic triangul
distribution of the glass state, and theB feature shifts tos̄
;0.8–0.9 and finally merges with theC feature at very low
temperatures@Figs. 6~e! and 6~g!#. The temperature depen
dence of the evolution ofP(s) is smooth and very similar to
that observed for the bulk hydrogen quadrupolar glass s
but for different ortho concentration and temperature ran
It should be noted that the line shapes in Fig. 6 are
symmetric with respect to the center of the absorption sp
trum. This is believed to be the difficulty in accurately su
tracting the background spectrum that occurs on the h
frequency side of the spectrum.

We have therefore interpreted the line shapes in regio
in terms of three components that arise from different p
of the films: ~i! a central disordered line attributed to t
outer layers,~ii ! a quadrupolar glass line shape~with outer
edges in the spectrum at positionB) attributed to the inter-
mediate layers, and~iii ! a line shape component showin
-

te
s.

ot
c-
-
h-

III
ts

almost complete orientational ordering~with wings extend-
ing out to positionA) and attributed to the influence of th
substrate interactions on molecules near the substrate.~A de-
tailed discussion of the fit is given in the following section!

The invariance of the central disordered component of
line shape to the variations in temperature and ortho con
tration is most remarkable. We can only understand thi
the molecules in the outer layers near the free surface rem
disordered down to the lowest temperatures studied. T
behavior is attributed to the enhanced ZPM in the outer
ers, which inhibits the orientational ordering. Clearly th
interpretation does not depend on uncertainities in the th
ness of the films. It is interesting to note that just the oppo
behavior would be expected from any bulklike phases on
substrate, such as those generated by capillary condens

The orientational properties of the film as a function
concentration is quite unexpected. BelowX50.25 the tran-
sitions to the disordered phase~region I of the phase dia
gram! occur at much higher temperatures. Furthermore,



io

el
se
b-
am

c

se
y
-

at

ro
th
o

a
t

it

e
w

via
heir
er-
o
field
gap

val-
the

ss-
s to

ed.
ng
for

in

re
the
ure

re

e

c-

ed

ring

ors

n

er

u-

the
R

n
m
r

12 602 57KIHO KIM AND N. S. SULLIVAN
outer wings of the NMR spectra increase their separat
corresponding to an increasings. For example, forX
<0.25, the separation of the outer wings is approximat
38067 kHz, and the width of the central Gaussian increa
to 8065 kHz. This behavior contrasts strongly with that o
served for bulk samples where the orientational order par
eters decrease asX is reduced. This behavior for lowX in
thick films results from the competition between the colle
tive EQQ interactions and the strong substrate~or anisotropic
local crystal field! interactions. The EQQ interactions oppo
the SCF-ordering~i.e., aligned parallel to the local symmetr
plane of the substrate!, and the effects of the EQQ interac
tions become very weak as one approaches the percol
concentrationX.0.15.

B. Analysis

In the qualitative interpretation presented above, we p
posed that orientational ordering in the layers nearest
substrate was initially driven by a relatively strong anis
tropic substrate interaction

Hci
5Vc~Jzi

2 2 2
3 !. ~5!

For Vc.0, the single-particle substrate field will lead to
quenched rotational state in which the molecules will tend
align parallel to theẑ axis ~normal to the substrate!. For Vc
,0, the independent particle solution is a planar rotor w
molecular axes perpendicular toẑ ~i.e., parallel to the plane
of the substrate!.

If uVcu.uHQQu.1 K, the substrate fields will orient th
molecules adjacent to the substrate surfaces, and this

FIG. 7. ~a! A schematic interpretation of the three-compone
NMR line shape in the low-temperature, low-concentration regi
of the phase diagram for 12-layer films,~b! the corresponding orde
parameter distributions for the glass component, and~c! comparison
of the calculated line shape@sum of components in~a!# with the
experimental line shape.
n,
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propagate to at most one layer of neighboring molecules
the anisotropic EQQ interactions. The latter, because of t
geometrical frustration, will oppose the ferromagnetic ord
ing tendency ofHci

, and in a first approximation, the tw
competing interactions can be represented by a mean-
interaction which leads to a temperature-dependent
D(T) between themJ50 andmJ561 states with

D i~T!5Vc2 27
2 Gs i~T!. ~6!

It is this partial lifting of the degeneracy of themJ states for
molecules near the surface that leads to the appreciable
ues ofs that are associated with the wing structures in
NMR spectra atdn5300–400 kHz~Figs. 5 and 6!. The fact
that the remainder of the NMR line shapes retain the Gau
ian shape associated with disordered molecules leads u
conclude that the bulk of the film~the ;10 layers near the
free surface! remain rotationally disordered (usu,0.2) down
to 100 mK for the ortho concentrations we have explor
We now consider this model for the orientational orderi
quantitatively in terms of the NMR line shapes calculated
ordering induced by the substrate crystal field interactions
competition with the EQQ interactions.

We first consider the low-concentration/low-temperatu
regime III of the phase diagram. The unique feature of
spectra of this region is the distinctive double-peak struct
in the outer wings (A and B of Fig. 7!. FeatureB moves
toward A continuously on lowering the temperature andA
andB merge as a single peak identified asC in Fig. 7. The
position of A moves smoothly on raising the temperatu
from 40262 kHz at 0.05 K until it reaches 35065 kHz at
T.0.38 K where the apparent transition to regime II of th
phase diagram occurs.

The fact that the wing structure occurs atdn
51201 kHz anddn52201 kHz with a total separation
nAA5402 kHz clearly indicates that the spin-orbit intera
tion HSO52cIW•JW with c5113.9 kHz plays a major role in
determining the NMR line shape. IfJz were fully quenched
(^Jz&50) the maximum separation that could be produc
by the intramolecular dipole-dipole interactions is 6Dusu
5346usu kHz. Even with maximum values forusu51
~which is most unlikely at dilute ortho concentrations! the
spectra observed cannot be described without conside
HSO with ^Jz&Þ0.

The NMR spectra expected for partially quenched rot
has been considered in detail by Reif and Purcell66 and by
Dubault and Legrand.67 Typical calculated spectra are show
in Fig. 7~c!. The outer wings occur atdn56(c23ds).
@Note that in the notation of Dubault and Legrand, the ord
parameterR5^3 cos2u21&54

5s and the crystal fieldHc

5A(3 cos2u21) becomesHc52(6A/5)(Jz
22 2

3 ), using the
operator equivalence (3 cos2u21)[22

5(3Jz
22J2) in the mani-

fold J51.#
For Vc,0 ~i.e., A.0), themJ561 states lie below the

mJ50 state~with a gapD), and consideringHc alone,s is
negative, with a low-temperature limit ofs52 1

2. The outer
peak separation therefore becomesnAA52281346usu5401
kHz at usmaxu51 1

2. The very close agreement of this calc
lated value with the observed values fornAA at the lowest
temperatures is a strong indication of the correctness of
model proposed for the orientational ordering in the NM

t
e
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wings. ForVc.0 ~i.e., A,0), Dubault and Legrand67 show
that the calculated spectra are Pake-doublet line shapes
a maximum wing peak separationnAA56ds. This value
does not fit the spectra observed, and we conclude tha
H2 on BN, Vc is negative.

We can determine the magnitude ofVc from the tempera-
ture dependence ofnAA ~regime III of Fig. 4!. The order
parameter

s i5^12 3
2 Jzi

2 &5 3
2 ~P0i

2 1
3 ! , ~7!

whereP0i
is the thermal population of themJ50 state for

the i th molecule

P0i
5e2D i /kBT/~21e2D i /kBT! ~8!

for an energy gapD i . We therefore have

s i5123/~21e2D i /kBT!, ~9!

where

D i5Vci
2 27

2 Gs i~T!. ~10!

s(T) can be determined from the expression

nAA~T!52281346us~T!u ~11!

and Eq.~11! is then used to determineVci
. The fit shown by

the solid line in Fig. 8 is given byVci
522.45 K.This is to

be compared with the valueuVcu50.65 K for H2 on graphite
determined by Kubiket al.5 and the value ofuVcu.30 K
estimated by Novaco and Wroblewski.68 The value ofuVcu
for bulk H2 is .0.02 K.69

The above analysis gives a good quantitative descrip
of the outer peak structurenAA ~region III of the phase dia-

FIG. 8. The temperature dependence of the separation of
outer peaksA of the NMR spectra in regime III of the phase di
gram for 12-layer films of H2 on BN. The solid line shows the bes
fit for a crystal fieldVc. –2.45 K.
ith

or

n

gram! in terms of the orientational ordering driven by th
substrate crystal field. At the transition to region II of th
phase diagram, the temperature dependence changes
matically ~Fig. 8!. The temperature dependence is now qu
weak withnAA.345 kHz at the lowest value and is comp
rable to the values expected for a bulk Pake-doublet orde
due to orientationally ordered molecules for 3D rotors w
nDDumax5346s. The relative sharpness of the outer win
leads us to conclude that there is not a large distribution
order parameters in this regime as there is for the quadru
lar glass phase for bulk samples. This is not true for the
feature of the spectra seen only in region II of the pha
diagram. As discussed in detail above, this feature is b
fitted by a broad distribution of order parameters that is
signature of the quadrupolar glass. Region III of the ph
diagram is therefore interpreted as a mixture of a subst
crystal-field-induced ordering~principally the first layer!
plus a quadrupolar glass structure~at most two layers above
the first layer!, with the remainder of the film remaining
disordered ~the large central Gaussian line shape!. This
model for the ordering at the lowest temperatures is ill
trated schematically in Fig. 9.

V. BILAYER FILMS

A. Experimental results

Five distinct NMR line shapes were observed for the
layer films and their detailed shapes and occurrences as f
tions of temperature and ortho concentration are differ

he

FIG. 9. Schematic representation of the low-temperature or
tational ordering in thick films of H2 on BN, as inferred from the
NMR studies.



e
ed
ig
r

,
b

ng

a-

er

h
te

ic
ee
d
c

he

u

pi
r

-
ic

fo

y
be

in

m

ne

der
nts

ut
b-

u-

r

or

bi-

d

and

12 604 57KIHO KIM AND N. S. SULLIVAN
from both the bulk line shapes and those discussed abov
thick films. The phase diagram for bilayer films deduc
from the changes in the NMR line shapes is shown in F
10. The five classes of line shapes defining the different
gions of the phase diagram are~I! a featureless narrow
Gaussian line shape for the rotationally disordered phase~II !
an unidentified structure characterized by an apprecia
‘‘loss’’ of nuclear magnetization as evidenced by a stro
deviation from the nuclear spin Curie law,~III ! a quadrupolar
glass state,~IV ! a region with coexisting long-range orient
tional ordering and glass ordering, and~V! pure long-range
orientational ordering. The NMR line shapes are very diff
ent for the disordered, glass, and long-range~e.g., pinwheel!
orientational ordering, making these identifications straig
forward. The long-range orientational ordering associa
with a fit of the line shapes to a uniques is expected to be a
pinwheel ordering based on the predictions of the theoret
models. NMR alone cannot distinguish between pinwh
and herringbone structures for a powdered sample, and
tailed scattering studies are needed to confirm the identifi
tion of the long-range ordering. The interpretation of t
NMR line shapes in terms of a uniques or a very small
distribution,P(s), is independent of any assumptions abo
the underlying lattice structure.

The most puzzling feature is the apparent loss of s
magnetization (;60%) in region II of the phase diagram, fo
ortho concentrations 0.52<X,0.7 and temperaturesT
<0.7 K. Figure 11~a! depicts the spectrum for this ‘‘spin
loss’’ region. This strikingly narrow NMR line characterist
of the spin loss region changes abruptly nearX;0.50 to the
ordered line shapes. A strong departure from Curie’s law
the I 51 spins has also been reported by Clarksonet al.71

and by Cochranet al.72 for bulk systems. There is no theor
to explain this ‘‘spin-loss’’ effect. The phenomenon may
related to the observations of Chen and Slichter73 in experi-
ments where large local fields produced by a fraction of sp
resulted in a very short nuclear spin-spin relaxation time,T2,
preventing observation of those spins with their spectro
eter. However, we believe that theI 51 spin loss in the H2
systems is associated with the saturation of the NMR li
for spins with exceptionally longT1 times. It is well known

FIG. 10. The phase diagram for bilayer films of quantum rot
on BN inferred from NMR studies.
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that in the ordered phases~glass or long-range ordering!,
T1

21}(12s), and molecules with values ofs.1 have
much longer relaxation times than other molecules. In or
to test this explanation, we carried out NMR measureme
with different low rf levels varying from220 dBm to230
dBm. Partial recovery of the ‘‘lost’’ spins was observed, b
a fully satisfactory quantitative explanation was not o
tained.

The quadrupolar glass regime~II ! occurred for ortho con-
centrations 0.4<X<0.59 and temperatures 0.76<T
<0.91 K. This region is characterized by a broad distrib

FIG. 12. The ortho-para conversion ratek as a function of the
number of layers of H2 on BN. Note that the conversion rate fo
8-layer films of H2 on BN ~square symbol! is from Ref. 6.

s

FIG. 11. The different types of NMR spectra observed for
layers of H2 on BN: ~a! the spin loss regime,~b! the quadrupolar
glass state,~c! the coexisting long-range order~expected pinwheel!
plus quadrupolar glass state, and~d! the purely long-range ordere
regime~expected pinwheel!. The dotted lines in~b! and~d! refer to
calculated fits to the NMR line shapes for the short-range glass
long-range ordering (s5const), respectively.
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FIG. 13. Observed CW NMR integrated absorption line shapes in region V of the phase diagram for bilayers of H2 on BN. These line
shapes correspond to long-range ordering~expected pinwheel! for ortho concentrations 0.55<X,0.6. Note that~a!–~c! come from the
border line of region V in the phase diagram.
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tion of local order parameters. The broken line in Fig. 11~b!
shows the best fit forP(s).s. The transitions to the qua
drupolar glass state are continuous but occur over a relati
narrow tem-perature range and are represented by ‘‘open

FIG. 14. Temperature dependence of separation of peak
NMR spectra associated with long-range ordering in the first la
of bilayer films. The dashed line is a fit for a substrate interact
Vc521.25 K.
ly
nd

down’’ triangles in the phase diagram. This orientation
quadrupolar glass disappears atX.0.38.

For temperatures above those for which the glass s
occurs, we observe a mixed state~region IV! with coexisting
long-range order~corresponding tos;1) plus a componen
showing quadrupolar glass ordering at the same ortho c
centrations. The NMR line shape characteristic of this
gime is shown in Fig. 11~c!. The glass states are only ob
served for a central region of the (X,T) phase diagram
(0.75,T,1.2 K and 0.4,X,0.6). Outside this region we
observe line shapes characterized by a unique value ofs and
thus only attributable to long-range orientational orderin
@Fig. 11~d!#. This region V of the phase diagram could be
pinwheel or herringbone ordering, but we expect a pinwh
ordering based on the predictions reported for 2D Mo
Carlo simulations.74

Using the intensity of the integrated NMR signals and t
independent measurements of the temperature, we could
termine the ortho concentration and thus the ortho-para c
version rate in the bilayer films. The conversion for the
layer films was best fitted by a bimolecular decay proc
with a conversion rate of 0.20060.007%/h. This rate is
much lower than the bulk values because of the redu
number of intermolecular magnetic interactions respons
for the conversion. This conversion rate observed for H2 on
BN is slower by a factor of two than that observed for H2 on

of
r
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FIG. 15. The NMR line shape for region IV of the phase diagram for bilayers of H2 on BN. The line shapes correspond to a mixed st
with coexisting quadrupolar glass and long-range orientational ordering.
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Grafoil ~0.4%/h!.5 In Fig. 12, the conversion rate per layer
plotted for both the bilayer and thick films of this study a
compared to the rates reported for monolayers on grap
and for bulk H2. It appears that the conversion rate per lay
is linearly dependent on the layer coverage. The slope of
fit in Fig. 12 is 0.11660.002%/h per layer.

B. Discussion

Hydrogen films on BN are expected to exhibit strong la
ering effects, following observations on similar systems. T
second layer in bilayer films of H2 or D2 adsorbed on MgO
or graphite reveals 2D phases similar to those observe
3D with much lower temperature liquid-vapor critical an
solid-liquid-vapor triple points.75,76 Ma et al.76 had observed
layer-by-layer growth of H2 on MgO until six steps were
measurable at 8.88 K. In particular, they observed that a
of somewhat greater than two layers may exhibit a stro
anomaly in orientational ordering. In the bilayer films th
first layer is expected to form a compressed triangular lat
and the second layer a solid of unknown lattice structure
ite
r
e

-
e

in

m
g

e
It

may be possible that this anomaly is associated with
EQQ interactions between molecules in each layer and
combined effects of the EQQ interactions between the lay
and the interactions,Vc , with the substrate. NMR studie
can be used to probe this interlayer interaction on the or
tational ordering. The substrate is expected to modify
orientational ordering in the second layer. It has be
proposed77 that heat capacity measurements of3He on
graphite can be interpreted in terms of a triangular seco
layer solid havingA73A7 registry with respect to the firs
adsorbed layer. For the case of hydrogen, the second lay
the bilayer films of H2 adsorbed on BN may also form
A73A7 incommensurate structure with respect to the fi
adsorbed layer, but this has not been demonstrated. The
ond and higher layers are only weakly influenced by
substrate and are therefore expected to undergo orientat
ordering induced by the EQQ interactions. In the case
coverages where there is both substitution and frustratio
is expected that a 2D quadrupolar glass will result in analo
to the bulk samples.
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FIG. 16. The evolution of the NMR line shapes for the glass regime for bilayer films of H2 on BN. The broken line in~a! represents the
best fit to the line shape using a quadrupolar glass distribution of order parameters.
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Typical NMR absorption spectra for region V of th
phase diagram are shown in Fig. 13. These spectra cons
sharp Pake doublet peaks and are best fitted by a long-r
periodic ordering, i.e., forP(s).d(s2so). For the bilayer
films, we interpret the NMR results in terms of a transition
a well-defined orientational ordering for both the first lay
and the second layer in the bilayer films. The layers
therefore tightly coupled as far as the orientational degree
freedom are concerned. This is expected at highX because of
the strong anisotropy of the short-range EQQ interactio
and is independent of the translational lattice structu
While herringbone ordering would be expected for monol
ers due to the strong interactions with the substrate, we
not expect this type of orientational ordering for bilaye
because the strong EQQ interactions between the layers
dominate over the substrate interactions.

The NMR splittingnpp(T) is given by

npp~T!5uDs~3 cos2b21!u, ~12!

wheres(T) is given by Eq.~10!, andb is the polar angle
specifying the orientation of the magnetic field with resp
of
ge

r
e
of

s,
.
-
o

ill

t

to the local molecular reference frame. The temperature
pendence of the splitting is shown in Fig. 14. We use E
~11!–~13! to determine the effective energy gapD and thus
the value ofVc for the bilayer films from the best fit to the
temperature dependence fornpp . This fit shown by the
dashed line in Fig. 14 yieldsuVcu51.260.05 K. The tem-
perature dependence in Fig. 14 and the mean field pre
tions are consistent ifVc is negative.

For ortho concentrations 0.4<X<0.57 and temperature
0.92,T,1.2 K, the NMR spectra are distinctly differen
from those of other regions of the phase diagram. The sp
tra have two components consisting of a splitting~;42 kHz!
and broad shoulders~;200 kHz! as shown in Fig. 15. The
splitting increases to;52 kHz, and the amplitude of the
shoulders increases by a factor of 2 atX.0.39. These un-
usual spectra show that there is a mixed phase consistin
a long-range orientational ordering for the second layer~rep-
resented by the splitting! and an orientational glass orderin
~represented by the shoulders! for the first layer near the
substrate. From the growth of the amplitude of the should
we deduce that the orientational ordering for the first la
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FIG. 17. Typical CW NMR integrated absorption line shapes for bilayers of H2 on BN for ortho concentrationX,0.55.
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near the substrate increases asX decreases, and at the sam
time the ordering in the second layer increases, as infe
from the increase in the splitting.

Figure 16 depicts the NMR spectra for an orientatio
quadrupolar glass ordering. The dashed line in Fig. 16~a!
shows a fit to a broad~triangular! distribution of order pa-
rameters,P(s)}s. As the ortho concentration decreases,
central valleys of the spectra fill in slowly and eventually t
spectra become similar to the line shapes for the mixed
dered phase. The pure quadrupolar glass ordering regime
the mixed ordering regime disappear forX<0.38 below
which long-range orientational ordering appears.

Figure 17 shows typical NMR absorption line shapes
ortho concentrationsX,0.55. As X decreases, a double
spectrum appears below the glass region@Fig. 17~a!#, consis-
tent with a long-range orientational ordering~expected from
theory to be a pinwheel order!. The NMR line shapes show
only a single component for long-range ordering and
same ordering occurs for both the first and the second la
Figure 17~e! has features extending out to6200 kHz that
resemble the special signatures of the spectra for an orie
tional herringbone ordering which was observed in
monolayer and submonolayer films of H2 on BN for low
ortho concentrations and low temperatures70 where the sub-
strate interactions dominate over the EQQ interactions.
ed
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possible that a herringbone ordering could occur in the
layer films for very low ortho concentrations (X;0.1) at
very low temperatures (T,0.1 K!.

A system closely analogous to physisorbed H2 is phys-
isorbed N2, which also forms aA33A3 registered lattice on
graphite. N2 molecules, however, can be treated as class
rotors because of their large moment of inertia. Measu
ments by Kjemset al.78 of neutron scattering and isotherm
experiments of N2 adsorbed on graphite have been inte
preted in terms of structures of the monolayer and of
bilayer that are quite different. They reported that the fi
layer is characterized as a system with short-range bu
long-range order. As the coverage is increased to the sec
layer there is a transition to ordered planar phases. Accord
to this interpretation, the second layer would induce a dra
change in the first layer: the N2 molecules of the first layer
would be pushed out of their graphite potential wells, eith
to match another lattice constant or as disordered molecu
However, a different hypothesis has been proposed by B
donet al.79 They interpreted the low-temperature phase as
ordered bilayer because the feature of the neutron spec
produced by the bilayer did not resemble any disorde
structure.

For purposes of illustration we show schematic repres
tations of the different orientational orderings deduced fr
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the NMR spectra for bilayer films in Figs. 18~a! and 18~b!.
Figure 18~a! illustrates the long range ordered~inferred pin-
wheel! phase for both layers that is seen at very low te
peratures. Figure 18~b! depicts region III of the phase dia
gram for the quadrupolar glass ordering observed for b
layers at intermediate temperatures.

VI. CONCLUSION

The orientational ordering of ortho-H2 molecules in a
thick film (.12 layers! adsorbed on hexagonal BN is ve
different from that seen for bulk H2 and for commensurat
monolayers on graphite. We have identified three dist
regimes for the ordering associated with clear changes in
detailed structure of the NMR line shapes:~i! a high-

FIG. 18. Schematic representation of different types of orde
of the molecular axes in the bilayer films:~a! pinwheel ordering and
~b! quadrupolar glass ordering. The different shapes represen
ferent probabilities for orientations of the molecular axes, and in~a!
all are identical~constants), while in ~b! there is a broad distribu
tion of shapes from prolate ellipsoids (s;1) to oblate ellipsoids
(s;2

1
2 ).
-

th

y

ct
the

temperature rotationally disordered phase,~ii ! an intermedi-
ate temperature SCF ordered phase limited to the first 2
layers near the substrate, and~iii ! at the lowest temperature
a mixed quadrupolar glass state and SCF ordered phase.
analysis of the substrate crystal field ordered spectra sh
that the molecules close to the substrate behave as hind
rotors, leading to a large additional width in the spectru
from the spin-orbit coupling (IW•JW ).

The bilayer films exhibit a completely different phase di
gram from that observed for the thick films. The predom
nant features are the existence of a well-defined long-ra
orientational ordering belowX;0.61 with a region of coex-
istence of quadrupolar glass ordering and long-range or
for intermediate concentrations and temperatures. The t
sitions are sharp and the data are best understood if the
entational degrees of freedom of the two layers are tigh
coupled together. Unlike the thick films we do not observe
large disordered component that persists to low tempe
tures. We attribute this to the influence of the substrate cr
tal fields that induce local orientational ordering in very th
films.

There is a sharp contrast between the orientational ord
ing observed for both bilayers and 12-layer films and th
seen for bulk samples. The enhanced ZPM at the free sur
apparently inhibits ordering for relatively thick films while
the substrate interactions dominate the behavior for t
films. This behavior is a clear manifestation of the depe
dence of the ordering in frustrated systems on opposing g
metrical constraints due to the presence of the substrate
the free surface. Understanding the different critical conc
trations observed to be necessary for long-range orientatio
ordering and glass ordering for the different geometries i
major challenge for the theory of these frustrated system
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