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Orientational behavior of quantum rotors physisorbed on boron nitride
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We report the results of NMR studies of the two-dimensid2&l) phase diagrams for molecular,Hilms
(monolayers and submonolaygredsorbed on BN for ortho-fconcentrations 08X<0.745 and tempera-
tures 0.05xT<4.2 K. A 2D quadrupolar glass state has been identified for submonolayer coverages for
0.48<X<0.69 and 0.&2T=<0.6 K. For submonolayer fiimé75% of full monolaye), an orientationally or-
dered phaséexpected pinwheel structyrevas observed foX=0.69 with a transition to a second distinct
ordered phaséexpected herringbone structyfer X<0.69.[S0163-18207)50702-§

Studies of the orientational behavior in thin films of quan- (at the expected commensurafgx /3 density. The orien-
tum rotors(H,, D,) are of considerable interest in exploring tational ordering for highJ=1 concentrations(0.79<
the effects of reduced dimensions on highly frustratedX<0.95 on exfoliated graphite has been determined by the
systems.~® Ortho-H, (and para-D) molecules with unit an- pioneering NMR experiments of Kubiit al****to be a pin-
gular momentun(J=1) represent an almost ideal assemblywheel (PW) ordering forX=0.9 for y3x /3 registry(each
of interacting “spin-1” quantum rotors. At high tempera- molecule occupying the center of every third carbon ¥ing
tures, the molecular centers of mass are fixed at the latticeut the full phase diagram for lowgtwas not explored. The
sites but their orientations are thermally disordered. At lowstructure determined by Kubikt al'®*!*is consistent with
temperatures, the highly anisotropic interactions, principallfthe 2D phase diagram obtained by Harris and Berlifisky
electric quadrupole-quadrupol&QQ betweenJ=1 mol-  from mean-field theoryMFT) that predicted a variety of
ecules and the interactions with the substrate, lead to phasgdered structures depending on the value of the substrate
transitions in which the molecular axes are ordered. The beyotentialV,. The MFT ignores fluctuations which are espe-
havior in 3D samples is well known'! with a long-range cially significant in 2D, and O’Shea and Kléfrusing Monte
antiferro-orientational P@configuratioﬁo at high rotor con-  Carlo (MC) simulations predicted substantially lower transi-
centrations and a quadrupolar gla$QG) stat€® for  tion temperatures. They used a renormalized EQQ interac-
X=0.55. tion to account for quantum effects. Fgg=0, O’Shea and

The interest in these systems is that the intermoleculaklein!® found a PW ordering, and fov, large enough to
EQQ interactions are highly frustrafed due to a fundamen- force the molecules to lie on a surface they observed a her-
tal geometrical incompatibility between the symmetry of theringbone(HB) structure. A strongy . tends to align the quan-
interactions and that of the lattice: the lowest energy for aum rotors in the same orientatiofstanding up or lying
pair of quadrupoles is a “tee” configuration with molecular down in a plane parallel to the substrate, depending on the
axes mutually perpendicular, but it is impossible to arrangssign of V) and this competes with the EQQ interactions
all molecules mutually perpendicular in close-packed latwhich favor “tee” configurations for each pair. From these
tices. It is the combination of this geometrical frustration andsimulations, we therefore predict that the ordering would be
the disorder introduced by the addition of spheridatO
molecules that is believed to result in the QG state. This 20
combination of frustration and disorder is believed to be 184
common to a wide class of glass formérluding magnetic
spin glasses but the underlying physics of the glass forma-
tion is not well understood and remains as one of the most
outstanding problems of contemporary physics. In view of
the geometrical nature of the frustration it is important to
determine the influence of restricted geometries on the order-
ing of frustrated quantum rotors for which the origin of the
frustration and the effect of dilution are particularly clear.
The knowledge gained from this relatively simple system
can provide valuable insight into the behavior of the large
family of glass formers.

The purpose of these studies has been to determine the
full phase diagram for the orientational ordering of Bn a
well-defined insulating substra®N) for a wide range of FIG. 1. The phase diagram for a submonolajgemmensurate
ortho concentrations(0.3<X<0.745 and temperatures fim of quantum rotors on BN. The symbols refer to experimental
0.05<T<4.2 K. We have studied both complete monolayerobservations of transitions in the line shapes that define the phase
coverages(incommensurajeand submonolayer coverages boundaries.
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FIG. 2. The submonolayer NMR spectr@ pinwheel,(b) herringbone(c) quadrupolar glass, an@) CF-ordered. The dotted lines
correspond to theoretical models for the different structufBise dipolar constani=57.7 kHz and the spin-orbit constar#113.8 kHz.
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PW for systems dominated by EQQ interactiomg., for  acterization of the lattice structures of adsorbed systems on
high X) and that for lowX, the ordering would transit to HB. BN is not as advanced as for graphite, but recent NMR stud-
If the disorder is critical for dilute rotor concentrations, a 2D ies of He on BN (Ref. 34 have clearly identified the cov-
QG state would emerge at low temperatures. ~ erage for the commensura{8x 3 phase(75% of a com-
Exfoliated graphite has_ been extre_mely well characterizeghiete monolayer with an incommensurate structure at high
as a substrate and there is a rich variety of phases, commeggyerages. Although there are no specific results fgroH
surate solidCS) and incommensurasS) strlictures forthin BN it is expected that registry will also occur for 75% of a
films of physisorbed quantum systemi$ie, “He, H,, HD, monolayer for H, on BN. The precise monolayer coverage is

17-20 i L2
and D,. _Tr_lgrmal measuremen@isotherm St_Ud'e]S and hown from careful adsorption isotherm studies of HD on
heat capacif* 29 of gases adsorbed on graphite have showng, 35

indications of transitions to new ordered structures in 2D.” ] . .
. . , We have used commercially available BN sampfeshe
The lattice structures were determined using neutron

scatteringS'ZG and low-energy electron diffractio 2”28 This samples must be carefully cleaned and annealed to achieve
characterization of the lattice structures foy b graphite is the hcljghgsht hﬁmogenilty aqd to remove an)lll |mpur|téehs asr?o—
particularly important for testing the theoretical models of¢!ated with the manufacturing process. Following Shreshta

the orientational ordering. Unfortunately, graphite is not the®t al,* we washed the samples in methanol and rinsed the
best substrate for NMR studies because of its anisotropif@Wder with deionized water, being certain to filter and dry
platelet diamagnetisfh and the relatively high electrical the BN powder each time. The sample was outgassed for 4 h
conductivity at high radio frequencié®F).%° These effects at 200 °C and then annealed for 24 h at 900 °C under a
distort the NMR line shapes and the phase relationship of thgacuum of 10° Torr. The BN was loaded into a Kel-F NMR
applied RF to the NMR signalso that detailed line shapes sample cefi” as a loose, uncompressed powder. Thermal
are not reliable, particularly in the ultrahigh frequency re-contact was assured by inserting a bundle of fine copper
gion. For this reason we have chosen hexagonal BN which igires into the powder with one end of the wires soldered to
isoelectronic with graphite but has diamagnetic fields that ar@ copper flange attached to the cold finger of a dilution re-
40 times smalle?! BN has been shown by Shreshggal, 3  frigerator. High-purity normal H gas was physisorbed onto
Evanset al,*® and Craneet al>* to be a high quality sub- the BN at 20 K using the calibrated volume for completion
strate with high homogeneity, large crystallite sizes and relaef a monolayer(IS phas¢ and 85% of a monolayer for the
tively low corrugations of the substrate potential. The char-CS phase. It was necessary to add 10% more than the known
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201 The observed NMR spectra show clear changes in the
detailed line shapes at the transitions from the high-
Disorder temperature rotationally disordered states to the orientation-
ally ordered structures. The disordered line shape consists of
a narrow[~18 kHz full width at half-maximum(FWHM)]
Gaussian line shape and this splits into a Pake doublet struc-
ture (central peak separaticn54.6 kH2 for the transition to
the HB phase. The QG line shape is a “helmet” shape with
06 i a central GaussiafFWHM=89 kHz sitting on top of a
0.4 l : broad line with shoulders extending 10100 kHz. Finally, at
] v — very low temperatures we observe another line shape which
——— , consists of a central doubléseparation of 65 kHzwith
02 03 04 05 06 07 08 shoulders extending to a maximum of 405 kHz at the lowest
ORTHO CONCENTRATION X T (360 kHz at the phase boundar=0.15 K). This very
low-temperature structur@vith sharp boundaries to the glass
FIG. 3. The phase diagram for a monolayercommensurale  phase aff =0.19 K) is unique and has not been reported for
film of quantgm rotors on BN. The symbols correspond to changes,, |k or previous 2D studie¥ It can only be understood in
in the NMR line shapes. terms of a crystal-field ordered pha&aF) that leads to hin-
dered rotation and a finite spin-orbit contribution. Detailed
exact registry density of 75% to cover the “lost” aréa6%  fits of Fig. 2Ad) can be made using modeling of Dubault
dust component;-2% for crystallite edges, the brush of cop- et al3® and will be reported in detail elsewhere.
per wires embedded in the BN, and the walls of the sample Guided by the results of the MC simulations, the orienta-
chamber. We believe it is important to slightly overfill tionally ordered phase for 05I<2.0 K and X<0.67 (for
(~1%) the registeredy3x \3 density rather than leave a the y3x 3 structurg is identified as HB. On lowering the
small percentage of vacancies in the CS latticemdlecules  temperature these doublet line shapes change to the broad
surrounding such vacancies will be displaced forward to vaQG line shapes corresponding to a superposition of Pake
cancy center, creating large undesirable local anisotropidoublets. Another Pake doublet structure with larger princi-
crystal fields. After adsorption of 1 a small quantity of pal peak separation is seen for hi¥h~0.67 and low tem-
“He gas was introduced to completely wet all surfaces teratures, and we identify this as a PW phase consistent with
improve thermal contact. the results of Kubiket al!* The glass regime separates the
The transition from the rotationally disordered to thetwo long-range-ordere@PW and HB regions of the phase
orientationally ordered phases can be studied directlgiagram except for a small region neér=0.69. The NMR
using NMR techniques because the NMR line shapetine shapes for the powder distribution of the substrate crys-
are directly related to the orientational order parametersallites cannot distinguish between the PW and HB phases
o=(1-(3/2)32) and n=(J;—J;). For (o and 7)#0, the and it is the results of the MC simulations together with the
intramolecular dipole-dipole interactions do not average taesults of Kubiket al***that have been used to make this
zero and lead to a fine structure which for powder distribuddentification.
tions of the BN crystallites results in Pake doublet spectra for The phase diagram for the submonolayer film deduced
both HB and PW ordering, but with different signaturesfrom these clear changes in the line shapes is given in Fig. 1.
(peak-peak separation, etcln the case of QG ordering, a The individual line shapes corresponding to the distinct re-
distinctive “helmet” line shape results from which the order gions of the phase diagram are shown in Fig. 2. The evolu-
parameter distribution can be determired. tion from Fig. Za) to 2(c) appears to be continuous but lim-
NMR studies alone cannot be used to determine the ddted to a small temperature interveAT<90 mK), and the
tailed structures for the ordered phases, but we can determirtieansition from HB to PW neaK=0.69 is relatively sharp
the changes from one phase to another from clear structurut at most a weak first-order transition. The PW and HB
changes in the NMR spectra. We have therefore used thée shapes are distinguished by not only a different principal
results of the MC simulations to label the different phasepeak separationi62.7 and 54.6 kHz, respectivelyput also
changes observed by the NMR studies. Based on the M&harper shoulders for the HB structdigig. 2(b)]. The QG
simulations, we infer that the ordering for highis PW and line shape is the distinctive triangular helmet shape that can
that this phase evolves into a HB structureXaslecreases. only be explained in terms of a broad distributi®o) of
The PW ordering for highX is also consistent with the ob- order parameters. We can fit the line shapes by a superposi-
servations by Kubilet al1* for very highX (X=0.90. tion of Pake doublets to obtain a qualitative measure of
The NMR absorption spectra were detected using a 27® (o) and will report this elsewhere.
MHz continuous wave NMR quadrature hybrid tee spec- In addition to the submonolayer studies we have also ex-
trometer and recorded by sweeping the magnetic fielgplored the phase diagram for a full monolayer coverage
through the resonance with simultaneous ac modulation which is expected to be an IS lattice from the results of the
G) and lock-in detection. The derivative NMR line shapes *He NMR studies on BN The phase diagram inferred from
from the lock-in were integrated usingaATHEMATICA8, A the line shapes discussed above is shown in Fig. 3. We find
low rf excitation of —30 dBm was used to avoid saturation no evidence for QG ordering for a monolayer coverage, and
effects, but saturation did occur at very low temperatureshe distinctive CF-ordered line shape was not seen down to
where the relaxation times become very long. the lowest temperatures explored $0 mK, limited by ther-
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mal contact to the BN A PW structure was observed for below the percolation concentration a glass phase may not be

high temperatures and higk with a weak(possibly first-

order transition to the HB structure at low ortho concentra-

tions.

The transition from théhigh T, high X) PW phase to the

R667

realized.
It is interesting to note that there is a qualitative similar-
ity between the phase diagram for CO/gragfiitand

the phase diagrams reported here with PW ordering domi-

HB structure can be understood qualitatively in terms of the@nt at high coverages and HB ordering at low coverages.
competition between the EQQ interaction and the substratgh€re is a coexistence region with both PW and HB ordering
crystal fieldV, . As X is reduced the strength of the mean o7 CO/graphite at intermediate temperatures and coverages
field given by(XI") (wherel is the EQQ interaction ampli- similar to the QG region for H/BN. The broad diffusive
tude per ortho pairis also reduced, and the decreasedheat. capacity peaks seen for both PW and HB transition for
XI'/V, ratio leads to HB ordering at lowX. This is essen- CO in this region could be the signature of a glass phase
tially tche same argument as used by F(E!l].gil 4010 explain which would not be identified in the heat-capacity studies. It

) ) ) . ) woul ful rr NMR ies in thi m
the differences in the orientational ordering for CO com- ould be useful to carry out studies in this system to

i , measure the order-parameter distributions directly and test
pared to N, on graphite. For CO/graphite one observes &, QG behavior.

sharp PW ordering at high coverages, but at low coverages a conclude, we have mapped out the phase diagrams for
broad diffusive transition to HB ordering is observed. This isthe orientational ordering of ortho-para, Hixtures in sub-

to be contrasted with blgraphite for which shargweak  p,on5javer and monolayer coverages on BN. The most sig-
first-orde) transitions to HB structures are observed for CShificant result is the observation of a new 2D QG state for

films, and increases in coverage lead to gniaxial compressiofy mmensurate films. The overall phase diagrams for the
of the HB phase rather than a PW ord&f? This difference long- range orientationally ordered phases are consistent
for N; and CO on graphite was attributed to the difference inyiih those predicted from MC simulations. The detailed

'V which is 1.5 times stronger for CO than that fopN  phase diagrams and the dependence on the lattice geometry
For N, and CO on graphite, no clear evidence for QG the adsorbed film for glass formation show the strong
formation was observed. We believe that this is due to th‘?nterplay between geometrical constraints and the symmetry

absence of substitutional .disorder in the system which _is iNgf the interactions that determines the underlying physics of
troduced naturally for H with the replacement of ortho with glass formation in frustrated systems.

para molecules. It is the combination of frustration and dis-

order that is believed to be responsible for the glass phase. We gratefully acknowledge many helpful discussions
The absence of glass formation in our studies for IS monowith J. R. Bodart, A. D. Migone, and M. Chan. We also
layer coverages is not understood. It is possible that the comthank T. Crane and B. Cowan for information abolde
pressed structure pushes the critical concentration for glasggistry on BN. This work was supported by National Sci-

ordering to very low ortho concentrations and if this falls ence Foundation Grant No. DMR-9216785.
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