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ABSTRACT

NMR has been employed to measure the orientational
behaviour of sub-monolayers of H, and D, adsorbed on
graphite from .3 K to 12 K. For the temperature and coverages
used, the hydrogen forms a lattice commensurate with that of the
graphite (/5 x V3 structure) and can be modelled by a hexagonal
lattice of interacting quantum quadrupoles. Each molecule also
experiences a crystal field arising from Van der Waals inter-
actions with the substrate and with the other hydrogen
molecules. For such a system, mean field theory predicts a
variety of orientationally ordered phases, depending on the
relative strength of the crystal field and the molecular field,
which are always in opposition. A key question to be answered
by experimeﬁt was whether the strong fluctuations associated
with quantum effects and the two dimensional nature of the
system would in fact allow a finite transition temperature.

We have observed that for 90% ortho—H2 (J=1), the
splitting of the high temperature NMR doublet increases rapidly
with decreasing temperature near .6 K and additional structure
appears. In addition, the .3 K spectrum agrees well with the
expected T=0 spectrum for the orientaﬁionally ordered pinwheel
phase of mean field theory. Consequently, the rapid increase in
the splitting is integpreted as an orientational ordering

transition.
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In contrast to the results for’Hz, the NMR spectrum of
90% para-D, (J=1) shows no rapid changes, evolving smoothly
from a doublet to a very broad and weak structure. There is no
evidence of orientational ordering, at least down to .3 K. The
different behaviour of H, and D, is particularly puzzling in
light of the fact that the bulk solids both order orientation-
ally into the same structure at similar temperatures.

From the temperature dependence of the splitting of the
high temperature NMR déublets, we have extracted the values of
the crystal fields and effective quadrupole coupling constants
of H, and Dy The quadrupole coupling constant of D, is
somewhat less than the rigid lattice value as one would expect
in the presence of translational zero point motion. However,
that of H, is much too small for this mechanism to be

responsible.
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CHAPTER I

INTRODUCTION

1.1 Techniques Available for the Study of Physisorbed Hydrogen
Although there have been numerous studies of hydrogen
chemisorbed on various surfaces, particularly metals, physisorbed

molecular hydrogen1

has received relatively little attention.
Physisorption studies have concentrated on the inert gases. 1In
many of these studies the basal plane of graphite has been used
as a substrate because graphite is available in forms with both a
high specific surface area and a high proportion of uniform basal
planar adsorbing surfaces.

Hydrogen should be a good probe of gas-surface interactions
and two-dimensional (2D) phases because the microscopic
interactions.of hydrogen molecules are very well known. However
there are several stumbling blocks to the study of physisorbed
hydrogen. Sub-monolayers of hydrogen on graphite do not solidfy
until the temperature is reduced to 20K or less (Nielsen et al,
1977). This severely restricts the use of many modern surface
analysis techniques such as low energy electron diffraction
(LEED), Auger electrén spectroscopy, and field emission
microscopy, the apparati for which‘are normally designed for
operation at higher temperatures. Also, hydrogen, being a very
light molecule, scatters electrons‘and X-rays very weakly so

there are large background signals from the substrate. 1In

addition to surface methods there are several bulk techniques



that can be adapted to surface studies provided that the
substrate has a large area. However, they suffer from low signal
to noise (S:N) ratios. Neutron diffraction from H, is

inhibited by the fact that scattering from para-H, (p—Hz),

the equilibrium species at low temperature, is almost entirely
incoherent. The situation is more favourable for D, which
scatters primarily coherently. Specific heat measurements have
been used extensively and effectively to study the 2D phases of
helium, 1In the case of hydrogen, however, such measurements
would be complicated by the presence of heating arising from

2

conversion. The technique of nuclear magnetic resonance

3He,

(NMR) , which has been valuable for the study of adsorbed
would also be expected to be useful for the study of adsorbed
hydrogen. P~-D, and o-H, both have total nuclear spin I=1.

o-D, has I=0 and 2 and p-H, has I=0. The first three species
all give an NMR signal; o-H, is a particularly good subject for
NMR because it has a large nuclear magnetic moment. However, as
we shall see later, the NMR spectra of adsorbed hydrogen are
considerably broader than those of 3He so the S:N ratios are

not as good.

Many of the theoretical techniques used in statistical
mechanics could be applied to adsorbed hydrogen but there would
be complications.due to the quantum nature of hydrogen molecules.
This renders difficult the application of Monte Carlo and

renormalization group (RG) methods which have been used

extensively for other adsorbed systems. Mean field theory has



3
been used quite successfully to study the orientational behaviour
of hydrogen molecules adsorbed on graphite (Harris and Berlinsky,

1979).

1.2 Previous Work

The earliest measurements on H, adsorbed on graphite were
adsorption isotherms (Constabaris et al, 1961l). Since then there
have been other pressure measurements (Dericbourg, 1976; Daunt et
al., 1981) bu£ all of this work has been primarily concerned with
multilayer adsorption. For several inert gases, most notably Kr,
adsorbed on graphite, the adsorption isotherms show structure
arising from 2D phases in the sub-monolayer region (Thomy and
Duval, 1969). Similar behaviour has not been observed for H,.

Inelastic neutron scattering (Stockmeyer et al, 1978) and
molecular beam scattering (Mattera et al, 1980) have been
employed to measure the energy levels of adsorbed hydrogen
molecules., From the molecular beam work it has been possible to
derive a laterally averaged molecule-surface interaction
potential. A binding energy of 483 K for H, on graphite has
also been obtained.

Specific heat (Bretz and Chung, 1974), elastic neutron
scattering (Nielsen et al, 1977) and LEED (Seguin and Suzanne,
1982) have been used to attempt to study the 2D translational
phases. Peaks in the spécific heat were observed between 8 K and
16 K for three coverayges of less than half a monolayer. For the

2
two lowest coverages (.0112 and .0277 molecules/x ), the



2

specific heat increased as T between 1K and 4K and then

exponentially with 1/T up to the peak. An incommensurate 2D

2 behaviour at low

Debye solid would be expected to give T
temperatures. Nevertheless this interpretation was rejected on
the basis of the size of the proportionality constant between the
temperature of the specific heat peak (the melting temperature in
this picture) and the square of the Debye temperature. The
proportionality constant did not agree with the prediction of the
Kosterlitz-Thouless theory of dislocation mediated melting. The
validity of the theory for this system is not established,
"however, and other theories give different proportionality
constants., The specific heat will increase exponentially with
1/T if one has two phase coexistence on the surface or if there
is a registered solid. Using the former interpretation, the
specific heat peaks were taken to represent a 2D liquid to 2D
vapour transition.

Subsequently, a translational phase diagram of coveragep
versus temperature T for H, and D, on graphite (Fig. 1) was
obtained by elastic neutron scattering. "Nearly all of the
measurements were made using o-D, but those p-H, data that
were obtained did not suggest that the phase diagram for H, was
different from that of D,.

In the low temperature and low coverage region, scattering
peaks corresponding to a /3 x /3 registered solid were observed.

In this structure (Fig. 2), a hydrogen molecule is located at

the centre of every third carbon ring. This structure has also
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Fig. 1 Translational phase diagram for H, and D, adsorbed

on Grafoil, plotted as coverage p versus T. The coverage is

normalized to full coverage by the /3x /3 solid. Phase

boundaries were deduced by Nielsen et al (1977) from neutron

scattering data. The specific heat peaks observed by Bretz and

Chung (1974) are also shown. The dashed line indicates
monolayer coverage.

p"Hz O"Dz
%pecific heat peak *
3x ¥3 solid u °
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Fig. 2 The V3x/3 registered phase of H, adsorbed on the
graphite basal plane. The diameter of the Hy molecules is
equal to the minimum of the H -H, potential. The H,
molecules are nearly sphericaf.

Fig. 3 Orientationally ordered states. (a) Herringbone: the
molecular axes are parallel to the surface for both sublattices.
(b) Pinwheel: the molecular axes of sublattices 2, 3, and 4 are
parallel to the surface but those of sublattice 1 are

perpendlcular



been observed for 3He, 4He, Ny» Kr, and CH4 adsorbed on

graphite. Note that in Fig. 1 p is normalized to complete
coverage by the V3 x V3 solid (.0637 2—2).

As T was increased the /3 x /3 peaks disappeared over a 3K
temperature interval indicating a transition to a fluid phase.
Note that the specific heat peaks for the two lowest coverages
used by Bretz and Chung ( p =.18 and .44) coincide approximately
with the neutron scattering phase boundary but that the peak for
P=.64 is at a lower temperature. The two low coverage specific
heat peaks apparently indicate melting rather than boiling.

At coverages greater than p=1 and at low temperatures an
incommensurate, triangular solid was observed by neutron
scattering.

The 3 x /3 structure has also been seen in LEED measure-
‘ments of H, On graphite at 10K (Seguin and Suzanne, 1982).
Unfortunately, in this technique, the pressure of the 3D vapour
rather than the coverage is measured; the relationship between
the two in the sub-monolayer regime is not known.

NMR has been used to measure the longitudinal and
transverse relaxation times T; and T, of o-H, adsorbed on
graphitized carbon black (Spheron 6)3 in the temperature range
12 K < T < 28 K (Riehl and Fisher, 1973). This substrate has a
high specific area of basal plane surfaces which are fairly
homogeneous (steps in the Kr isotherms can be seen) and‘flat but
lack any preferred orientation. Coverages ranged up to .3 mono-

layers (p=.52). T; and T, both increased linearly with o as



expected for a 2D gas, in which relaxation occurs through
modulation of the intramolecular spin - spin interactions by
collisions, in the short correlation time limit. This interpre-
tation is consistent with the phase boundary of Fig. 1 except
perhaps for the highest coverages and lowest temperatures: here
the high excitation frequency of 30 MHz may have led to RF
heating.

For molecular reorientation, the short correlation time
limit is expressed by

w_ 1. <<1 (1-1)

o) C

where w  1s the resonance frequency and 1o+ the correlation

o
time, is the time between collisions. If longitudinal and trans-
verse relaxation occur by the same mechanism, then in this limit
Ty = T, in 3D. Riehl and Fisher assumed implicitly that this
would also apply to a 2D gas. Since they found T, to be
considerably less than T;, they felt that there must be an
additional mechanism for transverse relaxation. They were able
to identify a possible mechanism‘by assuming a model in which
hindered rotational states of the molecules were coupled to the
translational states. More recent theoretical work (Cowan, 1980)
has shown that in 2D both T, and T, depend strongly on the

angle between the applied static magnetic field Hy and the
substrate and that for a powder substrate, the effective T,

would be considerably shorter than T; even in the motional

f <<1. Consequently the conclusions of

C

narrowing limit wg

Riehl and Fisher have been undermined.



1.3 Scope of this Thesis

This thesis describes a study of the orientational
behaviour of J=1 H, and D, molecules adsorbed on graphite
using the technique of NMR. The measurements span the tempera-
ture range of .3K to 12K at a coverage of p=.85., Therefore,
according to Fig. 1, the hydrogen should be in the /3 x /3 solid
phase. |

In this phase, the hydrogen can be modelled by a hexagonal
lattice of interacting quantum guadrupoles. Each molecule also
experiences a crystal field arising from van der Waals inter-
actions with neighbouring molecules and with the substrate.
Harris and Berlinsky (1979) have used mean field theory (MFT) to
study such a system and have predicted the existence of a variety
of orientationally ordered phases which depend on the relative
strength of the crystal field and the molecular field and on the
‘temperature. Subsequently a Monte Carlo calculation (O'Shea and
Klein, 1979) for the analogous. system of classical quadrupoles
predicted the existence of two of the phases which are shown in
Fig. 3. If the crystal field were zero, they found ordering into
the pinwheel phase. If it were large enough to force all of the
molecular axes to lie in a plane parallel to the surface,
ordering into the herringbone phase was seen.?

A system closely analogous to physisorbed Hy is
physisorbed Ny which also forms a /3 x /3 registered lattice
on graphite (Kjems et al, 1976); the major difference is that the

N2 molecules can be treated as classical rotors because of
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their large moment of inertia. Adsorbed N, molecules have been
observed to undergo an orientational ordering transition into the
herringbone phase at 28 K. Techniques used to study this transi-
tion were specific heat (Chung and Dash, 1977; Migone et al,
1983), neutron scattering (Eckert et al, 1979), LEED (Diehl et
al, 1982), and NMR (Sullivan and Vassiere, 1983).

One of the goals of the present work was to answer the
question of whether orientational ordering of J=1 molecules will
occur as predicted by MFT and the classical Monte Carlo calcula-
tions or whether it would be suppressed by either 2D fluctuations
or quantum fluctuations. It has been shown that long raﬁge
positional order cannot exist for T>0 in a 1D or 2D lattice on a
smooth substrate.5 For a 3D lattice the mean square
displacement < ﬁ(§)|2> of a molecule with an equilibrium
position R rémains finite as R , For a 2D lattice < ﬁ|2>
increases as log R and in 1D as R; in both cases it diverges for
an infinite lattice. These arguments épply to such diverse
systems as superconductors, superfluids, and magnetic spins.
Although long range positional order is precluded in a 2D
lattice, it can still have long range directional order. 1If R
is an equilibrium lattice vector and ;=§+E(§), define e(ﬁ) to be
the angle between ¥ and an arbitrary axis. On a triangular lat-
tice directional order can be measured by <exp i6[e(§)-e(0)]>.

It remains finite R+», Much of the recent effort in the
study of the translational phase transitions of inert gases

adsorbed on.graphite has been directed towards the discovery of
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hexatic phases which have short range positional order but power
law decay of the directional order. A phase of this type, which
is clearly a consequence of a melting process rather than
substrate interactions, has been seen for Xe on graphite (Rosen-
baum et al, 1983).

A triangular lattice of quadrupoles is an example of a
system exhibiting frustration,'a key concept in the behaviour of
glassy systems. A system is frustrated if it is impossible for
every pair of neighbouring molecules to achieve their lowest
energy configuration. For a pair of gquadrupoles this is a T
configuration. A square lattice of guadrupoles with nearest
neighbour interactions only is not frustrated as shown in Fig.
4(a). It is impossible for all nearest neighbours on a
triangular lattice to be mutually perpendicular so there is
frustration {Fig.4(b)]. Frustration is reduced when the system
is diluted. For hydrogen there will always be some dilution
because conversion produces J=0 molecules which have spherical
wave functions. These have no EQQ interactions so they act like
vacancies. If there is no frustration, then the system is stable
against small amounts of random dilution [Fig. 4(c)]. 1In the
presence of frustration, random dilution will cause local
reorientation of molecules but reorientation of large numbers of
molecules will be blocked by energy barriers at low temperatures.
The system may not be able to achieve the lowest energy config-
uration, becoming stuck in a metastabie state (a glass), which

depends upon the thermal history. Low (J=1) concentration
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absorbed hydrogen is a likely candidate for the formation of a
quadrupolar glass. Such a state would be characterized by
freezing of the molecules into random orientations. This has in
fact been proposed for bulk H, when the J=1 concentration falls
below .55 (Sullivan, 1976) but is still a subject of controversy
(Estéve et al, 1982; Washburn et al, 1982).

Early measurements of the NMR spectra of H, and D, in
the orientationally disordered state (the pararotétional state)
are described in Kubik and Hardy (1978). The results for the
crystél field Ve and quadrupolar coupling constant T were

H, Vo = .56 Kk T=0

D, [ | = 2.4k T=.5K
With these values the MFT of Harris and Berlinsky (1979) (desc-
ribed in Chapter III) predicts that pure p-D, (J=1) should
undergo a second order phase transition near 3K into either the
pinwheel or herringbone phase depending upon the sign of v . It
was not possible to predict an orientational ordering temperature
for o-H, (J=1) without a more accurate value of I. Although
MFT can be expected to be quite good at predicting the symmetry
of the ordered states, it is likely to predict transition
temperatures that are too high because it ignores fluctuations.

In fact in the early work no ordering was seen down to 1.2K.

O'Shea and Klein (1979) also made an estimate of the order-
ing temperature from their classical Monte Carlo calculations.
They renormalized ©I' in order to take into account gquantum effects

by comparing the experimental bulk hydrogen ordering témperature
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with 3D classical Monte Carlo results. They then applied the
same renormalization to their 2D Monte Carlo calculations to get
a transition temperature of 1.0-1.5K depending upon the strength
of the interaction with the substrate.

Encouraged, we constructed an 8.5 MHz continuous wave NMR
spectrometer (described in Chapter VII) in order to extend our
measurements down to .3K. Considerable effort was expended to
attain adequate S:N ratios, Particularly troublesome was
coherent interference induced by modulation of the magnetic
field. It was found (Chapter VIII) that 90% J=1 H, undergoes a
rapid orientational ordering transition into the pinwheel phase
at .6K. NMR spectra of H, each required at least two hours of
signal averaging so we did not determine whether or not the
transition was first order. 1In contrast, the D, NMR spectrum
underwent a émooth evolution down to .3K, becoming very broad and
weak (Chapter IX). This behaviour is very puzzling and is not
understood. Analysis of the D, spectra was severely hampered
by poor S:N ratios: 5;20 h of signal averaging was used for the
low temperature spectra. Some suggestions for improving the S:N
ratios are contained in Chapter X. We were able to deduce values
of Ve and T from the high temperature spectfa. The D,
spectra were analyzed in terms of MFT and the results agreed well

with the values obtained earlier using the 4

He cryostat. For
H, we were able to employ a high temperature expansion of the
order parameters. It reduces to MFT if only terms up to first

order in T /T are retained. Expanding as far as (r/T)3, we
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obtained values of Wcl and T similar to those found earlier
but we were also able to ascertain that V. was positive,
Finally, NMR intensity measurements showed that conversion obeyed
a first order rate equation, presumably being catalyzed by the
Grafoil. These results are presented in Chapter V.

As well as describing the results of our experiments, this
thesis was intended to serve as an operations manual for the
NMR spectrometer and 3He cryostat. Consequently it contains a
considerable amount of detail concerning the operation of the
system. For this reason the following sections could be omitted
on a first reading: 5.1-5.3, 5.5, 6.1-6.4, 7.4, and 7.5. 1In
addition, sections 3.3 and 3.4 contain details of the theory not
essential to an understanding of the results. Section 10.1
contains a concise summary of the results. The reader may wish
to peruse it éfter reading Chapters I and II in order to get

a preview of the results.
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Notes to ChapterlI

Throughout this thesis "hydrogen" refers to H, and D,.

The rotational angular momentum J of a hydrogen molecule
may be either even (para H, and ortho-D or odd

(ortho-H, and para-D %e J=0 and J= f states are
separatea by 171 K (56 K) for H, ) so that at low
temperatures one would expect only Ehe J=0 state to be
occupied. However odd J to even J transitions (conversion)
are very slow so in general one is working with a non-
equilibrium mixture of J=0 and J=1 molecules.

Manufactured by Cabot Carbon Co. It is more heterogeneous
than the Grafoil substrate (Union Carbide Corp.) used in
the present work.

Throughout this thesis the "orientation of the molecular
axes" will be referred to. However, according to guantum
mechanics the axis of a molecule in a particular rotational
state is not fixed in space: rather its orientational
distribution is described by the molecular wave function.
For J=0 molecules the wave functions are spherical. For
J=1 molecules the wave functins are ellipsoidal. In that
case the "orientation of the molecular axes" should be
taken to mean the orientation of the symmetry axis of the
wave function.

This result does not apply to registered phases. A good
discussion of this subject is contained in section 7.3 of
Dash (1975).
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CHAPTER II

ORIENTATIONAL PROPERTIES OF HYDROGEN

2.1 Orientational Interactions

Even in the bulk solid or on the surface of graphite,
hydrogen molecules can be modelled very well by free rotors.

The free rotor energies E are given by

E BJ (J+1) (II-1)

where B = 85.35 K (43.04 K) for H, (D,) (Silvera, 1980).

The difference in the values of B arises from the different
moments of inertia. Since the J=1 state of H, (Dz) is 171 K
(86.1 K) above the J=0 state, one would expect only the latter
to have any significant population at liquid helium tempera-
tures, However for homonuclear molecules conversion between
odd and eveﬁ J states may be very slow. For example, lH
nuclei are fermions so the H, wave function must be
antisymmetric with respect to their interchange. Rotational
states with even parity must be combined with nuclear spin
states with I=0, which have odd parity. 0dd rotational states
must have I=1. Similar arguments apply to D, except that
deuterons are bosons so the rotational and nuclear spin states
have the same parity. The states with the greatest spin degen-
eracy are labelled ortho; the others are para. These results
are summarized in Table I. The factor g3 is the degeneracy of

the nuclear spin states.

For homonuclear molecules, conversion reguires a simul-
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taneous change of parity of the spin and orbital states. On the
surface of Grafoil conversion is guite slow: our measurements
(Chapter V) give a rate of .40%/h for pure o-H, and .07 %/h
for pure D, on one of our substrates. This has allowed us to
study samples containing up to 97% J=1 molecules.

Table I: States of Hydrogen

Molecule J I a3
p-H2 even 0 1
o-H, odd 1 3
o—D2 even 0,2 6
p-D, odd 1 3

Provided that J is a good guantum number, the most general
form of the interaction between two hydrogen molecules with
orientations 3i' and EE' with respect to the intermolecular

axis §i2 is a sum over Jl and J2 of terms of the

form

YJ;“*(G') (11-2)

z m >,
) a Y wl) 5

where YJm is a spherical harmonic with the phase convention
of Rose (1957). Only even values of J, and J, are required
because each molecule has inversion symmetry. Transforming to

an arbitrary reference frame Vj,j, becomes

z m >
v = 4 Y
J1J2 T EJ1J5I12) m,n qm *3 (

1

v " (@) ymnt e
2 175

> > > . .
where Wys Wy and 912 are the orientations of the two

molecules and the internuclear axis.
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To the extent that J is a good gquantum number, then for each

pair of J=1 mdlecules, only matrix elements of VJ1J2 with Jq and

J, equal to 0 or 2 will be non-zero. Many body interactions will
be ignored. The anisotropic part of the Hamiltonian is then

T i, 1 4ij3
H=7H + i<jHEéQ (II-4a)

T Tym> oy m*
$(87/5) p Y, wy) SBR YT (@) )

T . T m > n, > m+n*§
*i<j montmnRiy) ¥y @)Yy @)Y, T8 5) (11-4b)

The one body term is known as the crystal field term; it
arises from Van der Waals interactions between the hydrogen
molecules. Now consider a systém of adsorbed, J=1 hydrogen
molecules in the /3 x /3 phase. If we take the z axis to be
normal to surface, then when the crystal field interactions of a
molecule are summed over all of its neighbours only the m=0 term
will survive because the z axis is a six-fold axis of symmetry.
There will also be a contribution to the crystal field Ve from
the interactioh of the molecule with the surface. The

anisotropic Hamiltonian can be rewritten as

He —(2/3)(5n)1/2Vc Iy °@,)

T z m > n,+ m+n* -
. . II-5a

m,n i<j °m,n(Rig) ¥y (w)¥y (05)¥, (854) ( )
The hydrogen contribution to V, is

V2= -(3/5) (161r/5)l/2 gB(Rij)Yzo(—éij) (I1-5b)
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The main contribution to the two body term is from the
electrostatic quadrupole-quadrupole (EQQ) interaction (Silvera,
1980; Van Kranendonk, 1983).
It is useful to rewrite (II-5a) in terms of the second

rank spherical tensor operatofs sz(J) defined by

2

T,° = (5/16n)1/2(3Jz -2) (II-6a)
T211= ;(15/32n)l/2(Jth+Jth) (II-6b)
Tziz = (15/32w)l/2J+2 (II-6¢)

It is a consequence of the Wigner-Eckart theorem (Rose, 1957)

and our choice of normalization that within the J=1 manifold the
matrix elements of the spherical harmonics and spherical tensors

are equal. The Hamiltonian for the J=1 system (II-5a) is then

- 1/2 Im O, 4 Tz m,=
H=(1/3) (167/5) 7/ v [T,7(J;) + 55 i< m’ncm,n(Rij)Tz (J;)

o D= m+n* > _ _
XT2 (Jj) Y4 (Qij) (I1-7)

If one considers only nearest neighbour interactions and a

rigid lattice, then the coefficient Can is

ton (Ry ) = (207/9) (707) 172 r_C(224;mn) (II-8)

where C(224; mn) is a Clebsch-Gordon coefficient and T g is the
nearest neighbour quadrupole coupling constant. For a pair of
molecules separated by a distance R,, each with quadrupole

- moment eQ, T, is given by

I'o = 6e?0? (II-9)
25R05
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For the V3 x /3 structure on graphite, R, = 4.26 R so

'y = .528 K (.510 K) for H, (D2).
In the bulk solid the'coupling constant deduced from
experiment has been found to be smaller than T by a factor
of .87 for both H, and D, (Silvera, 1980). Originally it
was felt that the reduction was due to zero point motion of the
molecular centres and could be accounted for by averaging
Y4O(§ij)/Rij5 weighted by the pair distribution
function: Harris (1970a) showed that the averaging process
changes the magnitude of the effective EQQ interaction but not
its form. The pair distribution function can be obtained from
the ground state wave function of the phonons. T is renormalized
downwards because short range correlations needed to minimize |
hard core repulsion cause the pair distribution function to fall
off more rapidly for small separations than for large. The main
difficulty in the calculation is that the phonon wave function
is not known very well. More recent calculations (Goldman,
1979) indicate that zero point motion alone is insufficient to
account for the reduction of r; it is also necessary to take
into account Vvan der Waals contributions to the two body term of
(1I-7). For the 2D system zero point motion is likely to be

even greater than in 3D, leading to greater renormalization.

2.2 Hydrogen Molecules on a Surface

The remainder of this chapter will be restricted to a

consideration of the pararotational (disordered) state. 1In that
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state each molecule is in a site of six-fold symmetry. For J=1
molecules the Wigner-Eckart theorem implies that this is equiva-
lent to axial symmetry. The Hamiltonian of (II-7) will cause
the J=1 state to be split by an energy 4 into an m;=0 and
doubly degenerate mJ=il states. The m;=0 state has a
prolate spheroidal wave function with its z axis normal to the
substrate; the m;=+1 states have oblate spheroidal wave
functions. Naively one can think of these as molecules standing
up or lying down on the surface. Thé system can be described by

an orientational order parameter ¢ defined by

2

o=(5n)1/2<Y2°(Zi)>=—(4n/5)1/2<T2°(3i)> =-(1/2) <33, _“-2> (II-10)

The brackets < > indicate a thermal average. An equivalent
expression for ¢ can be obtained in terms of the fractional

population p, of the mJ=0 state

o= (3/2) (p~1/3) (II-11)

As T-o», all three m 5 states become equally populated so o-0.
At T=0, o=1 or -1/2 depending upon whether the ground state has

m.=0 or m,=+l. A plot of [o| versus T"! is shown in

J J
Fig. 5. In the high temperature limit it is easy to obtain an
expression for ¢ since the EQQ interactions are averaged out by

molecular reorientation. Neglecting the second term in (II-7),

the energies of the m ; states are

_ o} 2 o]
E_= (Vé/3)< Y, |3Jz --2|Yl >

=-(2/3)V_ ’ (II-12a)
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Fig. 5 ld versus 1/T for the disordered state. o and Ve

have the same sign.
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.(Vc/3) <Y1

(1/3)Vc _ (IT-12b)

The energy gap A between the ground and excited states is
temperature independent and equal to Wc"
The populations of the m; states are related by the

Boltzmann factor so

p, = {1+ 2expl Ta/kT) L (11-13)
where the upper sign is for Vc>0 and the lower for VC<0. In
the high temperature limit, putting A= Wc| , expanding the
exponential and retaining only the first order term

p, = (1/3) [1+(2/3) V_/kT] (I1-14)
Substitution into (II-11l) gives

o = VC/3kT (11-15)

In Chapter IV it is shown that the NMR spectrum gives a direct

determination of |o . Therefore a measurement of the tempera-

ture dependence of the spectrum gives Wc
If the EQQ interaction is included, then within the mean

field approximation A becomes temperature dependent and is given

by |

A = Vc - 27To/2 (Harris and Berlinsky, 1979) (II-16)

The molecular field always opposes the crystal field since o

and V, have the same sign. The crystal field attempts to

align all of the molecules in the same direction whether it be

standing up or lying down. This alignment competes with the
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EQQ interaction which favours a "T" configuration for each pair.
A system of J=1 hydrogen molecules is analogous to an
antiferromagnetic system with spin $=1 (Harris, 1971). The J=0
molecules are analogous to non-magnetic ions. Hydrogen
resembles a particularly simple magnetic alloy in which all of
the constituents have the same mass and force constants.
In the magnetic case the order parameter o is the
sublattice magnetization
g = <S.Z> . (11-17)
This definition is not suitable for hydrogen because if one has
a non-degenerate ground state and time reversal symmetry is
preserved, the ground state wave function is real and the
expectation value of the momentum is zero; it is said to be
quenched (Van Vleck, 1932). Even in the presence of a magnetic
field the aésumption of time reversal symmetry is a good
approximation since the magnetic interactions of a hydrogen
molecule (v1lmK) are much smaller than the orientational inter-
actions (n1K). Having effective axial symmetry, the crystal
field leaves the mJ=il states degenerate but at sufficiently
low temperatures the symmetry will be broken by the EQQ inter-
action so the ground state will be non-degenerate and <3>=0.
For hydrogen the order parameters ére defined in terms of the
second rank tensorial components of angular momentum, the
gquadrupole moments., There are nine of these of which five are

independent since the tensor is symmetric. One of the order

parameters ¢ was defined in (II-10); the remaining four are
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introduced in Chapter III. The crystal field of hydrogen is
analogous to an applied magnetic field experienced by anti-
ferromagnets: both try to align the molecules in the same
direction. Experimentally there is a crucial difference in that
the crystal field is determined by the substrate and the neigh-
bouring molecules whereas an applied magnetic field can easily
be controlled. For hydrogen ¢ will normally be non-zero in the
pararotational state (analogous to the paramagnetic state)
because the crystal field cannot be "turned off". 1In the
absence of a magnetic field, the Hamiltonian of the antiferro-
magnets is invariant under the transformation S,> S,
above the transiﬁion temperature <S,>=0.

The EQQ and antiferromagnetic exchange interactions are
also analogous but once again there are some important
differences; The former favours a "T" configuration of the
molecular axes but the latﬁer attempts to align them anti-
parallel, Also, the quadrupole coupling constant ' can be
calculated with reasonable accuracy whereas the exchange
integral is normally a phenomenological parameter. Finally, the
EQQ interaction falls off as R™° put the exchange inter-
action has a very short range. Arguments based on the Ginzburg
Criterion (Pfeuty and Toulouse, 1977) show that the longer the
range of forces, the narrower the critical region will be:
fluctuations in the order parameter will be reduced as more
neighbouring molecules are able to interact with a given

molecule. For example, in a superconductor there is no hope
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of seeing the critical region because Cooper pairs interact over

several thousand angstroms,
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CHAPTER III

ORIENTATIONAL ORDERING

3.1 Introduction

This chapter contains a discussion of the application of
mean field theory (MFT) to the study of the orientationally
ordered states of an hexagonal lattice of interacting quantum
quadrupoles (Harris and Berlinsky, 1979). In MFT the inter-
actions of a molecule with its neighbours are replaced by an
interaction with an average molecular field; it ignores the
effects of short range correlations between pairs of molecules.
Consequently one expects the mean field transition temperature
to be too high. 1In 3D it would typically be too large by a
factor of two. For bulk H, (D2) the experimental and mean
field ordering temperatures are 2.8 K (3.8 K) and 7.3 K (9.0 K)
respectively (Silvera, 1980). However, MFT does quite well at
predicting the symmetry of the ordered states since once long
range order has been established the major weakness of the
theory is of secondary importance. For bulk hydrogen, MFT
predicts the ordered structure correctly. For these reasons we
will concentrate on the structure of the ordered phases rather
than the temperature dependence of the order parameters,

Harris and Berlinsky tackled the problem in two ways. The
first was a numerical relaxation method based on the work of
James (1968), who had applied it to bulk hydrogen. The second

was an analytic method which could be formulated exactly if one
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assumed a structure for the ordered state, or in terms of a
Landau expansion of the free energy if one did not. The relaxa-
tion method was used to elucidate the Qeneral features of the
phase diagram and to study the first order transitions. The
analytic approach was used to answer more detailed questions
about the structure of the phases. The Landau expansion is
valid in the neighbourhood of a second order phase transition, a
region where the relaxation method converges slowly.

Both approaches included the crystal field and EQQ inter-
actions in the Hamiltonian. A rigid lattice of J=1 molecules
with only nearest neighbour interactions was assumed. The mean
field approximation is equivalent to writing the density matrix
P as a direct product of the single particle density matrices,
Py i.e.,

o =T 0o, (III-1)
The best approximation for p is then obtained by choosing the
Oi's so that they minimize the free energy F, which is given
by

F(p)=Tr(pH) + T{Tr(plne)} (ITI-2)
where H is the anisotropic Hamiltonian given by (II-7). The
density matrices p; can be expressed in terms of the order
parameters [see (I1I-5) below] and, in the Landau expansion, F
is expanded in powers of the order parameters. Alternatively
one can obtain the pj self-consistently by solving the
equation

p;= exp(-8H_. ) /Tr [exp(-8H ¢c)] - (111-3)
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where g =1/(kT) and Hieff satisfies

Heffi=Hci+Tr'(§ HEQQij k&ipk) (II1I-4)
The prime indicates that the trace is over the states of all
molecules k such that k#i. 1In the relaxation method one takes
an nxn lattice with periodic boundary conditions and assigns a
value to each Pye The value of n must be at least large
enough to contain all of the sublattices of the ordered state.
The effective Hamiltonian Hieff is then found using
(III-4) and new values of p; are obtained from (III-3). The
process is repeated and hopefully converges. In the analytic
method a sublattice structure is assumed and all of the o 's
on each sublattice are set equal. If two sublattices are
related by a symmetry operation the number of independent pi's
is further reduced; in fact there are at most two for this
system., (IiI-3) and (III-4) are then solved simultaneously.
The same reduction in the number of independent pi‘s can be
made for the Landau expansion if the sublattice structure is
assumed,

Provided that there is time reversal invariance, the

second rank spherical tensor operators sz(j) defined by
(II-6) form a complete set of dynamical variables for a system
of J=1 molecules., The (real) order parameters oji,uj , Ni., Xy
and ¢; are defined in terms of the thermal averages of the
sz(gi)'s by

o= (41/5)/2<1.0@3,) >  (11I-5a)

. % +1
uiexp (#iy,)=p; "=£(81/15) < T, (ji)> (ITI-5b)
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n.exp(+i2¢.) = n.> = -(241/5)<T.*%(F,)> (III-5¢)
18¥P (126, i 2 (J3

The single particle density matrix is Hermitian and its trace

is one. Its most general form is

(1-0,)/3 (/Y2 exp(=ixy) - (ny/3)exp(-i2¢,7]
-(ni/3)exp(i2¢i) (ui//f)exp(ixi) (l—oi)/3
(I1I-6)

The rows and columns are labelled from left to right and top
to bottom by m=1,0, and -1 respectively.

For some values of the order parameters, it is easy to
picture the average orientations of the molecular wave
functions., If W;=n;=0 then the Ylm(gi)'s are eigen-
functions so there is axial symmetry about the z axis, which is
normal to the surface. The molecules tend to stand up if ¢;>0
and lie dowp if Oi<0. If only ui=0, the eigenfunctions are

-1¢ , i¢,
v, and (e 1 Yll te T Yl_l)//f so one of the principal
axes 1s along z as before and one of the others makes an angle
¢, with respect to the x axis. If ui#O, Ylo is no
longer an eigenfunction and the z axis is not a principal axis.

It is not practical from a computational point of view to
allow all of the pi's to be different. 1In any event, one
expects that there will be a small number of sublattices with
the Oi's the same on each sublattice.

I1f we assume that the ground state for each sublattice is

non-degenerate, then at T=0 all of the molecules on a sublattice
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will be aligned parallel to some axis. This can be seen from

the following argument. At T=0, all of the molecules on

sublattice i are in their ground state ¢; and o, =|¢i><¢i .

Since the Hamiltonian is real, we can take wi to

be real. A set of real, orthonormal basis functions gxcan be

defined by |
o) (B )== (v H(B) -y THE) /2 (I11-7a)
o, (=i @+, @) /2 (I1I-7b)
@B(Ei)=ylo(3i) (III-7¢)

These functions all have the same form but they are oriented
along the x, y, and z axes which are parallel to the unit
vectors ;l' ;2, and ;3. The ¢m(ai)'s are proportional to
the direction cosines x ( zi) of the unit vector Ji along
these axes:
¢“(3i)=(3/4n)l/2x“($i) (III-8)
The ground state is a linear combination of the basis
functions:
i >
Vi =& facley) (III-9)
If y; is normalized, the %3 satisfy
yh? =1 (I1I-10)
This means that the Y“i's can be taken to be the direction
cosines of some unit vector %i with respect to the x, y, and z
axes. fhe component Zi(gi) of Zi along %i is
2 (30 =5 v % (55) | (III-11)
Substituting (III-8) and (III-11l) into (III-9) gives

.

. (3/4n)1/2zi(3i)=y

(@]
1 (ei) (I1I-12)
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where Qi is the angle between ;i and 31’ Therefore at T=0,
the wave functions of all molecules on sublattice i are aligned
parallel to %i. This corresponds to ui=ni=0 in the
principal axis frame.

In the crystal reference frame (x, y, 2z), the order

parameters can be expressed in terms of the orientation

(8,6,) of z; by

oi=(3 coszei—l)/2 (II1I-13a)
s _ _ 1/2 _

ui—51neicosei—[(2/9)(l oi)(l+oi)] (IT1I-13b)
et a2 - 1. -

n;=sin ei = ] o (III-13c)

Only two independent variables o and $; are needed.

3.2 Orientationally Ordered States

The orientational phase diagram obtained by Harris and
Berlinsky as a function of VC/P and T/T is shown in Fig. 6.
The high temperature pararotational phase has a single
sublattice characterized by
0.= 0 (I11-14a)
u:=n, =0 (II1I-14b)
Unlike the other phaées, it has no long range orientational
order except for that induced by the substrate.
If VC<<-kT, then all of the molecular axes are
constrained to lie parallel to the surface. The EQQ interaction
determines their azimuthal orientations. The result is the th

sublattice herringbone phase shown in Fig. 3(a) with order
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scale at the upper right.

The



35

parameters
01=02=Uo (III-15a)
u; =0 (III-15b)
nl=n2=no (III-15c)
¢ 1=180°—¢2=450 (ITI-15d)

As Vg increases there is a second order phase transition
to the 2-out phase. This is a two sublattice phase similar to
the herringbone phase except that U is no longer zero so the

molecular axes tilt out of the plane. The order parameters are

cl=cl=o (ITII-16a)
(o]

M = Hy=H (III-16Db)
(0]

15127, (III-16c)

x1=1809-x,=x (III-164)

$1=180°-¢ ;= ¢, (II1-16e)

If Ve increases further, there is a first order transi-
tion to the four sublattice pinwheel phase in which a molecule
on sublattice 1 stands up and all of its neighbours lie down

[Fig.3(b)]. The order parameters are

01>07 02=c3=o4< 0 | (III—l?a;
”i=0 (I1I-17Db)
nl=0, Ny=N3=N, (III-17c)
b 5 =037600= ¢-120° (III-17d)

As V. increases again, there is a first order phase
transition back into the 2~out phase. Next there is a second
order transition to the single sublattice ferrorotational phase,

which is characterized by
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.0i=oo (III-18a)
Hi=Hg (I11I-18Db)
%% (III-18c)
XiT03% & (III-18d)

All of the molecules are oriented in the same direction but
their azimuthal angle is arbitrary. Clearly the entropy does
not depend on ¢o and it can be shown that for a single
sublattice phase the energy cannot depend on it either. This
phase is analogous to the planar XY model for spins which has a

Hamiltonian of the form

H='§jJij§i'§j (I11-19)
whefe Jijz=0 and Jijx = Jijy 7 0. Unlike the

other ordered states, the libron1

spectrum for this state has
no gap because of the continuous symmetry.

For further increases in Vor there is a second order
transition to the pararotational phase. Here ¢;>0 and all of
the molecules are essentially standing up.

In the pinwheel and herringbone phases, at T=0 the order
parameters are independent of vc/r. This is not the case for
the 2-out and ferrorotational phases., In the 2-out phase at
T=0, MFT gives

co=(164Vc/F—555)/2955 (III-20)

cos(¢1—¢2)=2(1+200)/[4l(1-00)] (III-21)

and in the ferrorotational phase

0 =1/7 + 4V_/(105T) | (I11-22)
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3.3 The Landau Expansion

The ordered phases will now be explored in more detail by
making a Landau expansion of the free energy F. We define the
deviations Ux; Of the order parameters‘from their equilibrium

values in the pararotational state by

u,4n;c08 2¢i (II11-23a)
uy;=n;sin 2¢, (I11-23b)
U379 "%%q (I1I-23c)
HgiTHiCOSXy (I11-23d)
gy =y Sinyg (I1I-23e)
where @ is the equilibrium value of 0. in the absence of

eq i
long range cooperative ordering. It is given by (II-11),
(I11-13), and (II-16). To second order in the qxi's the free

energy expansion for N molecules is

N z -1 .~ * > ->
F/(NT)=F,_/(NT) + (1/2) 2_=‘1 1 SO @ @uy @ (111-20)
-> * -12 . >
where U, (q)=u, (-qQ)=N “ru . exp(ig-r,) (II1-25)
Feq = equilibrium free energy in the absence of

cooperative ordering
2

= NP{(9/2)0eq - (2/3)(Vc/r)oeq + (kT/3T)
x{3 1n3 + (l+20eq)ln(l+2ceq) - 2(l-ceq)ln(l—oeq)}}
(II1-26)

1

-1 > ) '
and X (g) is the inverse susceptibility. It does not

couple 0 .

i and ni on one hand and “i on the other, The

>
normal modes of the system Yy (q) (k = 1,2,...,5) are found by

-1, .
diagonalizing X 1(q) for each a to get the eigenvectors
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k ,* . . k ,=> .
X, (q) and the corresponding eigenvalues A (q) since
k
Y, (3) = Zx (3 uld) (I1I~-27)

In terms of the normal modes the free energy is
5

F/(NT)= F_ /(NT) + (1/2)]§_1»§Ak($1Y]g$)|2 (I11-28)
The entropy terms in (III-24) are all positive and contri-

bute only to the diagonal elements., At high temperatures the
entropy terms will dominate so thel (a)'s will be all
positive., A second order phase transition will occur if one of
the Ak(?;)'s goes to zero for some E at a temperature T.. If
that eigenvalue is labelled k=1, then the critical order para-
meter is determined by x%x(a). The sublattices of the ordered
state are determined by a and the orientations of the molecular
axes by x&l(a). We will only consider a vectors that are points
of high symmetry in the first Brillouin zone.2 This means that
the superlattice will be commensurate so the periodicities
of interest will be temperature independent. Domany et al
(1978) have found that for a triangular lattice (space group
Pérmim) the only temperature independent § vectors for which
Ak(a) can go to zero are 0, BAi and 6Bi' which are
shown in Fig. 7 and defined by

0a179 3, 8pp=d, ¢ /3i-3)/2, 6A3=(-/§£-3)/2 (111-29)

a131='€5132'—'(4"/3‘3)i ' (I11-30)
where a = lattiee parameter = 4,26 % and go < (2n/av/3).

For modes which couple n; and o3~ o the eigen-

eq’
values which go to zero first as T decreases have a = bAi’

The corresponding eigenvectors are
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Fig. 7 The first Brillouin zone for a hexagonal lattice and
the only temperature independent wave vectors that can produce

soft modes.
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Fig. 8 The structure of the ordered states that

eigenvalues for the modes corresponding to the Q,:. go soft
> . XAl .

(a) GA . (b) 5 . (c) Qp3- They transform into

each o%her by l§8° rotations.

arise when the
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x1(3,,)=(0,1,0,0,0) (ITI-31a)
+1 >

X (QA2)=(-/_,-1,0,0,0)/2 (I1I-31b)
§1(5A3)=(/§,-1,0,0,0)/2 (III-31c)

The normal modes will be denoted by y; = Y; (aAi)'
The superlattices corresponding to the 6Ai's are shown
in Fig. 8. 1In the 6A1 mode, xl(aAl) has no componenﬁ
along nyso ¢,=+45°. The phases of the eigenvectors of
sublattices 2, 3, and, 4 relative to that of 1 are
exp{iaAl'(;z‘;l)}=1 (IT1I-32a)
exp 18, (F5-F ) }=explil, ; (¥,~T;) =-1 (II1I-32b)
Molecules on sublattices 1 and 2 have the same orientations and

those on 3 and 4 are rotated 90° with respect to them since

nq sin 2¢l=n2 sin 2¢2=—n3 sin 2¢3=—n4 sin 2¢4 (IT11I-33)
The superlattices for 6A2 and 6A3 are identical to that
of aAl excebt that they are rotated by 120° and -120°
respectively.

The eigenvalues Al(SAi) (i=1,2,3) are all degenerate
so any linear combination of their eigenvectors will give the
same free energy. A particularly interesting normal mode that
can be formed in this manner is

Y= -~ (Y tyytyg) /Y3 ’_ (T11-34)
There are seven other equivalent modes corresponding to all com-
binations of signs in front of yy, y,, and y3. The order
parameters, N, and n , for various normal modes are

y
tabulated in Table II.
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Table II. Normal Modes

Order parameter Y1 Yo Y3 Yy
o 0 -/3/2 /3/2 0
"y 1 - 1/2 - 1/2 0
N, 0 /3/2 -vY3/2 0
"y 1 1/2 "1/2 -2//3
. 0 -/3/2 -/3/2 1
LT -1 -1/2 1/2 1//3
N 0 /3/2 /3/2 - 1
T4y -1 1/2 - 1/2 1//3

For the y, mode, ¢; is arbitrary and
677457 05="1657  ¢,=-105°. (I111-35)
This is the pinwheel structure of Fig. 3(b).
In order to see which mode is favoured, it is necessary to

calculate the fourth order terms of F. There are no odd order

terms since

F(uil""’_uim""'uis)zF(uil""’uiu""'uis) (ITI-36)

for all %, To fourth order F has the form

= 1 2 2
F/(ND)=F_ /(NT) + (1/2)A7(8,,) (v, 4y,
2

2,2

)

) (ITI1I-37)

2 2 2
ty3") + A,y Ty, Ty,
2 2 2 2 2
T By lyy Yy Yy YTy, Y
Al, Ay, and B, are all functions of temperature. The A,
term is isotropic in the space of (yjr, Yy, y3). If By>0

fluctuations along the six (1,0,0) directions (the faces of a
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cube) are favoured. These correspond to the herringbone phase.
If B4<0, fluctuations along the eight (1,1,1) directions (the
body diagonals of a cube) are favoured and ordering into the
pinwheel phase occurs. The free energy given by (III-37) is
said to have cubic anistropy.

If the fourth order term were always greater than zero,
i.e., 3 Ay + B4 >0, then there would be a continuous phase
transition at a temperature Tn at which A1(6A1) =0, The
second order term would be zero at Tn' However if the fourth
order term is negative at Tn' the transition will be first order
and will occur at a temperature Tn'>Tn. This is shown in Fig.
9 where, for simplicity, we write F as a function of a single
order parameter y

}F=FO(T)+a(T)y2+b(T)y4 (I111~38)

and a(Tn)=0; If b(Tn) >0, the second and fourth order terms are
both positive for T>T, . Below T, » a(T) becomes negative. Since
the second order term is dominant near y=0, the value of lﬂ
which minimizes F increases continuously from y=0. If b(Tn)<0,
F is a minimum at y=0 only down to Tn' defined by b(Tn')=0.
Below Tn', the fourth order term becomes negative and F is
minimized for |y|+w. This is characteristic of a first order
transition. In reality, F would contain higher order terms
which would produce a minimum at a finite value of y.

It is also possible to have ordering when a mode involving
. rather than ny and ¢ ;—g goes soft. The softest

i 1 eq

mode has E=0 and the eigenvalue is doubly degenerate with
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as a tunction of the order
39 near the transition temperature
for the solid line, T=T, for the dashed
for the dotted line.
and the transition is continuous.
In this case, Tc=Tn'and the transition

The free energy F-F
parameter y given by (III-3

and TLT
b(T.)>0,
n <0 ang b
rst order.
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eigenvectors
x1(0) = (0,0,0,1,0) (II1I-39a)
x2(0) = (0,0,0,0,1) (I1I-39b)

The degeneracy implies that F is independent of x. This is the
ferrorotational phase. The continuous symmetry in x is valid to

any order in X as mentioned in section 3.2,

3.4 Improvements to Mean Field Theory

The fact that MFT neglects fluctuations, which become very
important near the critical point, might be expected to
invalidate some of the results discussed above. Some of the

problems that may arise will be considered in this section.

Monte Carlo Calculations

It haé been stressed that the mean field transition
»temperature is expected to be too high so the temperature scale
of Fig. 6 cannot be taken too seriously. 1In fact the transition
temperature may go to zero for some or all of the ordered phases
either because of quantum zero point motion or 2D fluctuations.
The only other prediction of the transition temperature is based
on the classical Monte Carlo calculations of O'Shea and Klein
(1979). For a rigid cubic lattice of gquadrupoles, they found a
transition temperature of T, (3D) = 11.5T J(3D). They then
defined a constant Y4 by Y3 = Tc(3D)/ll.5, using the
experimentally observed transition temperature of bulk solid

3 5

hydrogen. The constant Y3 was scaled with R, ~ to
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give the 2D constant Y,, which was .13 K (.14 K) for H,
(D2) in the /3 x /3 solid phase on graphite. For Vc/ro=0,
O'shea and Klein found ordering into the pinwheel state at
T. (2D)=8Y, = 1.0 K (1.1 K). For VC/FO=—w, they found
ordering into the herringbone state at TC(ZD)ﬁlZY2 = 1.5 K
(1.6 K). 1In contrast, MFT predicts that for VC/T6=0,
initial ordering is into the herringbone phase at T_(2D) = 6.1
FO(2D) = 3,2 K (3.1 K). As T decreases, there is a second
transition into the pinwheel state, For Vc/ro=~», ordering
is also into the hefringbone state at a somewhat higher tempera-
ture. The Monte Carlo transition temperatures are a factor of
three below the mean field values. However, even the Monte
Carlo results are likely to be too high since renormalization of
' is expected to be even greater in 2D than in 3D. When making
comparisons.with experiment one must also bear in mind that the
inevitable presence of J=0 impurities will further reduce T..

The temperature dependence of the critical order para-

meters have been obtained in another Monte Carlo study
(Mouritsen and Berlinsky, 1982). A 2D hexagonal lattice of
classical quadrupoles, which were constrained to lie in the
plane of the lattice (i.e., VC/FO=—m), was found to undergo
a fluctuation induced first order transition into the

herringbone phase.

Second Order Perturbation Correction to the MFT Ground State

The ordered phase predicted at T=0 by MFT will not be the
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true ground states because of zero poiht libration. In accord-
ance with (III-12), within the mean field approximation, the
ground state wave function Yo of a system of N particles can
be written as

N

_ o

° i=1 (I1I-40)

1

All of the molecules on each sublattice are aligned in the same
direction., By analogy to a system of antiferromagnetic spins,
this is known as the Néel state. It cannot be the true ground
state because HEQQ has non-zero matrix elements between
WO and states VY, in which a pair of molecules is excited.
Matrix elements involving ¥ and states ¥y in which a single
molecule is excited give zero.when one does the sum over all
neighbours of a molecule, This sum is contained in HEQQ'
In a system of antiferromagnetic spins, the ground state is also
formed by mixihg states containing excited pairs into the Néel
state.

The energy shift AE arising from the admixture can be
estimated from second order perturbation theory (Harris and
Berlinsky, 1979): 9

e éi <w2|HEQQIWO>| /%2 (I11-41)
where E, is the energy of the two excitations. The result is
Ag/E,=.06 where E_=-30NI'/7 is the energy of the pinwheel
phase at v =T=0. By comparison AE/E,=.04 for bulk solid
Hy (Van Kranendonk, 1983) and AE/E,=.14 for a bcc spin 1/2

antiferromagnet where E, is the Néel state energy. For
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hydrogen the effect is small enough to be neglected.

Renormalization Group Analysis

In recent years the renormalization group (RG) approach
has allowed major advances in the study of critical phenomena.
As yet there is very little RG work that can be applied to the
orientational ordering of adsorbed hydrogen. Quadrupoles on a
hexagonal lattice can be approximated by a planar Heisenberg
model with cubic anisotropy since both are described by
(I11I-37) to fourth order. 1In the planar Heisenberg model the
spatial dimension d is 2 and the dimension of the order para-
meter n is 3.

The RG method is intended to be applied to systems near
their critical point. 1Its basic premise is.that long range
correlationé of the fluctuations near the critical point are
solely responsible for the singular behaviour of certain obser-
vables such as the specific heat and susceptibility.4 As the
critical point is approached the correlation length E>~ . Under
a RG transformation the system is mapped to one in which £ is
shorter in order to make the correlations less important.

The free energy equation (III-37) contains four parameters

eq
out in the space of these parameters. Successive infinitessimal

F_ s Al, Ayr and B,. The RG transformation is carried

RG transformations will cause the system to describe a path in
parameter space. There are certain points in parameter space,

fixed points, such that if the RG transformation is applied to
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them the system is carried to the same point. At a fixed point,
€ must be either zero or infinity. If it is zero, there is no
long range order and the system is equivalent to one at T= «.
These points will be ignored in the following discussion. The
set of all points corresponding to& = ®form the critical
surface,

Consider a small region around a fixed point. If success-
ive RG transformations starting in this region always carry the
system into the fixed point, i.e., the "flow" is into the fixed
point, then the fixed point can be thought of as a valley. If
one is always carried away, except at the fixed point itself, it
is a peak. 1If one is carried in along some directions, but away
along others it is a saddle point.

As the temperature is varied the system follows a path in
parameter space called the physical line. If the system has a
critical point, the physical line will intersect the critical
surface. Applying successive RG transformations to the point of
intersection, the system will flow downhill and eventually
eiﬁher settle into a valley or saddle point or go out to
infinity. Any point on the critical surface always remains on
that surface when one applies an RG transformation because all
points on the surface have £ = . The fixed-point to which the
system flows governs its critical behaviour.

Normally there are only a few fixed points that appear in
the parameter spaces of many different types of systems. This

is the basis of the concept of universality, according to which
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the critical exponents of a system depénd only upon such general
properties as the spatial dimension and the dimension of the
order parameter but not on the detailed nature of the inter-
actions. Systems in the same universality class flow to the
same fixed point.

Cubic anisotropy is discussed in Chapter 9 of Pfeuty and
Toulouse (1977). There is only one valley fixed point. If the
number of components of the order parameter n, is less than a
critical value nc(d), then the valley fixed point is the
isotropic fixed point. This is a fixed point that would also
occur if B4=0 in (III-37) so that the free energy depended
symmetrically on the order parameters y;, y,, and Y3

When n=n. the isotropic fixed point coincides with the cubic

c
fixed point, which was a saddle point for ndn,. For n>n,,
the two fixed points exchange stability: the cubic fixed point
becomes a valley and the isotropic fixed point becomes a saddle.

Unfortunately the dependence of n, on d is not known except at

Cc

d=4 where n,=4. However Ketley and Wallace (1973) have expan-
ded ng(d) about d=4. Their expansion suggests that n,(d=2)=
2. For the planar Heisenberg model d=2 and n=3 so one expects
n>n,. The cubic fixed point should govern the critical
behaviour except for regions of pafameter space where there are
first order transitions so that (III-37) is not valid.

The results of the RG analysis are that if diagonal aniso-

tropy is favoured (By<0) there will be a continuous transition

into the pinwheel phase and the critical exponents will be those
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of the cubic fixed point, which are Ising-like if d=2. 1If face
anisotropy is favoured (B4>0), there will be a first order
transition into the herringbone phase. The first result is in
agreemeﬁt with MFT but the latter is not: the transition to the
herringbone phase was also predicted to be continuous. However,
the transition into the herringbone phase was found to be
first order by classical Monte Carlo calculations (Mouritsen and
Berlinsky, 1982) in agreement with the RG result. This is a
case of a transition that is driven to be first order by
fluctuations. If B4=0, there is a tricritical point, a point
at which the system changes from a first order to a continuous
transition. 1In this case the critical exponents are governed by

the isotropic critical point, which is a saddle point.

High Temperature Expansions

Two main pieces of information have been extracted from
the NMR measurements described in this thesis. The first is the
structure of the low temperature ordered state of H,. This
was derived from the shape of the .3K NMR spectrum. The second
is the temperature dependénce of o in the pararotational state
which allows one to determine Ve and ', This was obtained
from the splittings of the H, and D, spectra for T=1 K. The
way in which these two pieces of information can be obtained is

described in Chapter 1V,

Within MFT the temperature dependence of ¢ is given by
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(I11-11), (I1r1-13), and (II-16). As one.approaches the phase
transition, MFT will break down so one might achieve better
results using a high temperaturé expansion of o, Initially
Harris and Berlinsky (1979) expanded ¢ to second order in gV,
and 8T, 1In (II-10) 9
<3Jiz2'2>T where <>

(T) was defined to be proportional to

indicates a thermal average at
2

T

temperature T. At high temperatures <3J;,°-2> can be

T
expanded as

2 o 2
<3Jiz -2>T—Tr{(3Jiz -2)exp (-8H)} (11I-42a)
Tr exp (-8H)
= { N -2 l_ H+ . s
Tr ({35, ,7-2) ( B (1/2)8°H" + )} (I11-42D)
Tri{l - 8H + (1/2)8%H + ...}
_ 2 2
=-8<(33; S-2)H>_ 4+ (1/2)8%< (33, 2-2)H7 5 4 ...
(ITI-42C)
since Tr (3Jizz—2) = tri=0. If one assumes a random con-

centration ¢ of J=1 molecules then the EQQ interaction with a

single J=1 neighbour is weighted by c, To second order in B

with nearest neighbour interactions one finds
o=8V_/3+82{v_?/18-(3/2) ov_I-(25/6)cT?) (I111-43)

MFT gives the same result except that the r2 term is omitted. |

More recently Harris and Berlinsky (1983) have presented a
high temperature expansion that is exact in gV, and third
order in gI'. It has thg form

0=A+BBF+C62F2+D83F3 (III-44)



52
The coefficients, which are defined in Appendix A, are functions

of the concentration c'and_BVC.
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Notes to Chapter III

A libron is a torsional excitation of the molecular axes.

This condition means that the system will satisfy the
"Landau rules" for a 2D system. These rules give the
conditions under which a phase transition can be
continuous. They are discussed in Domany et al (1978)
and Mukamel and Krinsky (1976)..

Note that y, is not an effective quadrupole coupling
constant. éor a system of interacting guadrupoles, the
ratio of the orientational ordering temperature of a
classical system to that of a guantum (J=1) system is
5/2 (Harris and Berlinsky, 1979). Thus, one cannot
simply combine the classical Monte Carlo result that

T (3D)/T,(3D)=11.5 with the experimental T _for a
qﬁantum gystem to get an effective quadrupSle coupling
constant.

Good introductions to the RG method are given by Pfeuty
and Toulouse (1977) and Ma (1976).
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CHAPTER IV

NMR AS A PROBE OF ORIENTATIONAL BEHAVIOUR

4.1 Unbroadened NMR Spectra

The magnetic interactions of hydrogen molecules will now
be discussed, mainly following the treatment given in Reif and
Purcell (1953), Harris (1970b), and Hardy and Berlinsky (1973).
The nuclear spin degrees of freedom constitute a negligible
perturbation on the molecular orientational degrees of freedom
since the interaction energies differ by a factor of 103, For
an isolated hydrogen molecule containing nuclei with spins 1l

>
and i“ in a magnetic field H, along the z axis, the magnetic

Hamiltonian is

-1 o . .
h™*H=-al_ - bJ, - ci-J + (5/2i)q,@'-2%-331.5) (F?-2p
- - 2 _
+ (5/2)dQ{3(Z{r)2+3(Z-r)2—2i(i+1)}~ (1v-1)
where 1 = Tl + ;2
> -5
i= JiY) = [i¥ = 1/2 (1) for H, (D,)

~

r

unit vector along the internuclear axis

The first and secoﬁd terms are the nuclear and rotational Zeeman
interactions. The third term is the spin-rotation interaction.
The fourth term is the intramolecular dipole-dipole interaction.
The fifth term is the interaction between the nuclear quadrupole
moment and the local electric field gradient, It is zero for

H, but not D,. For a free molecule the constants are

defined and evaluated (with Hy in tesla) in Table III,



55

Table III Hyperfine Constants for Hy and D,

(Hardy and Berlinsky, 1973)

Constant Definition Value (kHz)
H2 D2
a (2ui/h)Ho : 42576 HO 6535.7 HO
b (uJ/hJ)HO 6717 Hy 3368 Hg
c (2ui/h)H' . 113.8 8.773
2,0 -3
dM (2ui/51h) <r >o (for J=1) 57.68 2.74
dy  (2/5)e0 (2%v/ar?)  (for g=1) 0 22.50

Here is the maénetic moment of each nucleus; Wy is the
molecular rotational magnetic moment; H' is the magnetic field
at the nucleus arising from molecular rotation; r is the inter-
nuclear distance and <>, represents an average over the
vibrational and electronic ground state; eQN is the nuclear
quadrupole moment; V is the electric potential at the nucleus.
In section 2,2 we argued that thé orbital angular momentum
will be quenched for orientationally ordered hydrogen. However
at high temperatures that argument may not be valid because the
my = *1 states are degenerate. Even if the ground state has
mJ=0, there will be significant population of the mJ=il
states if the crystal field splitting is of the order of kT. It
is not clear that <3> would be zero and if that is not the case
the spin-rotation interaction would split the NMR spectrum,.

When one considers the dynamics however, it is found that the

spin-rotation term does in fact average to zero. The transition
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rate f, between the my; states will be of the order of the
libron bandwidth which is~I/h. Thus the NMR frequency will be
modulated by an amount fpnC, dy, and dQ at the rate
fm>>fD. One can see, for example from the theory of
frequency modulation, that if fm>>fj, no side bands are pro-
duced. Therefore HM should be averaged over the my states
and the spin-rotation interaction can be neglected. The

averaged Hamiltonian HM can be rewritten using a spherical

basis as
-1 1/2 z +v* >
h " =-al + (5/2) (47/5) C(112;uv) v. " (w')
1. 2 1,01, 22 2
x{dyi "1 7-dg (1 71, T+ T ) ] (1v-2)
where ;| = (6', p|) = the orientation of r
u,v = 0,+1

Since a >>dy and dQ in an NMR experiment, we only need

the secular components of the second and third terms i.e., those

that commute with I, = il + 102

o (Abragam, 1961).

Only these components will affect the NMR spectrum in the region

near the Larmor frequency v_=a. The secular part of the

o

Hamiltonian is

-1-S

n My, =-al, + (5/2) (4/5) Y20 @> s c(112;w,-w) |
:+iu2i_i)} (IV-3)

]

=-aIz + (5/4)<3c0526 -1> &dM{3izli Z-TL fz}

Z
3, %30 A %2160 D (1v-4)

: . 1.2 . 1,
X{dMlu i, —dQ(lLl i

+
dQ
Quantities of the form

3i:i2 - f“-fs where «,8 = 1,2

are the Oth components of second rank spherical tensor operators
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so, according to the Wigner-Eckart Theorem (Rose, 1957), they
are proportional to 3122-I(I+l). Evaluating the matrix

elements for I=1, one finds

3I22-2 if «#g

%78 _
11 = (IV=-5)

31212 .
- (31,%-2) if o=8

Thus for I=1 the dipolar and quadrupolar terms have the same

form and the secular Hamiltonian becomes

Tl S=-a1 - (5/4)a< cos®e'~15 31 _2-2) (1V-6)

where d=dM+dQ. The resulting splitting of the NMR spectrum

is depicted in Fig. 10.

For the subset of molecules whose internuclear axes make
an angle o' with respect to ﬁo' there will be a pair of NMR
frequencies

v=v_ * (15/4)d<3cos?e'-1> (1IV-7)
‘Now, given that the order parameters describe the orientations
of the molecules with respect to the substrate and not the
direction oflﬁo, it is convenient to transform to a reference
frame in which the z axis is normal to the substrate (Fig. 11).
Taking $a and o = (8 ,6) to be the orientations of the inter-

nuclear axis and Hj in the substrate frame, the Spherical

Harmonic Addition Theorem (Rose, 1957) gives

m
2

First consider the pararotational state. Each molecule is

*
<3cos?6'-1>=(81/5) v, ")« @ )> (IV-8)

in a site which has six-fold symmetry about the z axis. Only

terms that have this symmetry (those with m=0) will be non-zero
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Zeeman Intramolecular

Interaction  Inferactions

Fig. 10 Magnetic energy of a J=]1 hydrogen molecule in a
magnetic field. The intramolecular interactions are dipolar for
H, and dipolar plus gquadrupolar for’Dz. The NMR frequencies

+ .
are vo+v+ and votv._

Fig. 11 Orientations of H. and the internuclear axis with
respect to the crystal reference frame. =z is normal to the

surface.
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in (IV-8). The shifts in the NMR freqdencies relative toA\)O
are then

v,=+(3/2) do (3cos’g-1) (1v-9)

where o is the orientational order parameter defined in (II-10).

The NMR spectrum consists of a doublet which has a splitting

directly proportional to |o . From the temperature dependence
of the splitting one can obtain Ve and T within the mean field
approximation using (II-11), {II—13), and (II-1l6).

In the ordered states the six-fold symmetry will in
general be broken by the EQQ interaction. Using the order para-

meters defined in (III-5), the shifts of the NMR frequencies

normalized to their maximum values are
v, /3644750 2 10,2 (8, 0) - (3/2Y 200y, e, 80 -uty, e, 6))

1/2 2
2

-2

+
(B,8)+n Y2

+ (1/6) iy (B,68)1}] (IV-10a)

=i(l/25{o(3coszs—l) + 6usinBCOSBcos(6—*)+'nsin280052(6-¢)}
(IV-10b)
On a single crystal substrate, each sublattice of an

orientationally ordered state would produce a pair of delta
function NMR lines in the absence of broadening. For Grafoil
the adsorbing surfaces are primarily basal planes. The crystal
X axes are oriented uniformly through the range (0,2m).
Typically about 30% of the crystals have their z axes in an
angular distribution with a full width at half maximum of 30°
with respect to the normal to the foil and the remaining 70% are
uniformly oriented through the range (0, 27) (Birgeneau et .al,

1982).
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In Chapter VIII the .3 K experiméntal spectra of H, are
compared with the T=0 synthetic spectra expected for various
ordered states. The misorientation of the Grafoil has been
taken into account. The important features of the spectra can
be seen by assuming that all of the z axes are parallel but that
the x axes have a uniform angular distribution over the range
(0,27). This distribution of crystallites will be called a "2D
powder.”

At T=0 all of the molecules on each sublattice will be
aligned along some axis. The order parameters are expressed in
terms of the orientation of that axis by (III-13). Substituting

ei = 09, 90° for molecules that are standing up or lying

down gives the T=0 order parameters o My and n; for

i'
the pinwheel and herringbone phases. These are tabulated in

Table IV. For the 2-out and ferrorotational phases, 6

depends on VC/P but ¢ and n g will all be non-zero.

o! Yo’
The expected T=0 NMR spectra for the 2D powder are shown in Fig.
12 for the cases with ﬁo normal to the substrate (g =0°) and
parallel to the substrate (8=90°).

Table IV Order Parameters for the Herringbone
and Pinwheel Phases at T=0

Phase Sublattice ] o u n ¢
o o o
Herringbone 1,2 9Q° -1/2 0 3/2 +45°
Pinwheel 1 0° 1 0 0 -
Pinwheel 2,3,4 90° -1/2 0 3/2 -45°,
-165°,

-105°
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Fig. 12 Unbroadened T=0 NMR spectra for a 2D powder. The
solid lines are produced by molecules with their axes normal to
the surface and the dashed lines by those parallel to the
surface. The herringbone phase would have only the dashed
spectra. The pinwheel phase would have the dashed and solid
spectra in a 3:1 intensity ratio. In (a) Ho is perpendicular
to the surface and in (b) it is parallel.
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For B =0° only the first term of.(IV-lob) is non-zero so the up
molecules and the down molecules each give a pair of lines with
a splitting that is proportional to kl. The expression for v
is the same as in the pararotational state. Thus for g=0° the
distinction between the spectra of the herringbone and the pin-
wheel phaseé is very clear. The former contains only two lines
with a splitting of Av/3d=1. The latter contains two pairs of
lines with splittings of 4v/3d=1 and Av/3d=2. The inner lines
have three times the intensity of the outer ones.
Now consider the case of 8=90° (ﬁo is in the plane of
the substrate). The molecules standing up have y=n=0 so for
B=90° the first term of (IV-10b) is still the only non-zero one.
For the molecules lying down, " is also non-zero so the third
term also cpntributes. It contains the azimuthal angle § which
must be avefaged over all x axis orientations. The spectrum is
thus spread over the entire range of (v-vo)/3d from -1 to 1,
The only difference between the herringbone and pinwheel spectra
is that the inner peaks would be stronger for the latter.

In the 2-out and ferrorotational phases u is non-zero but it
is multiplied by sin B cosB,which is zero for g =0 or 90°. The
magnitude of the splitting will depend upon V. /T but otherwise
the B=0 and 90° NMR spectra will be very similar to those of the
herringbone ph&se.

The major source of broadening of the NMR spectra is the
orientational distribution of the basal planes. If ﬁo is para-

l1lel or normal to the Grafoil, only the inside edges of the
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peaks are broadened because in these two cases Vv, and v_
have either their maximum or minimum values if there is no
misalignment of the z axes. NMR spectra for a single crystal, a
3D powder and Grafoil are compared in Fig. 13. Next afe the
intermolecular dipole-dipole interactions which cause each mole-
cule to experience a local magnetic field of the order of
10741, Finally, the substrate itself produced local

magnetic fields due to its anisotropic diamagnetism. These

mechanisms will be discussed in the next three sections.

4.2 Crystallite Orientational Distribution

Synthetic NMR spectra which include the misorientation of
the graphite crystals have been generated. In (IV-10a) the NMR
frequencies are expressed in terms of the spherical harmonics
Yzm(g) wheré 3=(B,6) is the orientation of ﬁo in the
crystal (xyz) reference frame. Define (a,z,y) to be the Euler
rotation which carries the XYZ axes fixed in the foil into the
Xxyz axes. The Z axis is parallel to the normal of the foil and
the orientation of the X axis is arbitrary for the time being.
Using the convention of Rose (1957), the Euler rotation is
defined by the following operations.

1) Rotation by « about Z, XYZ  +X'Y'z'
2) Rotation by & about Y', X'¥Y'Z' »XxX"y"2"
3) Rotation by vy about zZ", X"Y"Z" >x y z
The orientations of'ﬁo and z in the XYZ fréme are§§=@'3) and

§'=(8',6') as shown in Figure 14.
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Fig. 13 Broadening of the NMR spectra due to the orientational
distribution of the adsorbing surfaces. The hydrogen molecules
are taken to be standing up on the surface. The solid line is
for a single crystal substrate with H_ normal to the surface.
The dashed line is for Grafoil with ﬁo normal to the foil.

The dotted line is for a powder substrate. The dashed and
dotted curves are normalized to the same area.
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R .
Fig. 14 Orientation of H_  with respect to the crystal axes
(xyz) and the foil axes (XYZ). The z and Z axes are normal to
the crystal basal plane and the Grafoil sheet respectively.
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In order to take into account the orientational distribu-
tion of the adsorbing surfaces, we will first transform the
expression for the NMR frequencies from the xyz frame to the XY2
frame using the rotational transformation properties of the
spherical harmonics. The probability distribution P'@ +Csy) of
the Euler rotations depends upon the Grafoil orientational
distribution. The next step is to obtain the probability
distribution of the NMR frequencies p(v). This was done numeri-
cally using an Amdahl 470 V/8 computer. The ranges of the Euler
angles were divided into intervals and for each set of intervals
P'(a,z,Y) and v were determined. The range of v was divided
into intervals and after going through all of the Euler angles
p(v) was determined by weighting each value v (o ,%,Y) by
P'(a,z,Y). This is the NMR spectrum,
The épherical harmonics in (IV-10a) transform under the
Euler rotations by
"H= L ™) D2 (argay) (Iv-11)
where Dz(a, Q?) is a rotétion matrix (Appendix A of Van
Kranendonk, 1983). 1Inspection of Fig. 14 shows that the trans-
formation can be made by making ¢=8§', z=B', and y arbitrary.
Applying (IV-11l) to (IV-10a) gives

ia l—)

120y 2(3) + sing(l+costle %v," (d)

2($)=(1/2)e"52Y{2cos4(;/2)e'

1/2

+(3/2) sin CY2 (Q) + 51nc(l-cosc)ela l(5)

2
+ 2sin? /2)e12a 2—2(5)} (Iv-12a)



Y21(3)=(1/2)e'lY {-sinc(1+cos;)e“lzayzz(ﬁ) 67
+ (1+cosc)(2cos;—1)e_le21(§) + 6 2gintcosty %)

+ (l-cosr) (2cost +1)eiaY2-1(§) + sing (1—cosc)ei2aY2_'2(§)}(IV—-12b)

Y2°($)=(1/2){(3/2)1/zsin2ce‘i2“Y22(§) - 61/2sinccos§e-qu21(§)‘
+ (3coszc-l)Y20(§) + 61/2sinccosCeiaY2_l(§)
+ (3/2)1/2sin2;e12“Y2'2(§)} (IV-12c)
v, o @) =y, @) (1v-12Q)
v, 2@ = v, @ (IV-12e)

The orientation of the X axis can be chosen such that the
projection of ﬁo onto the XY plane is along X ie, §=0°. With
this choice, substitution of (IV-12) into (IV-10a) gives
v4/38=+(1/2) {(0/2) ((3cos’B-1) (3cos®t-1) + 3sin2Bsin2t coss

+ 3sin2§sin2ccosza) - 3u «1/2)(3coszé-l)sin2Ccos(x+Y)

- sin2§{coszzcos(x+y)cosa - costsin(x+Y)sina '}
- sin“Bsinz {cosz cos(Xx+Y)cos2® - sin(X+Y)sin2al)
+7ﬂ(l/2)(3cosz§31)sin2Cc052(¢+Y) - sin2§sinc
x {coszcos2(¢+y)cosa - sin2 (6 +y)sinal
+ sinzg{(l/Z)(cos2C+l)cos2(¢+Y)cosza - COSQSin2(¢+Y)

x sin2al}) }

(IV-13)
All of the NMR measurements were made with B =0° or B =90°.
The results for these cases are given below.
1) §=0°:

- 2 .
v+/3d=t(l/2){o(3cos r=1) = 3usin cos(x+y) + nsin2;c032(¢+y)}

(Iv-14)

2) B =90°:

vi/3d=i(l/2)Ho/2)(-(3c052c#1) + 3sin2Cc052x) + 3p(sin2tZcos (x+vy)
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Xcosza—sin;sin(X+Y)Sin2a) + n(—(l/2)sin2ccos(¢+Y)

+ (1/2)(coszc+l)cos2(¢+y)c052a - cosgsin2(¢+y)sin2a) }
(IV-15)

Having transformed the expression for v, to the foil
reference frame, we note that P'(a,z,yv) actuazly depends only on
Z: the orientational distribution of the Grafoil adsorbing
planes is characterized by the angle B =¢ between the z and Z
axes, Define P(C)da to be the probability that z lies in the
solid angle d3= sinzdzda. The Euler angle v does not affect the

orientation of the z axis so P(Z) involves an inteygration over

all angles Y, giving

P(2)af = af F27P' (a,g,y) dy | (IV-16)
P'(aszey) = P(g)/2n (IVv-17)

If §=0°, then most crystals would have B=(0° and the first
term of (IV;lOb) would dominate; the pinwheel and herringbone
spectra would resemble Fig. 12(a) so they would easily be
distinguished. 1In the pararotational state, the first term of
(Iv-10b) is the only non-zero term regardless of the orientation
of ﬁo' The spectrum would always consist of a doublet but its
splitting would be twice as great for B=0° as for B=90°,
However, it is not obvious from (IV-14) and (IV-15) whether the
broadening in the former case would be more or less than twice
as great as in the latter case., 1If §=0°, then any misalignment
of the z axes will change B. On the other hand if §=90°,
rotations of the z axis about ﬁo' ie. a=+90° and ¢ #0°, would

not change B so they would not shift the NMR frequencies. This

might lead one to think that the broadening for B=90° would be
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less than twice that for B=0°. However for B=90°, it is also
necessary to average over all angles o as (IV-15) shows. Experi-
mentally we have found the spectra for B=0° to be better
resolved than those for g=90° in the pararotational state so for
our Grafoil sample the second misorientational effect

dominates.l

4.3 Intermolecular Dipolar Broadening

The dipole-dipole interaction between the nuclear spins of
neighbouring molecules results in broadening of the NMR line.
In this section the broadening will be calculated assuming that
the lattice is rigid. The interaction can have two effects.
In the presence of a large magnetic field ﬁo’ an isolated
magnetic moment Kl will precess abbut ﬁo at the Larmor

frequency wé given by

_ Yoo YlHo
where Y, is the gyromagnetic ratio. If we introduce a second

(IV-18)

moment 32, then at the site of 31 it induces a static field

hg parallel to H, and a field h transverse to H,,which

is rotating at a frequency wp determined by its own local
field. To first order the Zeeman levels of :1 are shifted
only by hg. This is the first effect. If the two moments are
of the same type, i.e. Y;=v,=v, then h. will be rotating

near the resonance frequency wy of the first moment. This
produces transitions between the Zeeman levels which cause'ﬁl

to tip away from Eo’ the same effect as the applied transverse
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RF field used in NMR. 1In order for the second mechanism to be
effective it is necessary that (p.21 of Abragam, 1961)

h zlwy-w, | (IV-19)
The width of the resonance is h, which is of the same order
of magnitude as the static shift hg.

Normally for a 3D solid, the NMR lineshape produced by
intermolecular dipolar broadening can be approximated fairly
well by a Gaussian function with a standard deviation 9g which
is equal to the second moment M,, which is defined by

My= 7 (v-vo)2f(v)dv (Iv-20)
where f( V) is the normalized NMR lineshape. 1In the rigid
lattice approximation, the calculation of M, is straight-
forward if the lattice structure is known. In order to fit the
experimental lineshape we have assumed that the intermolecular
broadening éroduces a Gaussian lineshape. This source of
broadening is small so this assumption is acceptable,

The expression for M, is obtainéd following the treat-
ment in Chapter IV of Abragam (1961). The Hamiltonian Hy for
the intermolecular dipole~dipole interaction is
Hd=j{k(h2Y2/rjk3){fj-fk - 3(fj-§jk)(fk.£jk)} (1v-21)
where ;jk = vector between the jth and kth molecules

Ty = ;jk/rjk
As in the case of the intramolecular dipole-dipole interaction

discussed in section 4.1, we will only keep the secular terms.

Assuming that H, is along the z axis, these are

s_ I 2 k _
Ha = 5«

k k

(v /x4, ) (1-3cos ejk)[Iszz (1/4) (.31 %+1_31 %))

(Iv-22)
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- T 2.2 3 2 ‘ i k
= . he/r, - ) - L
deY /rJk ) (1-3cos _.ejk)(l/2)[3Iz I, fj Tk] (IV-23)

where ejk = angle between E}k andaﬁo. The first term

of (IV¥22) in the square brackets arises from the static
parallel field hg. The second term is due to the rotating
transverse field h,.

If the RF field used to produce the NMR transitions is
applied along the x axis, then the expression for the second
moment given. by Abragam is

M, = -Tr ([Hds,IxJZ) (1V-24)

h2rr (I 2)
X

The expression for Hds given in (IV-23) was obtained
assuming that all lattice sites Qere occupied by spins of the
same type with resonant freguencies w; Such that for any pair
of spins

|mi—gj|59hr (IV-25)
However for hydrogen, the intramolecular dipole-dipole inter-
action can be much larger than the intermolecular interaction at
low temperatures so that (IV-25) would not be satisfied for all
pairs of spins. In that case h, is not resonant and the
second term in the square brackets of (IV-22) should be deleted.
It has been found for bulk solid Hy that M, of one peak of
the fully split doublet is 5/6 that of the unsplit line
(Ishiguro et al, 1951). Since it was not possible to obtain a
very precise measurement of M, in the experiments described in

this thesis, we will simply use (IV-23) in (IV-24) giving

~ 2 -
Mz—(3/4)6y/2n)4h21(1+1) £(1-3cos ejk)zrjk 6 (IV-26)
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If the J=1 concentration is denoted by ¢ and I=1, then we

2
get

- 4,,2 _ 2 2_ -6 _
M, =(3/2)c(y/2n)*h % (1-3cos ejk) Tix (IvV-27)

For D,, 5/6 of the J=0 spins have I=2 so these

contribute to the broadening of the J=1 spectra. At low temper-
atures most pairs consisting of an I=1 and an I'=2 spin will not
satisfy (IV-25) so it is more appropriate to delete the second
term of (IV-22). 1If this is done, the contribution of the I'=2
spins to the second moment of the I=1 spins is

M,=(1/3) (v/2m) *n%1' (141) (1-¢) (5/6) §(1-3cos?0 ) %r 70 (1v-28)
where the sum is over all molecules. The total second moment

for the I=1 spins of D, is

2

Mj’(3/2){c+(10/9)(1-c)}(y/2n)4h2 ﬁ(l-3cos ejk)zr -6 (Iv-29)

jk
In view of the S:N it is sufficient to approximate the
Grafoil by a 2D powder when calculating M,. Two cases will be

considered. 1If Eo is normal to the foil (B=0°), then

= : - 2 2_
ejk—90° for all j and k so (1-3 cos ejk) =1. 1If

Eo lies in the foil plane (E¥90°) then all anglesejk in
the range (0,27) have equal probability. Averaging over these
gives
<(1-3coszejk)2>=(1/2n)ff"(1-3cosze)2de  (1v-30a)
=11/8 (IV-30b)
The fact that M, depends upon the orientation of Hj is a
well known result for NMR of 2D systems (Cowan, 1980).

6

Now the sum of rjk‘ will be calculated for the

/3 x /3 solid. The neighbours of the jth molecule lie on a
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series of concentric hexagons. Let S; be the contribution
o
from the ith hexagon to the sum and let a=1.420A be the

intraplaner C-C separation. Then for the first three hexagons

s, = 8.231 x 1073a27® , (IV-31a)
S, = .434 x 1073276 (IV-31b)
53 = .059x1073a7® (Iv-3lc)
(IV-32)
The square roots of the second moments are
.0277¢Y/2  if 3=0°
Hy: My17%/3a = <.0325¢%/2 if §=90° (1v-33)
00149 {c+(10/9) (1-c)3 /2 if §=0°
D,: M, Y%/3d = (IV-34)

2 2
00173 {c+(10/9) (1-c)} /2 if §=90°

4.4 Graphite Diamagnetism

Graphite has a large anisotropic diamagnetism. Con-
sequently the magnetic field at the surface of the crystal in
the Grafoil will depend upon the direction of the applied field
with respect to the normal to the crystal. The distribution of
crystal orientations will lead to broadening of the NMR spectra.
Hickernell et al (1974) measured the room temperature frequency
shift of ethyl alcohol adsorbed on Grafoil with the magnetic
field parallel and perpendicular to the foil. They used a
cylindrical sample in which the normal to the Grafoil sheets was

3

perpendicular to the axis of the cylinder. At 30 MHz the
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shift was 2.4 kHz. 1If one assumes that the shift is the same at
liquid helium temperatures, then for the 8 MHz experiments
described in this thesis one would expect the contribution to

3 (9.3x1073)

M,1/2/3d to be of the order of 3.7x107
for H, (D,). Comparing with (IV-33) and (IV-34) one can see
that for H, the intermolecular dipolar broadening is likely to

be much larger than the effect of the graphite diamagnetism but

for D, the reverse is .true.
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Notes to Chapter IV

'This corrects a misconception in the paper of Kubik and

Hardy (1978). At that time we believed that the first
effect would dominate.

In general we will define ¢ to be the odd J concentration,
At liquid helium temperatures this is the same as the J=1
concentration,

This is the same sample geometry as used in the work
described in this thesis.
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CHAPTER V

SAMPLE PREPARATION AND CONVERSION MEASUREMENTS

5.1 Introduction

For bulk solid H, and D, the temperature of the
orientational ordering transition decreases linearly with the
J=1 concentration ¢ down to c=.6. It then drops rapidly to zero
at ¢ =55. For adsorbed hydrogen the depression of the transi-
tion temperature is likely to be even more rapid so it was
desireable to limit the J=0 concentration to a few percent. 1In
this chapter we will consider the preparation of enriched
samples of J=1 hydrogen and measurements of the conversion rate.

In thermodynamic equilibrium the odd J concentration

ceq is given by
= Z-l Z
ceq 93 odd J
where E; = energy of the Jth rotational level

(2J+l)exp(—EJ/kT) (v-1)

gy = nuclear degeneracy factor which is

different for odd J and even J (see Table 1)

g = I
all g 95(23+1) exp (-E;/kT)

A graph of c versus T is shown in Fig. 15. Room tempera-

€q

ture is essentially the high temperature limit and ceq =

.749 (.333) for Hy (Dz). These aré referred to as normal-
H, and normal-D, (n—H2 and n—Dz). At temperatures below

10 K, = (0 for H2 and Dz.

Ceq

Transitions from odd J states to even J states reguire

a simultaneous change of parity of the orbital and nuclear
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spin wave functions. For an H2 molecule, conversion
necessitates the presence of a magnetic field gradient. For
D, either an electric or magnetic field gradient is sufficient
because deuterons have a gquadrupole moment. If the magnetic
field gradient is provided by the nuclear and rotational
magnetic moments of neighbouring molecules, the conversion is
called "intrinsic". Paramagnetic ions have electronic magnetic
moments that are one thousand times greater than nuclear moments
so their presence can strongly catalyze conversion.

As a practical matter, non-equilibrium hydrogen samples
can:be stored at room temperature in clean glass bulbs., At 1
atmosphere pressure, H, will convert 1% in a week whereas for
D, it may take a year for a similar change. Conversion of the
gas is believed to be due primarily to the presence of o
impuritiésf

A glance at Fig. 15 suggests that the creation of hydrogen
samples in which the J=1 concentration is higher than in normal
hydrogen (enriched samples) might be a hopeless task. However
at low temperatures, J=1 molecules are preferentially adsorbed
on some substrates such as alumina. Silvera and Nielsen (1976)
used inelastic neutron scattering to measure the separation

coefficient S which is defined as

= - - (v-2)
[ {cs(l cs)}/{cg(l cg)}

where Cg and cg are the concentrations of_odd J molecules

on the surface and in the gas. They found S=39:§ (5.0+.3)

for H, (Dz) on Alcoa activated alumina.1



Fig. 15 Graph of the equilibrium J=1 concentration c¢
versus T for H, and D,. '

eq
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5.2 Preparation of Enriched Hydrogen Samples

Enriched hydrogen samples were prepared in an apparatus
(Fig. 16) largely constructed by W.N. Hardy, based on the method
of Depatie and Mills (1968). The n-H, had a purity of 99.999%
(Matheson Ultra-high Purity) and the n-D, was 99.65% (Bio-Rad
Laboratories). The hydrogen was adsorbed onto Alcoa activated
alumina contained in a 1.23 m long, 1.27 cm diameter stainless
steel tube held at 20 K. The alumina had initially been washed
in concentrated HCl in order to remove paramagnetic impurities,
ma;nly Fe3+. How effectively this reduced conversion on the
surface (back conversion) is not known. After being placed in
the wand, the alumina was baked at 120 C under vacuum for a day
and flushed several times with hydrogen. The alumina can with-
stand far higher baking temperatures but it has been found by
Hardy that baking at a temperature of 200 C caused an increase
in back conversion. This process may have broken some bonds of
the surface molecules, creating paramagnetic ions. Before each
enrichment run the wand was pumped out and flushed with hydrogen
at room temperature,

Ideally the temperature of the wand would be controlled by
placing it in liquid H, at its boiling point of 20.4 K. At
that temperature the vapour pressure above a sub-monolayer would
be very low and there would be no danger of pockets of bulk
solid hydrogen forming since the triple point temperature is
13.8 K (18.7 K) for Hy (Dy). Unfortunately the use of a

liquid hydrogen bath had to be rejected for safety
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considerations. Instead the wand was placed inside a copper

cylinder which was cooled by pumping liquid 4

He from a storage
dewar at about .5 1(liquid)/h through copper tubes soldered onto
the cylinder. Better stability was obtained by pumping the
4He through rather than pressurizing the storage dewar.
Typically, for H, the bottom of the cylinder was held at about
19 K and the top at 23 K. Temperatures were measured using an
Au (.07% Fe)/Chromel-P thermocouple (Rosenbaum, 1969) with a
liquid N, reference temperature,

"After cooling the wand to 20 K, n-H, was pumped through
it by a rotary pump at a rate of .30 1(STP)/min and an input
pressure Pf=150 torr. Initially the effluent gas had a low
J=1 concentration but after a few minutes it stabilized at =.65.
Since the incoming n-H, has ¢ = .75, there must have been some
back conversion on the alumina. These conditions were maintain-
ed for half an hour to ensure that the adsorbed hydrogen was in
.equilibrium with the flowing gas. The valve vy at the input
of the wand was then closed and the wand was raised 2 cm every
15 s. Enriched H, desorbed from the top end of the wand,
flowed down through the alumina, further enriching the adsorbed

H and then up the centre. When the wand had been raised .76

2'
m the concentration of the effluent gas had risen to c¢*,97. The
valves Ve and Vi0 to the rotary pump were closed, the

stopcock vg on the 2 1 Pyrex collection bulb was opened and

the wand was rapidly pulled out. Immediately afterwards vg

was closed to prevent impurities on the alumina from desorbing
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into the bulb. 1In this manner about 2 1(STP) of H, with c>.98
could be collected. The results for D, were similar though
there were minor modifications to thé procedure.

It is important to be able to monitor the J=1 concentra-
tion of the effluent gas. This was done using a matched pair of
Pirani gauges. Each Pirani gauge consists of a cell containing
40 torr of hydrogen and a filament. The filament was heated by
passing a 650 mA (500 mA for D2) curfent through it. The
temperature of the filament as measured by its resistance
depends upon the thermal conductivity of the gas. At this
pressure the mean free path of the hydrogen was much less than
the dimensions of the gauge and convection was insignificant so
the thermal conductivity was independent of the pressure. The
ortho and para species have different thermal conductivities
because the‘rotational energies are different; the difference is
maximized near the boiling point of N, so the gauges were
immersed in a flask of liquid N,. Thé filaments of the two
gauges were connected to a resistance bridge which had been
balanced with n-H, in each of the gauges. The n-H, in the
left arm was then replaced with slowly flowing effluent gas from
the wand. Valves Vio and vy, were adjusted to maintain
40 torr pressure and to replace the gas in the gauge approxi-
mately every 15 s. The bridge imbalance is approximately
linearly dependent on ¢ and would be accurate to about 1% if it
was calibrated using samples of known concentration. 1In

practice the bridge was only used to monitor the production
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process; absolute measurements of ¢ were made using Raman

scattering as described in Section 5.3.

5.3 Measurement of the J=1 Concentration by Raman

Scattering

It is important that ¢ be measured both before and after
an NMR experiment. During the course of NMR measurements, the
relative concentration was monitored by the intensity of the NMR
signal. An absolute calibration of the NMR intensity would have
been difficult. It was found that during the processes of
adsorption and desorption conversion was much faste: than when
the hydrogen was in the V3 x V3 solid. We suspect that when the
hydrogen is fluid on the surface many molecules can come close
to paramagnetic surface impurities and are converted quickly but
in the solid phase only those molecules at sites close to the
impurities will bé converted rapidly. 1In order to get a uniform
film the hydrogen must be adsorbed at temperatures high enoughv
(240 K) that there will be a significant 3D vapour pressure (51
torr) to allow exchange between the film and vapour. At these
temperatures the adsorbate is fluid. We could not measure c
during adsorption or desorption but by measuring it before
adsorption and after desorption the conversion was estimated.

About 3 cm3(STP) of hydrogen was used in the NMR
experiments, This is too small a quantity to be analyzed with

our Pirani gauges. Consegquently the sample was transferred to a
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square optical cell and c was determinéd from the intensity
ratio of a pair of Raman lines. If J is a good quantum number,
the selection rules for Raman scattering between states J and J°'
are J'-J=0,+2. We will only be concerned with the case J'-J=2.
For unpolarized light the differential scattering cross-section
per unit solid angle and per unit frequency is
/dodw'=2w(w'") BPJSJ

where A is independent of J and J' but depends on the

S(E +he-hu') (v-3)

do g5 g Ege

anisotropic polarizability

w = frequency of the incident light
w' = frequency of the scattered light
sy = (J+2) (J+1)/(2J+3) for J'>J (Stokes lines)

Jth rotational state

Ej = energy of the
= BJ (J+1) in the harmonic approximation
Py = probability that the gth state is occupied

= exp (-E;/kT) L, (23" +1)exp (-E

J" /kT)

J"
The prime on the summation symbol indicates that the sum is over
all even (odd) J" if J is even (odd).

For the 19,435 cm~1

Ar laser line, the intensity

ratios dOJ,J+2/d°1,3 are given in Table V. P;

and w-w' have been evaluated in the harmonic approximation.
Raman spectra were obtained using a Spex Ramalog spectro-

meter with 400 mW unpolarized light from an Ar laser. The slit

width of 150 ym corresponded to a bandwidth of 2.8 cm'l,
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which is much greater than the intrinsic linewidth., For a pure
o-H, NMR sample (3 cm3(STP)) with a pressure =350 torr in
the optical cell,Athe S:N with a 2 s time constant was =40,

Concentrations could be measured with an accuracy of 2%.

Table V. Raman Frequencies and Intensity Ratios

Hy Dy
VAN N
— N S Py N
J w=w' -1, dGJ'J+% Kw_i(cm'l) _J,J%2
PET I doy 5 27C CEPS
0 356.0 1.025 178.3 .757
1 593.4 1 296.8 1
2 830.8 .434 413.9 .785
3 1068 .099 529.4 .420
4 1306 - 642.2 .160

5.4 The Substrate

The substrate employed in these experiments was GTA grade
Grafoil, a form of exfoliated graphite. It is prepared by
intercalating graphite crystals with a strong oxidizing agent
such as sulfuric acid, rinsing, and rapid heating. Then it is
rolled into sheets with a density =1 g/cm3, about half that
of graphite. The main impurities are Fe, Si, Al, Mg, and Mn

with levels ~10-100 ppm. These levels can be reduced to
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<10 ppm by baking at 1700 C under vacuum (Hegde-and Daunt, 1978)
although this was not done with our sample.

The exfoliation process results in an enormous increase in
the area of the exposed basal planes but little change in that
of the edge planes (Dash, 1978). Broadening of x-ray
diffraction peaks indicates that the crystals are +100 planes
thick. The surface area is typically 20-30 mz/g.

Grafoil has quite homogeneous surfaces. A common
criterion for determining the homogeneity of an adsorbent is to
measure the sharpness of the steps in the 3D vapour pressure
isotherms of an inert gas such as Kr. The steps result from the
coexistence of two surface phases in addition to the 3D wvapour,
For such a system we can take the thermodynamic variables to be
the 3D vapour pressure P, the 2D spreading pressure ¢ , T, and N.
When there is coexistence of two surface phases on a uniform
surface, the chemical potentials of the two phases u1(¢,T) and
u2(¢,T) and that of the 3D vapour uV(P,T) must all be equal
independent of N. Therefore P will be independent of N also.

At low temperatures, the two surface phases are usually a solid
and a gas and the steps can cover almost the entire range of N
for each layer. For Kr adsorbed on Grafoil, five steps can be
observed in addition to sub-steps caused by phase transitions
between other 2D phases during formation of the first layer.
Exfoliated graphite exhibits better homogeneity than graphitized
carbon black which was popular in earlier surface studies (Thomy

and Duval, 1969). The uniformity and specific surface areas of
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several forms of exfoliated graphite are compared in Table VI
(Birgenau et al, 1981; Rosenbaum et al, 1983; R. Clarke, P.M.
Horn, S.E. Nagler, and T.F. Rosenbaum, to be published).

Table VI. Properties of Exfoliated Graphite

Surface Specific z Axis Distribution
Coherencg area
Substrate Length (A) (m“/g)
Grafoil* 100~-200 20-30 70%: isotropic
30%: FWHM = 30°
Papyex T 200-300 20 70%: isotropic
30%: FWHM = 30°
UCAR Foam* 900 - 27 isotropic
UCAR ZYX* 2000 - 2.8 FWHM = 20-~30°
Exfoliated 4000 .3 FWHM = 17°

single crystal
* Union Carbide Corp., Carbon Products Div., 270 Park Ave.,

New York, USA

Carbone Lorraine, 37-41 rue Jean-Jaures, 92231, Gennevilliers,

France

Another property of Grafoil that is important for NMR

measurements is that the normals to the adsorbing planes, the
crystal z axes, are preferentially aligned parallel to the foil
normal, the Z axis (see Table VI). The distribution was
obtained from an analysis of the shape of the diffraction peaks
of adsorbed gases: one cannot use the graphite peaks because
one wants only the contributions from the surface planes. Fig.

13 shows that the intensity of the peaks in the NMR spectrum can
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be enhanced considerably if the adsorbing surfaces are
preferentially aligned.

Among the various forms of exfoliated graphite, Grafoil
was chosen as the substrate because it makes a good compromise
among the properties listed in Table VI. Paramount among tﬁese
for this work is the specific surface area because the NMR S:N
ratio is quite poor. Apparently the surface coherence length of
Grafoil is sufficient to allow orientational ordering of Hy.

Other substrates will be discussed in Chapter X.

5.5 Adsorption

A typical procedure for adsorbing a gas onto Grafoil
begins by pumping out the cell at room temperature and then
filling it with a measured quantity of gas. The cell would then
be cooled over a period of several hours to adsorb the gas.
Afterwards it would be slowly heated until the vapour pressure
had risen to about 1 torr to anneal the sample. Finally it
would be slowly cooled again. This procedure was found to be
unsuitable for hydrogen because during the adsorption process
the conversion rate was very rapid. 1In order to keep the con-
version to <5% it was necessary to adsorb the sample in less
than 15 min. 1In early experiments the samples were held at
temperatures of 30 - 40 K corresponding to vapour pressures of
several hundred microns for about 40 min. Pure o-H, samples
converted to about 25% O-Hjy. Fig. 15 shows that this is close

to ¢ at those temperatures,

€q
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4

The sample cells were quite different for the "He and

3He cryostats so the adsorption procedures will be described

separately. In the 4

He cryostat the Grafoil was at the bottom
of a long glass wand shown schematically in Fig. 17. The volume

V., contained the hydrogen gas, vV, was a calibrated volume,

o
and Vjy contained the Grafoil. V3 was always evacuated

except when filled with hydrogen. Prior to an experiment V,,
Vor and V3 would be pumped out at room temperature by a
diffusion pump with a liquid N, trap for at least one day and
flushed a few times withvhydrogen. Occasionally the bottom of
the wand was baked at 180 C during the pumping and flushing.
The temperature was limited by the presence of Teflon sheets in
the cell as described in Chapter‘VI. Stopcock v,3 was then
closed and V, was filled to a pressure P, measured by a

Bourdon tubé pressure gauge. Valve Vlé was closed, Vos

was opened and the wand was lowered fairly rapidly into the
liquid 4He bath. As soon as the pressure Pj measured by the
Veeco DV-1M thermocouple pressure gauge (1-2000y) began to drop
below the 1 atmosphere mark the wand was raised a couple of
centimeters to bring Py back up. The wand was then lowered
over a period of 12 - 15 min until Py was down to 100 u

4He bath. The

whereupon it was lowered rapidly into the
object of this procedure was to adsorb most of the gas fairly
quickly but then to hold the pressure near 1 torr for several

minutes to allow it to anneal. Once essentially all of the gas

was adsorbed it was cooled rapidly to minimize conversion.
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500 ml H, storage bulb

Conical joint

VZO 12
() A Pressure
-V gauge

w

Thermocouple —\ Vg

pressure — ()
gauge _/ ;__\/3

Pyrex

Pgrex—quor’rz
graded joint

Quartz —

35— Grafoil

Fig. 17 Sketch of the wand containing the Grafoil sample used
in the *He cryostat (not to scale).
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3

In the “He cryostat the sample cellwas mounted on the

3He pot so the hydrogen was introduced via an insulated,

heated stainless steel tube. The system is shown in Fig. 18.

It was pumped out and flushed at room temperature as -described

4

for the “He cryostat. On the occasions that the Grafoil cell

was baked, it was only heated to 120 C to avoid damaging the

4

copper—-quartz joint described in Appendix B, The liquid “He

bath was filled to a few cm above the 4 K plate so that by the
time that the hydrogen entered the cell the level was just below

the plate. This prevented the formation of cold spots where the

4

hydrogen might condense. The H, fill line and “He pot

heaters were used to heat the 4

3

He pot to T4=52 K and the

He pot to T3=40 K. Throughout the process of adsorption

T4>T3 so that the Grafoil should have been in the coldest
region of the f£ill line. The hydrogen was gradually allowed to

3 calibrated

enter the Grafoil cell v, from the 16.96 cm
volume V,. After about two minutes, less than 1% of the
hydrogen remained in v, and the pressure Py above the

Grafoil was about 1 torr. This pressure was maintained for 6
min at which time 30u of 4He was éllowed into the vacuum can.
Five minutes later P, had dropped to 100u, T4=40 K and

T3=30 K. The vacuum can pressure was iﬁcreased to 200u of
4He and 2 min later P4<lu, T4=27 K, and T3=20 K. The
heaters were then turned off and within a minute T4 went to

10 K and T3 to 4 K. The total time elapsed since the start of

adsorption was 16 min.
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Fig. 18 Sketch of the adsorption and desorption apparatus used
with the “He cryostat.
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For a few runs a different procedure was tried. Ty was
raised to only about 25 K using the fill line and 4He pot
heaters. Hydrogen was then leaked into Vg through the needle
valvevv23 at such a rate that p, was maintained at about
500u. This was well above the equilibrium vapour pressure but
well below the bulk hydrogen vapour pressure. After 10-15 min
virtually all of the hydrogen was in V, and P, began to
drop. The heaters were turned off and 50u of 4He was added to
the vacuum can. In about 3 min Ty dropped to 4 K. This
procedure was abandoned because it apparently resulted in non-
uniform films: the NMR signals were very weak and broad.

Since the coverage p is an important experimental
parameter, it was necessary to determine the surface area of the
Grafoil substrate. The amount of gas N3 that will give full
coverage in'the V3 x /3 solid, ie. p=1, can be determined from
the heat capacity, neutron scattering, or adsorption isotherms.
‘The latter was by far the simplest for us.

In principle, it should be possible to determine N3 by
identifying the transition from the Y3 x /3 solid to the
incommensurate solid in the low temperature adsorption iso-
therms as has been done, for example, for Kr adsorbed on
graphite. However, this has not been done for light gases such
as hydrogen and helium because the pressures involved are quite
low, élou; and thermomolecular pressure effect corrections would
be large. There is controversy concerning the effect of the.

walls of the container on these corrections (McConville, 1969
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Bernat and Cohen, 1974) (see p. 97).

The approach that we adopted was to use the adsorption
isotherms to determine the monolayer coverage N of 4He;
this only involves the measurement of pressures greater than a
few tens of microns., The heat capacity of Y4e on Grafoil
exhibits a sharp peak at N=N3 and a minimum in the heat
capacity has been interpreted as monolayer completion (Bretz et
al, 1973; Huff and Dash, 1976). These measurements gave N3/
N,=-556 at 1.0 K. Also, the lattice parameters of 4He on
graphite at N=N3 and N=N_ have been measured by elastic
neutron scattering (Carneiro et al, 1976). Assuming a uniform
surface, these results imply N3/N = .561 at 4.2 K in good
agreement with the heat capacity measurements.

we determined N, for 4

He by the "Point B" method

(Young and Crowell, 1962). This is an empirical procedure that
has been used extensively for determining monolayer coverages
although it is not as precise as the ﬁeat capacity method. For
each layer of adsorbed molecules, interactions between molecules
can be neglected at low coverages so that Henry's Law (Young and
Crowell, 1962) should be valid. It states that for‘a uniform
surface the pressure is proportionalvto the coverage. 1In
practice, there will always be some rounding of the isotherms
due to surface heterogeneity and thermal promotion to the next
layer. The point at which the isotherm becomes linear- is "Point
B"; this has been interpreted as layer completion. Applying the

4

Point B method to their “He on Grafoil adsorption isotherms at
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Fig. 19 Adsorption isotherm for 44e on Grafoil: P, versus
N/N_. Monolayer coverage N, was determined by the Point B
metﬁod. Dashed lines are extrapolations of the Henry's Law
region. Point B is denoted by an asterisk. The solid circles
[curve (a)] were obtained from our Grafoil substrate in cell B
after correcting for the vapour in the dead volume. The error
bars are primarily due to the error in measuring the calibrated
volume V,. The open circles [curve (b)] show the total amount
N of helium removed from the calibrated volume. 1In this case,
N/Nm was calculated using N, from curve (a). The crosses
[curve (c)] are the data of Goellner et al (1975).

S6
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4,2 K, Goellner et al (1975) found a monolayer density of
.1152—% which agreed with the heat capacity result.

Fig. 19(a) shows our 4.23 K isotherm of 4He on the
Grafoil sample in cell B, which is described in section 6.3.
The number of adsorbed molecules is normalized to monolayer
coverage N/Nm. Note that there is clearly a region where
Henry's Law is valid. The pressure above the Grafoil, P,r was
measured by an MKS Baratron model 170 capacitance manometer with
a 1 torr sensor. Corrections for the thermomolecular pressure
difference between 4.2 K and 300 K have been made using the data
of Roberts and Sydoriak (1956); they found good agreement with
the Weber-Schmidt equation (Weber and Schmidt, 1936). The
corrections were significant at the lower pressures, being -14%
at 145 p but only -3% at 520u.

The adsorption isotherm was measured by metering a
guantity Np of gas from the calibrated volume v, into V3
and V, (see Fig. 18). For pressures P, near 100u, it was
necessary to wait up to two hours for P, to approach equili-
brium but this time was reduced to a few minutes for P,>200u.
To determine the quantity N of hydrogen adsorbed on the Grafoil,
it was necessary to correct for the 3D vapour in Vi énd Vi
this is called the dead volume correction. Of this volume,

3

12 cm3 was at room temperature, 8 cm” was at 4.2 K, and

12 cm3

was in a vacuum jacketed tube between 4.2 K and room
temperature. Since the temperature gradient down the tube was

not known, it was difficult to predict the amount of gas in it.
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~However, there was a similar tube connected to a vapour pressure

cell in the 3 4

He pot which could be filled with “He and

sealed off. By monitoring the pressure in that tube as a
function of the level of the liquid helium bath, the amount of
gas in the fill line for the Grafoil cell could be estimated.
In fact the pressure in the vapour pressure line was almost
insensitive to the liquid helium level. Although the dead
volume correction was quite large for P4>100u, it only changed
the position of Point B by 2% [compare Fig. 19(a) and (b)].

4He on Grafoil

For comparison purposes, the 4,24 K
adsorp;ion isotherm obtained by Goellner et al? is also shown
in Fig. 19(c). The data has been normalized using the monolayer
coverage of 6,56 cm3(STP) determined by Goellner et al using
the Point B method. The slopes of Fig. 19(a) and (c) are
slightly different; this is probably due to an error in our dead
volume correction. The shift in the curves is probably the
result of an error in the Point B determination: Goellner et al
chose Point B to be at P, = 200u, whereas we have taken it to
be at 430u. There are several possible explanations. According
to McConville (1969), the thermomolecular pressure effect
correction for stainless steel tubes (which were used in our
3He cryostat) is larger than that predicted by the
Weber-Schmidt equation. This would mean that our values of Py
are too high especially at pressures below about 200u. However,

this point is controversial. Goellner et al used a capacitance

manometer operating at 4.2 K so they had no thermomolecular
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pressure difference. For pressures near 100 u, equilibration
times for the adsorption of hydrogen were greater than an hour
SO our pressures in this range could be too high.

Using Point B, we have estimated monolayer coverage to be

6.63 cm3(STP)/g +3% for *

2

He. ' For a monolayer density of
.115 ;— , this corresponds to a specific surface area of
15.6 mz/g for the Grafoil in cell B - somewhat less than the
usual range of 20-30 m2/g for Grafoil but quite close to
Goellner et al.

Upon completion of an NMR experiment, the hydrogen was
quickly desorbed and transferred to the Raman cell'for measure-
ment of the J=1 concentration. The procedure for doing this is

4

as follows. First the liquid “He was boiled off until its

level was below the 4 K plate. The hydrogen fill line was then
heated at a‘rate of 2.3 W until Ty = 10 K. Then the 3He pot
was also heated at 2.3 W. Meanwhile, one arm of the evacuated

Raman cell was exposed to a stream of cold 4

4 3

He gas from a
liquid "He storage dewar. After the “He pot had been heated

for 5-8 min, the pressure Py approached a maximum and the
hydrogen was allowed to enter the Raman cell. It liquified in
the cell so that within a minute virtually all of it was removed
from the cryostat. The cell was then sealed and taken to the

Raman spectrometer.

5.6 Conversion Rate Measurements

H, molecules with I=1 produce a dipolar magnetic field,
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which results in a field gradient at neighbouring molecules.
This is the source of the intrinsic conversion of Hy. It
leads to a second order rate equation

dc/dt = -kc? (V-4)
which is obeyed in bulk solid»H2 with kK = 1.90(5)%/h (Silvera,
1980). |

The same process occurs in Dy,. In addition, I=1 mole-
cules interact with the dipolar fields produced by the I=2
molecules and, since deuterons have a nuclear spin i=1, they
also interact with the electric field gradient produced by those
D2 molecules which have an electric quadrupple moment (I=1 or
2). Thus, the rate equation contains both first and second
order terms

dc/dt = -kc? - k'c(l-c) (v=5)
For bulk solid D,, it has been found that k=k' = .060(3)%/h.
Consequently, the rate equation is approximately\first order.

For hydrogen adsorbed on graphite, one might expect
interactions with the surface to catalyze conversion,
particularly if there were paramagnetic impurities or dangling
bonds with associated unpaired electrons. Conversion would then
be a first order process

dc/dt = =kc (Vv-6)

We have determined the conversion rate of o-H, and
p-D, in the /3 x /3 solid phase on Grafoil by measuring the
time dependence of the integral of the NMR adsorption spectrum

S. It is proportional to the static magnetization Mg produced
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by the magnetic field H, in the absence of the RF excitation
field H;. 1In the high temperature limit, which pertains in
our case, M, obeys the Curie Law

Mg = C/T (V-7)
For N nuclei with spin I and gyromagnetic ratio y, the Curie
constant C is given by (Abragam, 1961)

c= Ny’h?I(I+1)H /3K (V-8)

For sufficiently low values of H;, S is proportional to
Hy and the shape of the spectrum is independent of Hy -
However, if the saturation parameter Y2H12T1T2, where
T, and T, are the longitudinal and transverse relaxation
times, becomes comparable to 1, S increases more slo;ly than
H,y and the shape of the spectrum will depend on Hy . Usually
for solids, Tl increases as T decreases so saturation becomes
more likely.

In order that we be able to plot data obtained under

different conditions on the same graph, S has been normalized.

The normalized amplitude s is defined by

s a S/(mNGQVi) (v-9)

where a arbitrary constant

m = number of sweeps through the resonance
N = number of hydrogen molecules

G = total gain of the measuring system

Q = quality factor of the NMR tuned circuit
Vi

= RF input voltage to the tuned circuit

vy is the RF voltage across the coil which contains the
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Grafoil. 1In the absence of saturation, s should be proportional
to the fraction of hydrogen molecules with I=1 and to T-1
but independent of all other parameters.

Our final H, spectra were obtained from three samples
labelled G19, G20, and G2l1. All of these were contained in cell
B. The first two samples were used to study the temperature
dependence of the spectra at high J=1 concentrations and were
removed after the hydrogen had been adsorbed for a total time t
of less than 80 h., Sample G21 was studied until c had dropped
to .2 after nearly 400 h,

Fig. 20 is a plot of sTy versus t for this sample at
1.81, .575, and .333 K. At each temperature the data were
fitted to the equation

In (sT3) = -kt + 1n (s;T3) (v=10)

with k and s;

i @s parameters. (V-10) is derived from the first

order rate equation (V-6).

The 1.81 K data has the least scatter because it is near
the temperature at which the S:N ratio was the highest. At
higher temperatures, the absorption signal was a little narrower
but its amplitude had dropped because of the Curie Law. At
temperatures below 1 K, the signal broadened considerably so
that the amplitude dropped despite the net increase in area due
to the Curie Law. 1In a@dition, there was coherent noise
(discussed in Chapter VII) which became more severe at low
temperatures. The scatter in the data increased with time

because of the decrease in J=1 concentration c.
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Fig. 20 Graph of sT, versus the time since adsorption, t,

for H, sample G21 at:” (a) T,=1.81 K (circles, solid line),

(b) T=.575 K (squares, dot—aashed line), and (c) T3=.333 K
(diamonds, dotted line). All of the data have the same RF input
attenuation, A=13 dB. The lines are two parameter least squares
fits to the data at each temperature. The slopes k and
intercepts s;Ty are given in Table VII.
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The results of the two parameter least squares fit to
(V=-10) are shown in Table VII., The data were weighted by the
square of the S:N ratio. The values of siT3 at 1.81 K and
.575 K are about the same but siT3 is decidedly lower at
.333 K. The reason is discussed in section 7.3. On the other
hand, there is moderately good agreement between the three
values of k. <Consequently the weighted mean of the three
values, k = .40(2)%/h, was used and one parameterileast squares
fit were made to the data at each temperature to find the new
y—-intercepts s.'Ty (see Table VII). A graph of l/sT3
was also plotted; it would be linear if the rate equation were
second order. The fit to a straight line was much poorer than

in Fig. 20.

Table VII O-H, Conversion Rate Constants

T3(K) k(%/h) s;T3 si"r3
1.81 .402 (27) 3.43 (15) 3.40
.575 .355 (28) 3.67 (14) 3.82
.333 .457 (36) 2.40 (10) 2,27

Having measured the conversion rate, it was necessary to
determine the absolute concentrations of the H, samples. An
absolute calibration of the NMR spectrometer would have been
difficult because it would have entailed a calibration of the
spectrometer gain. This might have been done by measuring S for

a known quantity of o-D, or HD. It would have been necessary
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to ensure that there was no saturation or RF heating by checking
the signal at lower RF levels, reducing the alfeady marginal S:N
ratios. 1In section 7.4, we present evidence that the o-D,
signal was saturating at the normal RF levels used for o-H,
and p-D, samples.

We were able to avoid the calibration by measuring the J=1
concentration before adsorption and after desorption using the
rotational Raman spectra. The amount of conversion during
adsorption and desorption was unknown but it was possible to
make estimates based on the time for adsorption and desorption,
the initial and final concentrations, and the relative change of
concentration obtained from the NMR measurements. In addition,
the NMR spectra of H, sample G21 provided information about
the shape of the NMR spectra at a fixed temperature as a
function of time. For example, using that information, it was
clear that for a G21 spectrum taken at t=3.55 h and T3=.573 K,
.c must have been lower than for two G20 spectra taken at t=10.19
h and Ty = .382 K and at t = 7.88 h and T3 = .563 K.

Table VIII contains the data used to estimate the concen-
tration c; at the completion of adsorption (t=0). The concen-
trations before adsorption and after desorption as measured by
Raman spectroscopy are c, and Cq. The times elapsed during
adsorption and desorption are t, and ty. The time between
adsorptioh and desorption is tg.

Using these values of cyr a graph of c/ci versus t has

been plotted in Fig. 21. The data for G21 and Gl9 fit the
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Fig. 21 Graph of c¢/c; versus t for three H, samples, all

in cell B, at three temperatures T3: (a) GZif 1.81 K (open
circles); (b) G221, .575 K (open squares); (c) G21, .333 K (open
diamonds); (d) G21, Raman (#); (e) G19, 1.8 K (so0lid circles);
(£) G19, .57 K (solid squares); (g) Gl19, .31 K (solid diamonds);
(h) G19, Raman (*); (i) G20, 1.8 K (x); (3j) G20, .57 K (open
triangles); (k) G20, .33 K (inverted open triangles); and (1)
G20, Raman (+). 1In every case, A=13 dB. The straight line has
a slope k=,40%/h, which was obtained from the G21 data.
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straight line fairly well. All of the data for G20 fall on or
below the line. Nevertheless, the value of cy taken in that
case is supported by the comparison of the shapes of some of the
spectra as described above and by the Raman results. For G19
and G20, cy was above the equilibrium concentration at all
temperatures during desorption so ‘it is a lower limit for

c(t=tf). For G21, cy was equal to ¢ at T=40 K, a

€q
temperature at which the hydrogen would have been partially
desorbed. Therefore c4q could be either smaller or greater

than c(t=tf).

Table VIII., 1Initial J=1 Concentrations of the H, Samples

Sample c¢_, ¢4 ta(min) td(min) tf(h) c; cie_ktf
+.02 +.03

G21 >.96 .17 8 13.5 388,10 .93 .20

G20 >.98 .79 5 14 43.00 .96 .81

G1l9 >.98 .56 12 16 76.38 .95 .70

For D,, conversion rate measurements were less precise
than for H, because the S:N ratio was much poorer and the rate
constant was smaller. Coherent noise made the determination of
the baseline of the spectra very difficult in many cases. Data
concerning the effects of the température and the RF lével on
the magnitude of the integral of the absorption spectrum were

minimal (see section 7.4).
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Those J=0 molecules that have I=2 give a narrow line at
the centre of the spectrum. At high temperatures, the J=1
molecules produce a doublet with a splitting that increases as T
decreases: the same as for H,. Near 1 K, the broadening
begins to increase much more rapidly than the splitting so that
at low tempratures the doublet transforms into a weak, broad
hump. Consequently, the conversion rate measurements were
restricted to T42 1.6 K. Above 4 K the splitting becomes
small and it is difficult to separate the J=0 and J=1
components: those spectra were not used either, For 1.6 K
iT3§4.2 K, the normalized integrals So and S of the J=0
and J=1 comﬁonents of the adsorption spectra obeyed the Curie
Law (see section 7.4).

Had it been necessary to rely on s; alone to determine
the conversion rate, it would not have been possible to get a
reliable estimate because the scatter was so large. However,
the absolute J=1 concentration can be obtained from the ratio
s,/s, since
Sl/so e{Il(Il+1)/12(12+1ﬂ e/l (5/6) (1-¢)} (v-1la)

= (2/5) ¢/ (1~c) (v-11b)
where I;=1 and I,=2. The factor of 5/6 is the fraction of
J=0 molecules that have I=2.

The D, conversion rate data is not extensive enough to
ascertain whether the rate equation is first or second order.
However, for H, conversion was found by experiment to follow a

first order rate equation so that in this case conversion must



Fig. 22 Graph of -1ln ¢ versus t for D, sample G18 in cell B,
1.6 K <T3<4.2 K. The RF input attenuation was A=13 dB
(circles) or A=19 dB (diamond). The concentrations before
adsorption ¢, and after desorption cy, determined by Raman
scattering, are also shown (*). The line is a least squares fit

to the NMR data. It gives ci=.99(2) and k=.069(15)%/h.

80T
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be catalyzed by the surface. Presumably the same is also true

fo D, given that its intrinsic conbersion rate is less than

2
that of H2.
A graph of -1ln c versus t for D2 sample G1l8 in cell B is
shown in Fig. 22. The Raman measurements before adsorption and

after desorption are also shown. The former is a lower limit
on =1ln c¢ and the latter is an upper limit. A least squares
fit to the NMR data gives Ci='99(2) and k=.069 (15)%/h.

Some chonversion rate meésurements were also made for
cell A which contained a different type of Grafoil from cell B
(see section 6.3). Fig. 23 is a plot of -1ln c versus t obtained
from p—D2 sample G7 in cell A. The data covers a very limited
concentration range from .94 to .97. A least squares fit to
a first order rate equation gives ci=.976(4) and k=.026(7)%/h.
The rate constant is only .38 of that measured for cell B; it

is not surprising that different types of Grafoil give

different conversion rates.
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-In ¢

Fig. 23 Graph of -ln c versus t for D, sample G7 in cell A.
.3 K <T;<1.4 K. A=14 dB. The line is a least squares fit.
It gives c¢;=.976(4) and k=.026(7)%/h.
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Notes to Chapter V

1. Alcoa Chemicals, activated alumina grade F~1, mesh 8-14,

2. The data were actually taken from Novaco (1975). The data
of Goellner et al for P4<388u were not tabulated.



112

CHAPTER VI

THE NMR CRYOSTATS

6.1 The 4He Cryostat

Our first NMR measurements for hydrogen adsorbed on
Grafoil were made in the temperature range 1.3-4.2 K using a
cryostat which was immersed in liquid 4He. The primary
purposes of the measurements were to determine the crystal field
and to search for evidence of orientational ordering. In these
experiments, the Grafoil was at the bottom of a loné Pyrex wand
with a quartz tip (Fig. 17), which could be lowered into the
liquid 4He. The temperature was controlled by pumping on the
bath using either a rotary pump throttled by a Walker regulator

(Walker, 1959) or a diffusion ejector pump. The 4

He vapour
pressure was measured by a mercury manometer, an oil manometer,
or a McLeod gauge depending upon the pressure. Corrections for

the thermomolecular pressure effect were made at the lowest

pressures. The pressure was converted to the temperature of the

4

i

He bath using the 1958 4he temperature scale (van Dijk et
al, 1960). |

The tip of the 9 mm outside diameter (OD) wand fit snugly
inside a coil holder containing a 10 mm long, 10 turn, 1.1 upH
copper coil which produced the oscillating magnetic field to
excite the spins in the sample. The coil, composed of 26 AWG
wire, was wrapped on a thin, threaded Teflon cylinder which was

placed inside a more rigid outer cylinder of Teflon. The
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thermal contraction of Teflon exceeds that of both copper and
quartz so the whole assembly fit tightly together at low
‘temperatures, reducing the possibility of microphonics.

Most of the NMR measurements were made using a sample
consisting of 39 g of .25 mm thick, rectangular Grafoil

1 with a density of 1,12 g/cm3. These were inter-

sheets
leaved with .0l mm Teflon sheets in order to reduce RF shielding
since Grafoil is an electrical conductor (Hedge et al, 1973).
Copper plates were inserted against the outer Grafoil sheets to
squeeze the sample tightly inside the quartz tube. This
improved the thermal contact between the Grafoil and the quartz
tube and helped to prevent microphonics. Prior to assembly of
the sample, the Grafoil sheets had been baked under vacuum at
1000 C for 12 h and purged several times with pure H, gas.

The Grafoiliwas exposed to air while the sandwich was being
assembled and was then baked under vacuum at 220 C for 15 h and
purged with H,. We were concerned that Teflon vapour might
contaminate the Grafoil so a second sample was constructed in
which the Teflon was replaced by .1 mm thick sapphire plates.
After aésembly this sample was baked at 900 C. It gave identi-
cal NMR signals to the Grafoil and Teflon sample.

We employed an 8.5 MHz continuous wave, single coil NMR
spectrometer. The absorption signal (the imaginary part of the
susceptibility) was observed by sweeping the magnetic field
through the resonance, which was at .2 T for H, and 1.3 T for

Dy Simultaneously, the field was modulated at 280 Hz by
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.17 mT peak to peak. The AC component of the amplified voltage
across the coil was then demodulated using a lock-in detector
and fed into a signal averager. This yielded the derivative Qf
the absorption, which could be integrated using the "integrate"
facility of the signal averager.

In order to prevent spurious NMR signals from being
detected when we observed the resonance of the H, molecules,
fairly exacting measures were necessary to keep the number of
14 nuclei near the coil at an acceptably low level, The
modulation coils, composed of enamelled copper wire, were
covered by aluminum foil to shield them from the RF field.
Initially the Grafoil had been placed inside a Pyrex tube but it
was found that at 4 K the Pyrex produced an absorption peak with
a full width at half maﬁimum (FWHM) of .16 mT. 1Its amplitude
was comparable to that of the o-H, signal which had a FWHM of

1

.56 mT at 4 K. No “H signal could be detected in guartz so

the Pyrex was replaced by quartz, Despite these measures, a

triangular 1

gave an 1H signal of the same shape. It could be reduced by

H signal with a FWHM of 1.1 mT persisted. Teflon

baking the Teflon under vacuum at 220 C for two days so the
Teflon coil holder and Teflon sheets in the wand were also baked
under vacuum. Afterwards, the background signal had an ampli-
tude of about one third that of o-H, at 4.2 K; the background
was still significant. Consequently, it was necessary to
measure the background signal before the H, was adsorbed on

the Grafoil and later subtract it from the signal obtained with
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o-H, adsorbed. Presumably the background signal was from the
Teflon, although we could not rule out the possibility that some

other material produced an 1

H signal of the same shape.

In order to maintain the homogeneity of the magnetic
field, no superconducting metals could be allowed near the NMR
coil, For type I superconductors below their critical tempera-
ture T, magnetic flux penetration is zero (apart from a very
thin region at the surface) in a magnetic field H less than a
critical value Hy and it is complete for H>H, . For type II
superconductors, it is zero for H<HCl and complete for

H>Hc where

2

g 2 _
HCI Heo = He : (VI-1)

Typically ch-Hclm.l—.S H,. H, was above H, for
any type I superconductor but did not exceed Hoo of many
type II superconductors, in particular some solders. Many of

these also have T >4 K. Solder joints near the NMR coil were

made using the following materials: 1In (type I, T, = 3.4 K,
H, = .0293 T), Pb (type I, T, = 7.2 K, H, = .080 T), and

= 2
Hcl)/Hc = ,18].

6.2 The 3He Cryostat

The NMR méasurements made using the 4

He cryostat allowed
us to determine Wc' and T for H, and D, but did not show
any evidence of cooperative orientational ordering (Kubik and

Hardy, 1978). However, they did show that EQQ interactions were
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important, at least for D,. This motivated us to build a
3He cryostat that would allow us to extend the measurements
down to .3 K. The cryostat was also built with a view to
extending the measurements.up to 25 K in order to study the
solid-fluid transition. Due to lack of time, no measurements
have been made above 12 K: the S:N ratio deteriorates rapidly
above 8 K. We could have attained even lower temperatures using
a dilution refrigerator but this would have been more difficult
to construct. It also seemed very likely that the interesting
orientational behaviour would occur above .3 K.

The principle of 3He cryostats is simple and good
discussions of their design are contained in Rose-Innes (1973)
and Lounasmaa (1974). The tail of our cryostat is depicted in
Fig. 24. The cryostat was immersed in a bath of liquid ‘He.

The first cooling stage below 4 K was a continuously operating

v4 3He gas from a

3

He refrigerator which served to condense the

tank at room temperature and to thermally shield the “He pot.

Liquid 4He was pumped from the bath through a flow impedance

into the 4

3

He pot where it boiled at 1.3 K. When the valve on

the “He supply tank was opened, 1.6 1(STP) of 3He gas was

~adsorbed by a charcoal adsorption pump at sub-monolayer

3He valve at the top of the cryostat was closed

3

coverage. The

and the pump was heated at .5 W to desorb the “He, which would

4

then condense as it passed through the “He pot and dribble

3He pot. After 20 min the pump temperature reached

3

into the

35 K and nearly all of the “He was desorbed. It was then
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Fig. 24 The tail of the 3

He cryostat, drawn approximately to
scale.

The section below the 4 K plate was enclosed in a vacuum
can, which was soldered to the 4 K plate.
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4

necessary to turn off the pump heater or the *He pot would be

drained and warm up to 4 K. As the charcoal cooled, it would

3

begin to adsorb “He producing a minimum temperature of T3 =

.295 K after about 30 min., Operation at .3 K could be sustained

3

for 18 h before the “He had to be recondensed, implying a heat

leak of 30uW into the 3He pot. For operation at higher

temperatures, it was often necessary to heat the 3He pot; at a

temperature of 1,2 K, the 3

He only lasted about 3 h.

Up to .6 K, the temperature could be controlled by means
of a throttle valve at the base of the adsorption puﬁp. This
consisted of an 8 mm long, tapered brass plug in a 12.7 mm OD,
stainless steel tube., As the charcoal surface became covered
with 3He the pumping speed decreased. However, temperature
stability of <1 mK could be maintained by opening the throttle
valve slightly every 15 min or so., Alternatively, the tempera-
ture could be controlled using a Lakeshore Cryotronics CS-400 GR

SrTiOg capacitance sensor on the 3

He pot, a detector

consisting of a General Radio 1615A capacitance bridge with a
Princeton Applied Research 122 lock-in amplifier, an A-05
temperature controller constructed by the departmental electro-

nics shop, and a heater on the 3

He pot. Typically, 5 pW of
heater power was used. The capacitance sensor exhibited
considerably more drift than the carbon and germanium resistors
used for temperature measurements. The rate of drift increased

as T decreased, since below 1 K the sensitivity of the capaci-

tance sensor dropped. Even at .3 K, this was not a problem
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because the drift rate was only -.3 pF/h,3 corresponding to
about -2 mK/h. At .6 K the drift rate was -.05 pF/h,
corresponding to -.3 mK/h.

Above .6 K the throttle valve was kept closed. 1In order

to avoid putting large amounts of heat directly into the 3He

3

pot and boiling off 3He, the “He pressure in the pump was

regulated by heating the pump in order to lower its pumping
speed. The pressure was controlled using an MKS Baratron model
170 capacitance manometer with a 1000 torr sensor and another

A-05 temperature controller. It was found to be best to control

3

the “"He pot temperature directly as well because the pump had

a long thermal time constant. Once the pressure had stabilized,

regulation by the pump pressure alone was as good as with the

capacitance sensor on the 3He pot.

At Ty = 1.3 K, the pump heater power was .2 W. If the

heating was increased much more the 4

3

He pot would begin to

drain causing the “He to boil off rapidly. It was impossible

to operate in the range 1.3 K <T4 <1.6 K for more than a few

minutes so no NMR measurements were made there.

3

Between 1.6 K and 4.2 K, the “He pot was empty and its

4

temperature was maintained by throttling the “He pot pump and

4

using the capacitance sensor to regulate T3. The “He pot

could operate as low as 1.3 K but the minimum 3

He pot tempera-
ture during NMR measurements was 1.6 K due to eddy current
heating by the magnetic field modulation and to a lesser extent

by the RF field. Above 4.2 K only the capacitance sensor was
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used to regulate the temperature.

Some of the components of the 3

He cryostat will now be
discussed in more detail. The adsorption pump was a 9.0 cm
long, 3.5 cm diameter semi-circular copper cylinder which
contained 16.3 g of Fisher activated coconut charcoal (6-14
mesh). Coconut charcoal was chosen over zeolite, another common
adsorbent, because per unit volume of bulk material charcoal has
a monolayer capacity of 170 cm3(STP)/cm3 at 4.2 K (Rose-

Innes, 1973) compared to 130 cm3(STP)/cm3 for zeolite (Daunt

and Rosen, 1970)., Above 4 K the monolayer capacity of charcoal
for helium drops rapidly from its low temperature value of

390 cm3(STP)/g so for effective pump operation at low
temperatures, it is crucial that the charcoal be well anchored

thermally to the 4

He bath. Consequently parallel copper

plates were placed inside the pump 6 mm apart to aid in cooling
the charcoal. The plates contained holes to facilitate gas
flow.

The pump was cooled via a .1 mm diameter, 18 mm length of
copper wire attached to the 4 K plate. 1Ideally the thermal link
should have very high thermal conductance at 4 K and very low
thermal conductance between about 20 K and 40 K. Thus, when the
pump is adsorbing 3He, it will not be heated much above 4 K
but when it is heated to 30-40 K to desorb the 3He, it will

not provide a large thermal load for the 4

He bath. Some high
purity metals satisfy this criterion fairly well because they

have a peak in their thermal conductivity near 10 K. The
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greater is the purity, the higher the peak and the lower the
peak temperature, We used commercial copper wire but its
thermal conductivity was increased by annealing for 24 h at
970 C under a pressure of 1.0 x 10”% torr of dry air
(Rosenblum et al, 1977). Assuming a 30 uW heat leak into the
3He pot, the heat of adsorption would generate 1.7 mW in the
pump. The temperature rise of the pump was founq to be <1 K.
The pump could be maintained at 45 K by .5 W of heater power.

4

The continuously operating "He refrigerator shown

schematically in Fig. 25 was based on the design of De Long et

al (1971). When pumping on the 4

4

He pot commenced, liquid
He was drawn from the main bath at 4.2 K, through the filter

and flow impedance, into the 4He pot. There was a pressure

4

differential across the flow impedance causing the “He to be

cooled to 1.3 K. About half of the latent heat of evaporation

4

of the “He was required to cool the incoming 4He. The

remainder was used to balance the heat flux into the 4

He pot.

If there were no external load, the liquid 4He rose up the
pumping tube until the heat flux down the tube equalled the
refrigeration capacity. As the load increased, the liquid level

dropped until, at the critical power (., the 4

He pot
itself began to be depleted. Eventually it was emptied and the
temperature rose rapidly. Oc is the long term power

4He pot can sustain. During the 3He con-

input that the
densation, we found that Qc was exceeded; the length of

time for which Ty could be maintained at 1.3 K under overload
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Fig. 25 Schematic diagram of the 4he refrigerator. The
Grafoil cell and hydrogen fill line have been omitted. The
thermal link at the top of th§ adsorption pump is a copper wire.
The copper plate between the “He pumping line and the vacuum
can grovides a thermal link from 4 K to the baffles, which cool
the “He gas desorbed from the pump.
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conditions depended on the capacity of the 4He pot. 1In order

4 3

to reduce the heat load on the “He pot during “He conden-

sation a 5 mm section of the stainless steel >He pumping line,

starting at a point 5 mm above the 4He pot, was thermally

anchored to 4 K by a copper plate soldered to the vacuum can.

Semi-circular copper baffles were also placed inside the pumping

line to cool the incoming 3He gas. It would have been

3

desireable to cool the incoming “He more effectively by

increasing the length of the heat exchanger or to have increasd

3 4

the 5.2 cm” internal volume of the "He pot. Space

limitations precluded this.

De Long et al found that the critical power per unit flow
rate for their refrigerator was 4.5 mw/(lO-4 moles/s).
Using this result, we determined the required flow rate n

4

from the expected heat leak into our “He pot. The flow rate

is fixed by the value of the flow impedance z. Given the flow
rate, T, is fixed by the speed S of the 4He pump. For

laminar, incompressible flow through a porous medium, the volume

flow rate V is given by Darcy's Law? (Collins, 1961)

V= (Py-P,)/(n2) (Vi-2)
where Pp = pressure above the 4He bath = 760 torr

P, = pressure in the 4He pot

n = fluid viscosity

We expect P4Nl torr so it can be dropped. (VI-2) implies that
nz should be independent of z. De Long et al found that

this is actually not quite true. This is hardly surprising
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because there will be a turbulent mixtdre of liquid and gas in
the flow impedance so the assumptions of (VI-2) would not be
fulfilled. Nevertheless, (VI-2) is useful as a guide.

Gauthier and Vvaroquaux (1973) found that they could
predict the flow impedance of a tube of length L and
cross—-sectional area A containing a powder of particles of

diameter d using

z L/AB (VI-3a)

8 x 1074 g2

where B (VI-3b)

For our powders, this value of B was not reliable, probably
because of the distribution of grain sizes and differences in
packing, so z had to be measured. This was done by flowing N,
gas through the flow impedance at room temperature. The input
pressure was 1500 torr and the output pressure was 760 torr. A
flow impedaﬁce was constructed from industrial grade 3 um

A1203 powder in a 16 mm long, l.1 mm inside diameter stain-

less steel tube. The measured value of z was 4,1 x 1012

cm_3 compared to a value of 2.3 x 1012 cm-3 obtained

from (VI-3). Extrapolating the values of nz given by De

Long et al, we expected nz®l.5 x lO8 (moles/s)/cm3 sO

4

our measured value of z implies 4.5 x 10 ° moles/s.

Therefore we anticipated a critical power Q. of 20 mW.

The expected 4He pot temperature was determined from

4

n and the pumping speed S of the “He pot pump, a

Ssargent-Welch model 1397. At 1 torr, it had a pumping speed of

4

7 1/s which was not limited by the pumping line. The “He pot

pressure P, was obtained from the ideal gas equation

4
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P, = NRT/S (VI-4)
where R is the gas constant. This gave P, = 1.2 torr implying

Ty = 1.30 K. The thermal boundary resistance between the

liquid 4He and the copper 4He pot (Lounasmaa, 1974) at 1.3 K

is 10 mK—cmz/mW. If the 25 cm2

4

interior surface of the

4

He pot had been smooth, a 20 mW heat flux into the “He pot

would have produced an insignificant 8 mK difference between the

temperatures of the 4He and the copper. 1In fact, the interior
of the 4He pot was sandblasted so the difference would be even
less.

The operation of the 4

4

He pot was tested by filling it
with liquid “He and applying enough heater power éh to empty
it. Then éh was reduced in steps and T, was measured when
equilibrium was reached. The resulting graph of T, Versus

éh is,shownlin Fig. 26. For heater power inputs up to 9.1 mw,
a constant temperature of T, = 1.28 K was maintained. For
higher powers, T, rose rapidly. Since we expect Qc=20 mw,

4

this implied a heat leak into the “He pot of 11 mW. This

would come primarily through the copper plate soldered to the

vacuum can at 4.2 K and the 4He pumping line,

4

Filling the “He pot required 40 min so it was desireable

to ensure that it was not emptied by an overload such as conden-

sation of the 3He. It was possible to tell that the 4

He pot
was draining by measuring Ty When the pot was full, T,

was 1.28 K but as the pot emptied T, dropped to 1.23 K before
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Fig. 26 4He pot temperature versus heater power. The

critical heater power, obtained from the intersection of the two
straight lines, is 9.1 mWw.
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rising rapidly when the pot was completely empty.
The 3He pot, shown in Fig. 27, was constructed from
electrolytic tough pitch copper. The 1id was brazed with

5

Easy-flo 45 solder” (.45 Ag/.15 Cu/.24 Cd/.16 Zn), which is

not superconducting above 64 mK. Originally a layer of copper

powder had been sintered into the bottom of the 3

He pot in

order to increase the surface area and lower the thermal
boundary resistance: for a smooth surface, we expected a
temperature gradient of 13 mK for a 30 W heat leak into the
pot. The sintering was done at 870 C in an H, atmosphere.
Later, we discovered that after thermal cycling to liquid helium
temperatures very small holes were produced in the 3 mm thick
walls of the 3He pot. The H, had diffused into the copper
during sintering and reacted explosively with oxygen impurities

3

to form watér. Consequently, the “He pot had to be removed

from the cryostat- and replaced. The second version was sand-
blasted inside to lower the boundary resistance and filled with
copper foam. The foam not only increased the surface area of

the copper but, more importantly, equalized the temperature of

the liquid 3He, which is a poor thermal conductor.

3

Within the “He pot, there was a separate cell enclosing

(after being filled with copper foam) a volume of .43 cm3. It

could be used to calibrate the temperature sensors against the
vapour pressure of helium or hydrogen. The hydrogen fill line

3

went through two 90° bends in the “He pot in order to trap

radiation.
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The main heat leaks into the 3

He pot were due to
conduction down the hydrogen f£ill line and the 3ke pump ing

line. The former was a 35 mm long, 10 mm diameter, .15 mm thick
stainless steel bellows which produced a heat leak of 11 ﬁw
between 1.3 K and .3 K. The latter was a 13 mm long, 13 mm
diameter, .6 mm thick tube constructed from fibreglass mat and

Stycast 2850 FT6

epoxy which was epoxied to two .25 mm thick
brass tubes. It produced a heat leak of 12 ﬁw between 1,3 K and
.3 K. These expected heat leaks compare guite well with the

total measured heat leak of 30 uW.

6.3 Grafoil Cell

The Grafoil cell shown in Fig. 27 was attached to the

3 3

He pot using an indium O-ring seal between the “He pot and

the brass fiange at the top of the cell. The simplest way to
join the guartz cell to the brass flange would have been to use
a quartz-Pyrex graded joint and a Pyrex-copper Housekeeper seal.
Given our space limitations, this would have been much too long
so a soldered quartz-copper joint was fabricated as described in
Appendix B. It was desireable to avoid using epoxy in the
joint in order to prevent possible contamination of the Grafoil
by vapour from the epoxy. The joint has survived cycling from

4 K to 300 K over twenty times.

4

Heating of the Grafoil had been a problem in the “He

3

cryostat so we wished to avoid such heating in the “He

cryostat. Grafoil is a very poor thermal conductor at low
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temperatures because the thermal contact between the
crystallites is poor. Measurements between 1.5 K and 4.2 K have
shown that the thermal conductivity in the plane of the foil
Ky is proportional to T and between 1.5 K and 20 K the
conductivity normal to the foil Ky is proportional to T2
(Hedge et al, 1973). Extrapolating these measurements to .3 K,
we estimate k;%2.0 x 1072 W/cm/K and k =3.2 x 1072
W/cm/K. Using our measured conversion rates for cell B, the
conversion heating for pure J=1 hydrogen with a coverage p =.85
would be 200 (20) nW for H, (D2). The RF heating at our
normal power level (input attenuation A=13dB) would have been 24
nW corresponding to a magnetic field of 160 nT RMS. Heating by
4.2 K radiation would have been about 8 nW. The transverse
thermal conductance of the Grafoil limits the rate at which heat
is carried éway. For .25 mm thick Grafoil sheets covgred with
pure o-H, and both sides at .3 K, the temperature rise at the
centre of the each sheet would be of the order of .6 mK so
heating of the Grafoil should not be a problem if the sides of
each sheet are adequately thermally anchored. Although the
extrapolation of the thermal conductivity data may not be very
precise, it is not likely to be too far from the truth.

Two Grafoil cells were constructed for the 3

He cryostat.

Cell A contained 1.15 g of .13 mm thick, 13 mm long sheets of
o

GTA grade Grafoil which were covered on one side by a 200 A

evaporated film of copper. The Grafoil had previously been

activated at 900 C for 71 h. Pairs of sheets were then sintered
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to .05 mm copper foil at 900 C in an H, atmosphere., After
sintering, the sample was baked under vacuum at 850 C for 13 h.
Each piece of foil had a tab which was clamped to one end of a
37 mm long piece of 12 AWG copper wire. The other end of the

wire was clamped to the 3

He pot. Each pair of Grafoil sheets
was wrapped in .01 mm Teflon to reduce RF shielding. The Teflon
contained numerous slits to aid gas flow.

The thinnest Grafoil available, with a thickness of .13
mm, was chosen so that gas flow into the sample, RF field
homogeneity, and thermal conductance normal to the sheets would

be maximized., After measuring the 4

He adsorption isotherm, we
found this Grafoil had the added advantage of a specific surface
area of 27.7 m2/g compared to only 15.6 m2/g for the .25 mm

4He cryostat, This enhanced the S:N ratio

Grafoil used in the
considerably. Also, the J=1 to J=0 conversion was a factor of
.38 times smaller on the .13 mm Grafoil, at least for Dy.

On the other hand, X-ray measurements had shown that the
isotropic powder component of the graphite crystals in our
.25 mm Grafoil was smaller than usual (J.G. Dash, private
communication). However, X-rays are sensitive to all of the
basal planes, not just the ones on the surface, so there was no
information about the orientational distribution of the surface
planes. It was not clear whether the broadening due to mis-
orientation of the surface would be signficantly less in the

.25 mm Grafoil than in the .13 mm Grafoil.

Spectra obtained with cell A were not as clearly resolved
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as those obtained with the %He cryostat. This was particular-

ly evident for D,. 1In the 4He cryostat, the J=1 peaks of

D, had been clearly resolved over the entire temperature range
of 1.2 K - 4.2 K but in cell A the peaks were barely resolved at
the low temperature end of that range. Four possible explanat-
ions occurred to us: 1) The Grafoil in cell A was less well
oriented. 2) It may have been contaminated by copper during
evaporation or sintering. 3) It may have been contaminated by
Teflon during the bake-out of the sample. 4) The hydrogen may
not have plated the Grafoil uniformly. The adsorption procedure
was different from that used in the 4He cryostat. Teflon
contamination seemed unlikely because the same bake-out procedure

4

was used in the “He cryostat. Copper contamination was also

doubtful because similar procedures have been used in specific

heat measurements of 3He and 4

He on Grafoil (Bretz et al,
1973) with no apparent deleterious effects. Some caution must
be exercised with regard to this last conclusion because
although a film may be uniform with respect to some properties,
it may not be for others. |

Since there was reason to suspect that the poor spectra
were due to the misorientation of the Grafoil, a new sample,
called cell B, was constructed using .911 g of the original
.25 mm Grafoil obtained from J.G. Dash. As an additional
precaution, copper was not evaporated or sintered onto the

Grafoil. Between each pair of 13 mm long Grafoil sheets was a

sheet of .01 mm Teflon film, a sheet of .03 mm copper and a
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second sheet of Teflon. The Teflon sheets contained slits as in
cell A and they had been baked for one week at 200 C to reduce

the 1

H background NMR signal., The copper sheets contained 10
mm long, 1.6 mm wide slits, spaced 1.6 mm apart, to improve gas
flow and penetration of the oscillating magnetic fields. They

were anchored to the 3

He pot in the same manner as in cell A,
The whole assembly was tightly wrapped with Teflon film. The
intensities of the NMR absorption spectra obtained with cells A
and B were about the same as the temperature and RF level were
varied, so the thermal contact to the Grafoil sheets must have
been comparable,.

Spectra obtained with cell B were still poor so the adsor-
ption procedure became the prime suspect. All of the samples up
to this point had been adsorbed at temperatures of 30 K or less
so that the‘hydrogen vapour pressure above the Grafoil would
have been at most 100 ﬁ.Subsequently, we were able to
consistently obtain spectra of the saﬁe qguality as in the 4he
cryostat by adsorbing the hydrogen at 40 K, where the vapour
pressure was about 1 torr, as described in section 5.5. Since
the uniformity of all of the films in cell A is suspect, it was
never determined whether the better alignment of the graphite
crystals in cell B had a significant effect.

3

6.4 Temperature Measurement in the “He Cryostat

The temperature measurement and control system of the

3He cryostat is shown in Fig. 28, The 1/8 W Ohmite carbon
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resistors Rl’ R2, R3, and R4 were 102, 6800 , 220 £, and
680 Q respectively. Most of the epoxy coating was removed by
sandblasting. The 100 ©? germanium resistor Rge Was a

Lakeshore Cryotronics model GR-200A, which was filled with 3

He
gas. The SrTiO3 capacitance sensor C was a Lakeshore
Cryotronics model CS-400GR. The current sense resistor Ry
could be selected to be either a 1 k& or a 100 k? wire wound
resistor each of which had a temperature coefficient of 50

ppm/C. Sensors Ryr Ryr R and C were all coated with

Ge'
Apiezon M grease and placed in holes in the base of the 3He
pot. Rl was used between .3 K and 2 K, whereas R2 was used

4He pot and

above 2 K. Ry and R, were varnished to the
the adsorption pump respectively with GE 7031 varnish.

R, and R, were measured using the resistance setting
of a Fluke éOBOA digital multimeter, Three leads were used.
Assuming that they were identical, this allowed one to

compensate for the lead resistance. The 3

He pot resistors

were measured using a four lead configuration. A Lakeshore
Cryotronics CCS-BRS DC current source drove a current through
the selected resistor via two of the leads and the voltage
across the resistor was measured by a Hewlett-Packard (HP) 3465B
digital multimeter connected to the other two leads. Since the
HP 3465B has a high input impedance, the voltage drop down the
voltage leads was insignificant. The current was determined by

using the HP 3465B to measure the voltage across the sense

resistor Ry in series with the temperature sensors. An
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average of the absolute value of the voltage obtained with the
current in opposite directions was used in order to compensate
for thermoelectric voltages in the leads. The power dissipation‘
and temperature errors resulting from the measurement system, at
several temperatures, are shown in Table IX. The voitages
across R; and R;e VWere always 1-4 mV., It was necessary to
disconnect the HP 3465B from the carbon resistors during NMR
measurements because it increased the noise slightly.

A General Radio 1615A capacitance bridge was used to
measure the two components of the impedance of the capacitance
thermometer. The output of the bridge was detected by a
Princeton Applied Research (PAR) model 122 Iock—in amplifier
with a model 112 preamplifier. The 5 kHz, 1 V reference signal
from the lock-in amplifier was used to excite the sensor. It
was necessafy to ensure that the bridge was not greatly un-
balanced or the voltage applied across‘the sensor would change.
Changes in the amplitude or frequency'of this voltage would
cause the sensor to drift. Coaxial-leads to the capacitance
sensor were used to reduce interlead capacitance. Power dissi-
pation was less than 1 nWw.

Ry and R, were only used to monitor the operation of
the cryostat so they did not require accurate calibration. A
two point calibration was made between 4.2 K and 77 K using the
equation

T= A log R 2 (VI-5)
(log R - B)
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where A and B are constants determined by the resistance at 4.2
K and 77 K. Ry was also calibrated against the 4He vapour

pressure between 1.2 K and 4.2 K.

Table IX Power Dissipatiog and Temperature Errors

in the “He Pot Resistors
T(K) Power Dissipation (nW) Temperature Error (mK)
Rl R2 RGe Tl Tz TGe
4 400 14 15 4 1 3
1 3 - 1.5 1 - 1
.6 1 - .5 .5 - .4
.3 .2 - .5 .04 - .1

The capacitance sensor was the only sensor that had no -
observable magnetic field dependence for the range of fields
that we used (HS 1.3 T). However, it had poor reproducibility
on thermal cycling and it was subject to considerable drift,
particularly during the first couple of hours after cooling from
77 K to 4.2 K. The germanium resistor Rge had the best
reproducibility and stability but exhibited the greatest
sensitivity to magnetic fields, especially if they were greater
than .3 T. 1Its resistance depended on both the magnitude and
orientation of the field. Although the carbon resistors were

not as stable and reproducible as the Ge resistor, they were
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adequate for these experiments. After the initial calibration,
the resistors were checked at 4.2 K in zero magnetic field

against the 4

He vapour pressure at the beginning of each NMR
experiment (see Fig. 29). The 1958 4He temperature scale was
used to determine Ty, A DC calibration from .3 K to 6 K by
Lakeshore Cryotronics Inc. gave Tg,-. The carbon resistors

were calibrated against Ty, at 318 days and at other times
their temperatures were determined using the temperature
dependence of their resistances., For the carbon resistors, the
three measurements up to 263 days have much more scatter than
later measurements. In those three cases Ry, Ry, and

Rge Were measured using an SHE model ARB automatic

resistance bridge operating at 27.5 Hz with 20 uV excitation. A
three terminal connection was used to compensate for lead
resistance. Otherwise the system described above was used. The
Ge resistor shows a change of about 10 mK in its calibration
between 117 and 263 days. This may have been caused by

inadvertent heating of the 3

He pot to 50 C during that period.
Even with this shift, the calibration was satisfactory for our
work.

The magnetoresistance of the carbon resistors,
AR=R(H)-R(0) is a complicated function of H and T. At 1.35 K,
ARl/R1 was found to be positive and proportional to H? but
at .3 K, it had a positive peak of a few percent below .1 T and

then decreased, appearing to level out at -5.6% near 1.3 T

(measurements were only made up to 1.4 T). At .2 T, the field
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Fig. 29 Stability of the resistance thermometers on the 3He
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and T, (diamonds) and in (b), Tge is shown. Note the
difference in the vertical scales.
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used for H, NMR, the equivalent temperature shift AT of Ry
and R, was never more than .2% throughout the temperature
range in which each was used. Since AT was either comparable to

or less than the uncertainty with which the 3

He pot tempera-
ture could be measured and less than the temperature drift
during an NMR measurement, it was ignored. At 1.3 T, the field
used for D, NMR, the magnetoresistance was small but signifi-
cant so the carbon resistors were calibrated at that field.

and o

Table X contains a few typical results., o are

Tl

the errors in Ty and Ty taking into account the accuracy of

T2

the measuring instruments and the stability of the resistors.



Table X Typical Magnetoresistance Measurements

AR AR AR. AT

T(K) H(T) Ge 1 2 1 1 ATy

R (%) R (%) R (%) T, (%) T8 TT,(8)
4.22 .19 .05(4) - .23(6) ~ .08(5) .3 (1) .3 .04(3)
1.35 .19 .1(1) .02(3) - - .01(2) .2 -

.32 .19 3.0(6) .9 (4) - -2 (D) .06 _
4.22 1.3 4 0.0 (3) .21(7) 0.0 (3) .3 - .10(3)
2.0 1.3 - .5 (4) 1.0 (7) - .3(3) .2 - .22(2)
1.35 1.3 11 1.4 (4) - - .7 (2) .2 -

«33 1.3 80 -5.6 (3) - 1.07 (6) .06 -

IR AN



142

Notes to Chapter VI

This Grafoil was kindly supplied to us by J.G. Dash,
Physics Dept., University of Washington, U.S.A.

values of HC are for T=1.3 K {Warren and Bader, 1969).

The drift rate was measured several hours after cooling to
liquid helium temperatures. Immediately after cooling, it
was much greater.

(VI-2) can also be used for an ideal gas, in which PV .
rather than V is constant, provided that one interprets Vv
as the average volume flow rate.

Easy-flo 45 is a product of Handy and Harman Co. It is
very similar in compositon to Castolin 1802 (Castolin
S.A., Lausanne St-Sulpice, Switzerland) so the transition
temperature of the latter has been quoted (Landau and
Rosenbaum, 1972).

Emerson and Cuming Inc., Canton, Mass., U.S.A.
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CHAPTER VII

THE NMR SPECTROMETER

3.1 Introduction

At the present time, most NMR work is conducted using
pulsed, rather than continuous wave, spectrometers. In a
continuous wave spectrometer, low level RF excitation is applied
in order to tip the nuclear spins by a small angle. One
measures the power absorbed as one sweeps either the field or
the frequency through resonance. 1In a pulsed spectrometer, one
or more short, high power RF pulses are applied at the resonance
frequency. These tip the spins by a large angle (usually 90° or
180°) and one observes the recovery of the magnetization after
the pulses. Pulse technigues dominate the scene because in most
cases they broduce better S:N ratios and because sophisticated
pulse sequences will often allow one to isolate the effects of
specific interactions. 1In our case, they were rejected because
large angle pulses would lead to intolerable heating of the
Grafoil: nearly all of the losses in the tuned circuit are due
to the Grafoil. Since thermal time constants become long at low
temperatures, the time required for the thermal reco&ery of the
sample would greatly exceed the recovery time of the

4

magnetization. We found in the “He cryostat that the heating

of the sample was about .1 K at 1 K using our normal RF field of

3

about 8 x 10"7 T. In the “He cryostat, thermal sinking of

the Grafoil was much better but the transverse thermal
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conductivity «, Oof the Grafoil was insufficient to allow the
use of large angle pulses.

The simplest single coil nuclear resonance circuit, a
Q-meter, is shown in Fig. 30. A current generator drives a
current i1 into a parallel resonant circuit. At resonance the
Qoltage v across the coil, detected by the amplifier, is
maximized and is given by

v = iQwoL (VII-1)

where Q quality factor of the tuned circuit
w, = resonance frequency of the tuned circuit

L = inductance of the coil
If the NMR sample is placed inside the coil, then, as one sweeps
the magnetic field through resonance, power is absorbed by the
sample, which lowers the Q. This results in a drop in v. The
change in tﬁe QO is proportional to the imaginary part of the
magnetic susceptibility, which is called the absorption
(Abragam, 1961).

The Q-meter has the disadvantage that it is fairly
sensitive to microphonics. Vibrations of the cryostat result in
small changes AC in the tuned circuit capacitance C. These

shift w adding noise to v. At resonance, the change in 1/Q

o
is second order in AC:

4(1/Q) = oac/c)? (VII-2)
In practice, the circuit will actually be mistuned by an amount

ACO so that

A(1/0) = Q(aCepC/C?) (VII-3)
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Typically, one might expect to maximizé the circuit response to
within 1%, in which case the mistuning would be

ACO/C = .1/0 (VII-4)
Therefore the sensitivity to noise would be

6(1/Q) = .14AC /C (VII-5)

Instead of a Q-meter, we chose to use a Robinson
oscillator circuit (Robinson, 1959) because it is less sensitive
to microphonics. A Robinson oscillator consists of a closed
loop containing a tuned circuit, an amplifier, a phase shifter,
a limiter, and an attenuator. Our limiter was a high gain
amplifier with diode clipping so that its output was relatively
insensitive to wide variations in the input amplitude. The
level of the RF excitation was set by the attenuator. The
oscillator frequency w was determined by the requirement that,
in order for oscillations to occur, the total phase shift around
‘the loop must be an integral multiple of 360°, The phase

shifter was adjusted so that w=w Near w,, the phase shift

o*
produced by the tuned circuit is a strong function of frequency.
If the tuned circuit capacitance changes, w must follow wg in
order to maintain the same phase shift. The sensitivity to
small changes in capacitance becomes

A(1/Q) = (1/2Q)(AC/C) (VII-6)
This is a factor of Q/5 n~ 20 times less than for the Q-meter for
a typical.NMR circuit.

Significant improvement in the S:N ratio can be achieved

by cooling the tuned circuit to a low temperature T (Alderman,
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1970). For a sample at a temperature Tg with magnetization
M(Tg), the S:N ratio at the output of an amplifier with noise

figure F is proportional to M(Ts)(Q/FT)l/2

, assuming

that the noise is Johnson noise from the tuned circuit (Abragam,
1961). As T decreases, Q will usually increase to a limiting
value, 1In our case, it changed from 30 at room temperature to
70 at liquid helium temperatures. (This applies when the coil
contains the Grafoil; the intrinsic Q is much higher). It is
possible to reduce F by cooling the amplifier as well. However,
even if F remained unchanged, cooling might still be desireable.
Say that a cooled tuned circuit was connected to a room
temperature amplifier via a coaxial cable. The cable forms part
of the tuned circuit. The cable must have low thermal
conductance which generally means that it will have poor
electrical éohductance. Therefore it will lower the Q and add
high temperature Johnson noise. In fact a long lossy cable may
‘make the S:N ratio worse than if the entire tuned circuit was at

4He

room temperature. Our solution was to employ a liquid
cooled amplifier which allowed us to keep the cable short and
entirely at liquid helium temperatures. The amplifier had a
noise temperature of 8 K.

There are some disadvantages to using a cooled amplifier.
The three p-Ge junction field-effect transistors (JFETs) in our
amplifier'dissipated 9 mW each when operated at 6 V so that the
amplifier was responsible for about half of the total liquid

YHe consumption of the cryostat. The electronic components
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of the amplifier had to be able to withstand repeated thermal
cycling. Also, it is convenient if all of the passive
components are independent of temperature. our spectrometer
operated at a fixed frequency but if one wished to have a
tunable spectrometer, it would be necessary to tune it from room
temperature. Finally, adjustment and repair of a cooled
amplifier can be tedious.

In general, the S:N ratio can be improved by increasing
the total measuring time. There are two main approaches that
can be adopted. The first is to use a short detector time
constant, sweep through the resonance relatively rapidly
(typically ~ 10 ms), and average many épectra. The second is to
sweep slowly (typically ~ 100 s) only a few times, using a long
time constant. If the noise spectrum is flat and the resonance
is not satufated, then in principle the two methods are equally
effective. 1In practice, fast sweeps often have several
advantages over slow ones. Normally, if the resonance signal is
weak, one operates near saturation in order to get as large a
signal as possible without distorting it. If saturation occurs,
a fast sweep is less likely to distort the signal because the
spins are saturated more uniformly than with a slow sweep. In
the latter case, there may be a transfer of polarization among
the spins during the sweep. Another consideration is that the
noise tends to increase at low frequencies with an approximate
1/f spectrum. For example, drift in the spectrometer gain will

cause fluctuation of the baseline during a slow sweep. During
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a fast sweep, the gain will be approximately constant producing
unimportant shifts in the baseline from one sweep to the next.
Finally, a strong but brief disturbance will affect only one
scan so its influence will be diminished if many fast scans are
accumulated rather than a few slow ones.

If the NMR spectrum is quite wide and the spectrometer
operates at low temperatures, fast sweeps can produce serious
side effects. A changing magnetic field will induce eddy
currents in the electrically conducting sections of the
cryostat, creating oscillating magnetic moments, In the
presence of a large static field Hy» there will be oscillating
torques which cause.vibration coherent with the sweep. The
vibrations modulate the tuned circuit capacitance, which in turn
modulates the resonance frequency. In addition the eddy
currents wiil cause heating. We chose our sweep rate of .3 mT/s
to be as fast as possible without producing significant eddy

current heating of the 3

He pot.

It is possible to escape from the effects of the low
frequency noise inherent with slow sweeps by shifting the
detection frequency away from zero. We did this by modulating
Hy sinusoidally at 280 Hz using a small pair of coils mounted
on the inside of the vacuum can. With this technique, in the
limit of small modulation, the derivative of the absorption is
observed. The modulation field H induced coherent vibration

but it was much less severe than the vibration produced by a

fast sweep for two reasons. First, the modulation field was
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only .17 mT peak to peak compared to 10 -20 mT for the sweep
field. Secondly, since the modulation field is so small it
need not be very homogeneous so the coils can be made quite
small. On the other hand, the sweep coils had to be quite large
and homogeneous so eddy currents were induced in a much larger
section of the cryostat. Nevertheless, coherent interference
arising from the modulation field was a serious problem (see
section 7.3).

Even with slow sweeps, we found it necessary to accumulate
spectra with a signal averager. Typically, about 100 scans were
added in the signal averager and then transferred to an Amdahl
470 V/8 computer for comparison with the synthetic spectra. The
H, spectra required 2-4 h of signal averaging whereas the low
temperature D, spectra needed up to 20 h because D, has a

smaller magnetic moment and a broader spectrum.

7.2 Description of the Spectrometer

Fig. 31 is a block diaéram of the spectrometer, showing
the Robinson oscillator, the detection system, and the driving
system for the modulation coils. The supports for the cryostat
and dewars were embedded in sand to dampen vibrations. The
pumping lines for the rotary pumps contained ballast volumes
that were also embedded in sand.

The tuned circuit is shown in Fig. 32. The 1.2 uyH
inductance of the NMR coil is denoted by L and R is the

equivalent parallel resistance of the tuned circuit. All of
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the capacitors were silver-mica and the 500 resistors were metal
glaze. These compbnents show little temperature dependence
between 300 K and 4 K. A 2 pF coupling capacitor C, made the
RF power source look like a current generator. Two capacitors,
C3 and C,, were used to match R = 4.3 ko to the optimum
source resistance of the liquid helium cooled amplifier Ay,
which was 2.9 k& at 4 K. This was necessary in order to
minimize the noise figure.of the amplifier. The 7 pF input
capacitance of A; is included in Cj.

The values of C, and C3 were chosen as follows.
Define Z; to be the impedance across the coil and Z, to be
the impedance seen by A; across its input. One can easily
show that

Zi = Q/[wL + iQ(wL - 1/wC)] (VII-7)
where C = C; + C,C3/(Cy+Cq)
At resonance w?LC = 1 so

z2; = Q/wL (VII-8a)

= R (VII-8b)

Since the matching impedances are both capacitors, Vg is in
phase with v; and is a maximum at resonance. It is
straighﬁforward to show that the output impedance of the

matching network is

zo =1 +iQ(w2LQ&fl) ' (VII-9)
iwC [1 + i0(w?Le-1)]

where Ca = C1+C2 and Cb = C2+C3

Although z; is real at resonance, Z, is in general

o
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complex. This is undesireable because the source impedance of
Ay should be real in order to obtain the best noise figure.

Zo will be approximately real‘if
R>>(C,+C3) /(wCy?) (VII-10)
We satisfied (VII-10) and obtained 2o = 2.9 K@ by making
Cy = 300 pF, C, = 180 pF, and C3 = 40 pF.
The coaxial cable between the tuned circuit and A; was

3 4

thermally anchored to the “He pot, the “He pot, and the 4 K

plate. 1In those sections, it was constructed from copper

1 as the dielectric.

conductors with Stycast 2850 FT epoxy
Between these sections, it was necessary to have low thermal
conductance but high electrical conductance or the Q would be
degraded. These conditions were met by using short sections of
superconducting Nb-Ti wire. Although the wire has non-zero
resistance ét RF frequencies, it is small.

The liquid helium cooled émplifier Ay consisted of a
cascode stage (designed by Walter Hardy) and a source follower.
The transistors in it were TIXM12 and'TIXM301 p-Ge JFETSZ.

For our purposes, a FET amplifier can be treated as a noiseless
amplifier with both a current noise generator and a voltage
noise generator at its input. The voltage noise generator can

be represented by a fictitious resistor R+ which generates

is the signal voltage

Johnson noise as shown in Fig. 33. Vg

and Ry is the source resistance.
The noise added by the liquid helium cooled amplifier came

primarily from the input FET. Since the noise properties of
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Fig. 33 Equivalent circuit of a FET amplifier. The amplifier
A is noiseless. The current noise is i_. The noise resistor
R, at the amg}%fier temperature T generates voltage noise,

v, =(4KTR Af) , in bandwidth Af.

Table XI: Characteristics of TIXM301 #13

vDsé—3.4O v, IDS=—4.0 ma, VGG=.69 \Y

T(K) gm(mmho) Rn(ohms) IGS(nA)
4,2 21 52 -4

77 16 48 -3

298 8 190 -800
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the TIXM12 and TIXM301 JFET's vary considerably from one device
to the next, it was necessary to measure these properties at 4 K
for several devices in order to be able to select a good one.

The original input FET TIXM301l #502 provided reliable
operation for nearly ten years. All of the measurements in the

4 3he

He cryostat and some preliminary mesurements in the
cryostat were made with it. Eventually, the bond between a wire
and the silicon chip inside the transistor can broke during
cooling to 77 K. Apparently, the thermal contraction of the
lacquer covering the chip pulled off the wire. The FET was
replaced several times but the replacements all failed in a
similar manner after one or two cool downs. One of these,
TIXM301 #13, was repaired by removing the lacquer with acetone
and bonding the wire with silver paint3. It has survived more
than a dozen thermal cycles and spectra obtained with it are as
good as those for TIXM301 #502.

The properties of the FET's that we measured were the
transconductance g which determines the gain, the noise
resistance R+ and the gate-source leakage current IGS'.

The current noise '1n is the shot noise produced by IGS'

The noise properties of TIXM301 #13 are shown in Table XI.
Another FET with R (4.2 K) = 890 and |1GS| <1nA gave
distinctly noisier spectra.

After amplification by the tuned, liquid helium cooled

amplifier, the amplitude modulated RF signal went through a low

noise, wide band amplifier A2 at room temperature. The RF
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carrier was then removed by a diode peak detector. The
resulting 280 Hz signal was amplified by a Princeton Applied
Research (PAR}) model 185 single ended amplifier with ground
isolation and a PAR 114 signal conditioning amplifier. The
signal then went to an Ithaco Dynatrac 391A lock-in amplifier
and finally to a Nicolet 1170 signal averager with a model
172/4B input module. The output of the PAR 114 amplifier was
monitored on a Tektronix 5440 oscilloscope with a 5A22N
differential input amplifier. This was important for checking
for coherent interference and intermittent microphonic noise.

Power for all of the non-commerical amplifiers was
provided by Hewlett-Packard (HP) 6215A power supplies filtered
by NiCd solid gel batteries. The batteries alone were not
suitable because their voltage dropped as the batteries
discharged, causing the amplifier gain to drift. The 60 Hz
ripple on the power supplies was 200 uV peak to peak; it was
reduced to 40 uV when filtered by the batteries. With
filtering, there was no noticeable change in the noise observed
on the oscilloscope when each power supply was switched on and
off. Signal lines had to be routed carefully to prevent
magnetic coupling to sources of 60 Hz interference.

Two pairs of coils clamped to the inside of the vacuum can
were used to produce the modulation fields parallel and
perpendicular to the Grafoil. The rectangular parallel coils
(for §=90°) were each 180 turns of 32 AWG copper wire bonded

with GE 7031 varnish., Each coil had mean dimensions of
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22 mm X 25 mm; they were 3.0 mm square in cross-section. Their
20 mm separation was 30% greater than the value that minimizes
dZH/dz2 halfway between the coils, where the z axis is the
axis of the coils. An effort was made to wind the coils very
evenly and to align them accurately. If the modulation field
was not parallel to ﬁo’ there would be an oscillating torque
on the coils. The perpendicular coils had to fit between the
parallel coils so the former were considerably less homogeneous.
Each was made from 189 turns of 32 AWG wire. The mean coil
dimensions were 24 mm x 12 mm and they were 2.5 mm wide by 4.1
mm thick. The mean separation was 24 mm. The modulation field
of .17 mT peak to peak, used in both cases, was large enough to
broaden some of the spectra slightly (see Section 8.5) but
smaller fields would have decreased the signal amplitude.

The static magnetic field was provided by a Magnion
‘electromagnet with a 6.4 cm gap and 23 cm pole caps. It was
controlled by an FFC-4 Field Regulator which used a Rawson Lush
920 MCM rotating coil probe. The peak to peak separation of the
derivative of the room temperature D20 absorption signal was
2x107° T: the linewidth was entirely due to the magnetic
field inhomogeneity. The sweep field Hg was provided by a
pair of disc shaped coils mounted on the pole faces of the
magnet. They were driven by an Interstate Electronics Corp.
model F54A function generator and a Kepco model 36-5M bipolar
operational amplifier, which was in the current sense mode.

The function generator also triggered the signal averager. The
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rotating coil probe was positioned sucﬁ that the sweep field was
primarily perpendicular to the coil axis so as to minimize
cancellation of the sweep field by the magnet; the probe

detected about 1% of the sweep field.

7.3 Coherent Interference

In the remaining sections of this chapter, various
procedures necessary for obtaining good spectra will be
discussed. The first topic is the choice of the modulation
frequency and the nature of the coherent noise associated with
it. Next, the dependence of the signal amplitude on the
temperature and on the amplitude of the RF excitation will be
considered. Finally, the ]H background signal that had to be
subtracted from therH2 spectra will be mentioned.

The médulation frequency f  had to be chosen
judiciously in order to avoid compromising the S:N ratio. The
best frequency was found to be 280 Hz. Ideally, f  should be
above the threshold value where excess low frequency noise
becomes significant. The noise in a 1 Hz bandwidth was measured
as a function of f at H,=1.3 T. The noise was found to

4 At 280 Hz

decrease as f  increased from 100 Hz to 700 Hz.
it was 40% higher than at 700 Hz. An upper limit to f is set
by the condition that it be small compared to the linewidth or
the spectfum will be distorted. Over the temperature range

covered in these experiments, this limit was a few kHz for

both H2 and D2.
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Near the harmonics of 60 Hz, there was strong coherent
interference so the difference between £ and these harmonics
had to be several times the lock-in detector bandwidth, which
was at most 3 Hz. Also, the mechanical resonances of the
cryostat had to be avoided. These could be readily observed by
sweeping the frequency of a large sinusoidal current running
through the sweep coils., 1In the range of 200-700 Hz, there were
only five regions ranging from about 5-20 Hz in width where
cryostat vibrations were not excited.

At first, a modulation frequency of 570 Hz was tried but
at Ho=l.3 T coherent oscillations in the baselines of the
derivative spectra were observed. The oscillations had a period
of 1.1 mT and at 1.7 K their amplitude was abouf one third that
of the p-D,. This made their study quite difficult because
the p-D, signal itself could only be discerned after several
minutes of signal averaging. The amplitude of the oscillations
was proportional to the modulation amplitude and independent of
the sweep rate; the amplitude decreased as H, decreased
causing the oscillations to become unobservable at .6 T. These
results suggested that the oscillations might have arisen from
the magnetoresistance of some material near the NMR coil. The
de Haas-van Alphen effect was suspected at first but this seemed
unlikely because it is normally only seen in very pure metals.
De Haas-van Alphen oscillations should have a period that is

2

proportional to H® but the oscillations that we observed had

about the same period at .85 T and 1.3 T. Fortunately, it was
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not necessary to eétablish the source of the oscillations: at
fm=385 Hz they were quite weak and at 280 Hz, our ultimate
choice for f_ , they had conveniently disappeared.

At this juncture, another form of interference was
revealed. The modulation pick-up had a relatively large

constant component v, plus a small component Av whose sign

o
depended on the direction of the sweep. For the triangular
sweep field Hy shown in Fig. 34(a), the modulation pick-up is
shown in Fig. 34(b). In the following discussion, v, will be
ignored because it could easily be removed by an offset on the
lock~in amplifier. The sweep dependent component Av was
independent of the modulation amplitude A%n’ the sweep amplitude
AHS, and the magnitude of the sweep rate |ﬁs| excépt when

these paraméters were very close to zero. If any of the para-
meters were'equal to zero, then Av was zero. The pick-up was
observed at .2 T and 1.3 T but was larger at the higher field.
The rise time of the pick-up was independent of AHg but

increased inversely with |ﬂ Study of the pick-up was quite

J-
tedious because its amplitude was somewhat less than that of the
p-D, signal and because it fluctuated. It source waslﬁot
determined but its behaviour suggests the following scena:io.
The torques created by the interaction of Eo with eddy

currents induced by Hg causes some part of the cryostat to

move between two positions, Xy and x,. The force required

to move it between these positions is very small but a very
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Fig. 34 (a) Triangular sweep field. (b) Modulation pick-up
produced by the triangular sweep field. 1In reality Voo2A V.
(c) The sweep field actually used. The signal averager starts
collecting data at t ., stops at .85 t; and restarts at

t +t,. (d) The modu?ation pick-up produced by the sweep of

(8). The constant component has been subtracted.
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large force is needed to move it outside that range. Provided

that |ﬁ exceeds some very small value, the cryostat would

ol
move to X, if ﬁs>0 and to x, if ﬁs<0. The interaction
of ﬁm with ﬁb creates oscillating torques, causing coherent
vibration. One could imagine that the amplitude of the
vibration would be different at Xy and X, e Also, it might
be restricted in such a way that it does not depend on |ém|,

provided that |ﬁ exceeds some very small value. Which part

m'
of the cryostat might be vibrating in this manner is an open
guestion:- it is even possible that it is the crystallites in
the Grafoil. The pick-up was considerably larger when Eo (and
ﬁm) were perpendicular to the Grafoil (8=0°) than when they
were parallel (E=90°).

We were unable to eliminate the pick-up. 1Its fluctuation
also precluded observing it off resonance and subsequently
subtracting it from the spectra. The piék—up could be avoided
to a large extent by triggering the signal averager after the
pick-up had become relatively constant [see Fig. 34(c) and (d)].
At the end of each sweep, HS could not be returned to its
initial value too quickly or there would be excessive eddy

current heating of the 3

He pot. Consequently an 85%/15% ramp
was used as shown in Fig. 34(c). Data was collected for 40% of

the time for D2 and 60% of the time for Hy.

7.4 Signal Intensity

For hydrogen molecules in state J, the normalized
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absorption integral s, was defined in (V-9). It should be

J
proportional to 1/T and to the concentration of the nuclear
spins being observed but independent of factors such as the size
of the sample, the gain of the measuring system, and properties
of the tuned circuit other than its frequency. Provided that
the RF level is low enough to avoid RF heating and saturation,

one can take the sample temperature T to be equal to the 3

He
pot temperature T, and Sz to be independent of the RF level,
It is important to avoid saturation because it may cause
distortion that depends on measuring conditions such as the
sweep rate. On the other hand, the RF level should not be too
low because, in the absence of saturation and heating, the
(unnormalized) signal is proportional to the RF level..

The simplest way to check for RF heating was to observe

5 as a function of

the J=0 signal from a sample of pure o-D,
temperature and RF amplitude. 0-D, gave a single, narrow peak
with a shape that was independent of temperature for our entire
range. Although the amplitude of the o-D, absorption signal

is less than that of o-H, at 4K, it is greater at .3K because

the latter broadens considerably. The narrower o-D, signal

also allowed a shorter time for each scan. The peak to peak

d

o ©f the derivative signal has been plotted in Fig.

height s
35. At high teﬁperatures and low RF levels, the Curie Law is
obeyed but as T3 decreases below 1K deviations occur,

particularly at the higher RF levels. No distortion of the

signal was seen so the deviations could be due to either RF
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Fig. 36 Graph of s,/c versus 1/T, for o-H, sample G1l9 in
cell B. B=90°, A=13"dB, and .78<ci.94. The straight line is a
least squares fit to the Curie Law for the data with T3>.4 K.
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heating or saturation. Heating is expected to increase in
severity as the temperature drops because both the specific heat
and thermal conductivity drop.

The absorption integral of o-H, normalized to c=1 has
been plotted against T3—1 in Fig. 36. The RF level was
the same as that used in the measurements discussed in Chapters
VIII and IX, i.e., RF attenuation A=13 dB. At higher levels,
extra noise, apparently from the oscillator, became evident.
The Curie Law was obeyed down to .4 K, much lower than for
0-D,. But in pure o-H, the conversion heating is ten
times the RF heating at A=13dB. Therefore, the deviation of the
o-D, data from the Curie Law should be attributed to
saturation. For Oo-Hy s the deviation from the Curie Law
appears to be much more sudden than one would expect for
heating, although the data is rather limited., The tempefature
rise should be inversely proportional to k for the Grafoil,

which goes as T2

, at least between 1.5 K and 20 K (Hegde et
al, 1973). The signal may be saturating at low temperatures but
it is also possible that there are weak wings on the low
temperature spectra that were not integrated because they were
buried in the noise. A least squares fit to the Curie Law using
the data at T3>.4 K gives

sy/c = 3.52/Ty (VII-11)
The absolute magnitude of the slope has no significance because

S1 contains an arbitrary normalization constant. However,

this normalization constant is the same for all of the
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absorption integrals discussed in this thesis so the results for
different types of spins can be compared.

A plot of s /(1-c) versus T3‘1

for the small J=0
component of two D, samples is given in Fig. 37. Sample G7 in
cell A was absorbed at 23-27 K and the J=1 peaks were not
resolved below 1.4 K, implying a non-uniform film. Sample G18
in cell B was adsorbed at 40 K and is believed to have been
uniform: the J=1 peaks were clearly resolved down to .85 K.
Data from the two samples agree well and the Curie Law is obeyed
over the entire temperature range. This is rather surprising
considering that the J=0 component of pure o-D, showed
evidence of saturation below 1 K. The I=2 nuclei are apparently
relaxed more effectively by I=1 neighbours than by I=2
neighbours. However, this conclusion should not be
overemphasiéed because the scatter in the p-D, data is fairly
large, particularly for G18 at low temperature. A least squares
fit to the Curie Law yields

so/(l1-c) = 1.71/Ty (VII-12)

1 for the

Fig. 38 is a graph of s;/c versus T3~
same two samples of D2. Above .9 K, both follow the Curie Law
although the G7 data is fairly limited in that region. A least
squares fit to the high temperature data gives

sy/c = .705/Ty (VII-13)

In accordance with (V-8), one expects the ratio of the slopes

given in (VII-12) and (VII-13) to be equal to (5/6)(6/2)=5/2.

The factor 5/6 is the fraction of J=0 molecules that have I=2
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Fig. 37 _Graph of so/(l—c) versus 1/T3 for the J=0 component
of D,. §=90°. The data is from D, sample G18 in cell B
(.77gc< 98) with A=13 dB (circles) and A=19 dB (diamond), and
from D, sample G7 in cell A (.94£¢c<.97) with A=14 dB
(crossés). The line is a least squares fit to the Curie Law.
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(crosses). The line is a least squares fit to the Curie Law,
using only the data with T3>.9 K.
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and 6/2 is the ratio of I(I+1) for I=2 and I=1l. The measured
slopes agree well with this resdlt since

(2/5)(J=0 slope/J=1 slope) = ,97 (VII-14)
(v-8) also implies that the ratio of the slopes of sl/c versus

1 for o-H, and p-D, should be equal to the ratio of

T3_
y2H0=yw0; wy was the same in each case. One finds

[y (Dy) /¥ (Hy) 1 (H, slope/D2 slope) = .77 (VII-15)
which is significantly less ﬁhan the expected value of one. The
reason is not clear.

Below .9 K, s;/c is quite different for G18 and for G7.
Sample G18 appears to continue to obey the Curie Law but the
scatter in the data is very large because the modulation pick-up
made it very difficult to determine the baseline., In fact,
between .5 K and .7 K it was impossible so Sy could not be
determined for the spectra in that range. For G7 the task was
vsomewhat easier; the surface area of the Grafoil in cell A was
twice as great as that in cell B so the relative effect of the
coherent interference was much less. Even so, data near .6 K
should be treated cautiously. The difference in the low
temperature behaviour of G7 and G18 can only be attributed to
the nature of the two samples. It is known that G7 was not
uniform so perhaps'some molecules experienced different crystal
fields from most of the others and produced a broad and Qeak
component of the absortion spectrum that was not included in

4

theintegral giving sy. We found, using the He cryostat,

that when the coverage was increased abovep =1 (V3 x /3
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coverage), the NMR spectrum at 4 K rapidly broadened and
disappeared. The adsorbate went out of registry with the
substrate so that the contribution to the crystal field arising
from interactions with the surface began to vary from one
molecule to the next.

When the J=1 concentration of G7 was calculéted from
Sl/SO’ this hypothetical missing component was included by
assuming that s; obeyed the Curie Law all the way down to .3
K. The correction to sl/c was insignificant because c®1 for
all of the G7 data. However, for so/(l—c) the correction was
large. The fact that the corrected values of so/(l—c) fit the

Curie Law quite well supports the hypothesis of the missing

component,
7.5 lH Background
The lH background signal contained three components.

The peak to peak widths of the absorption derivatives of the two
narrow components were 1.3 mT and about .1 mT. The broad
component, which extended beyond our maximum o-H, Sweep width

of 12 mT, was very weak and could only be discerned near .3 K.
When observing the o-H, spectra, we used a peak to peak

magnetic field modulation of .17 mT so the narrowest component

1

of the "H background signal was not resolved. Its width was

about the same as that of the 1

H signal previously seen by us
in Pyrex. The fact that it is so narrow suggests that it is due

to isolated impurities in some material. The medium width
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component was similar to the signal that we had previously seen
in Teflon so it probably arose from the Teflon coil holder and
Teflon film inside the Grafoil cell.
| Fig. 39 shows the temperature dependence of the combined
absorption integrals of the two narrow components. For each RF

level, s versus T3_l

is linear but the y-intercept is

positive. This could occur if part of the signal were from
spins at T=T, and part were from spins at some fixed temper-
ature. The latter might, for example, be in the enamel on the
modulation coil leads, which were not completely covered by
aluminum foil, The straight line is a least squares fit to the
13 dB data. It gives,

s = 2.27/T3 + .56 ‘ (VII-16)

At low temperatures, s increases as the RF level
decreases, as one would expect if there were saturation.,
Examination of the absorption signal shown in Fig. 40 provides
further evidence of saturation. The response of the spins that
first come into resonance, i.e, at the left side of the scan, is
stronger that that from those that come into resonance later.

At lower RF levels this distortion did not occur. This effect
can be explained by the following argument. As the field sweeps
up from its initial value H;, the first spins to come into
resonance are slightly depolarized. They interact with the
other spins, depolarizing them slightly. If these spins come
into resonance in a time shorter than the longitudinal

relaxation time T;, they will produce a weaker signal. This
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Fig. 39 Graph of s versus 1/T, for the 1y background

signal. The solid squares are for 3=0° and all of the other
symbols are for g =90°. The RF attenuation A was 13 dB
(squares), 19 dB (diamonds), and 25 4B (circles). The straight
line is a least squares fit to the 13 dB data.
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2ml

40 lH background signal, showing distortion due to

Fig.
saturation. The broad component extends beyond the width of the
scan. The .1 mT component of the signal cannot be seen because

it is overmodulated. The total measuring time t, was 9.1 h,
A=13 dB, T3=.3l4 K, and g=90°.

o) (b) )

r | \ tj
Fig. 41 (a) The effective gain G of the NMR system when
(b) The

sweeping from H; to H¢ and saturating the spins.
unsaturated absorption signal A(H).
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effect can be modelled by saying that the effective gain G
decreases as the sweep proceeds as shown in Fig. 41(a). 1In the
limit of small modulation, we observe a signal G(H)A'(H) where
A'(H) is the derivative of the unsaturated absorption signal
A(H). If H; and Hg are respectively well below and well
above the resonance region, then A(Hi)=A(Hf)=O. Integrating
by parts, we find that the integral of the product G(H)A'(H) is

greater than zero:
H

H

5 fem)ar (H) QH=A(H_) G(H. ) =~ A(H,)G(H,) -IHfG'(H)A(H) g (VII-17a)

Hy =_f§?c'(H)A(H) dH * (VII-17b)
1

A(H) is a positive, even function of H-Hy and G'(H) is a
negative function so the right hand side of (VII-17b) is posi-
tive, producing the offset seen at the right side of Fig. 40.

lH background and pure

The absorption integrals of the
o-H, were qﬁite similar in size so it was important that the
background be subtracted accurately. In particular, if the
background signal was not centered correctly a spurious, narrow
central component would be generated. Conseqguently, background
spectra were obtained at least every .2 K for temperatures below
1 K. Above 1.5 K, 1H background spectra were measured at the
same temperatures as the o-H, spectra. The background spectra
and o-H, Spectra were recorded under identical conditions.

Some typical derivative spectra with and without the background

are shown in Fig. 42.
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Fig. 42 Derivatives of the absorption signal with [(a), (c),
and (f)] the lu background

and (e)] and without [(b), (d4),
signal. A=13 dB and g=0°. The horizontal bars are 2 mT. The

total measuring time is t. (a) and (b): .318 K, th=1.2 h,
c=.95. (c) and (d): .664 K, t,=2.4 h, c=.91. (e) and (f):

.860 K, t;=1.2 h, c=.89.
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Notes to Chapter VII

Emerson and Cuming Inc., Canton, Mass., U.S.A.

Manufactured by Texas Instruments but no longer
available.

This delicate operation was performed by J.F. Carolan,

This statement disregards various peaks in the noise at
certain values of f , which are discussed below.

We also tried using the 13C resonance of Grafoil but
that signal saturated at all RF amplitudes that were large
enough to give a useful signal.
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CHAPTER VIII

NMR SPECTRA OF O—H2

8.1 Evidence for Orientational Ordering

Some NMR absorption spectra obtained from a high concen-
tration sample of o-H, (G20) with B=0° and p=.85 are shown in

Fig. 43 and 44. The 1

H background has been subtracted. At
high temperatures, there is a doublet with a splitting Av that
increases slowly as T decreases., This is what one would expect
for the pararotational state, which is characterized by a single
order parameter 0, A feature that is not expected is that below
1.2 K the centre of the spectrum begins to fill in. Near .6 K,
the splitting increases very rapidly and a central peak emerges.
Below .6 K, the central peak disappearé, the splitting slowly
approaches é maximum, and two small, outer peaks appear. At low
temperature, the spectra are strong functions of the concen-
tration; there are many similarities in the changes in the
spectra caused by lowering ¢ or raising T. Due to the
concentration dependence, there was insufficient time to obtain
good S:N ratios. In any event, even with extensive signal
averaging, the baselines of the spectra would not have been flat
because of fluctuating modulation pick-up. Thevshape of the
baselines that it produced changed with temperature.

The spectr& shown in Fig. 45 and 46 were obtained from

another high concentration sample of o-H, (G19) but this time

with B=90° and p=.85. The behaviour of these spectra is
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Fig. 43 Absorption spectra of o-H, sample G20 withg =0°.
A=13 dB. p=.85.
Spectrum (a) (b) (c) (d) (e) (£)
T(K) .318  .400 .508 .563  .582  .664
c .95 .94 .94 .93 .92 .91
tm(h) 1,2 1.2 1.2 1.2 2.4 2.4

The vertical scale is the same for all of the spectra. The
amplitudes of the signals have been multiplied by T so that if
the Curie Law were obeyed and if c¢ were constant, the area under
each of the spectra would be expected to be the same,
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Fig. 44 Absorption spectra of o-H, sample G20 with g =0°.
A=13 db. ,=.85.

Spectrum (a) (b) (c) (d) (e) (£)

T(K) .664 .752 .860 1.19 1.76 4,24

c .91 .90 .89 .88 .87 .85

tm(h) 2.4 1.2 1.2 1.2 .90 1.2

The vertical scale is twice as great as in Fig. 43 and the

horizontal scale is half as great.
normalized in the same manner as those in Fig. 43.

(a)

The spectra have been
Note that

is the same as Fig. 43(f).
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Fig. 45 Absorption spectra of o-H, sample G19 with B=90°.
A=13 dB. p=.85.

Spectrum (a) (b) (c) (da) (e) (£)
T(K) .309 .450 .519 .577 .620 .693
c .94 .92 .91 .90 .87 .86
tm(h) 1.2 2.1 2.4 3.7 2.4 3.9

The spectra have been normalized in the same manner as those in
Fig. 43. The vertical scale is the same for all of the spectra

here.
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Fig. 46 Absorption spectra for o-H, sample G19 with B=90°.
A=13 dB. p=.85. :

Spectrum (a) (b) (c) (d) (e)
T(K) .693 .863 1.25 1.98 4.22
c .86 .84 .82 .80 .79
tm(h) 3.9 2.4 2.4 2.8 2.4

The spectra have been normalized in the same manner as those in
Fig. 43. The vertical scale is twice as great as in Fig. 45 and
the horizontal scale is half as great. Note that (a) is the

same as Fig. 45(f).
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similar to that of the B =0° spectra but the features are not as
clearly resolved. As (IV-14) and (IV-15) show, this is because
in the case of §=90° it is necessary to average over the azimut-
hal angle o« of the graphite crystal axes but for g =0° it is not.

In Fig. 47, the temperature dependences of the main peaks
of the absorption spectra of G19 and G20 have been plotted.
Note that in the disordered state Av/3d= b| for G19 but

Av/3d=2 for G20 because £=90° and 0° respectively. For G20,
: y

1 1

the peaks at T "=1.51 and 1.72 K * were not resolved but

their positions could be estimated. The same applies to

-1 1

T *=1.73 K - for G19. However, for the G19 spectra in

1,1 1 1

the ranges 1.16 K~ <1.61 K*- and T “<.331

-1

<T
K ©, the peak positions could not even be estimated. The
peak splittings have been corrected for the effect of broadening

1 If two delta function

which was assumed to be Gaussian.
peaks, which have a splitting Av, are subject to Gaussian
broadening with a standard deviation I then the broadened

peaks will be pulled together. Their splitting Av' is given by

x = (Av'/2 )2 coth x (VIII-1)

where x AvAv'/4oG2

The broadening was determined from the width of the outer edges
of the main peaks: these edges are not affected by the orien-
tational distribution of the graphite crystals. For G20, the

te.31 k7. For

1 1

correction was insignificant unless T~

>1.7 K~

<1.0 K-l. For

Gl19, the correction was insignificant for T

- -1
but was about a factor of two for .5 K.1<T
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Fig. 47 Splitting of the absorption peaks Av/3d versus 1/T for
three o-H, samples: G20 with .83<c<.95 (circles), G21 with
.21<c£.26 (diamonds), and G19 with .78<c< 94 (squares). Samples
G20 and G21 had B=0° whereas G19 had B8=90°.
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the latter points the correction is so large that it cannot be
considered to be very reliable since the broadening is not
exactly Gaussian and the unbroadened spectra are not delta
function lines.

For both samples measurements were initiated at .3 K and T
was increased successively for subsequent measurements. The
temperature was not increased monqtonically because it was

3He was re-

necessary to warm the sample to 4 K when the
condensed. For G20, this first occurred after the measurement
at .5 K and for G19, during the meésurement at .58 K and again
after the measurement at .69 K. The Gl19 spectra at .58 K
obtained before and after warming to 4 K appeared to be
identical so they were added together. The spectra are very
sensitive tQ temperature in this region so ifvthere were any
hysteresis it must have been very small.

We have interpreted the rapid, factor of three increase in
Av near .6 K as a transition to an orientationally ordered state.
The two data points of G20 bracketing the sharp rise have c=.91
and c=.92. Note that the transition temperature T, will drop
as c¢ decreases, so that on Fig. 47 the transition will appear to
be a little sharper than it actually is. At .3 K, Av appears to
be close to its maximum value so the spectrum would be unlikely
to change much if T were lowered any further, Consequently, we
have fit the .3 K spectra to the T=0 spectra expected for the

various orientationally ordered states predicted by MFT. This

is discussed in the next section., The results show
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conclusively that the pinwheel phase is the only one of these
states that is consistent with the .3 K spectra.

No attempt has been made to analyze the shapes of the
spectra intermediate between the high temperature doublet and
the .3 K spectrum. A particularly interesting feature of these
spectra is the emergence of the central peak and its subsequent
disappearance as T decreases. Spectra in the intermediate
temperature regime exhibit many of the characteristics seen in
the NMR spectra of bulk o-H, for .2<c<.55 and .2 K<TK.7 K
(Estéve et al, 1982; Washburn et al, 1982). Bulk o-H, is
known not to have long range orientational order at such low
concentrations but, as mentioned in Section 1.3, it has been
proposed that it undergoes a transition to a quadrupolar glass
(Sullivan, 1976). Regardless of whether the symmetry of the low
temperature‘state is actually any different from that of the
pararotational phase, it is well established that the NMR
lineshapes can be explained by changes in the probability
distribution P( h|) of the magnitude of the order parameter o,
Some bulk o-H, Spectra and the corresponding P({ k|)'s deduced
from them are depicted in Fig. 48. Note that in the
intermediate temperature range, where P( b|) is very broad, a
central component is observed in the spectra. Even at the
lowest temperatures, the centre of the spectrum is nearly filled
in because of the long tail of P( k').

Some success in predicting the temperature dependence of

P(|0|) has been achieved by using a mean field model in which
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Fig. 48 Temperature dependence of (a) the NMR absorption
spectrum (only half is shown) and (b) the order parameter
distribution P( |) of bulk o-H, in the disordered state for
c=.55 (Washburn et al, 1982). %t each temperature, the
experimental spectrum is virtually identical to the synthetic
spectrum derived from P(|o|).
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molecules are assumed to interact with a random distribution of
axially symmetric quadrupolar fields (Esteéve et al, 1982).
These fields would depend on the local distribution of J=1
molecules. The energy levels of a J=1 molecule would be split
into an my=0 level and a pair of degenerate my=+1 levels as
in the case of an adsorbed J=1 molecule which experiences an
axially symmetric crystal field. The magnitude of the energy
gap would vary randomly from site to site. The peak of P(|o|)
becomes narrow at low temperatures because the energy gap is
large compared to kT; virtually all of the molecules are in the
ground state regardless of the width of the gap.

In light of the low concentration, bulk o-H,
measurements, it appears that our intermediate temperature, high
concentration adsorbed o-H, sSpectra might well be explained in
terms of a distribution of the order parameters. For E=O°,
probably only ¢ would be needed but for 8=90°, it might also be
necessary to include n. It would be necessary to improve the
S:N raﬁios of the spectra in order to be able to pursue this
approach.

There are some other alternatives for explaining the
central peaks of the adsorbed o-Hjp spectra but they are less
appealing. Such a peak might arise if some of the molecules
were undergoing'motion that was fast compared to the intra-
moleculdr dipolar interaction. An example would be molecular
reorientation such as that occurring at high temperatures.

Critical fluctuations might produce such motion but they are
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normally seen only in very pure systems. Another example would
be the 2D translational motion of adsorbed molecules in a fluid
phase. It would only be fully effective for crystallites for
which the polar angleB of Eo in the crystal reference frame
was equal to the so-called magic angle of 55° (Aleksandrov,
1966)., One can see this by examining the equation for the NMR
frequencies (IV-10b). The second and third terms of the right
hand side will always be zero because the motion makes it
necessary to average over ali azimuthal angles 8, The first term
will only be zero if 3cosze-l=0, i.e., g=55°., For crystal-
lites at other angles, the reduction in the splitting would be
less. This hypothesis is considered further in Section 8.,3.

In the 2-out phase, it is possible to get a spectrum
consisting of a single peak without requiring any motion., For
Vc/r in the.range 3-4, (III-20) shows that b|<.03. With such
a small value of h’, if B=0°, the splitting of the absorption
peaks would be less than the broadening so only one peak would
be resolved. These values of VC/F are quite close to the
values deduced from the high temperature NMR data discussed in
Section 7.4. Therefore, one might suppose that the central peak
observed near .6 K arises from formation of domains of the 2-out
phase in the transition region. However, there is also a
central peak in the B=90° spectra. 1In that case (IV-10b) shows
that for o0=0, one expects peaks at v/3d=+n/2. At T=0, (III-13c)
gives n=1-021 so there would be a pair of peaks at v/3d=+1/2

contrary to the experiment.
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With our final o-H, sample, G21, we obtained some

limited data concerning the temperature dependence of T, on
the J=1 concentration. 1In that experiment, NMR spectra with
B=0° at three temperatures .333, .575, and 1.81 K were measured
as functions of ¢ over the range .2<£c£.92 with p=.85, as usual.
Fig. 49 is a graph of the splitting §v/3d of the peaks of the
derivative of the absorption signal against c¢ for G20 and G21.
The derivative peaks rather than the absorption peaks were
plotted because for several spectra in the transition region,
the derivative peaks could be seen clearly but the absorption
peaks were obscured by the central component of the signal. For
G21, the critical concentration was arbitrarily defined to be
the one at which sv/3d was halfway between its maximum value and
the constant value it took when ¢ was low. At .3 K,%v/3d
appears to be approaching a maximum near c¢=.9. For .58 K, ¢v/3d
is apparently somewhat below its maximum even at our highest J=1
concentration. Nevertheless,gsv/3d is a strong function of ¢ so
the error in determining the critical concentration would be
small. For G19 and G20, T, was determined from the absorption
peak splitting shown in Fig. 47. Fig. 50 shows Ty as a

function of ¢ for the three o-H, samples.,

8.2 The Ordered State

The .3 K o-H, spectra of G19 and G20 have been compared
to the T=0 spectra calculated for the various ordered states.

The NMR transition frequencies as a function of crystallite
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Fig. 49

derivative &§v/3d versus ¢ for o-H

and G20 (solid symbols),
The temperatures were .33 K (diamonds), .58 K

A=13 dB.
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The splitting of the peaks of the absorption

samples G21 (open symbols)
All measurements were with B=0° and

(squares), and 1.81 K (circles).
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Fig. 50 The transition temperature T. versus ¢ for three
o-H, samples: G1l9 (square), G20 (circie), and G21
(diamonds).
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orientation are given by (IV-14) and (IV-15) for g=0° and 90°.
The probability of each frequency p(v) was calculated
numerically as described in Section 4.2 using the orientational
distribution function for the adsorbing surfaces P(;)dﬁ. It is
the probability that the c-axis of a graphite crystal lies in
the solid angle dﬁ, which makes an angle g with the normal to the
Grafoil. The frequency probability function p(v) was then
convoluted with a Gaussian function with standard deviation
Lpee

Initially, we took P(z) to be a Poisson kernel defined by

P(c) = a2 (14q) (VIII-2)
2ntanh'l(q1/2)' {(l+q7)-4qcos¥ z}

This orientational distribution function has been used to fit
the neutron scattering peaks of CHy adsorbed on Papyex

(Coulomb et‘al, 1981). The best fit was obtained using g=.6.

If ¢ is less than the half width at half maximum (HWHM) of P(g),
then P(z) is almost identical to a Lorentzian. However, P(r)
has a shorter tail at large values of £, We tried to fit the
resulting lineshape to our .3 K spectra using the order
parameters, q, and 0 as adjustable parameters. For 8=0" and
g=.6, the fits were very poor, primarily because the small outer
peaks of the experimental spectra were not reproduced in the
synethetic spectra. These peaks come from molecules that are
standing up on crystals that have z=0. However, in the syn-
thetic spectra, the contributions from these molecules were

suppressed because P(f) was multiplied by the factor sin ¢
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contained in da. As a consequence, the contribution from the
tail of P(t) was relatively large. The tail could be reduced by
increasing q but this also reduced the width of the peak: it
was still not possible to obtain a good fit.

In order to fit the neutron scattering lineshape of Ny
adsorbed on Grafoil, Kjems et al (1976) used an orientational
distribution function which was the sum of a Gaussian and
isotropic components

P(1) = Ay + A exp(-12/28%) (VIII-3)

Their best fits were obtained with AO/A1=.78 and 6=12.7°.

This function has the advantage that the width of the peak and
the size of the tail can be adjusted independently provided that
§ is not too large.

There is an important difference between the orientational
distribution functions defined by Coulomb et al and Kjems et al.
Coulomb et al used a 2D distribution function so it was
.multiplied by sinz. Kjems et al used a 1D distribution function
so it was not multiplied by sinz. For the NMR spectra a 2D
distribution function is required so sing should be included.

We have defined P(r) to be
P(g)=f +'{(1—fp)/1(a)}exp(-g2/252) (VIII-4)
and normalized it by
sz P(cz)sing dz=1/2n (VIII-5)
The upper limit of the integral is ©/2 rather than ™ because
crystallites oriented at an angle £ are indistinguishable from

ones at g+n. The term fp is the fraction of adsorbing
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surfaces forming the isotropic powder component. 1In the second

term, I(8) is defined by

2 2. .
I(8) = fg/zexp(-c /267 )sing dg (VIII-6a)
= 62 (1-6%/3+s%/15-6%/105) if §<<l radian (VIII-6D)

Synthetic spectra for the pinwheel phase generated with
this form for P(L) compared quite well with the .3 K experi-
mental spectra, particularly for §=O°, as shown in Fig. 51(a)
and (b). As expected on the basis of the 2D powder spectra
discussed in Section 4.2, the synthetic spectra for the other
ordered phases were quite different from the experimental
spectra, especially if 8=0°., All of these synthetic spectra
showed only two peaks for B=0°. The experimental lineshape in
Fig. 51(a) was obtained by subtrécting a parabola from the .318
K spectrum shown in Fig. 43(a). The baselines of all of the
spectra with B=0° at .3 K were found to be approximately
parabolic because of modulation pick-up.

The best fits for boﬁh g=0° and 90° were obtained using
f

P
c/oo=n/no=.87 for the down spins. o _ and n, are the

.2, §=15°, 05/3d=.042, 0/c,=.78 for the up spins, and

o
values of ¢ and n for T=0 and c=1, which are given in Table 1IV.
The fact that ¢/o, and n/no are both less than one could be
because c<1 or because of quantum fluctuations. The fits were
not very sensitive to either f_ or §. . The o's for the spins

p
lying down and standing up were determined by the positions of

the inner and outer peaks of the 8£=0° spectra, respectively.

Given these values, N was determined by the positions of the
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Fig. 51 Comparison of the .3 K experimental spectra (dashed
lines) with the synthetic spectra (solid lines) calculated for
the pinwheel [(a) and (b)] and herringbone [(c) and (d)] phases.
Spectra in (a) and (c) are for B=0° and those in (b) and (d) are
for B=90°. The experimental parameters are (a) T=.318 K, c=.95,
A=13 dB, t,=1.2 h and (b) T=.309 K, c=.94, A=13 dB,

t =1.2 h. The synthetic parameters are given in the text.

Tﬁe spectra have been normalized to the same areas.
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outer peaks of the B=90° spectrum. Since the 0's for the spins
lying down and those standing up are différent, the inner peaks
for B=90° actually consist of two unresolved peaks; that is why
their outer edges are broader than for B=0°., The position and
width of the inner peaks for B=90° gave some redundancy in the
determination of the order parameters.,

It should be possible to improve the fit by modifying the
Gaussian function in (VIII-4). For E=0°, the main problem is
that the central minimum of the synthetic spectrum is too
shallow and the outer minima are too deep. The main contri-
bution to the outer minima is from the spins standing up on
crystals with £=25°, The main contribution to the central
minimum is from all spins with z=2=55°. The peaks are produced by
spins on surfaces with z=0°. Therefore, it seems that the
number of surfaces with £=0° should be maintained, near g=25°
they should be increased, and near £=55° they should be

decreased.

8.3 Is There Another Transition?

Besides observing the spectra of o-H, samples with c=.9,
we also studied a sample (G21) with c~.2 and B=0°. All of these
spectra consisted of a doublet. 1In Fig. 47, the temperatufe
dependence of the splitting Av/3d of this low concentration
sample of o-H, has been plotted. The splittings of the high
and low concentration samples agree_well at high temperatures

where the effects of the EQQ interaction are averaged out by
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rapid rotation. As T decreases, the splitting of the high
concentration sample increases more slowly than that of the low
concentration sample: the EQQ interactions oppose the alignment
that the crystal field attempts to impose. The most striking
feature of the low concentration data is the small discontinuity
in Av/3d which occurs at the same temperature as the
orientational ordering transition of the high concentration
sample. A concentration of .2 is far too low for the small
discontinuity to be a cooperative effect. Perhaps there is
another transition at .6 K in addition to the orientational
ordering transition. A candidate for such a transition is
suggested by comparing the translational phase diagrams of

4He shown 1in

adsorbed hydrogen shown in Fig. 1 and adsorbed
Fig. 52 (Ecke and Dash, 1983). Fig. 52 contains a greater
variety of phases but this is probably simply a consequence of

the more intensive study that 4

He has been subjected to. 1In
particular, the neutron scattering measurements of hydrogen
would not have had sufficient S:N ratios to be able to dis-
tinguish between a V3 x V3 solid and islands of /3 x /3 solid
coexisting with a 2D fluid. Thé peak intensities and diffuse
scattering would have been slightly different in the two cases.
Consequently, it is possible that for p<l, H, undergoes a
transition from a Y3 x Y3 solid with vacancies to a Y3 x V3
solid plus 2D vapour. If that were the case, the orientational

ordering in the pure Y3 x /3 solid might be suppressed by the

vacancies and only occur when the temperature was low enough
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for islands of the Y3 x /3 solid to form.

This hypothesis might explain the central peak in the NMR
spectrum seen near .6 K. There should be coupling between the
translational and rotational motion of adsorbed hydrogen mole-
cules because orientations of the molecules that minimize the
interaction energy with the surface depend upon position (Riehl
and Fisher, 1973; Steele, 1977). The combined rotational and
translational motion of molecules in the 2D vapour phase could
result in motional narrowing of the NMR spectrum regardless of
crystallite orientation, producing the central peak. The peak
would then disappear at lower temperatures as the 2D vapour
pressure dropped. There are some problems with this interpre-
tation. The centre of the spectrum starts to fill in above 1K,
a much higher tempefature than the supposed transition temper-
ature, Alsb, the orientational ordering temperature is strongly
dependent on concentration. If orientational ordering were
triggered by a translational phase transition, the transition
temperature should not depend on ¢. Experiments at other
coverages, particularly .85<,<1 should be able to settle the

guestion of whether there is a translational phase transition.

8.4 The Disordered State

In the pararotational state, the splitting of the absorp-
tion doublet is proportional to p|. Its temperature dependence
allows the determination of V, and T. We have done this by

fitting the high temperature expansion of o calculated by Harris
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and Berlinsky (private communication, 1983) and given in
(III-44) to our experimental data. Using various trial values
of V, andr, 0 was calculated for the values of T and c used
in the experiments. For G20, with .83<c<.89, the best results
were obtained with Vc=.65 K and T =,12K. For G21, with |
.21<c<, 26, we found VC=.55 K and T =,19 K. The experimental
and fitted values of b| have been plotted as functions of
T_1 in Fig. 53. The fits were not sensitive to 10% changes
in V. if T was readjusted. For the high concentration sample,
it was necessary to change I' by 10% and for the low concen-
tration sample, by 25%. The differences between the parameters
for the two samples is probably not significant. Poor conver-
gence of the high temperature expansion at low temperatures
makes it difficult to choose the best parameters. For G20, the
(BP)3 term éontributed about 10% tog at .75 K and .5% at 4.2
K. For G21, convergence was poorer because a larger value of T
was needed: the ( 8T )3 term contributed more than 10% below
1.3 K. Note that according to the mean field orientational
phase diagram shown in Fig. 6, these results for Vo, and T are
consistent with the ordered state being the pinwheel phase.

We also tried using the mean field result for g, given in
(II-16), to fit the NMR data. This was guite successful above
1.3 K but broke down at lower temperatures. Positive and
negative values of V. gave equally good.results, in contrast
to the high temperature expansion. The parameters obtained from

least squares fits of the mean field results to the data above
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versus 1/T for o-H, samples G20 with .83<c<.89

(circles) and G21 with .21<c<.26 (diamonds). g=0°. The results

of the high
r=.12 K (x)
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so a single
of data.

temperature expansion of ¢ for V.=.65 K and

and for v_=.55 K and I'=.19 K (+) are also plotted.
c>0. The concentration varies from point to point
curve cannot be drawn through each of the two sets
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1.3 K are included in Table XII,

Table XII Results for v, and I for o-H,

Sample MFT HT expansion HT expansion
(no vacancies) (with vacancies, p=.85)

VC(K) T (K) Vc(K) T (K) VC(K) T (K)
G20 .44 .09 .65 .12 .30 11
_.44 005 -.85 013
G21 .51 .12 .55 .19 .23 .17
-.51 .02

If adsorbed hydrogen formed a pure /3 x /3 solid phase
above .6 K, then (III-43) would no longer be correct in the
disordered state, except at p=1, because it assumes that all
sites are filled by hydrogen molecules. Berlinsky (private
communication, 1983) has made a high temperature expansion of o
to second order in BV, and BT which takes into account random
vacancies with concentration x for the case p<1l. The first step
was to see how the vacancies affeqt the anisotropic Hamiltonian
of a system of hydrogen molecules given in (II-4). The

Hamiltonian of the J=1 molecules can be expressed as
T, i 3 ij z ij (VIII-7)
H="H"+ o LH + . “.H
ic (172) i,j EQQ 1,J vV
The first sum is over all J=1 molecules, the second is over all
nearest neighbour J=1 pairs, and in the third sum i is a J=1

molecule and j is a vacancy. HV1J is the change in energy
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of molecule i when a molecule at site j is removed. Using
(II-4b), the vacancy energy is

T . Ty ™3 m* > _
v (8n/5) mY2 (wi)B(Rij)Yz (Qij) (VIII-8)

For hydrogen in the /3 x /3 phase on graphite, taking only near-

)

est neighbour interactions, Rij=Ro=4'26 R SO B(Rij

==-,65 K (van Kranendonk, 1983).3 Taking the z axis normal to
the surface, the polar angle of Eij is 90° and the azimuthal
angle is $45. Within the J=1 manifold, the Y,™ ({;)'s

can be replaced by the spherical tensors defined by (II-6). The
vacancy energy then becomes

Hij_- 4 11'/2 o} _ 1/2 2 1244 4 -2 12 ¢
vii=-¢ (%) B(R)r, (3i) (3/2) {T, (3i)e 11+ T, (i%ail—??})

Taking the high temperature expansion given in (III-42c) to

second order, Berlinsky found that
0=8 V/3 + (6/5) (1-x)B(R)} + 82V /18 = (6/25) (1-x)B%(R)

+ (24/25)(l-x)2B2(R0) - (2/5)(1—x)VcB(RO) - (3/2)cxvcr

+ 3cx(l—x)FB(Rb) - (25/6)cxf2}_ ' (VIII-10)
The crystal field V. includes a contribution from the inter-
actions of a J=1 molecule with the surface as well as with
neighbouring hydrogen molecules,

Using x=1- , we compared this expansion for various values
of Vo, and T to the experimental splittings. The fits were
about as good as with the previous expansion which did not
include vacancies, except that divergence of the series was a
more serious problem. The 82 term was more than 20% of the 8

term below 1.8 K for c=.9 and below 1.1 K for c=.2. The best
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values of Ve and T are given in Table XII. The introduction
of vacancies had no significant effect on T because, like J=0
molecules, vacancies do not engage in the EQQ interaction.
However, they did have a large effect on V_ . Within the
ranges where the high temperature expansions for ¢ converge,
V., and I' could be chosen so that either the pure V3 x /3 phase
or 3 x /3 islands coexisting with a 2D fluid are consistent
with the temperature dependence of the splitting of the NMR
doublet.

The values of ' given in Table XII are all surprisingly
low compared to the nearest neighbour, rigid lattice value of
.528 K.? There are no calculations of the renormalization of
' for adsorbed hydrogen but it is hard to imagine such a large

change,

8.5 Broadening

It was mentioned in Chapter IV that the dominant source of
broadening for pure o-H, is expected to be the intermolecular
dipole-dipole interaction, which is temperature independent.
Fig. 54 shows that the measured broadening 6 is a considerably
more interesting function of temperature. We have defined S to
be the width at half maximum of each of the outer edges of the
main absorption peaks. It does not include the effécts of the
misorientation of the graphite crystals. For the 90% J=1
spectra at .58 K and .66 K, where the peaks could not be

resolved because of the central component, the shoulders have
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Fig. 54 Broadening § /3d versus 1/T for o—H3 samples G20
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been taken instead of the peaks.

As the 90% J=1 sample was cooled, it exhibited an increase
in 6/3d prior to the transition. This was followed by a sharp
drop, almost down to the high temperature limit, as orientation-
al ordering occurred. For T>TC,5 §/3d of the 20% J=1 sample
also increased slowly as T decreaéed. Going through T., 6/3d
rose more rapidly and settled at a value about twice as great as
that of the 90% J=1 sample. It is possible that there is also a
peak at T, in the 20% J=1 sample but the data is not extensive
enough to determine this.

If it is assumed that the intermolecular dipolar
broadening is Gaussian, then the standard deviation would be
equal to the square root of the second moment le/z. The
HWHM would be 1.17 M,'/2/3d, which, according to (IV-33),
is .030 for ¢=.90 and .015 for c=.23. The magnetic field
modulation would produce additional (rectangular) broadening
withAa HWHM equal to the amplitude of>the modulation, which is
AHm/Bd = ,018., These results are approximately consistent with
the high temperature limits of the measured values of §/3d for
both concentrations.

A fairly convincing explanation of the broadening measure-
ments is as follows. Consider an o-H, sample for which ¢ is
somewhat less than one. At high temperatures, the EQQ inter-
action would be averaged out by molecular reorientation and the
energy gap & of the my sub-levels of the J=1 level would be

equal to the crystal field. All of the molecules would
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experience the same crystal field (ignoring vacancies and
interstitials, if any) so they would have the same value of o,
As T decreased the EQQ interactions would begin to compete with
the crystal field. Fluctuations in the molecular field, arising
from different local distributions of J=1 molecules, would start
to become important. A distribution of energy gaps 4 would be
produced, resulting in increasing broadening of the NMR
spectrum. At T., the molecular field would overpower the
crystal field and rapidly widen the energy gap between the
ground state and first excited state. Local variations in the
gap would no longer be important because the gap would now be
much greater than the thermal energy. This would mean that the
broadening would drop rapidly at T., perhaps as low as the
high temperature value.

This scenario is consistent with the graph of §/3d versus
™1 for the c=.9 sample. It is also supported by the fact
that the .3 K NMR spectra could be fit by just two values of g,
one tor the spins standing up and one for those lying down.
Finally, it predicts that at intermediate temperatures there
would be distribution of order parameters. This was already
expected from the comparison with the low concentration bulk
o-H, spectra. If the scenario were correct, the peak in §
should diminish when ¢ becomes very close to 1 because there
would be little variation of the local molecular fields.

The situation for c=.2 is less intuitive. At high temper-

atures, § should increase as T decreases and the molecular field
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begins to assert itself. Near Tor we have found that ¢ has a
small but fairly rapid drop (see Fig. 47). .In this region,
inhomogeneities such as the local distribution of J=1 molecules
would become more important so there might be a small peak in 5.
Below Tor © begins to flatten as T decreases so § should not

be strongly temperature dependent.
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Notes to Chapter VIII

In the remainder of this thesis, the term broadening does
not include the distribution of splittings arising from
the different crystallite orientations in the Grafoil.
The dashed spectrum of Fig. 13 will be referred to as an
unbroadened spectrum,

For G20, the derivative peak splitting gave virtually the
same Tc'

We have used the conventional definition of B(Ri-) but
Van Kranendonk's B(Rij) is a factor of two large}.

The values of ' obtained from G20 are probably more
reliable than those obtained from G21. The fit to the G20
data is considerably more sensitive to I' because ¢ is much
higher.

T. refers to the orientational ordering transition
c ; ;
temperature of the high concentration sample.
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CHAPTER IX

NMR SPECTRA OF p-D,

9.1 Temperature Dependence of the p-D, Spectra

NMR absorption spectra of p-D, have been observed by us
in the temperature range of .3 K to 8 K. Some of these, from
sample G18 with p=.85 and .77£c<.95, are shown in Fig. 55. At
high temperatures, there was a doublet from the J=1 molecules
and a central peak from those J=0 molecules with I=2, As T
decreased, the splitting increased but below about 1.6 K the
broadening of the J=1 peaks also increased. At about .8 K, the
doublet could no longer be resolved, as was the case with the
high concentration o-H,. Upon further cooling, the shapes of
the spectra contrasted sharply with those of o-H, and of the
synthetic spectra calculated for the ordered phases of MFT: the
p-D2 spectra became very broad and weak., At .6 K, the J=1
spectrum had become triangular. At .3 K, it was somewhat
semicircular, with a maximum width slightly greater than
Av/3d = 1. The spectrum could, in principle, have a maximum
width of Av/3d = 2. The S:N ratio was quite poor so the
existence of weak wings extending beyond Av/3d = 1 is not
precluded. However, the data from sample G1l8 shown in Fig. 38
implies that such wings could not contribute very much to the
total intensity. In the region near .6 K, it was impossible to
determine the maximum extent of even the main component of the

spectrum, because the baseline produced by the modulation
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Fig. 55 Absorption spectra of D, sample G18 with B=90°,
A=13 dB. p=.85.

Spectrum (a) (b) (c) (d) (e)
T(K) .318 .580 .892 1.61 3.01
c .93 .91 .90 .83 .86
tm(h) 8.52 17.1 5.70 11.0 10.3

The spectra have been normalized n the same manner as those in
Fig. 43. The vertical scale is the same for all of the
spectra. ~
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pick-up had the same triangular shape as the J=1 spectrum.
Modulation pick-up was much more severe for D, than for H,
because the magnetic field was 1.3 T instead of .2 T.
Unfortunately, the pick-up was much worse for Bg=0°. We have
already seen that the g=90° spectra are expected to be much more
difficult to interpret because they involve averages over the
azimuthal angles d of the crystal axes whereas the B=0° spectra
are independent of «a,

The S:N ratios did not warrant any gquantitative analysis
of the low temperature spectra. As regards the gualitative
features, one conjecture is that p-D, has a wider distribution
of order parameters than o-H, at low temperatures. In section
8.5, the increase in the broadening of the o-H, spectra as T
decreased towards T, was interpreted as being due to the
increasing importance of spatial variations of the molecular
field. At Tor the orientational ordering caused the
broadening to drop rapidly. In p-D, there is no evidence of
orientational ordering so one might suppose that as T decreases
the broadening of the p-D, spectra would continue unabated.

Further evidence of this is presented in section 9.3.

9.2 The J=1 Doublet

As in the case of o-H,, we attempted to use the high
temperature expansion given by (III-44) to fit the temperature
dependence of the splitting Av /3d of the J=1 doublet. This was

not successful because larger values of T were needed than in
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the case of o-H, SO the series diverged even at high
temperatures. Consequently, we resorted to MFT. Fig. 56 is a

plot of |c| versus T 1

obtained from sample G18. Since
8=90°, (IV-15) shows that |o|=Av/3d. As in Fig. 47, ¢ was not
constant so the data could not be fitted to a single curve. For

large values of 71

, the doublet was poorly resolved so the
error bars of |o| are guite large. A two parameter least
squares fit gave V.,=2.3 K and I=.50 K or V_=-2.4 K and

[=.44 K; the former values gave a slightly better fit but the
difference was not significant. The values of T are a little
smaller than the rigid lattice value, PO=.510 K. This is to

be expected because there is likely to be some renormalization

due to zero point motion.

9.3 Broadening

The broadening § of the J=1 doublet was extracted in thé
same manner as for o-H, in those cases where the doublet could
be resolved. At low temperatures, there was only one broad J=1
peak so a different procedure was needed., Fig. 56 indicates
that the splitting Av/3d = |c| may be approaching a limiting
value of about .25 at low temperatures. Consequently, A4v/3d was
taken to be equal to .25 for the purpose of calculating § when
t™1s1.2 k71, Alternatively, we might have extrapolated
the mean field behaviour of Av/3d to low temperatures. However,

since a doublet is not observed there, MFT is probably not

valid. Even if it were, small errors in Ve and T(which are
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Fig. 56 hl versus 1/T for p-Dp. B=90°. Data from sample
G18 with .77<c<.95 (circles) and the best fit using MFT

(crosses) are shown. The latter gives V. =2.3 K and I'=.50 K.
An equally good fit was obtained for VC=—2.4 K and T=.44 K.
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determined from the high temperature measurements) would produce
substantial errors in bl as T decreased, For the low
temperature spectra consisting of a single J=1 peak, § was
defined by

§/3d=(1/2) [(FWHM) /34 - .25] (IX-1)

Fig. 57 shows §/3d versus 1. at high temperatures,
§ increases very slowly as T decreases but near 1.1 K, the
increase becomes more rapid and continues at least down to .3 K.
This behaviour is consistent with the conclusions of section
9.1, according to which p-D, develops an increasingly wide
distribution of order parameters as T decreases. The high
temperature limit of §/3d is .01l1l. 1In section 4.4 it was shown
that for D, broadening by the graphite diamagnetism was
expected to be larger than intermolecular dipolar broadening.
Based on thé room temperature diamagnetic susceptibility of
Grafoil (which is expected to be temperature independent),
M21/2/3d was estimated to be .009. If the broadening is
assumed to be Gaussian, for simplicity, this correspondends to a
HWHM/3d of .011. The good agreement is somewhat fortuitous

considering the assumptions that have been made.
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CHAPTER X

CONCLUSIONS

10.1 Précis

Unquestionably, the most important result of our NMR
studies of hydrogen adsorbed on graphite is that 90% o-H, at a
coverage of p=.85 undergoes an orientational ordering transition
at .6 K into the pinwheel phase. This is one of the low
temperature ordered states predicted by MFT. Although there is
good reason to expect MFT to correctly identify possible ordered
states, it was by no means clear that ordering would in fact
occur. Fluctuations due to quantum effects or the 2D nature of
the system might well have prevented it. The nature of the
transition is still in question. The small discontinuity in the
temperature‘dependence of the splitting of the absorption signal
of 20% o-H, is particularly puzzling. We have suggested that
it may be due to a transition from a pure v3xV3 solid to a /3xV3
solid coexisting with a 2D fluid at .6 K. Experiments at other
coverages, especially .85<p<1l, should settle this question.
Given improved S:N ratios for the o-H, sSpectra, it would be
worthwhile to fit the experimental spectra for .3 K<KTK1 K to
synthetic spectra generated using a distribution of order
parameters. For g=0°, it is probably necessary to use only one
order parameter, g.

P-D, exhibited surprisingly different low temperature

behaviour from o-Hy: there was no evidence of orientational
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ordering down to .3 K. In contrast, pure, bulk p-D, orders at
3.8 K, a higher temperature than the 2.8 K of pure bulk o-H,.

We do not understand the reason underlying the different
behaviour of adsorbed p-D, and o-H,. NMR spectra of p-D,
with E=O° might clarify the situation; as we have seen for
o-H,, they are much easier to interpret than the §=90°
spectra. To obtain good spectra with B=0°, it is essential that
the S:N ratios be improved. Modulation pick-up is the most
serious impediment to accomplishing this task. Assuming that
the spectra can be improved, the increase in the broadening at
low temperatures makes it appear that it will be necessary to
use a distribution of order parameters to generate the synthetic
spectra below 1 K.

The temperature dependence of the splitting of the NMR
doublet observed in the pararotational state gives Vo and T,
For p<l, if hydrogen forms islands of the V3x /3 solid coexisting
with a low density 2D fluid, there should be few vacancies in
the solid. 1In that case, fitting a high temperature expansion
of o to the NMR data gives V, =.65 K and T =,12 K for 90%
o-H,. The expansion is exact in gV, and third order in BT.
For a pure Y3x /3 solid, there would be vacancies if p<l. We
then found that, for p=.85, Vc=.30 K or -.85 K with T
virtually unchanged. For 20% o-H,, we found vV, =.55 K and
r=.19 K without vacancies but v =.23 K and r'=,17 K with
vacancies for p=.85. The exp;nsion developed convergence

problems near 1 K. This may explain the difference in the
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results for the two samples.

For 90% p-D,, divergence of the high temperature
expansion was more serious because a larger value of T was
required. Conseguently, MFT was used to fit the temperature
dependence of the splitting. The fit was equally good using
Vc=2.3 K and T=.50 K or vV =-2.4 K and T=.44 K.

The values of T obtained for p-D, are a little smaller
than the nearest neighbour, rigid lattice value, I =.510 K:
translational zero point motion is expected to reduce T
slightly. 1In the bulk so0lid, the value of T deduced from
experiments is .87fO for both H, and D, but in 2D the
renormalization is expected to be greater. Although H, might
be expected to have greater zero point motion than D, because
Hy is a lighter molecule, this could not account for the
anomalouslyvlow measured value of T for adsorbed o-H,. The
rigid lattice value is rp=-528 K. We have no explanation for
this discrepancy.

As yet, there are no reliable calculations of the crystal
fields of H, or D, adsorbed on graphite but even so it is
surprising that the measured values differ so greatly. There
are two contributions to the crystal field of an adsorbed J=1
hydrogen molecule. One is from interactions with neighbouring
hydrogen molecules and the other is from interactions with the
surface. The hydrogen contribution VcH is given by the
first term of (II-5a). For hydrogen on a surface with its

normal along the z axis, if we use (II-5b) VcH becomes



222

H _ z
Vc = (3/5) 3 B(Rij) (X-1)
Summing ovér nearest neighbours and using B(RO) = -,65 K (van
Kranendonk, 1983)1, we find VcH = -2.,3 K. Further neigh-

bours make a small additional contribution that could easily be
included.

The substrate contribution to the crystal field VcS is
more difficult to estimate but the calculation would be tract-
able. It would involve summing the pair interactions of a J=1
hydrogen molecule with the C atoms in the substrate. Assuming
the carbon atoms to be spherically symmetric, the pair
interaction V would havé the form

V(R,&) = Uj(R) + U,(R)Y, (%) (X-2)
where R is the vector between the hydrogen molecule and the
carbon atom and § is the orientation of R with respect to the
hydrogen infernuclear axis, A procedure for summing the pair
interactions has been given by Steele (1973). The sum can be
represented by a Fourier series in the position variables of a
hydrogen molecule in a plane parallel to the surface. Only the
uniform component is retained and the sum over all graphite
planes except the first is replaced by an integral. Using
Steel's procedure, an estimate of VcS has been made |
previously (Kubik and Hardy, 1978) but we now feel that it is
not very realistic. The anisotropic potential U,(R) was taken
to be proportional to the isotropic potential U;(R), which was
represented by a Lennard-Jones potential. The potential para-

meters were obtained by combining those of the H,-H, and C-C
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Lennard-Jones potentials. The well depth of the C-H potential
was set equal to the geometric mean of the well depths and the
position of the well was the arithmetic mean of the positions.

A general anisotropic hydrogen-substrate interaction
potential has since been derived (Wang et al, 1980). Parameters
for the spherically averaged form of this potential were
obtained from H, molecular beam scattering data (Mattera et
al, 1980).  They are significantly different from the results
obtained by combining the H,—-H, and C-C Lennard-Jones
potentials. It has been claimed that the primary reason is that
the assumption of spherical symmetry of the C atoms in graphite
is not valid since the graphite dielectric constant is
anisotropic (Crowell and Brown, 1982)..

The quadrupole coupling constant, the crystal field, and
the orderiné behaviour of H, and D, are all surprisingly
different; it seems unlikely that the differences in the trans-
lational zero point motion are sufficient to account for this.
In contrast, their bulk solid behaviour is very similar. Some
of the further experimental work suggested above should
illuminate the picture.

Using the intensities of the NMR signals, we have found
conversion to be a first order process for H, with a rate
constant of .40(2)%/h in our cell B. The D, data had much
more scatter and covered a smaller concentration range so it was
difficult to ascertain whether the process was first or second

order. However, assuming it to be first order, we obtained rate
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constants of .069(15)%/h in cell B and .026(7)%/h in cell A.
The conversion rate was much higher during the process of
adsorption but nevertheless, we were able to obtain adsorbed
samples with initial J=1 concentrations of .99 for D, and .96

for H2.

10.2 Future Work

The experiments described in this thesis have shown that
hydrogen has some unique orientational properties and that their
elucidation has only begun., To proceed further, using NMR, the
most important requirement is to improve the S:N ratios.
Presently, the measuring times are too long for extensive
measurements. Two improvements would be relatively straight-
forward. The modulation coils for ﬁo parallel to the Grafoil
are larger and considerably more homogeneous than those for ﬁo
perpendicular to the Grafoil. For the latter, the variation of
H  over the sample causes significant loss of signal
intensity. Since the clearest results can be obtained with Hj
perpendicular to the Grafoil, it would be worthwhile to rotate
the sample cell by 90°. 1Incidentally, if this were done, it
would be interesting to see whether the modulation pick-up was
still worst for g=0°. 1If it were, it would strongly suggest
that the Grafoil was the source of the pick-up. If not, the
source must be outside the sample cell., Virtually all of the
measurements discussed in Chapters VIII and IX employed cell B.

However, the Grafoil in cell A had twice the surface area of



225

that in cell B even though the two cells had the same volume.
In addition, the conversion rate for p-D2 in cell A was found
to be .4 times that in cell B. The disadvantage of cell A is
that it is believed to have greater misorientation of the
adsorbing surfaces. However, it is not clear how large this
effect is because all of the hydrogen samples in cell A are now
believed to have been non-uniform because the adsorbing temper-
ature was too low. Considering the potential gains in the S:N
ratio and the conversion rate, it would be useful to switch back
to cell A and check the NMR signal produced by a uniform sample.

Additional measures would probably still be necessary, at
least for D2. Using an RF amplitude of 2x10—7 T, we did not
find any evidence of saturation of the NMR signal except in

the case of pure o-D so it should be possible to increase

2"
the signal by increasing the excitation. We tried this but
found that the noise increased faster than the signal at higher
RF levels and that the first stage of the liquid helium cooled
amplifier began to saturate causing distortion. The extra

noise must have been from the 05cillator. Usually in NMR, the
problem of amplifier distortion is solved by using a bridge to
reduce the voltage across the amplifier input. However, bridges
tend to introduce microphonics and extra Johnson noise so this
approach may create more problems than it solves. A better
solution is probably to modify the amplifier itself so that it

does not saturate at such a low level. Unfortunately, the modu-

lation pick-up can be expected to increase in proportion to the
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RF level so the pick-up will limit the potential improvements.

In many cases in NMR, the S:N ratio can be raised by
increasing Hy because the S:N ratio is proportional to
Ho3/2 (Abragam, 1961). 1In our case, we might get some
improvement for Hy but perhaps not for Dy, at least at
temperatures greater than about 1 K. At high temperatures, the
broadening of the D, signal arises primarily from the graphite
diamagnetism so increasing H, would result in an increase in
the broadening, reducing the increase in the amplitude of the
absorption signal. At low temperatures there is additional
broadening, probably from the order parameter distribution, so
some extra broadening from the diamagnetism may not be signifi-
cant. A more serious problem is the modulation pick-up.
Experimentally, we have found it to be greater at 1.3 T than at
.2 T and expect that it is proportional to H,. If this is the
case, not much improvement in the S:N ratio could be achieved by
raising Hg.

Presently, only about half of the total measuring time can
be utilized for recording data because it is necessary to wait
for the pick-up to stabilize at the culmination of each sweep
of the magnetic field. Even so, the baselines of the spectra
were often quite poor. The dead time could probably be reduced
somewhat if the signal averager could collect data in both sweep
directions using a symmetric, triangular sweep. We have been
unable to isolate the source of the pick-up but it may well come

from the Grafoil itself. 1In that case, it might be desireable



227
to abandon magnetic field modulation altogether. We have
considered using frequency modulation instead but it is likely
to introduce new problems. Normally, the frequency is modulated
by varying the tuning capacitor, which, in our case, is inside
the cryostat. This would best be done using a varactor diode
since mechanical tuning would introduce microphonics. The main
problem with frequency modulation is that the measuring system
has a frequency dependent gain so there would be a spurious
background that would probably have to be subtracted.

The techniques described in this thesis could be used to
study many variants of the hydrogen on graphite system.
Ideally, one would like to be able to vary the crystal field in
order to further explore the orientational phase diagram
depicted in Fig. 6. To achieve this end, one would require a
substrate oﬁ which hydrogen forms a registered, hexagonal
lattice. If it were not registered, there would be a distri-
bution of crystal fields resulting in broadening. Such a
substrate may be difficult to find in view of requirements such
as a high specific surface area. We have preplated the Grafoil
with Kr-at 95% of the V3 x 'ﬁ-coverage and then adsorbed H,
onto it. The NMR spectra of H, were guite broad so we suspect
that the Kr was compressed out of registry. Broad spectra were
also observed for H, on bare Grafoil if p>1. MgO powder
promises to be a good substrate (Bienfait et al, 1980; Vilches
et al, 1984; Jordan et al, 1983). It has good uniformity and a

high specific surface area. The crystal structure is cubic so
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if there were a registered phase, it would not be V3 x /3. MgoO
also has better electrical and magnetic properties than Grafoil
for NMR work.

We have only studied the orientational phase transition of
adsorbed hydrogen., However, NMR may also prove to be useful for
studying the translational phases. 1In particular a solid-fluid
transition should be characterized by narrowing of the NMR

spectrum due to the motion of: the molecules.
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Notes to Chapter X

1. Van Kranendonk's B(R) is a factor of two greater than
ours, which is the conventional one.
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APPENDIX A

HIGH TEMPERATURE EXPANSION OF ¢

235

We will now give the coefficients for the high temperature

expansion of ¢ obtained by Harris and Berlinsky (1983). The

expansion to third order in (BT ) is

o=A+B(RT) +c(s1‘)2 + D(BI‘)3

where the coefficients are exact in V=g V.

concentration, then the coefficients are

A

B

(1-e7Vy] / [1+2e7V

]
~(81/2)ce Vi1-e7V] / [1+2e7VY;3

9¢ [-17e5V + e4v

16v2(eVe2)>

x (=380V2c-140V2+68V-102)

+ e3V(3900v2c-6v2+306v-187)

+ e2V(-4680v2c-1260V2+408V-34)

+ eV(1160v2c-700V2+136V+204)+136]

9¢ te’V(48960Vci+16320vc

512v3 (eV+2)7

+1632V-9672c+1792) + e®V(-533376v3c?2
~888V3c+864V3-489600v2c2-137352v2c
~11424v2+195840Vc2+124980Vc+7840V-67704c
+17920) + e2V(-3692632v3c2-1127688V3c
~55328v3-1370880V2c2-532800V2c-54176V2 -

+336456Vc-432V-145080c+69888) + eV

x-(2692408V3c2+541443V3c-28768V3+685440V2c

2

(III-44)

If ¢ is the J=1

(A-1)

(A-2)

(A-3)
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~385296V2c-108640V2-685440Vc2+317100Ve
-72576V-9672c+125440) + e3V(-18491424v3c?

-4521774V3c-56064V+3133440V2c2+368544v2ec

2 2

-177408V“°-244800Vc©~-104664Vc-200816V+309504c

2,3027732V3¢

2

+71680) + e2V(6604864V3c

2 2

+380864V3-391680V2c?+36288V2c-225664V

+881280Vc2-350064Vc-282528V+232128c~-86016) + eV
x (13420160V3c2+3658488V3c+409024V3

-1566720V2c2-354432v2 2

c-109568V
+195840V02-228768Vc—234048v—154752c-l43360)

—‘(391680V02+111360Vc+89984V+154752c+57344)] (A-4)
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APPENDIX B

OF A QUARTZ-COPPER SEAL

The precision bore quartz tube was 13.05 mm OD, .58 mm

thick, and 47.2 mm long.

process:
l. Boiled
2, Rinsed
3. Etched
4, Rinsed
5. Boiled

water.
6. Rinsed
7. Rinsed
8. Boiled
9. Rinsed

for 15 min in
several times
in 10% HF for
several times

in a solution

several times

in electronic

It was cleaned using the following

a detergent solution.1

in hot water.
4 min,
in water,

of 25 ml of KOH pellets in 100 ml of

in hot water.

grade methanol,.

in methanol for 30 min.

in methanol,

Immediately after cleaning, the tube was placed in an

o
evaporator and coated with about 500 A of Cr followed by

1100 A of Cu.

Pre-coating

with Cr was necessary because

Cu does not adhere well to quartz. Attempts to solder directly

to the film were unsuccessful because the indium alloy solders

- used appeared to alloy with the copper and lifted off the film.

Consequently the Cu film thickness was increased to .02 mm by

electroplating at 50 mA/cm2 in a .74 molar solution of

thick, 11.1 mm long copper tube using Indalloy #5 solder

The tube was then soldered to a 13.67 mm OD, .25 mm

2
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(.375 Sn/.375Pb/.25In) and Kester 1153 pure rosin flux. The
soldering operation was performed using an iron in a stream of
helium gas heated to 180 C. It was very important to use a mild
flux in order to prevent damage to the film. The solder had to
be non-superconducting in fields >.,15 T and it was desireable
that its melting point be greater than 150 C so that the sample

cell could be baked out when it was mounted in the cryostat.
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Notes to Appendix B

The water used throughout the cleaning procedure was
distilled and demineralized.

Indijum Corporation of America, Utica, N.Y., U.S.A.

Kester Solder, Chicago, Il1l1l., U.S.A.



