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NMR pulse techniques have been used to study the orientational ordering of 15N2 mole-
cules physisorbed on graphite. A small hysteresis (~2.5%) and small discontinuity in

the evolution of the NMR echo amplitudes which depend directly on the local order param-
eters indicates that the order-disorder transition is first order.

PACS numbers: 64.70.Kb, 61.50.-f, 76.60.Lz

We report results of an NMR study of the orien-
tational ordering of monolayers of *N, mole-
cules physisorbed on exfoliated graphite. This
system is a physical realization of the two-di-
mensional (2D) ordering of electric quadrupoles
on a triangular lattice for which topological frus-
tration and critical fluctuations are expected to
play major roles.»? The transition from the
orientationally disordered phase has stimulated
considerable interest since it is believed to be-
long to the same universality class as the n=3
component Heisenberg model with face-oriented
anisotropy, and it is predicted that critical fluc-
tuations will drive the transition first order.™3:*

Although recent low-energy-electron diffraction
measurements®® have shown that the orientation-
ally ordered phase is a (2X1) herringbone config-
uration, the nature of the phase transition has not
been elucidated. In order to determine whether or
not the transition is first order we have used NMR
techniques to follow the evolution of the local or-
der parameters. The results indicate that the
transition is first order with a small discontinu-
ity in the order parameter and a hysteresis = 2,5%
on thermal cycling., This agrees qualitatively with
recent Monte Carlo simulations.?

Monolayers of N, form a commensurate 2D
solid on graphite below 47 K with the molecules
occupying the center of every third carbon ring,
i.e., a (V3xv3)R30° triangular net.” At high
temperatures, the molecular axes are disorder-
ed as a result of thermal agitation, but at low
temperatures this rotational symmetry is broken
by anisotropic forces acting on the molecules.
There are two contributions: (1) the strong aniso-
tropic potential of the graphite substrate® for
which the molecules tend to lie parallel to the
graphite, and (2) the anisotropic interaction be-
tween the molecules (principally electric quadru-
pole-quadrupole) which leads to a collective orien-
tational ordering of the axes.® The results of en-
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ergy minimization,’® Monte Carlo simulations,!!
and mean-field-approximation calculations' show
that the ground state is a two-sublattice herring-
bone array.

The orientational ordering transition was first
seen in heat-capacity studies'? and later con-
firmed by neutron scattering.'®* The herringbone
structure was identified by low-energy electron-
diffraction measurements®® which were able to
detect several superlattice reflections. The in-
tensity of the superlattice peaks varied continu-
ously on warming with an apparently smooth tran-
sition at approximately 30 K although a weak in-
tensity persisted up to 39 K. It was not possible
to conclude from these studies whether the tran-
sition was smooth or first order.

More detailed information concerning the evolu-
tion of the local orientational order can be ob-
tained from NMR studies since the intramolecu-
lar nuclear dipolar and electric quadrupole inter-
actions, and anisotropic chemical shifts, do not
average to zero if the molecular axes have a pre-
ferred orientation. [N, (. =0) was chosen
rather than N, (@, #0) to avoid very broad
lines which occur if there is a small distribution
of order parameters, |

Since the nuclei of *N, are identical fermions
there are two molecular species: o-'°N, (total
nuclear spin /=1, odd orbital symmetry) and p-
15N, (I=0, even orbital symmetry). For 7T>4K
the solid consists of a random mixture of 75% o-
and 25% p-'°N,. The NMR spectrum of the ortho
molecules is determined by the perturbation of
the nuclear Zeeman Hamiltonian by the dipolar
and anisotropic chemical shift Hamiltonians
whose secular components are given by!% 18

Hp'= —(rD /3)P,(6,)(31,,% -2) ,
Hxi'=thch(9i)Iz.-- (1)

8, specifies the orientation of the ith molecule

with respect to the applied magnetic field (Z axis)
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and P,(0,) is the Legendre polynomial. D=8710
rad s™ and x ,.=4X107%w,, w, is the Larmor fre-
quency. If each molecule has a preferred orienta-
tion along an axis z; we need to know the time
scale of angular fluctuations with respect to z;

to determine the NMR spectrum. These devia-
tions determined by the molecular interactions
occur on a time scale £,,; <D™! (or x™'). For ¢

> tmo1 the orientations are described by a prob-
ability distribution with principal axes x;, v;, z;,
and local quasistatic order parameters p;=(3z 2
-1)/2 and n;=(x;*-y,;%) which define, respec-
tively, the mean alignment along z; and the
eccentricity of the distribution., With this nota-
tion the angular dependence in Egs. (1) becomes'®

Py(6;)=p;Py(a;) +4n, sina;cos28;, (2) |

where the polar angles (a;, B;) specify the field
direction with respect to the local reference

triad (x;,y;,2;). For the herringbone phase at
low temperatures, n; =~ 0, and the simplified
form of Eq. (2) can be used to follow the evolu-
tion of the order parameters p;. The full form

of Eq. (2) is kept at high temperatures to allow
for nonzero ~; which can occur for thermal agita-
tion out of the plane.

We used pulse techniques designed to eliminate
the contributions of #,  and local magnetic field
gradients.'” Sequences consisting of a 90° pulse,
R,(90), followed at #=7 by a second pulse, R fy)
(which rotates the spins by an angle ¥ about an
axis at angle ¢ to the y axis), produce a solid
echo’'® at =27 given by

Ay(27) = ;e*?[~sin®y +cosy (1l —cosy){cos2D; 7)) |

+ 3|sin®y +cosy(1 +cosy){{exp[-2(x; + Aw;)T]cos2D, 7)) ]. (3)

D;=DP,(6,) and Aw; corresponds to a local field
shift. Double angular brackets {{)) indicate an
average over different sites. By subtracting the
amplitudes for sequences with ¢ =0 and ¢=7/2
we elminate the contributions of x; and Aw; and
observe

5,(27) = =sin?p +cosy (1 - cosy)(cos2D;7)). (4)

Since the modulation term ({cos2D, 1)) depends
on the order parameters p; and n; and the orien-
tations of the symmetry axes, one can follow the
temperature dependence of the order parameters
and the angular dependence as the magnetic field
is rotated. We will assume for the moment that
the p;, have the same value p, at each site and
that »;=0. For ideal perfectly flat substrates
there are two simple cases: (i) for the field B,
perpendicular to the substrate, P,(a;)=-3 at
each site and S, *(27) =cosp,DT; (ii) for B, paral-
lel to the substrate one must add the independent
contributions from each 2D crystallite—for a 2D
powder this gives

S, "(27) =cos(z p,D1)J(3.p,DT) .

dJ, is the zero-order Bessel function.

The substrate was made from sheets of ex-
foliated graphite (Papyex-N)!° separated by 0.015-
mm Mylar sheets aligned parallel to the rf field.
Cu wires linked each sheet of graphite to a regu-
lated thermal plate whose temperature was moni-
tored by a germanium resistance thermometer.
Monolayer coverage (x =1.00+0,02) was deter-
mined by observing the first knee in the 78-K iso-
therm.'2+?®22 The NMR echoes were obtained us-

ing a fast recovery 3-MHz pulse spectrometer.?
The results observed at 4.6 K for the orienta-
tionally ordered phase are shown in Fig. 1. Fig-
ure 1, curve g, shows the unmodulated T, decay
for the 90°-7-90° sequence and provides a neces-
sary check on the value of T, used for the analy-
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FIG. 1, Observed echo amplitudes for a monolayer of
15N, at 4.6 K for pulse sequences 90°-7-90° (curve a),
90°-7-180° with B perpendicular to the graphite sheets
(curve b, left-hand scale), and 90°-7-180° with B paral-
lel to the sheets (curve ¢, right-hand scale). The solid
lines represent fits described in the text. Inset: a
typical signal for the average of 8-K echoes. The low
signal -to-noise ratio is due to the poor effective filling
factor (~10~%) compared with bulk material for the
same sample chamber,
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sis of the 90°-1 -180° sequences. The reduced
depth of modulation of S,%(27) compared with the
ideal case is due partly to the misorientation of
the graphite platelets in the Papyex sheets which
consist of a mixture of well-oriented platelets
and dust (approximately 25%).2* The best fit for
both field orientations was obtained for a Gaus-
sian spread P(f) of platelet orientations with a
half -width at half maximum of 18° and a fraction
a=0,31 of sites with p =0.. The value of the order
parameter inferred from the fits is p,=0.83
+0,05, but the precise value depends on the as-
sumptions made for P(2) and should be used with
caution. [For the o phase of bulk N,, p,=0.863
+0.003 (Ref. 9)].

A slightly better fit can be obtained if one al-
lows for a small width in the distributions P(p)
of order parameters rather than the delta func-
tion form assumed above. Such a broadening
may occur since the ordered phase is fragile
with respect to defects, and boundary effects for
graphite platelets ~100 A would be significant.?s

The analysis given above for low temperatures
assumed local axial symmetry (z;=0). The ex-
cellent agreement between the calculated curve
b in Fig. 1 and the experimental results justifies
the assumption for 7= 0, This is expected for
the herringbone phase at low temperatures, but
the results for higher temperatures (4.6 <7< 36
K) indicate that n; are small with an upper limit
|n;|<0.24. A more precise analysis in terms of
both parameters is hindered by uncertainties in
graphite misorientations but this does not prevent
testing for a first-order transition by following
the thermal history of the echo amplitudes.

The temperature dependence of the order pa-
rameters was investigated using 90°-7-180° pulse
sequences with 7 fixed (close to the first min-
imum of Fig. 1, curve ¢) and B, parallel to the
graphite. Since the echo amplitudes S(27) in-
crease as p, decreases, the observed variation
of S with temperature can be used to deduce p,(T)
if deviations from axial symmetry are not signifi-
cant (n;~ 0). The results [Fig. 2(a)] were repro-
ducible on warming with a small discontinuity at
28.1+0.1 K. Despite the difficulty with the deter-
mination of small »;, the discontinuity in the
signal amplitudes points to the first-order char-
acter of the transition. The upper limit |#; |
< 0.24 just above T, was determined by compar-
ing echo decays for B parallel and perpendicular
to the graphite planes. A distinct jump in the
height of the echo amplitudes S" (27=0.6 msec)

was observed at 28.1 K on warming at 25 mK/min.
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FIG. 2. Temperature dependence of the echo ampli-
tudes S(27) = A9~ —A?=7/2 for (a) 90°~180° and (b) 90°—
90° sequences with 7 fixed. There is a small disconti-
nuity at 7= 28.1+0.1 K. The hysteresis is reduced by
annealing at 45 K for 38 h (open circles). Other sam-
ples were annealed for 8 h. Open (solid) symbols refer
to cooling (warming) and different symbols indicate dif-
ferent samples.

The cooling curves vary with the thermal his-
tory of the sample. This irreproducibility is
probably due to the problem of nucleation of the
frustrated herringbone array which can be laid
down in six different ways on a given lattice.

The above analysis of the 90°-7-180° echo am-

' plitudes is.only valid if the order parameters are

time independent for 0.1D ~*<¢<10D!, This was
checked by studying 90°-7-90° amplitudes [Fig.
2(b) | which show only a small additional damping
(~20%) just below T,. This may be due to slow
domain-wall motion rather than an intrinsic ¢
dependence of the p;.

The hysteresis of approximately 2.5% is ob-
served for both types of echoes and for different
samples. This is the best evidence so far ob-
tained for the weak first-order character of the
transition, and careful tests were made to ex-
clude the effects of a possible thermal lag be-
tween the graphite and the N, layer by use of the
NMR signals S(7=0) to measure the temperature.
The thermal coupling of the N, to the substrate
is poor with thermalization times ~45 min near
30 K. (The nuclear spin-lattice relaxation time
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is short, T, =1 sec, and attributed to magnetic
impurities in the substrate.) The most convinc -
ing evidence that the hysteresis is real is the
observation that if the warming cycle is stopped
below T, and the sample cooled, the solid “warm-
ing” curve (Fig. 2) is retraced. This is not true
if the sample is warmed above T,. The hystere-
sis appears to be associated with the first-order
character of the transition.

In conclusion, the small hysteresis and discon-
tinuity in the temperature dependence of the or-
der parameters observed by NMR provide evi-
dence for a first-order transition to the herring-
bone phase for monolayers of '°N, on graphite.
Unusual effects possibly related to a second
phase transition have been seen for coverages X
=1.06, Further work with use of improved tech-
niques to enhance the signal-to-noise ratio and
reduce the long data acquisition times should
help elucidate these features.

Discussions with M. G. Richards, B. P. Cowan,
A, J. Berlinsky, M. A, Klenin, J. R. Brookeman,
M. Devoret, D. Estéve, D. Glattli, and J. M.
Delrieu are gratefully acknowledged, as is also
S. Leibler’s help with preliminary experiments.

Note added.— After submission of this Letter,
our attention was drawn to recent heat-capacity
mesurements by Migone et al.?*® The difficulty
in determining 7. from the broad heat-capacity
peaks of Migone ef al, probably explains the dif-
ference between their 7, and ours,
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