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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 nitridéBN). The local orientational ordering of the molecular axes is determined for both thick
films (12 layer$ and thin films(bilayerg. The ordering observed is iboth cases very different from that
observed for bulk solid hydrogen. Quadrupolar glass ordering occurs for intermediate layers in thick films at
low ortho concentrations 0.25X<<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 fof <1.95 K andX=<0.56, and a quadrupolar glass ordering for intermediate concen-
trations (0.3& X< 0.55) and intermediate temperatures QT/<1.1 K).[S0163-18208)09019-5

[. INTRODUCTION the anisotropic interactions that determine the orientational

ordering. It is important to note that there is a strong decou-

This paper reports systematic studies of the orientationa?ling of the translational and rotational degrees of freedom in

ordering in films of solid hydrogen adsorbed on hexagonafhe solid hydrogens and the interpretation of the orientational
boron nitride (BN) using high-sensitivity continuous wave °rdering from NMR data is very robust with respect to

. : changes or uncertainties in the translational symmetry of the
(CW) nuclear magnetic resonanédMR) techniques. The lattice structures. The NMR line shapes are to a very large

int.erest_in these experiments s to determ.ine the_nature of th tent determined by the orientational ordering, and the
ongntaﬂonal ordering of quantum rotc_Jrs in restricted 980Myuidth of the line shapes in the ordered statest00 kHz) is
etries where as a result of the constraints and the geometricglych, |arger than those for orientational disorder
frustration of the interactiorfs,> new behaviors very differ- (~50 kHz).

ent from those of bulk K are expected for the ordering of At sufficiently high temperatureskBT>|VQQ|, the mol-

the rotational degrees of freedom. In particular we wanted t@cules are free to rotate and the mean orientation of each
compare the orientational ordering in thick filrtl2 layers ~ molecule is zero. At low temperaturdgT<|Vqq|, the mol-

with that observed in thin filmébilayers. The surface inter- ecules adopt orientations to minimize their interaction en-
actions tend to align the molecular axes either parallel oergy, leading to orientationally ordered structures. The inter-
perpendicular to the substrate, but this trend will competéctions are highly frustrated because of the incompatibility
strongly with the electrostatic quadrupole-quadrupg@®©Q)  between the symmetry of the quadrupole-quadrupole interac-
intermolecular interactions for which the molecules prefer totion and the lattice geometry. In order to probe the geometri-
be mutually perpendicular. Furthermore, the enhanced qua§@! nature of thg frustration in this cllass of systems, a number
tum zero point motion(ZPM) at the free(solid/vapoy sur-  Of st_udle(s)_?g solid hydrogen in r_estr_|(1:ted geomettissorb-
face of the films will tend to inhibit orientational ordering €9 fims®*® and porous materiais™9) have been carried

near the free surface. As a result of these competing trendQUt 0 examine the effects of reduced dimensions, geometri-

periodic orientational ordering is expected to be very fragilecal constraints, and substrate interactions on the orientational
rdering. Carefully grown filnf8~22form hcp structures, and

in H, films, and the effects of frustration are expected to lead’'9€ . . .
to very different orientational configurations for thick films the increased ZPM in the outer lay&fgombined with the

compared to thin films. In addition, new orientational glasseérus'[ratlon Qf the hcp structure a!pp_arently prevents long-
or mixed orientational phases are expected for the conange ord.erlngz and complete periodic ordering for th? mo-
strained films for dilute ortho concentrations. In order to bet-/€Cular orientations has not been observed for these films.

ter understand the effects of substrate potentials and ZPM on The purpose of this paper is to report studies of the local

the orientational ordering, we have studied the behavior of)rientatio_nal_ order@ng fora) thick films (12-layer average
films of H, for which a systematic study could be carried outand(b) thin films (bilayers of hydrogen for ortho concentra-

for a wide range of film thicknesses, allowing one to com-tion? l?'2?°<X<O'.72 and te.rl’preratur(_as Of5—<10 K. In
pare the ordering for substrate bound monolayers, very thine ollowing sections we will first review the quantum prop-

; g 6 e erties of solid hydrogen and the quadrupdtansoria) order
films (2 layers, thin films (4 and 8 layers” and thick films parameters observed by NMR, and then discuss the experi-

(12 layers. tal work and th Its ob d
In bulk H, samples, it has been well established that thd"ental work and the resuits observed.
EQQ interactionsVqq, play the major role among the an- Il. BACKGROUND

isotropic intermolecular interactiofis in determining the
orientational ordering of the molecular axes at low tempera- The two distinct molecular species of hydrodertho and
tures. The molecular centers of mass remain fixed and it iparg result from the different ways in which the molecular
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wave function can be antisymmetrized. The ortho molecules TABLE I. Definition of the operator equivalents' and®™ of
are characterized by an odd rotational quantum number, the spherical harmonicg] andY3', respectively.

=1,3,5... (total nuclear spin=1) and the para molecules
by J=0,2,4 ... (with | =0). The para-KH molecules can be Operator Moment

regarded as spherical with only weak van der Waals’ intery,
actions. The ortho molecules, on the other hand, have a small

ipole

0_ 0_ /0T
axial electric quadrupole momeR, and they interact via £=(1n2), MP=(ED)
highly anisotropic EQQ interactions with the Hamiltorfian =7 3(3,%idy) M=t=(&5h)

Quadrupole
N N o_ 2 0_ /@0t
Hilog= 2 Lm(Ri) Y5 (@) Y30 Y7 (Q), () O°=116 (33.5-2) Q=@
| O =% 3(30.+3.3)  QTI=(07)
wherew;= w;(6; ,¢;) is the orientation of théth molecule, a1 v2 oot
Y3 is a spherical harmonic in Rose’s conventfdm;; is the 0"=200.J-) Q™ =(0"")

distance between theth and jth molecules, and(};
=0;;(0;;,P;;) gives the orientation oR;;. Assuming a good quantum number. In addition, for our experimental
rigid lattice and considering only nearest-neighbor interactemperature rangé&sT<[E(J=3)—E(J=1)]=845 K, and
tions, the interaction coefficient,,, is given by {,,  only the lowest rotational staté=1 is thermally populated.
:(2077/9)(7077)1/2Fijc(224;m n) where C(224mn) is a  Conversion from thd=1 state to thedd =0 state is very slow
Clebsch-Gordan coefficient anHij=6e2Q2/25Rﬁ is the because it is doubly forbiddefas it requires simultaneous
nearest-neighbor quadrupole coupling constant. The valudseaking of the spin and orbital symmetpied wide range

of I';; for the bulk, and a/3x /3 registered solid on graph- of J=1 concentrations can be studied by simply aging a

ite and BN are sample at low temperatures. The system is therefore an en-
semble of strongly interacting spin-1 quantum rotors with a
0.87 K for bulk H very high degree of frustration. In addition, the rotational
I',=1{ 0.528 K for H,/graphite degrees of freedom have large zero point motions that will

play significant roles in constrained geometries, particularly

at free surfaces. Solid hydrogen films can therefore serve as
pPrototype systems for probing the combined effects of disor-

der and reduced dimensionality on highly frustrated quantum
spin systems.

0.470 K for H,/BN.

The lowest-energy configuration for the EQQ interactio
is a “tee” configuration with molecular axes mutually per-
pendicular. In any lattice structure other than a simple two

dimensional2D) square array, the quadrupoles cannot attain Thilrelelzcvant rr?omentf th"’llt descrlk;e the 0r|en_tat|0n?l ob-
the lowest-energy configuration for all pairs because it iscrvaples for ortho-fimolecules are the expectation values

impossible for all nearest neighbors to be mutually perpenpf the operator equivalents of the spherical harmonics in the

dicular. This feature results from the incompatibility betweenManifoldJ=1 and are given in Table . For interacting ortho
the lattice geometry and the symmetry properties of the inmolecules, we must consider the many-particle crystal wave

teraction and the system is therefore said to be geometricall hction in order_ to account for collective eifects that tend 1o
frustrated. The phenomenon of frustrati#h®® occurs in a orrelate the orle_ntatllonal degrees of freedom of the ortho
wide variety of apparently disparate systéfi&’ when the mo]ecules. The individual molecular stqtes cannot be de-
competition between interactions does not lead to simple or3¢ioed in terms of pure states but rather in terms of a single-
dered states that are favorable to all interactions, or wheR2rticle density matrip; determined by the quadrupole and
there is a fundamental geometrical incompatibility betweerf!iP0lé momentQ, andM,, respectively:

the symmetry of the interactions and that of the underlying 1

lattice structurgor a combination of both featuresrhe ori- _ nen Mm@ m

entational glasses have highly frustrated anisotropic interac- p‘_§|3+n:0¢1 Mi& +m, 2 _oren. @
tions, while purely geometrical frustrati®hoccurs for the

pyrochlores TbMo0,0; (Ref. 3§ and CsNiCrk (Ref. 39  wherel; is the unit vector. The dipole moments are expected
with antiferromagnetic interactions of spins at vertices ofto vanish, and of the five remaining degrees of freedom,
corner-connected tetrahedra. Although the combined effeciree can be used to define local principal axes §;, z)

of frustration and disorder are needed for most glass formersgr the quadrupole tensor, leaving only two intrinsic quadru-
it is now known that a spin glass ordering can occur withoutyolar degrees of freedom. These intrinsic degrees of freedom

disorder for very strong geometrical frustratimompare the  can be represented by two local order parameters, the align-
spin glass behavior of thB-spinel CsNiFeE (Ref. 40 with ment

the antiferromagnetic ordering of FefRef. 41 for the same

lattice structur@ The effects of lattice geometry on frustra- 3 3

tion are therefore of key importance to understanding the gi=- \[§Q202<1_§‘]2i2>
microscopic origins of glass behavior.

The anisotropic intermolecular interactiorigrincipally
EQQ that can lead to admixtures of high&rstates in the
ground state are weak compared to the separation of the ro- 2 o a2 >
tational energy levels, andl can therefore be regarded as a 7i=Qi"+Qim ™ =(3 %) )

)

and the eccentricity
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As a result of the condition pP<1 these parameters must of reaction of BN with water to form boric oxide is ex-
satisfy the inequality &;2+ 37,2<4. The allowed values of tremely slow at 300 K and the water rinse helps to remove
(o, ) are then constrained te 5<o<1 and|7|<1*30. the soluble borates. The washing process with methanol was
The NMR line shapes are given by the intramolecularrepeated three times, and the BN powder was filtered and
nuclear dipole-dipole interactions, which are directly propor-dried each time. Small magnetic filings were found after the
tional to the order parameters. The local orientational orderwashing and were carefully removed from the powder
ing can therefore be determined by fitting the NMR line samples. It is believed that the filings resulted from the pow-
shapes to either a fixed order parameter or a distribution ofiering process during manufacturing.
order parametel’s. This flttlng is independent of any assump- After C|eaning, the BN Samp|e was sealed into a 2-in.-
tions about the lattice structure for the centers of mass of thgjgmeter quartz tube, which was connected to a low pressure
molecules. pumping station and placed inside an ov@hermolyne,
Type 21100 Tube FurnageThe sample was outgassed for 4
IIl. EXPERIMENTAL CONSIDERATIONS h at 200 °C and then baked for 24 h_ at 900 °C_ under a
vacuum of 10° torr. Samples prepared in this fashion were
Both hexagonal BN and exfoliated graphiigrafoil and  carefully characterized using adsorption isotherms and from
papye) have favorable characteristics for experimental studthe number of distinct steps observed and the sharpness of
ies of physisorbed films. These characteristics include higithe liquid/solid substep in the 77-K Ar isotherm, it was clear
homogeneity, large crystal sizes, relatively low corrugationthat high quality surfaces had been achieved. One concern
in the substrate potential, and compatibility with different can be the formation of paramagnetic centers during the bak-
experimental techniques. The lattice spacing of BN-B%  ing process. NMR studies are very sensitive to the presence
greater than that of graphite. BN is, however, much moreof such centers because they would lead to very significant
suitable for NMR measurements because its electrical coredditional ortho-para conversion rates. In all our cases we
ductivity is much less than that of graphite, and the anisofound that the conversion rates were significantly slower
tropic platelet diamagnetism of BN is 40 times less than thathan those reported for graphite for similar densities. Further-
of graphite?> Powdered forms of BN are commercially more, the observed conversion rates appear to vary linearly
available®***We used BN provided by Johnson-Mattfey with the number of layers adsorbed. This would not be the
because their material had the largest surface af#@s case if there were even moderately low concentratiemns,
15 nt/g, compared to 25 fg for graphité®). 10 ppm per unit areaof paramagnetic impurities.
Careful isotherm studies by Shresttet al,*’ Evans The baked BN samples were cooled slowly to room tem-
et al,*® and Craneet al*® have demonstrated that BN is a perature and kept under vacuum until ready to load into a
high quality substrate with high homogeneity, large crystal-Kel-F NMR sample celf> The BN powder was loaded into
lite sizes[0.1-3 um (Ref. 48], and relatively low corruga- the sample cell using a dry-Nyas tent, thereby minimizing
tion of the surface potential. A good test of the quality of thethe exposure to moisture in the atmosphere. It was important
substrate preparation is the sharpness of the liquid-solid sulbe prevent water form adsorbing onto the BN surfaces in
step at about 34 torr in the Ar on BN isotherm at 77%. order to minimize the'H background NMR signal. The
Although the characterization of the structures of adsorbetNMR cell was evacuated with a diffusion pump rapidly after
systems on BN is not as well known as for graphite, NMRIloading with the BN. The BN powder was left as a loose
studies have accurately identified the coverage for the comincompressed sample. In order to make thermal contact with
mensurate solid(3% /3) phase for’He on hexagonal BN, the refrigerator a bundle of fine copper wires was inserted
which was 75% of a complete monolay&incommensurate into the powder with one end of the wires soldered to a brass
structures appear at high coverages. There have been no sfleange. This brass flange was an integral part of a cold finger
cific measurements of the density for thid x 3 registered  of a high circulation rate dilution refrigerator. After condens-
phase for H on BN, and we assume that it is close to theing the sample, a sufficient quantity dHe gas was intro-
value for graphite. duced into the chamber to completely wet all surfaces in
The as-delivered samples must be carefully cleaned anarder to improve the thermal contact.
annealed prior to any experiment in order to achieve the Prior to the NMR studies, we carried out measurements of
highest homogeneity and to remove any impurities associthe partial adsorption isotherms of Ar on BN at 77 K to
ated with the manufacturing process. The procedure used fetermine the number of molecules adsorbed per layer. The
especially critical for surface adsorption studies. While thesurface area of the powdered sample was also determined by
procedures necessary to produce clean samples have bgBgasuring the volume that had to be admitted for the Ar
well established for exfoliated graphite, many differentadsorption aP==34 torr to observe the fluid-solid transition
cleaning methods and various heat treatrmént8are com-  at 1.06 ML3® From these measurements and the knowledge
monly used for BN powders. of the associated volumes of the Has handling system, we
Wolfson et al®! reported that annealing a BN sample atare able to determine the,ioverages to better than 5% for
900 °C is not always sufficient to produce clean samples and given volume.
fails to remove soluble borate contaminafysincipally bo- Gaseous kKl samples of normal ortho-Hconcentration
ric oxide and boric acid impurities which would tend to  (75%) were introduced into the sample chamber at about 20
distort the homogeneity of the substrate. In order to remov& through a capillary fill line. A bifilar heater wire was
these impurities, and following the procedure of Shresthavound around the fill line to prevent blockages in the line
et al*” we first rapidly rinsed the powder with deionized from solid H,. We introduced sufficient hydrogen gas to
water, and then washed the samples with methanol. The raferm the layer thicknesses that we wanted to study using the
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surface calibrations described above. For the thick films it is
not expected that the coverage would be uniform to 12 layers
throughout the material, but the condensation was carried out
very slowly (over approximately 2 hto ensure that the cov-
erages would be as uniform as possible. The bilayer coverage
was known precisely from the adsorption isotherm stufles.

In the preparation of the thick films, capillary condensa-
tion can occur with the creation of condensed bulk phases at ) et T ———
pressures below the saturated vapor. This occurs in areas of

) . Frequency (kHz)
the film where there are large curvatures, and in our case at
the edges of the BN platelets. The NMR studies can imme-
diately detect this contribution because the NMR line shapes
contributed would match those seen for the bulk phases. As
shown in the results in the next section, the NMR line shapes
are very different from the bulk line shapes in all rangeXof
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 CW L L : L L
NMR quadrature hybrid tee bridge spectrometer operating at @00 cee0 o0 O 1o 200 300
268 MHz! The matched resonant tank circuit is located in
the low-temperature region of the dilution refrigerator and is  FiG. 1. Typical NMR line shapes observed fos bh BN at 1 K
connected to the spectrometer via 25D«) coaxial trans-  for (a) only the proton background signal afio) for both the hy-
mission line of low thermal conductivity. The bridge spec- drogen film and proton background.
trometer detects the absorptive component of the NMR sig-

nal by adjusting room-temperature fine-tuning capacitors sgackground spectra and integrate the line shapes for presen-

that there is a small unbalance in amplitude between the twestion as functions of ortho concentration and temperature.
arms of the bridge but with no error in phase. The output of

the bridge circuit was amplified by a low noise room-
temperature narrow-band rf receiver, and the signal voltage IV. 12-LAYER FILMS
modulating the carrier is detected by an rf mixer. The spectra
were recorded by sweeping the magnetic field through the
resonance with simultaneous ac modulatith G) and In this section, we present averaged derivative and inte-
lock-in detection. The magnetic field sweep and lock-in am-grated CW NMR absorption line shapes observed for 12-
plifier output were interfaced via a IEEE 488 bus to a per-layer films of H, on BN as functions of temperature and
sonal computer using a National Instrument AT-MIO- ortho concentration. The ortho concentrations of aged
16H-25 digital-to-analog conversion boar(DAC) for  samples were determined by comparing the total NMR ab-
automated data acquisition. The data acquisition system asorption signal amplitudes measured at a standard reference
lows continuous data collectionstzh a day except during temperaturg4.2 K). Using these measurements, the ortho-
liquid helium transfers. para conversion for the full film was best fitted by a bimo-
To reduce spuriousH background NMR signals from lecular decay process with a conversion rate of 1.43
being introduced into the proton NMR line shapes, the*0.005%/h. This is less than the bulk value of 1.9%/h but
sample chamber was constructed from Kel-F, which isgreater than the value (0.9%/h) observed for the 8-layer film
known to have a negligible proton content. However, as aoverages previously reportéd.
result of the enhanced sensitivity of our spectrometer, we The NMR line shapes observed were distinctly different
did, however, detect a small residual background signal. Figirom the line shapes observed previously, either for bujk H
ure Xa) illustrates a typical derivative NMR line shape for (Ref. 69 or in 2D monolayers, for all concentrations and
the residual background signal. The shape of the backgrourtemperatures explored, except for the trivial rotationally dis-
signal remained constant over the entire temperature rang#dered line shape observed for high temperatufesom-
studied, indicating that there was only one source for theparison of the line shapes observed for bulk Bhonolayers
background signal. Figure(d) shows a typical derivative and thick films is given in Fig. 2 Three distinct line shapes
NMR absorption line shape of HBN that includes the corresponding to different orientational ordering regimes
background signal. The line shapes arising from the molecuwere observed(l) an orientationally disorderefGaussian
lar hydrogen were therefore determined by subtracting théine shape~50 kHz full width at half maximum(FWHM)];
fixed background signal, which was measured under théll) a mixed phase with order and disorder coexisting with a
same conditions without Hpresent. two-component line shape consisting of a central Gaussian
The NMR line shapes presented here represent the avetemponent plus a wing structure with peaks &f)(50—170
age of a single up and down sweep. The sample temperaturkblz; and(lll) a state with strong orientational ordering plus
reported are the average of the initial and final temperatureguadrupolar glass ordering with a line shape showing a
for each down and up sweep. Data analysis programs wem@ouble peak in the outer wingéThe three classes of NMR
written usingMATHEMATICA (Ref. 64 in order to subtract line shapes are shown in Fig.) 3.

()

4]
Q
o

(b)

Frequency (kHz)

A. Experimental results
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12-layer film

Pa3 (Bulk)

Kubik et al.

—

- 300 0 300
Frequency (kHz)

FIG. 2. Comparison of the low temperature NMR spectra ob-
served for Pa3 ordering in bulk samples of solid fRef. [65]),
pinwheel ordering of K on Grafoil (Ref. 5, and 12-layer films of

H, on BN (this repor}.

Regime Il is seen at the lowest temperatures,0.25 K
for 0.45<X<0.65 andT=0.7 K for 0.25< X< 0.45. Region

2.0

.
1.0 Disorder

0.8 4

TEMPERATURE (K)

0.6 +

+ Disorder
0.2

| Glass + SCF Order

T T T T T T T
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

ORTHO CONCENTRATION (X)

Il is observed for intermediate temperatures. No line shapes 5 4 phase diagram for thi¢2-layey films of H, on BN as

intermediate between those of region Il and region 11l could

inferred from NMR studies(The solid lines are guides to the eye

be clearly distinguished, and transitions of one line shape tgy, ) The symbols represent the observed changes in the NMR line
the other occurred at well defined temperatures. We thereforghapes, and SCF designates substrate crystal-field ordering.

identify three classes of orientational ordering for thick films

T=1.4K
X=0.40

" | " 1 L I " 1 2 1 L
-300 200 100 0 100 200 300
Frequency (kHz)

(a) Disordered.

T=612mK
X=0.38

1 1 1 " 1 " 1 1
300 -200 100 0 100 200 300
Frequency (kHz)

(b) Region II. (SCF ordered + disordered)

T=401mK
X=0.39

: | . 1 2 ) L 1 L 1 L
300 200 100 0 100 200 300
Frequency (kHz)

{c) Region [ll. (Mixed : Glass + SCF ordered)

that define distinct regions of theX(T) phase diagram for
this system(Fig. 4). This phase diagram is distinctly differ-
ent from that observed for bulk samples or for monolayers of
H, on graphite.

Typical CW NMR derivative and integrated absorption
line shapes characteristic of regime Il of the phase diagram
are shown in Fig. 5. The main features of the line shapes are
a strong central Gaussian ped®WHM of 58+2 kHz) and
the appearance of a component that is close to 100% orien-
tationally ordered as evidenced by the formation of two wing
structures separated by approximately 380kHz. The
wings begin to appear for ortho concentratiofss 0.66 and
temperaturesT<0.4 K. The fact that significant orienta-
tional ordering is not observed for high ortho concentrations
(X>0.66) even at temperatures as low as 0.1 K is in strong
contrast to the behavior observed for bulk samples. This
property for films is believed to result from the competition
between the substrate interactions and the short-range EQQ
interactions. The latter are reduced significantly at the free
surface of the film because of the large zero-point fluctua-
tions of the orientations. This is discussed in the next section.

If one subtracts the central Gaussian from the line shape,
the outer wings of the NMR line shape can be fitted to a Pake
doublet line shape, corresponding to orientationally ordered
molecules with a well-defined mean local order parameter
For Fig. 3b) the fit yieldso=0.86+0.08. As the concentra-
tion X decreases the outer wings increase in amplitude at the
expense of the central disordered peak.

The transitions of the wing structure in moving from re-
gion | to region Il of the phase diagram are reasonably sharp
(e.g.,T,=0.90=0.05 K for X=0.4) but we could not iden-

FIG. 3. Three classes of NMR line shapes observed for 12-layefify @ true first-order phase transition with hysteresis at this

films of H, on BN.

boundary. In region Il of the phase diagraﬁincreases as
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FIG. 5. Typical CW NMR derivative and integrated absorption line shapes for region Il of the phase diagram for 12;Iélas idn
BN: mixed SCF ordered and disordered states.

the temperature is reduced. This growth of the local orientaerystal field (SCH ordering. The basic NMR line shape of
tional order is similar to the behavior observed for bulk H region Il, consisting of a central Gaussian plus well-defined
but for totally different values oK andT. The intensity(i.e.,  wings given byo(T), extends down to low concentrations
height and argaof the wing structures also increases at thewithout any significant changg&igs. 5e)—5(h)].

expense of the amplitude of the central pealrdscreases. At the lowest temperatures explored the NMR line shapes
This is in contrast to the report of NMR studies for thin films were observed to transit to a completely new structure. This
(4 and 8 layerg® is labeled as region Il in the phase diagram of Fig. 4. The

The behavior for region Il can be understood quantitanew line shapes of this region are plotted in Fig. 6, and are
tively if the orientational ordering occurs predominantly in characterized by the emergence of clear double peaks
the first 2—3 layers near the BN substrate for the temperaturgnarked byA andB) in the outer wings. The peak compo-
range explored(In the studies of 4- and 8-layer films, it was nent markedB resembles the features observed for the qua-
shown that the orientational ordering occurred principally indrupolar glass line shapes seen for bulk $amples for in-
the first four layer§) The temperature dependence of thetermediate ortho concentrations.
wing components of the line shapes is well described by a |n order to test this interpretation we fitted tBecompo-
temperature-dependent given by a constant crystal field nent to a glass line shape using a broad order parameter
V.. The detailed analysis is given in Sec. IV B. The orderingdistributionP (o). The fit to the line shapes is shown in Figs.
is therefore driven principally by the anisotropic interactions7(a) and 7c). The weighting of the components was made by
with the substrate, which is therefore referred to as a surfacassuming that the number of molecules contributing to the
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FIG. 6. Typical CW NMR derivative and integrated absorption line shapes for region Il of the phase diagram for 12-layer fihms of H
on BN: mixed quadrupolar glass and SCF ordered states.

three features remained approximately constant. At the lowalmost complete orientational orderifigith wings extend-
est temperature® (o) develops the characteristic triangular ing out to positionA) and attributed to the influence of the
distribution of the glass state, and tBefeature shifts tor ~ substrate interactions on molecules near the substratie-
~0.8-0.9 and finally merges with ti@ feature at very low tailed discussion of the fit is given in the following section.
temperature$Figs. 6e) and Gg)]. The temperature depen-  The invariance of the central disordered component of the
dence of the evolution d?(o) is smooth and very similar to line shape to the variations in temperature and ortho concen-
that observed for the bulk hydrogen quadrupolar glass statation is most remarkable. We can only understand this if
but for different ortho concentration and temperature rangeshe molecules in the outer layers near the free surface remain
It should be noted that the line shapes in Fig. 6 are notlisordered down to the lowest temperatures studied. This
symmetric with respect to the center of the absorption spediehavior is attributed to the enhanced ZPM in the outer lay-
trum. This is believed to be the difficulty in accurately sub-ers, which inhibits the orientational ordering. Clearly this
tracting the background spectrum that occurs on the highinterpretation does not depend on uncertainities in the thick-
frequency side of the spectrum. ness of the films. It is interesting to note that just the opposite
We have therefore interpreted the line shapes in region IIbehavior would be expected from any bulklike phases on the
in terms of three components that arise from different partsubstrate, such as those generated by capillary condensation.
of the films: (i) a central disordered line attributed to the  The orientational properties of the film as a function of
outer layers|ii) a quadrupolar glass line shapeith outer  concentration is quite unexpected. Beldx 0.25 the tran-
edges in the spectrum at positi@®) attributed to the inter- sitions to the disordered phageegion | of the phase dia-
mediate layers, andiii) a line shape component showing gram occur at much higher temperatures. Furthermore, the
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Digordered propagate to at most one layer of neighboring molecules via
N the anisotropic EQQ interactions. The latter, because of their

(T-depandent) geometrical frustration, will oppose the ferromagnetic order-

- - ing tendency oﬂ-|ci, and in a first approximation, the two
Dt L N competing interactions can be represented by a mean-field

0 300 interaction which leads to a temperature-dependent gap
Frequency (kHz) A(T) between them;=0 andm,= *+1 states with

- 300

— 07K 0.389K 0.105}£b) A(T)=V=FToy(T). (6)

a |/ It is this partial lifting of the degeneracy of thm; states for

3 molecules near the surface that leads to the appreciable val-
ues of o that are associated with the wing structures in the
G ’ NMR spectra atdv=300-400 kHzFigs. 5 and & The fact
that the remainder of the NMR line shapes retain the Gauss-
caloulated ian shape associated with disordered molecules leads us to
observed conclude that the bulk of the filrtthe ~10 layers near the
free surfacgremain rotationally disorderedd|<0.2) down
to 100 mK for the ortho concentrations we have explored.

We now consider this model for the orientational ordering

=300 -200 -100 O 100 200 300 guantitatively in terms of the NMR line shapes calculated for
Frequency (kHz) ordering induced by the substrate crystal field interactions in

FIG. 7. (a) A schematic interpretation of the three-componentCompetl.tlon Wlth.the EQQ interactions. .
. ) . . We first consider the low-concentration/low-temperature
NMR line shape in the low-temperature, low-concentration regime

of the phase diagram for 12-layer film®) the corresponding order regime ”If Or]:_the p_has_e (:::agéam' T_he gmqbl:e featlijre of the
parameter distributions for the glass component,@hdomparison spectra of this region Is the distinctive double-peak structure

of the calculated line shapgsum of components ifa)] with the in the outer V\_/ings A andB of I_:ig. 7). FeatureB moves
experimental line shape. toward A continuously on lowering the temperature afd

andB merge as a single peak identified@dn Fig. 7. The

outer wings of the NMR spectra increase their separation0Sition of A moves smoothly on raising the temperature
corresponding to an increasing. For example, forX  ffom 402+2 kHz at 0.05 K until it reaches 355 kHz at
<0.25, the separation of the outer wings is approximately! =0-38 Kwhere the apparent transition to regime Il of the
380+7 kHz, and the width of the central Gaussian increase®hase diagram occurs.
to 80+5 kHz. This behavior contrasts strongly with that ob- ~ The fact that the wing structure occurs aiv
served for bulk samples where the orientational order param= 201 kHz andév=—201 kHz with a total separation
eters decrease a6 is reduced. This behavior for low in ~ ¥aa=402 kHz clearly indicates that the spin-orbit interac-
thick films results from the competition between the collec-tion Hgo= —cl-J with c=113.9 kHz plays a major role in
tive EQQ interactions and the strong substfateanisotropic  determining the NMR line shape. I, were fully quenched
local crystal field interactions. The EQQ interactions oppose ({J,)=0) the maximum separation that could be produced
the SCF-orderingi.e., aligned parallel to the local symmetry by the intramolecular dipole-dipole interactions i®|&r|
plane of the substrateand the effects of the EQQ interac- =346c| kHz. Even with maximum values foto|=1
tions become very weak as one approaches the percolatigwhich is most unlikely at dilute ortho concentratiprtbe
concentrationX=0.15. spectra observed cannot be described without considering
Hgo with (J,) #0.

The NMR spectra expected for partially quenched rotors
o _ has been considered in detail by Reif and Put€elhd by

In the qualitative interpretation presented above, we propypault and Legranéf Typical calculated spectra are shown
posed that or|QnF§tlonal .orderlng in thg layers neares.t thg, Fig. 7(c). The outer wings occur abv==(c—3da).
substrate was initially driven by a relatively strong aniso-[Note that in the notation of Dubault and Legrand, the order
tropic substrate interaction parameterR=(3 cog6—1)=2c and the crystal fieldH,
=A(3 cog6—1) becomesH = — (6A/5)(J2—2), using the
operator equivalence (3 cs-1)=—2(33°—J) in the mani-
For V.>0, the _single—part?cle s_ubstrate field will Igad to afm?:gr Vlcio (i.e., A>0), them,= =1 states lie below the
guenched rotational state in which the molecules will tend tan:O state(with a gapA), and consideringd, alone, o is

align parallel to thez axis (normal to the substrateFor V.  negative, with a low-temperature limit of= — 1. The outer
<0, the independent particle solution is a planar rotor withpeak separation therefore becomegg= 228+ 346 | =401
molecular axes perpendicular zo(i.e., parallel to the plane kHz at|o = + 3. The very close agreement of this calcu-
of the substrate lated value with the observed values feg, at the lowest

If [V¢|>|Hqol=1 K, the substrate fields will orient the temperatures is a strong indication of the correctness of the
molecules adjacent to the substrate surfaces, and this withodel proposed for the orientational ordering in the NMR

B. Analysis

He,=Ve(JZ— ). (5)
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outer peaksA of the NMR spectra in regime Il of the phase dia- D S &

gram for 12-layer films of Klon BN. The solid line shows the best

fit for a crystal fieldV.=-2.45 K.

wings. ForV,>0 (i.e., A<0), Dubault and Legrar’d show

that the calculated spectra are Pake-doublet line shapes with

a maximum wing peak separatiomy,=6do. This value

Crystal Field Ordered

ubstrate

FIG. 9. Schematic representation of the low-temperature orien-
tational ordering in thick films of KHon BN, as inferred from the

does not fit the spectra observed, and we conclude that fQf\r studies.

H, on BN, V. is negative.

We can determine the magnitude\gf from the tempera-
ture dependence of,a (regime Il of Fig. 4. The order
parameter

0 =(1-332)=3(Po,— %), (7)
where P is the thermal population of the;=0 state for
theith molecule

for an energy gap\;. We therefore have

o =1-3/(2+e Ai'keT), ©)
where
A=V —ZTai(T). (10
o(T) can be determined from the expression
vaa(T)=228+3440(T)| (11

and Eq.(11) is then used to determing . The fit shown by
the solid line in Fig. 8 is given byciz —2.45 K. This is to
be compared with the valy¥|=0.65 K for H, on graphite
determined by Kubiket al®> and the value ofV =30 K

estimated by Novaco and Wroblew$RiThe value of|V,|

for bulk H, is =0.02 K®°

gram in terms of the orientational ordering driven by the
substrate crystal field. At the transition to region Il of the
phase diagram, the temperature dependence changes dra-
matically (Fig. 8). The temperature dependence is now quite
weak withvap,=345 kHz at the lowest value and is compa-
rable to the values expected for a bulk Pake-doublet ordering
due to orientationally ordered molecules for 3D rotors with
vop|max=3460. The relative sharpness of the outer wings
leads us to conclude that there is not a large distribution of
order parameters in this regime as there is for the quadrupo-
lar glass phase for bulk samples. This is not true for the B
feature of the spectra seen only in region Il of the phase
diagram. As discussed in detail above, this feature is best
fitted by a broad distribution of order parameters that is the
signature of the quadrupolar glass. Region Il of the phase
diagram is therefore interpreted as a mixture of a substrate
crystal-field-induced orderingprincipally the first layer
plus a quadrupolar glass structuyst most two layers above
the first layeJ, with the remainder of the film remaining
disordered (the large central Gaussian line shap@&his
model for the ordering at the lowest temperatures is illus-
trated schematically in Fig. 9.

V. BILAYER FILMS
A. Experimental results

Five distinct NMR line shapes were observed for the bi-

The above analysis gives a good quantitative descriptiotayer films and their detailed shapes and occurrences as func-

of the outer peak structure,, (region Il of the phase dia-

tions of temperature and ortho concentration are different
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from both the bulk line shapes and those discussed above for ~ Frequency (kHz) Frequency (kHz)

thick films. The phase diagram for bilayer films deduced FIG. 11. The different types of NMR spectra observed for bi-

from the changes in the NMR line shapes is shown in Fig1ayers of H, on BN: (a) the spin loss regime(b) the quadrupolar

10. The five classes of line shapes defining the different r€5lass state(c) the coexisting long-range ordéxpected pinwheg!

gions of the phase diagram af¢) a featureless narrow s quadrupolar glass state, afi the purely long-range ordered
Gaussian line shape for the rotationally disordered pH#se, yegime(expected pinwhegl The dotted lines irfb) and (d) refer to

an unidentified structure characterized by an appreciablgajculated fits to the NMR line shapes for the short-range glass and
“loss” of nuclear magnetization as evidenced by a strongiong-range ordering¢ = const), respectively.

deviation from the nuclear spin Curie la¢i] ) a quadrupolar

glass state(lV) a region with coexisting long-range orienta- that in the ordered phasdglass or long-range ordering
tional ordering and glass ordering, af\) pure long-range T;*x(1-0), and molecules with values of=1 have
orientational ordering. The NMR line shapes are very differ-mych jonger relaxation times than other molecules. In order
ent for the disordered, glass, and long-rafg@., pinwhesl 4 test this explanation, we carried out NMR measurements
orientational ordering, making these identifications straights,ity different low rf levels varying from-20 dBm to— 30
fo_rward_. The ang-range orlentatl_onal_ ordering associate¢ygm_ partial recovery of the “lost” spins was observed, but
with a fit of the line shapes to a uniqueis expected tobe a 5 fylly satisfactory quantitative explanation was not ob-
pinwheel ordering based on the predictions of the theoreticgl,qq.

models. NMR alone cannot distinguish between pinwheel 1o quadrupolar glass reginfi) occurred for ortho con-
and herringbone structures for a powdered sample, and d€gntrations 04X<059 and temperatures  0Z&

tailed scattering studies are needed to confirm the identificaz 91 k_ This region is characterized by a broad distribu-
tion of the long-range ordering. The interpretation of the

NMR line shapes in terms of a unique or a very small
distribution,P(o), is independent of any assumptions about 1.6
the underlying lattice structure. 1.4 4
The most puzzling feature is the apparent loss of spin
magnetization {-60%) in region Il of the phase diagram, for
ortho concentrations 0.52X<0.7 and temperature§’ 1.0

1.2

<0.7 K. Figure 11a) depicts the spectrum for this “spin- — 084
loss” region. This strikingly narrow NMR line characteristic § 0.6
of the spin loss region changes abruptly n¥ar0.50 to the <

ordered line shapes. A strong departure from Curie’s law for 047
the =1 spins has also been reported by Clarksoml.”*

0.2

and by Cochraret al.”? for bulk systems. There is no theory 1

. e " 0.0

to explain this “spin-loss” effect. The phenomenon may be |

related to the observations of Chen and Slichtar experi- -0.2 1
ments where large local fields produced by a fraction of spins 2 0 2 4 8 8 10 12 14

resulted in a very short nuclear spin-spin relaxation timg,
preventing observation of those spins with their spectrom-
eter. However, we believe that the=1 spin loss in the H FIG. 12. The ortho-para conversion rateas a function of the
systems is associated with the saturation of the NMR linesumber of layers of K on BN. Note that the conversion rate for
for spins with exceptionally lond; times. It is well known  8-layer films of H on BN (square symbglis from Ref. 6.

No. of Layers
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FIG. 13. Observed CW NMR integrated absorption line shapes in region V of the phase diagram for bilaygeendBMN. These line
shapes correspond to long-range orderiegpected pinwheglfor ortho concentrations 0.55X<0.6. Note that(@)—(c) come from the
border line of region V in the phase diagram.

tion of local order parameters. The broken line in Figtddl down” triangles in the phase diagram. This orientational
shows the best fit foP(o)=0. The transitions to the qua- quadrupolar glass disappearsxat0.38.
drupolar glass state are continuous but occur over a relatively For temperatures above those for which the glass state
narrow tem-perature range and are represented by “open arstcurs, we observe a mixed stétegion V) with coexisting
long-range ordefcorresponding ter~1) plus a component
showing quadrupolar glass ordering at the same ortho con-
| e centrations. The NMR line shape characteristic of this re-
gime is shown in Fig. 1t). The glass states are only ob-
0457 ; served for a central region of theX{T) phase diagram

g (0.75<T<1.2 K and 0.4 X<0.6). Outside this region we
\ observe line shapes characterized by a unique valueanfd
0407 s . . thus only attributable to long-range orientational ordering
1 oo o [Fig. 11(d)]. This region V of the phase diagram could be a
0.35 LY pinwheel or herringbone ordering, but we expect a pinwheel
' LA * ordering based on the predictions reported for 2D Monte

~ 8 Carlo simulationg?
T een Using the intensity of the integrated NMR signals and the

0-307 ° independent measurements of the temperature, we could de-
termine the ortho concentration and thus the ortho-para con-

0.50

ov/3d
[ ]

o4 06 o8 10 12 14 version rate in the bilayer films. The conversion for the bi-
P layer films was best fitted by a bimolecular decay process
T (K) with a conversion rate of 0.2600.007%/h. This rate is

FIG. 14. Temperature dependence of separation of peaks dﬂUCh lower than the bulk values because of the reduced
NMR spectra associated with long-range ordering in the first layenumber of intermolecular magnetic interactions responsible
of bilayer films. The dashed line is a fit for a substrate interactionfor the conversion. This conversion rate observed foroH
V,=-125K. BN is slower by a factor of two than that observed faor ¢h
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FIG. 15. The NMR line shape for region IV of the phase diagram for bilayers,afHBN. The line shapes correspond to a mixed state
with coexisting quadrupolar glass and long-range orientational ordering.

Grafoil (0.4%/h.° In Fig. 12, the conversion rate per layer is may be possible that this anomaly is associated with the
plotted for both the bilayer and thick films of this study and EQQ interactions between molecules in each layer and the
compared to the rates reported for monolayers on graphiteombined effects of the EQQ interactions between the layers
and for bulk H. It appears that the conversion rate per layerand the interactionsy., with the substrate. NMR studies

is linearly dependent on the layer coverage. The slope of thgan be used to probe this interlayer interaction on the orien-

fitin Fig. 12 is 0.116:0.002%/h per layer. tational ordering. The substrate is expected to modify the
orientational ordering in the second layer. It has been
B. Discussion proposed’ that heat capacity measurements Hfle on

Hydrogen films on BN are expected to exhibit strong |ay_graphite -can bg interpreted iq term§ of a triangular se.cond—
ering effects, following observations on similar systems. Thdayer solid havingy/7x |7 registry with respect to the first _
second layer in bilayer fims of Hor D, adsorbed on MgO adsorbed layer. For the case of hydrogen, the second layer in
or graphite reveals 2D phases similar to those observed i€ bilayer fiims of H adsorbed on BN may also form a
3D with much lower temperature liquid-vapor critical and v7X 7 incommensurate structure with respect to the first
solid-liquid-vapor triple point$>"®Ma et al’® had observed adsorbed layer, but this has not been demonstrated. The sec-
layer-by-layer growth of K on MgO until six steps were ond and higher layers are only weakly influenced by the
measurable at 8.88 K. In particular, they observed that a filnsubstrate and are therefore expected to undergo orientational
of somewhat greater than two layers may exhibit a strongrdering induced by the EQQ interactions. In the case of
anomaly in orientational ordering. In the bilayer fiims the coverages where there is both substitution and frustration, it
first layer is expected to form a compressed triangular latticés expected that a 2D quadrupolar glass will result in analogy
and the second layer a solid of unknown lattice structure. Ito the bulk samples.
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FIG. 16. The evolution of the NMR line shapes for the glass regime for bilayer films @ihHBN. The broken line irfa) represents the
best fit to the line shape using a quadrupolar glass distribution of order parameters.

Typical NMR absorption spectra for region V of the to the local molecular reference frame. The temperature de-
phase diagram are shown in Fig. 13. These spectra consist péndence of the splitting is shown in Fig. 14. We use Egs.
sharp Pake doublet peaks and are best fitted by a long-range1)—(13) to determine the effective energy gapand thus
periodic ordering, i.e., foP(o)=&(o—0,). For the bilayer  the value ofV, for the bilayer films from the best fit to the
films, we interpret the NMR results in terms of a transition totemperature dependence foy,,. This fit shown by the
a well-defined orientational ordering for both the first layer gashed line in Fig. 14 yields/,|=1.2+0.05 K. The tem-
and the second layer in the bilayer films. The layers argeratyre dependence in Fig. 14 and the mean field predic-
therefore tightly coupled as far as the orientational degrees Qf; s are consistent W_ is negative.
freedom are concerned. This is expected at Kdfecause of For ortho concentrations 0dX<0.57 and temperatures
the strong anisotropy of the short-range EQQ interaCtions@.92<T<1.2 K, the NMR spectra are distinctly different

and is independent of the translational lattice structure, - w i<e of other regions of the phase diaaram. The spec-
While herringbone ordering would be expected for monolay- 9 P g ; P

ers due to the strong interactions with the substrate, we dga dhave t(\jNohconponeggsoci(()gmstmg r?f a splltiﬁgﬁligH;)h
not expect this type of orientational ordering for bilayers&N¢ Proad shou ers- 2 as shown in Fig. 15. The

because the strong EQQ interactions between the layers wiiPliting increases to-52 kHz, and the amplitude of the
dominate over the substrate interactions. shoulders increases by a factor of 2Xat0.39. These un-
The NMR splitting v, (T) is given by usual spectra show that there is a mixed phase consisting of
a long-range orientational ordering for the second ladyep-
voo(T)=|Do(3 codB—1)|, (12)  resented by the splittingand an orientational glass ordering
PP (represented by the shouldger®r the first layer near the
where o (T) is given by Eq.(10), and 3 is the polar angle substrate. From the growth of the amplitude of the shoulders,
specifying the orientation of the magnetic field with respectwe deduce that the orientational ordering for the first layer
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FIG. 17. Typical CW NMR integrated absorption line shapes for bilayers,06fiBN for ortho concentratioXX<0.55.

near the substrate increasesxadecreases, and at the samepossible that a herringbone ordering could occur in the bi-
time the ordering in the second layer increases, as inferreldyer films for very low ortho concentrations<{-0.1) at
from the increase in the splitting. very low temperaturesT(<0.1 K).

Figure 16 depicts the NMR spectra for an orientational A system closely analogous to physisorbegl isl phys-
quadrupolar glass ordering. The dashed line in Figal6 isorbed N, which also forms a/3x /3 registered lattice on
shows a fit to a broadtriangulay distribution of order pa- graphite. N molecules, however, can be treated as classical
rametersP (o)« o. As the ortho concentration decreases, therotors because of their large moment of inertia. Measure-
central valleys of the spectra fill in slowly and eventually thements by Kjemset al.”® of neutron scattering and isotherm
spectra become similar to the line shapes for the mixed orexperiments of N adsorbed on graphite have been inter-
dered phase. The pure quadrupolar glass ordering regime apgeted in terms of structures of the monolayer and of the
the mixed ordering regime disappear f¥<0.38 below bilayer that are quite different. They reported that the first
which long-range orientational ordering appears. layer is characterized as a system with short-range but no

Figure 17 shows typical NMR absorption line shapes forlong-range order. As the coverage is increased to the second
ortho concentrationsX<0.55. As X decreases, a doublet layer there is a transition to ordered planar phases. According
spectrum appears below the glass redigig. 17a)], consis-  to this interpretation, the second layer would induce a drastic
tent with a long-range orientational orderif@xpected from change in the first layer: the Nmolecules of the first layer
theory to be a pinwheel orderThe NMR line shapes show would be pushed out of their graphite potential wells, either
only a single component for long-range ordering and theo match another lattice constant or as disordered molecules.
same ordering occurs for both the first and the second layeHowever, a different hypothesis has been proposed by Bour-
Figure 17e) has features extending out 6200 kHz that donet al.”® They interpreted the low-temperature phase as an
resemble the special signatures of the spectra for an orientardered bilayer because the feature of the neutron spectrum
tional herringbone ordering which was observed in theproduced by the bilayer did not resemble any disordered
monolayer and submonolayer films of, n BN for low  structure.
ortho concentrations and low temperatifashere the sub- For purposes of illustration we show schematic represen-
strate interactions dominate over the EQQ interactions. It isations of the different orientational orderings deduced from
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temperature rotationally disordered pha@g, an intermedi-

ate temperature SCF ordered phase limited to the first 2—3
layers near the substrate, afiid) at the lowest temperatures

a mixed quadrupolar glass state and SCF ordered phase. The
analysis of the substrate crystal field ordered spectra shows
that the molecules close to the substrate behave as hindered
rotors, leading to a large additional width in the spectrum
from the spin-orbit coupling R 3).

The bilayer films exhibit a completely different phase dia-
gram from that observed for the thick films. The predomi-
nant features are the existence of a well-defined long-range
orientational ordering below(~0.61 with a region of coex-
istence of quadrupolar glass ordering and long-range order
for intermediate concentrations and temperatures. The tran-
sitions are sharp and the data are best understood if the ori-
entational degrees of freedom of the two layers are tightly
coupled together. Unlike the thick films we do not observe a
o . ; . - large disordered component that persists to low tempera-

(b) Quadrupolar glass ordering tures. We attribute this to the influence of the substrate crys-
tal fields that induce local orientational ordering in very thin

FIG. 18. Schematic representation of different types of orderindilms.
of the molecular axes in the bilayer films) pinwheel ordering and There is a sharp contrast between the orientational order-
(b) quadrupolar glass ordering. The different shapes represent diing observed for both bilayers and 12-layer films and that
ferent probabilities for orientations of the molecular axes, an@din  seen for bulk samples. The enhanced ZPM at the free surface
all are identicalconstanto), while in (b) there is a broad distribu- apparently inhibits ordering for relatively thick films while
tion of shapes from prolate ellipsoidsr{-1) to oblate ellipsoids  the substrate interactions dominate the behavior for thin
(0~-2). films. This behavior is a clear manifestation of the depen-

) ) S dence of the ordering in frustrated systems on opposing geo-
the NMR spectra for bilayer films in Figs. @8 and 18b).  metrical constraints due to the presence of the substrate and
Figure 18a) illustrates the long range orderédferred pin-  the free surface. Understanding the different critical concen-
whee) phase for both layers that is seen at very low tem+ations observed to be necessary for long-range orientational
peratures. Figure 1B) depicts region Il of the phase dia- rdering and glass ordering for the different geometries is a

gram for the quadrupolar glass ordering observed for bothyajor challenge for the theory of these frustrated systems.
layers at intermediate temperatures.

s
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