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Some highly anomalous features have been observed in the low-temperature NMR spectrum of high-purity
(& 99% J = 1), solid para-deuterium. The intensity of the low-frequency side of the Pake doublet is
enhanced and that of the high-frequency side reduced, sometimes becoming negative, corresponding to an
emission of power. The anomaly is particularly pronounced and of the opposite sign for the I = 2
resonance of the J = 0 impurity molecules which exhibit enhancements as large as 50. The effect, which
has also been observed in high-purity ortho-hydrogen but with smaller enhancements, is ascribed to a
pumping process resulting from ortho-para conversion. In the ordered phase, conversion takes place from
only one of the J = 1 substates since the excited states, the librons, are not thermally populated. This
results in a disturbance of the nuclear-spin populations away from thermal equilibrium, and the observed
intensity depends on a balance between the ortho-para pumping mechanism and the normal spin-lattice
relaxation processes. The results are compared to the theory of ortho-para conversion given in a companion
paper. Measurements of the temperature dependence of the spin-lattice relaxation time T, in ordered
para-D, are also presented. At high temperatures there is a fair agreement with theory based on the
inelastic scattering of librons, but at lower temperatures T, is much shorter than predicted and depends
strongly on the J = 0 impurity concentration. The two Fake doublets predicted by Harris for the J = 0 D,
molecules have been resolved and an accurate determination made of the widths. Finally, some
measurements of the order parameter via the width of the J = 1 Pake doublet are presented and compared
to current theories and previous experiments.

I. INTRODUCTION

The main purpose of this paper is to present ex-
perimental results on the nuclear-magnetic-reso-
nance (NMR) line shape in the ordered state of high-
purity J= 1 samples of H~ and D2, and to interpret
the very striking anomalies observed in terms of
a pumping process occasioned by ortho-para, con-
version in the ordered state. In addition, rnea-
surements of 7.", and of the Pake-doublet splitting
in high-purity samples of ordered para-deuterium
are presented and compared to current theories.

If one cools a polycrystalline sample of hydrogen
below the molecular ordering temperature, the
NMR line suddenly becomes very broad and assumes
the peculiar shape of a Pake doublet' averaged
over crystallite orientations. This phenomenon
was first analyzed quantitatively by Reif and Pur-
cell. From very general considerations they
demonstrated that the splitting arose from the mag-
netic dipole interaction of the two protons in Ha
molecule when the rotational degeneracy of the
molecule was lifted by the crystalline potential of
its neighbors. Since to a very good approximation
the ortho-H~ molecules are in the rotational state
J= 1, the problem reduces to one of knowing what
happens to the three J= 1 sublevels. Although the
exact nature of the ordered state was unknown at
the time, by the use of a simple molecular-field
model in which transitions between the three J= 1
substates were fast compared to the dipolar split-
ting, Reif and Purcell were able to show that the
ground molecular state was nondegenerate ance

separated from the nearest excited state by more
than 4 K.

The ordered state of both ortho-H2 and para-D2
has been studied extensively over the past few
years and is now known to be a cooperative order-
ing of the molecules, closely analogous to the or-
dering of spins in an antiferromagnet, in this case
driven almost entirely by the electrostatic quadru-
pole-quadrupole (EQQ) interactions between mole-
cules. The excitations analogous to magnons are
called librons and have been studied by Raman
scattering and far-infrared absorption. ' The
transition temperatures are strongly dependent on
the concentration x of J= 1 species, dropping pre-
cipitously for concentrations less than -

55%%up. In
addition, the transition shows considerable hys-
teresis, presumably due to the fact that the hcp
-fcc crystal-structure change accompanying the
transition occurs at a temperature where normal
translational diffusion is too slow to be effective.

Theoretical calculations based on a rigid lattice,
and pure EQQ interactions, predict the ground-
state configuration in the fcc phase to belong to
the Pa space group. Here the centers of the
molecules sit on an fcc lattice, and the molecular
ordering can be described in terms of the four
simple-cubic sublattices making up the fcc struc-
ture, the symmetry axes of the molecular wave
functions being the same on a given sublattice and
along one of the four cubic diagonals; in the mo-
lecular-field approximation these wave functions
correspond to J= 1, m~ = 0 substates with the z
axis along the local symmetry direction. This
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structure has now been confirmed experimentally,
by a fit of the theoretical k = 0 one- and two-libron
frequencies to the observed Raman spectrum, 4

and independently by the polarization properties of
the Raman spectrum in single crystals of both H2

and Dl (x P 96%).4 Most recently, Mills, Yarnell,
and Schuche have found good agreement between the
Pa 3 structure and their neutron-diffraction data
on a powder of para-Dz with @=96%. Thus the
space group of the low-temperature phase is now
well e,stablished.

Not so well established are the details of the
order-disorder transition itself, which is compli-
cated, as already noted, by considerable hyster-
esis. A quantity of particular interest is the or-
der parameter o=(3cos38 —1), where 8 is the an-
gle between the internuclear axis of a molecule and
the local symmetry direction, and () denotes an
ensemble average. NMR is therefore a very pow-
erful tool in the study of the ordered phase, since
the width of the Pake doublet is directly proportion-
al to 0. This has been exploited by Amstutz et al. ,

'
who studied the Pake doublet in solid hydrogen for
ortho-H3 concentrations up to 95% and for temper-
atures from 0. 5 K up to the transition tempera-
ture. The accuracy to which o' could be deter-
mined was limited by the intermolecular dipolar
broadening. of the Pake splitting, and the relatively
high ortho-para conversion rate (-1.75%/h), in
addition to putting a practical upper limit on the
purities that could be studied, greatly complicated
measurements close to T,. Although the first ob-
servation of the Pake doublet in para-D& by Gaines
et al. "showed that the resonance saturated at
rather low rf levels, it was clear that the lower
conversion rate ( 0. 1%/h) and intermolecular di-
pole broadening made para-D2, a much better can-
didate for the detailed study of the ordered state.
Preliminary measurements (unpublished) by one
of the present authors (W. N. H. ) in 96% para-Dz
revealed, in addition to the expected Pake doublet
for the I= 1 species, a rather complicated struc-
ture for the I= 2 species which appeared to include
a region of negative absorption. At about the same
time, Maraviglia et al. ' reported on extensive
measurements of the concentration and temperature
dependence of the order parameter in para-D2.
They observed a splitting of the central resonance
from the J= 0 molecules and explained it using
results of Harris ' as due to an admixture of the
J= 2 state produced by the electric field gradients
of the ordered J=1 molecules. The absorption
lines were otherwise well behaved, however, and
the negative absorption observed by us remained
unexplained. In order to rule out any instrumental
problems as the source of the anomalies, the earl, ier
measurements were repeated, but with purer
samples (x= 99%). The anomalous negative absorp-

where f= i '~'+i+' is the total nuclear spin and n
is a unit vector along the internuclear axis. For
the free molecule,

a=(2p, &/h)HO —4 258Hp kHZ,

5 = (p~/hJ) Ho ——0. 6717HO kHz,

c=(2p, ,/h)H'=113. 8 kHz,

(2.2a)

(2. 2b)

(2. 2c)

tion was now very pronounced and it became clear
that the nuclear-spin populations were being driven
far from their thermal equilibrium values. Ortho-
para conversion was immediately suspected, and
from an examination of the theory of Motizuki and

Nagamiya, ' it was concluded that when conversion
takes place from a single m~ state, as it must inthe
low-temperature ordered solid, then the conversion
rate is not necessarily the same from the various
initial nuclear-spin states. If one assumes, for
example, that J= 1 molecules having mz = 0 con-
vert faster than those with m~ = +1, then one would
be left with an excess of molecules having mr +1,
and the mI = —1-0 transition would be enhanced
positively and the mr = 0- 1 enhanced negatively.

Anomalies were also observed in ordered ortho-
H~ (x~ 96%), although the effect was much weaker
and appeared only as an asymmetry in the absorp-
tion line shape. It appears that the reason these
effects were not seen or reported previously' is
that at low temperatures, nuclear-spin relaxation,
which short-circuits the pumping mechanism, is
sensitive to the concentration of J= 0 molecules.
The samples used in the present investigation were
purer than those used in the past, and consequently
the nuclear spin-lattice times T, were considerably
longer. For the resonance of the ortho-D~ mole-
cules there is the additional effect that the less
there is of the impurity the greater the disturbance
per conversion.

In both ortho-H~ and para-D~, there were sig-
nificant differences between the experimental line
shape and what would be predicted from the above
simple model. These have now been largely re-
solved by a theory of ortho-para conversion in or-
dered ortho-H~ described in the following paper.
Reasonably good quantitative agreement is ob-
tained for H2 and the results in para-Dz seem to be
in good qualitative agreement with theory, which
at the moment is only strictly valid for H&.

II. THEORETICAL BACKGROUND

A. H

Following Reif and Purcell, ~ the Hamiltonian of
an isolated hydrogen molecule in a magnetic field
H =Hok can be expressed as

h ~3C= —aI —bJ -cI ~ J
+ 5d[i'" ~ i+' —3( i'" ~ n)(i' ' ~ n)], (2. 1)
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d = —', (p2/h) (y"') = 57. 68 kHz for Z= 1 . (2. 2d)

Here the terms a and b are the Zeeman interactions
for the nuclear and rotational magnetic moments,
respectively, and the c and d terms are the spin-
rotation and dipolar intramolecular interactions.
As explained by Reif and Purcell, ~ if the J= 1 sub-
states in the solid are nondegenerate and separated
by amounts large compared to 5, then the expecta-
tion value of J is zero in each of the states and the
spin-rotation interaction is ineffective in splitting
the I= 1 NMR line. However, for the pure J= 1
solid with space group Pa 3 and molecular site
symmetry C3, there are degenerate excited states:
in the molecular-field model the substates m~ = g1
are degenerate in the absence of a magnetic field.
In this case J is not necessarily quenched and one
has to investigate the dynamics of the rotational
system in order to see whether the spin-rotation
interaction contributes to the splitting of the line
or not.

Consider first the molecular-field picture at a
finite temperature. The molecule spends a frac-
tion n(T) = (J,)r of its time in one or other of the
substates m~ =+1. For T =1K and HO=104 G,
hb/hT = 3 X 10 4 and the populations of the two ex-
cited states are very nearly equal. Now, if transi-
tions between the three J=1 substates are slow
compared to c and d, then in high fields (a» c, d)
the nuclear-spin energy levels are given by

amI -cyfSg

+ d(3y' —1)(1 —
& m~)(1 —2 m~), (2. 3)

where mz denotes the projection of f along the
symmetry axis, and y is the cosine of the angle be-
tween Ho and the symmetry axis. One should
therefore observe a superposition of two line
shapes: one for the state m~ =0 with weighting
factor 1-n(T) and one for the m~ = +1 state with
weighting factor n(T) On the oth.er hand, if tran-
sitions between the J states are fast compared to
c and d, then motional narrowing sets in and the
spin-rotation term averages to zero (except for
the slight difference in the populations of the m~
=+ 1 levels). The average energy levels become

h E = —am&+ d(3y —1)[1—~ n(T)](1 —2 mz),
(2 4)

with a width determined by the usual equations for
motional narrowing. ~

It is easy to show that transitions are, in fact,
very fast. One can see intuitively that a local ex-
citation will move from site to site in a time of
order h/I', where I' is the quadrupole coupling con-
stant. A treatment in terms of the proper normal
modes of the system, the librons, shows that the
width of the line due to the spin-rotation interac-
tion is determined by the spectral density'

n(E) =(e~ —1} ' (2 6)

is the Bose factor. J,(&o) has a maximum at &o = 0
but extends out to frequencies equal to the libron
bandwidth. In other words, the time scale of the
motion is of order the inverse of the libron band-
width and we are clearly in the regime of motional
narrowing with T2= T,. We will see later that T,
is very long so that the spin-rotation interaction
can be completely ignored with regard to splitting
of the NMR line, and both intramolecular interac-
tions can be ignored with regard to broadening of
the line. The broadening will be determined en-
tirely by the intermolecular dipolar interactions.

Equation (2. 4) was derived for simple molecu-
lar-field wave functions. More generally, the
high-field energy levels are given by

h 'Er= —am& —', d( ,' -mz ——1)(3cosn —1)r, (2. 7)

where e is the angle between the internuclear axis
and the magnetic field. Here, fast transitions have
been assumed and the spin-rotation term dropped
at the outset. Using the spherical-harmonic addi-
tion theorem, " (3 cos2o, —1)r can be written as

(3 cos n —1)r——SS- w Z FP(Q) ( Y~(&o))r, (2. 8)

where 0 = (P, 5) and &o =(8, Q) are the spherical po-
lar coordinates of H and of the internuclear axis
with respect to the local symmetry axis, respec-
tively. It is assumed that in the pure crystal, the
space group remains Pa 3 for all temperatures up
to the transition. This requires that (Fz (&o)}r= 0
for m 40, since K and, hence, the density matrix
p= e ~+ must be invariant with respect to threefold
rotations about the local symmetry axis. Putting
y=cosP, the result can then be written

h Er= —amr+d (3y —1)(1—2 mr) ~ (2. 8)

where d' =+4ad and a =(3cos 8 —1)r is the same
order parameter used by Meyer et al. Within the
J= 1 manifold, o can also be expressed as

a—= (3cos 8 —1)r=5(1 ——,
' J', )r

=-:[1--'.n(T) --,'(Z,'),] . (2. 10)

The NMR transition frequencies resulting from
Eq. (2. 9) are given by (see Fig. 1)

v„=a + —,
' d'(3 y —1) . (2. 11)

For a single crystal, there are, in general, four
pairs of lines corresponding to the four sublattice
directions. For a powder, each of the pairs gives
rise to a Pake line shape determined by a uniform
average over all solid angles:

g,(v}= G, fp(E) p(E+ h&o) n(E) dE, (2. 5)

evaluated at &o = 0, where p(E) is the libron density
of states, G, is a constant, and
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my 1 '=1-1'6 (3y' -1) . (2. 15b)

0

a ——(By -t)4 2
2

I 2
4 (Sy —~)

-0- —($y —) )4 2
2

The rates ~ are plotted in Fig. 2 directly below
the Pake line shape, there being a direct corre-
spondence between the horizontal axes since the
Pake splitting is also proportional to (3y —1). A
little thought shows that in this case each part of
the line is enhanced by an amount directly propor-
tional to the distance from the center, the high-
frequency side of the line having positive enhance-
ments and the low-frequency side negative enhance-
ments.

B. D2

FIG. 1. High-field magnetic energy levels of J = 1
ortho-hydrogen molecule.

P,1(v) = 4—„«5(v v,1(y—))

r/2
d P sin P 5(v —v„(y)),

0
(2. 12)

where 5 is the Dirac 6 function and P„denotes the
unbroadened line shapes for the two transitions,
each normalized to unit area. Changing the vari-
able of integration to v, (y) one obtains (see also
Reif and Purcell )

P1(3v= ~ (-„3dl}(p 1
—2

d'» v» 3d' (2. 13a)v+gd

P 1(p) =P1( v) (2. 13b)

where v= v —a. Equation (2. 12) is a very conve-
nient form for introducing the effect of intermo-
lecular broadening. The 5 function is simply re-
placed by the normalized dipolar line shape.

In Fig. 2 the line shapes for the v, and v, tran-
sitions are plotted separately in order to empha-
size the origin of the features in the total powder
pattern. For the simple model discussed in Sec. I,
the effect of ortho-para conversion on the observed
spectrum would be simply to multiply the v„ line
shape by a constant greater than 1 and the v, line
shape by a constant correspondingly less than 1.
On the other hand, the detailed theory developed
in the following paper predicts a more complicated
result. Evaluating Eq. (3.21) of the following
paper for f» T„ 1/3W„

For D~ the situation is complicated by the fact
that an NMR signal is observed for both para
(I= 1, dodd) and ortho (I=O, 2; d even) species.
Following Harris, ' the Hamiltonian for a D2 mol-
ecule can be written

h X= —aI —bJ —gI ~ J

+ 2 d„[i'" ~ i'" —3(i'" ~ n)(i'" ~ n}]

+ —,'do[3(i'" ~ n) +3(i' ' ~ n)' —2i(i+ l)j,
(2. 16}

where the last term is the interaction of the nu-
clear quadrupole moment with the electric field
gradient in the molecule.

For the free molecule,

a=O. 6536H0 kHz,

b = 0. 3368H0 kHz,

c=a. 773 kHz,

d„= 5 11 (r ) = 2. 74 k Hz,

2 &Ve
dz= 5 eQN &&&' kHz= 2250 kHz.

0

(2. 17a}

(2. 17b)

(2. 1Vc)

(2. 17d)

(2. 1Ve)

Xf (11 1(2& yw vg(g)p 2 (2. 18a)

The arguments presented in Sec. II A concerning
the term cI ~ J apply equally well here and we will
concern ourselves only with the last two terms,
which are conveniently labeled h 'X„and h 'X,
respectively. These can be written in a spherical
basis as

&4~ '/'
h $C = —,'d

~

— Z C(112' p, v)s

~( ) s, 2V~H R(1 —r )
3aT 9W,

(2. 14}
5 I 4w~t

I( '3Co= ——,'do~ —'~ Z C(112; i(v}~ 5

ra= 1+-', (3ym -1), (2. 15a)

where S' and 8 are the intensities of the v' and v"

transitions, respectively, 8 is the conversion rate
averaged over all angles, and r", the normalized
conversion rate from the nuclear-spin state M, is
given by

x(.(1) .((1 (2) .(2) ) y Ileum (g) (2 18b)

where 0 denotes the direction of n, and the conven-
tions for the C's, 1'„and spherical spin compo-
nents i„are those of Rose. ' If the z axis is chosen
to be along Ho, then the secular terms (those that
commute with I,) are
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(a)

in the space of the two spins. Therefore by the
Wigner-E ckart theorem'

(3i' 'i ' —i ') i' ')=M„(I)[3I -I(I+1)]
(2. 2Oa)

[3(i,'") +3(i,' ')' —2i(i+ I)]
= M(&( I)[3Ig —I( I+ 1)] (2. 2Ob}

V i

f
I

I

I

-Q4
2

(b)

I

I
V ~

~5
2

where I= i, + i2. By explicit evaluation of matrix
elements one has, for i =1,

M (&I(= 1) = 1, M)((I = 2) = a

Mo(I = 1) = —1, Mo(l = 2) = 3

Thus for I= 1,

(2. 21a}

(2. 21b)

h '(Kss+X~o) = +4d(3I --2)(3 cos~a —1), (2. 22)

with d = d„+ d(). Hence Eqs. (2.V)-(2. 13) are also
valid for the I= 1 spin species of D~ provided d is
replaced by d„+dz.

For the I= 0, 2 spin species one might, at first
sight, expect the intramolecular interactions to
vanish in the low-temperature ordered solid since
(3cos P —1)=0 for Z=O. However, Harris has
shown that the molecular field of the neighboring
J= 1 molecules mixes in significant amounts of
the J= 2 state (J= 0 is no longer a good quantum
number) such that

-4.8

--04

I

-2
I

0 I

(3co12P-1) ~
FIG. 2. (a) Unbroadened Pake line shape for a powder.

The solid curve is for the transition my=1 ~ 0 and the
dashed curve for mr= 0~ —1. The NMR absorption is
given by the sum of the two. (b) Normalized conversion
rate from the m~= 0 and mal=+1 states as a function of
(3 cos P -1). There is a direct correspondence of the
horizontal axes in (a) and (b), since the splitting is also
proportional to (3 cos2P -1).

I'4~~'~'
")5 )

xQ C(112; )(, —p, ) i '„"i ' „'

= —gd„(3 cos'a —1)

x [3 f(1& f(2& ((& ~i(2)]I (2. 19a)

4~~'~'

(5 )
x Q C(112.~ ) [ I()) I (1& +I (2&f (2)]

=
4 d() (3 cos a —1)

x[ (i3', )~+3(i(,' )2 —2i(i+1)], (2. 19b)

where i = 1 is the spin of the deuteron and a is as
defined below Eq. (2. 7). The quantities in the
square brackets in Eqs. (2. 19a) and (2. 19b) are
the 0th components of tensor operators of rank two

C—= (3cos 8-1) (2. 23)

C = 33&(r/9a, (2. aS)

is no longer zero. (8 is measured with respect to
the local symmetry direction. ) In terms of C, the
energy levels for I=2, m~ = +2, +1 can be obtained
immediately using Eqs. (2. 20) and (2. 21). How-
ever, the otherwise degenerate states I= 0 and
I=2, mr=0 are mixedby3C„+3C&, so that for these
states total I is no longer a good quantum number
and Eq. (2. 19) must be used. Treating X„per-
turbatively Harris' obtained the results shown in
Fig. 3 for the nuclear-spin energies of an isolated
ortho-D2 molecule in ordered para-D&. The corre-
sponding NMR transition frequencies and intensi-
ties are given in Table I. The resulting spectrum
consists of two Pake doublets at frequencies a+ v'
and a+ v", with relative intensities I' and I",
where'

))'=~(8 C(3ya —1) (dc+ s d~), I'= —,'(2.24a)

v" =188. C(3y —1)(do —ds), I"= 5 . (2. 24b)

A splitting of the resonance from the J= 0 mole-
cules has in fact been observed experimentally.
Although there was insufficient resolution to dis-
tinguish two Pake doublets, the observed width
agrees well with the average splitting predicted by
Eqs. (2. 24) with C approximated by'
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20
20 + CA (do dg)4

(4)

*(I-t.o&+Io,-ii} 4q ~

I I 0 —
8 CA (do -dg)

(3)
~(l-&. +I&.-»}.$&a~'Q&ou

J' (S CA (do+d

Io.o -Q4,p-*4o,o
II

( )
(6)

*(Ii,o~+Io»} 42, 1

—~CAd
2 4

-0--CA (d -d )
5

0 N

-20
I~.) & - &2.. -20+ ~4CA (do -d~)

FIG. 3. Nuclear-spin states and energies for an iso-
lated ortho-D2 molecule in ordered para-D2. In I mf 022)
the quantum numbers are the z components of the two
nuclear spins. P& ~ is labeled by the total nuclear spin
I and thez component mr of the nuclear spin of the mole-
cule. The six vertical arrows represent transitions
which may be observed by NMR Q mi = + 1). The energy
differences and relative intensities for these transitions
are given in Table I. The constants a, d~, and d~ are
given in Eq. (2. 17). C is defined in Eq. (2. 23) and A
=(3V -1).

where x is the para-Da concentration, I' is the
quadrupolar coupling constant, and 8 is the rota-
tional constant.

Although a detailed theory for line-shape changes
due to ortho-para conversion has not yet been
worked out for ordered para-D„ there are some
general comments that can be made. First of all,
the NMR spectrum of the impurity J= 0 molecules
will show enhancements that are approximately
x/(1 —x} times as large as those observed for the
J= 1 molecules. For very pure samples this factor
can become quite large. The exact constant of
proportionality depends on, among other things,
the relative value of T, for the two species. Al-
though the J= 0 molecules have a direct nuclear-
spin relaxation path through the admixture of the
J=2 state, the rate will be down by -ICI from
that of the J= 1 molecules. However, the spec-
trum from the J= 0 molecules falls within the I= 1
spectrum and, hence, may relax indirectly via spin
diffusion to I=1 molecules having the appropriate
Larmor frequencies. A consideration of the four
sublattice directions in the Pa 3 structure shows
that for a powder, only a fraction of the J=O mol-
ecules can cross relax in this manner (assuming
spin-diffusion distances to be smaller than the
crystallite size). Consequently, the actual shape
and magnitude of the enhancement for the impurity
J= 0 molecules is the result of a number of com-
plicated competing processes, and hence will be
very difficult to predict even when a theory for

TABLE I. Energies and intensities of /km&=+ 1)
nuclear spin transitions in ortho-D2 molecules.

Transition~ h ~-a~
-T CA(d~-d„)
—g CA(dg+dg/3)

-T CA(d~+d„/3)
-~ CA(dq —dg)

—CA (dq+ d~/3)

~ CA(dg+d~/3)

Intensity~

Transitions are numbered as in Fig. 3.
The constants a, d+, and d~ are given in Eq. (2. 17).

C is defined in Eq. (2. 23) and A = ( —1).
The over-all intensity of the spectrum from (J= 0)

molecules is ~(1-x)/x of that due to 8=1 molecules.

conversion in the ordered state is available.
To conclude this section, we note the various

corrections to the quantity od of Eq. (2.9) that are
required in Sec. IVC. According to Harris"

o(T='O}d=sd((1+0. 066x —0. 02x ) for Da .
(2. 26)

The term linear in x, the concentration of J=1
molecules, is a combination of an adjustment of the
Pake splitting due to the electric field gradients of
neighboring molecules, and a correction to the fac-
tor —', due to an admixture of the J= 3 state. The
term in 1/x gives the decrease in o due to the zero-
point motion of the librons, and $ = 0. 98 accounts
for the additional zero-point motion due to libron-
phonon coupling. Finally, it has been estimated
that the value of d differs from its gas phase value
by no more than a few tenths of a percent.

C. Nuclear Spin Relaxation in the Ordered State

Nuclear spin-lattice relaxation in the ordered
state of H2 and D~ has been considered by Homma '
and by Harris. " They concluded that because of
the large gap separating the librons from the
ground state, single-libron absorption processes
did not occur and the dominant mechanism was the
inelastic scattering of librons, the so-called Raman
process. Both authors then calculated the powder
average of T, ', the spin-lattice relaxation rate,
in terms of the libron density of states. However,
in the ordered state the Pake splitting of the NMR
absorption line largely separates the resonances
corresponding to different crystallite orientations.
Furthermore, since the resonance from a single
molecule is a doublet, the recovery of the sepa-
rate features involves not only T &, which is the
recovery rate for the vector polarization, but also
3$'„which is the decay rate for the tensor polar-
ization (see following paper). Accordingly we have
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w, =ass s' [c'p ,'((d, ) +~d' 8,'(~0)],

W = w [ d c) (2(dP)],

with

(2. 2Va)

(2.2Vb)

generalized the previous results to obtain the an-
gular dependence of both W, and 1/T, .

The usual equations for relaxation in H~ and D&

[see, for example, Harris, "E(l. (6. 1)] can be re-
written in terms of the relaxation rates W, and Wa

associated with transitions bm I= + 1 and + 2, re-
spectively:

evaluated in the coordinate system with the z axis
along H. Transforming to the local symmetry
axes in the crystals we have

&",(~) = Z D(e",.(X)D(»,).(X)j&(~), (2. 29)

x C(LL»; v, —v) D~(X) (2. 30a)

where j~ is the spectral function in the local co-
ordinate system and the D's are rotation matrices.
Using

DN(, P*(x)D~,P (x) =2 (-1) '" c(LL»; M, -M)

1/Tg= Wi+ 2W3 . (2. 26) and

D~+) (X) = P„(cosP), (2.30b)g, and g 3 are spectral functions of first- and
second-order irreducible tensors formed from X, it follows that

and

W, = c'Q (- 1)"'C(ll»;1, —1) C(ll»;v, —v)j", P„(cosp)
k ~ P

Qd
~ F (-1)"'C(22;1,—1)C(22;, — )2",P, (ccc)!))kgb

Wa= Z (-1)"C(22»;2, —2)C(22»;v, —v)jzP„(cosP) .8m 36d~

kgb

(2. 3 la)

(2. 3 lb)

Harris" has evaluated the j~ for the case of ther-
mally excited librons:

j I, ((2)0) =j~ (0) =4' fp (E)n(E)d E= 4C~ I,
(2. 32)

where p(E) is the single-libron density of states
normalized to unit integral and n(E) = (e —1) '.
The constants C~ have the values

C', =-,'a
C~ =Nb

Ca'= is~
from which

16m c~ 27d~

(2. 33a)

(2. 33b)

(2. 33c)

and

c 2M 27 2P (cosp)- daP (cosp)—112 14
(2. 34a)

1 16m' c 135d Ii

Ts 3 .4 16

c 2M—+ P(, (c os P)4 16
(2. 34b)

The anisotropy in W', is substantial: W& =0 for
P= 0. For Hz, 1/T, should vary by about 30%. We

shall see later that in D~ where the temperature
dependence of T, has been measured, the isotrop-
ic part of T, agrees reasonably well with experi-
ment down to about 2 K. Below this temperature
the experimental values of T, fall increasingly be-
low the theoretical curve and depend sharply on
the amount of J= 0 impurity. In addition the ex-
pected anisotropy seems to be missing at low
temperatures.

III. EXPERIMENTAL APPARATUS

Enriched samples of para- D3 and ortho- H& were
obtained by the method of Depatie and Millsa~ with
certain precautions described elsewhere. " The
initial purity of the para-D& was -99.3%, as mea-
sured by the relative strengths of the J=O-2 and
J= 1-3 Raman transitions '; the starting ortho-Ha
purity was of order 99/p. Solid samples were
produced by simply lowering the sample holder,
which was a long glass tube with a 0. 5 or 1 liter
of glass bulb attached, into the liquid helium. The
wand was then further lowered until the bottom
1 cm was inside the rf coil. Although some of the
sample solidified directly from the gaseous state,
this fraction was normally above the rf coil.
Samples prepared in this way were often not good
powders, as has been noted previously, ' and in
one experiment improvement was obtained by fill-
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ing the bottom of the glass wand with high-purity
NaCl grains. These are expected to have high
thermal conductivity at -15 K and should provide
many nucleation centers.

The NMR spectrometer had the novel feature of
a germanium field- effect-transistor preamplifier
immersed in the liquid helium adjacent to the rf
coil. This allowed the tuned circuit to be com-
pleted at low temperatures, which resulted in a
high-Q fa,ctor and lower thermal noise, and also
made optimum use of the excellent low-noise prop-
erties of cooled field-effect transistors. ~4 Orig-
inally, the configuration was that of a Robinson
oscillating detector, but for some of the strong
features in the disordered phase there was a very
substantial distortion due to frequency pulling of
the oscillator by y', the real part of the rf suscep-
tibility. Instead, for some of the measurements
Q-meter detection' was used; at the low-rf levels
required because of long T, 's, microphonics were
not a problem and noise from the external gen-
erator (Hewlett-Packard model No. 608F) was
found to be negligible. Undoubtedly this does not
completely eliminate distortion when )f' is large,
but a considerable improvement was observed.
The absolute noise performance of the spectrom-
eter was not measured, although it appeared to be
quite good, as evidenced by the fact that the broad
line in ordered para-D2 could be easily observed
without noticeable saturation when T, was as long
as 27000 sec.

Derivative signals were obtained using sinusoi-
dal magnetic field modulation at - 200 Hz provided
by coils mounted inside the helium Dewar, and
subsequent synchronous demodulation of the de-
tected rf. The spectrometer frequency was kept
fixed at 11.27 MHz and the magnetic field swept
linearly in time. For the precision measurements
of the Pake splitting in para-D&, a tracking NMR
Gaussmeter was developed which gave a continu-
ous indication of the field immediately adjacent to
the tail of the cryostat. Corrections were then
applied using a separately determined field profile.

IV. EXPERIMENTAL RESULTS

Although the effect of ortho-para conversion on
the NMR line shape is much more spectacular in
para-D~ than in ortho-H~, we choose to discuss the
latter first, since it is simpler (only one observ-
able spin species) and can be compared directly
to theory.

A. Enhancement in Ortho-H2

Figure 4(a) shows the derivative signal obtained
at 1.1 K in ortho-Ha with c+ 96%. The asymmetry
in the magnitude of the derivative peaks is evident
and one should note that, for the main features at
least, the enhancement is positive for the high-

I' 1+ p
I 1-p

where

(4. la)

R(r —r') 3k T
(4. lb)98'g 2ppHO

The experimental values of p = (I' —I )/(I'+ I ) are
compared to the theoretical value, which is com-
putedusing an experimental value for R '~ (1.75%/h
= 4. 86x10 ~ sec ') and a value of W, estimated from
the recovery of the derivative peaks in the same
sample. The procedure was to first saturate the
whole line by sweeping through it at a high rf level,
and then periodically sweeping through the line at
a low rf level. To within experimental error the
recovery of each feature was exponential with
about the same time constant. The accuracy for
the feature at v=a-3d was rather low, however,
due to its weakness.

According to Eq. {3.21) of the following paper,
the recovery of features S' after saturation are
proportional to

frequency side of the line and negative for the low-
frequency side. (Although the field was swept in
the actual experiment, it is convenient to trans-
form this into an equivalent frequency sweep. )
When the trace was integrated [Fig. 4(a)] in order
to extract the detailed dependence of the enhance-
ment, the curve did not return to a common value
at the extremities of the spectrum, and it was sus-
pected that there was considerable dispersion g'
mixed in with g". This was verified by computing
the dispersion spectrum for an unenhanced Pake
doublet convoluted with a Gaussian line shape (to
account for intermolecular broadening). By adding
it to the corresponding absorption spectrum, a
reasonable representation of the data was obtained
with a 3(@admixture of )(' [see Figs. 4(c) and 4(d)].
The lack of detailed agreement, other than that due
to the enhancement effect, was attributed to the fact
that the sample was not a good powder. The mixture
of X' and g" seemed to preclude a determination
of the enhancement factor throughout the powder
spectrum, but it was noted that for the features
occurring nominally at a++d and a+3d, the peaks
of the derivative spectrum were only weakly af-
fected by the presence of g'. Accordingly, the
amplitude of the absorption signal at these posi-
tions was taken to be proportional to the peak of
the derivative signal, with a small correction to
be applied using the theoretical shape for a 30%
admixture of lt' [Fig. 4(c)]. These results are
tabulated in Table II.

If we denote by I' and I the intensity of the com-
bined spectrum (S'+S ) at conjugate points above
and below the center frequency, then from Eqs.
(2. 14) and (2. 15)
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(a)
ORTHO- H2 (X=0.96)

T= 1 )K

HQ = 2647 G

EXPER ICE NTAL

DERIVATIVE SIGNAL

(c)
DE R IVATI VE OF

X +03X
(THEORY)

~ 2,Q

"I.5

4
kV—

-IQ

(b)
INTEGRAL OF
E XPER IPAE NTAL

DERIVATIVE SIGN

".80

X"+ 0 3X

{THEORY)

I I I

-200 - IQQ

av (kHz)

o -4 -3 -0 - i

".20

Q I

FIG. 4. Experimental and theoretical NMR spectra for ordered drtho-hydrogen. Trace (a) is the derivative spectrum
observed in ortho-H2 for x= 0. 96, T= 1.1 K, and HO=2647 G. Trace (b) is the integral of (a); the feature at the center
of the spectrum is due to protons in the rf coil holder and the dashed line shows the spectrum due to ortho-H2 only.
Trace (c) is the derivative of a Gaussian-broadened Pake line shape for a 30% admixture of the dispersion signal. Trace
(d) is the integral of (c).

R —R0 (1 e-SIT1)g (1 e-3wgt) (4 2)
3k T 9R'i

and in the present case there should be a substan-
tial admixture of both time constants. The fact
that only one exponential is seen implies that 1/T
= 3W, and this we adopt for evaluating Eq. (4. 1).
The resulting theoretical values of p, given in
Table II, are seen to be in reasonable agreement
with experiment in all respects: the sign, absolute
magnitude, and dependence on y. Since there are

no adjustable parameters, such a comparison con-
stitutes a stringent test of the theory, and there
seems little doubt that in H& the theoretical model
for the enhancement is basically correct.

In the above, the parameter e=3W, T, was taken
to be 1 on the basis that the experimental recover-
ies appeared to be exponential. Quantitative limits
on e were obtained in the following way. By ex-
panding the above expression at small t, the effec-
tive initial relaxation rates are easily shown to be
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TABLE II. Enhanhancement factors in ortho-H for x & 0 96 T= 1 1 K,2 and Hp=2657 Q

Feature
Frequency

(p-a)
—3d/2

3a/2

Ti
(sec)

78+ 3
75+ 5

Peak of Derivative~
uncorrected corrected

for X' fory'
16.4 18.8
27. 9 27. 9

0. 196 0. 175

g -I-)/(r +I-)
Expt. Theory

73+ 10
76+ 4

2. 50
6. 95

2.20
6. 95 0. 518 0.350

orb'itrary units, averaged over two traces.
Using R=1.75%/h and a value W' derived from

= (3T )-'.
erived from the average measured value of T: Wxved from

(4. 3) ture, it was found that for the inner doublet (a + ~d),

where p = (f' —f )/(f'+I ) is the Previously defined
enhancement factor. Using the experimental values
for p and taking (1/T, )„,to be the experimentally
observed relaxation rate for the appropriate fea-

a= 1.1(0.9 —1.35)

and for the outer doublet (a+3d),

a=0. 97(0.85- 1.06) .

(4. 4a)

(4. 4b)

(o)
PLHEST (X ~ G9% QOH E OF p Ds

T ~ I.I K SIGNAL AFTER 5 h AT I.I K

T» 27, MO SFC

(b)
AFTER ROTATION ABOUT AXIS

PERPENOICULAR TO H

l b

(c)
p- Ds (XI 0.9% COICENSEO

ON GRANULAR NoCI

FIG. 5. Derivative NMR s ectpectra observed in high-purity para-D2 at T = 1.1'K and H =
na1 observed after the sample had been ke t t 1 1 K
to Hp and trace (b) obtained. The ' i

een ep a .1 K for 5 h. The sam le was th
e gain n trace ) is a factor of 2 reater than

1 K . p hen rotated ahoy. t an axis perpendicular

sample that had been conden d fi N Cl
g a r an that in (a). Trace (c) was obtained in a

tions.
se on ne a grains in an attemttempt to obtain a uniform distribution of crystallite direc-
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For simplicity it has been assumed that e = 1.0 for
all features.

The results obtained in Sec. II for relaxation due
to the Raman process predict a large angular de-
pendence of W& and T„ in apparent disagreement
with experiment. We have already noted, however,
that the observed values of Ty at low temperatures
are considerably lower than theory. This extra
relaxation mechanism, which is associated with the
J= 0 impurities, may not be anisotropic.

B. Enhancement in D2

Figure 5(a) shows the derivative spectrum ob-
served in the purest of several para-D~ samples
studied. At the time the sample was taken through
the hcp-fcc transition, the purity was -99%
(+ 0. 5%). The temperature was immediately low-
ered to 1.1 K, at which point the nuclear magne-
tization of the sample was reduced to zero by sev-
eral sweeps through the line at a high rf level. The
recovery of the absorption signal was then mon-
itored periodically at a low rf level, the trace in
Fig. 5(a) being the spectrum observed at the end of
6 h. Since the average relaxation time deduced
from these measurements was of order 7. 5 h the
signal had still not reached its equilibrium value.
Trace (b) in Fig. 5 was taken immediately after
trace (a) [note that the gain has been increased by
a factor 2 in trace (b) t, but after the sample had
been rotated several times about an axis perpen-
dicular to the magnetic field (time for rotation
=10 sec). This procedure was adopted in order to
achieve a common spin temperature among the nu-

clear-spin levels by promoting spin exchange:
when the sample is rotated, the (Sy' —1) angular
dependence of the splittings causes the majority of
the transition frequencies to cross or come close
enough for rapid exchange of energy. If the spin
system has reached a common temperature then
the derivative of the absorption should have its
usual antisymmetric shape. Figure 5(b) is, in

fact, close to being antisymmetric and we believe
that a common spin temperature has been reached;
the apparent departure of the central structure from
antisymmetry can be explained as a partial re-
covery to the shape of Fig. 5(a) during the time re-
quired to record the spectrum. Furthermore, the
spectrum Fig. 5(b) is similar to that observed
previously' ' in samples with higher concentra-
tion of J=0 molecules. Therefore, taking the spec-
trum in Fig. 5(b) as being "normal". the enhance-
ment factor for the J=0 molecules seems to be
very large-of order 50. Certain difficulties, to
be discussed later, prevent a very accurate value
being deduced from the present data.

The enhancement factor for the I= 1 spins, on
the other hand, can be taken directly from Fig.
5(a) and used to derive a value for the difference

in the conversion rates from the M I= 0 and + 1
states. (This is because the signal at b' is essen-
tially zero and therefore independent of gain dis-
tortions. ) Although the states to which the I= 1
states convert are more numerous in the case of
D&, the equations describing the time evolution of
the I= 1 spin populations are formally identical to
those for H~. Proceeding just as in Sec. IVA, we
use the fact that in D~ the recovery of the features
also appeared to be a single exponential and put

1/Wg—- SRg . (4. 5)

Again taking the absorption signal to be proportion-
al to the peak of the derivative (with appropriate
sign changes), the quantities (I'- I )/(I'+I ) can
be evaluated at positions v= (a+ ~d) and (a+ Sd).
Reliable values of T, were only obtained for the
positively enhanced features at (a —2d) and (a —3d);
the corresponding negatively enhanced features
remained small in all of the traces and, in addition,
the feature at (a —~d) had a very complicated
shape. A further difficulty was that because of the
long relaxation times the equilibrium values were
not known, requiring a less accurate two-parame-
ter fit to the recovery profile.

The values of T„(I'-I ) /(1'+I ), and the values
of the conversion anisotropy, r —r', computed
using Eq. (4. 1b) (replacing 2@+by p~) are
given in Table IG. For comparison, the corre-
sponding experimental values for H2 are lated in
parentheses. One should note that the anisotropy
is much smaller in D2, perhaps reflecting the fact
that in D~ there are two competing conversion
mechanisms of comparable strength. ~4

It was suspected that the unusual shapes of some
of the J= 1 features were due to the sample not
being a good powder. The feature at v=(a —3d)
could be due, for example, to a large crystallite
with one of the sublattice directions along Ho. In

a subsequent experiment the para-D, was condensed
on granular NaC1 in the hopes of producing a large
number of randomly oriented crystallites. The
observed spectrum, shown in Fig. 5(c), is closer
to the expected shape. Unfortunately the result is
not definitive since now the purity is not quite as
high, Ty is shorter, and consequently the enhance-
ment factors are smaller. Further experiments
will be necessary to resolve this question complete-
ly.

Figures 6(a) and 6(c) are expanded traces of the
central region of spectra 5(a) and 5(c). The am-
plitude of the magnetic field modulation has been
reduced for these traces, revealing further fine
structure that had been previously smeared out by
overmodulation. The integrals of the spectra ap-
pear in Figs. 6(b) and 6(d). In gross, the line
shape is antisymmetric at its extremities with a
region of strong negative absorption (emission) at
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TABLE III. Enhancement factors of I=1 spin species in para-D2 for x= 0. 984, T=1.1 K,
and Ho= 17250 G gp= 11.270 MHz).

Feature

b
b'

Frequency
(v-a)

—3d/2
3d/2

T& {sec)

27 000 + 400

Peak of
Derivative

—1.00

ro r' a

-0.066 (0.22)

—3d
3d

—0. 168 (0. 592)
8 27100+ 2400 0. 50

I —0.22
—2. 57

~Evaluated from Eq. (4. 1) using R = 0. 1%%/h, and a value of W1 derived from the measured
Tf Wf {3Tf) The quantities in parenthesis are the experimental values of r —r in
ortho-H2.

the line center. If one assumes the angular de-
pendence of the enhancement to be similar to that
in hydrogen, one would predict a line that is nearly
antisymmetric for large enhancements, with the
center of the line having the normal unenhanced

value. The observed negative enhancement at the
line center is very difficult to explain and attempts
to attribute it to errors in the integration or a sat-
uration effect have been unsuccessful. Near the
line center, spin exchange will certainly become

PUREST p-Dq (X & 0 99j

SIGNAL FROM

0 MOLECULES

T = 1.1K

(b) INTEGR

(c)

P -D2 (X ~0.99) CONDENSED

ON GRANULAR NOCI

AL FROM J =0 MOLECULES

.1K

FIG. 6. Absorption
spectra of the J=O mole-
cules in high-purity para-
D2. Derivative traces (a)
and (c) correspond to the
central regions of Figs.
5(a) and 5(c), respectively,
but are taken with the mag-
netic field modulation re-
duced by a factor of 2. The
arrows in traces (c) and
(d) indicate the features as-
signed to the outer edges of
the two Pake doublets pre-
dicted for the J=O mole
cules.

(d) INTEGRAL OF (c) ABOVE

zV(kH)
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TABLE IV. Pake splittings of J= 0 molecule s in
ordered para-D2 ~ The experimental values are taken
from derivative peaks in Fig. 6 (c).

Features
Separation (kHz)

Theory~ Expt.

a + gC (15d~ + Gd&)

a + &C (15m~ - ff„)

a + )C(15de+ 5da)

a+ )C(15do —da)

21~ 44

18 ~ 09

10.72

9. 04

18.63

15~ 75

9. 53

7 ~ 95

'Computed from the thory of Harris (Ref . 13) using
+yf f 0. 802 cm" and x = 0. 98.

effective in reducing the spin temperature gradient,
but there is no reason why this should lead to a net
negative spin temperature .

There is also a discrepancy in the relative
strengths of the positively and negatively enhanced
signals away from the central region. One would
expect the amplitude of the positively enhanced s ig-
nals to be everywhere stronger than the corre-
sponding negative ones, which conflicts with ex-
pe riment . This might be explained in part by non-
linear detection caused by substantial changes in
the Q of the sample coil due to nuclear absorption
(or emission). It has already been noted in Sec.
III that because of the high Q of the resonant cir-
cuit, frequency-pulling effects (which accompany
changes in Q) were large for strong signals.

We now turn to a comparison of the observed
spectrum of the J= 0 molecules to Harris' s theory. "
Making allowance for the inversion of the l eft half
of the spectrum due to conversion enhancement,
the two Pake doublets predicted by Harris" are
clearly visible in Fig. 6(d). The extremities of
the two doublets are marked with arrows . The
frequency separation of the features as determined
from the peaks of the derivative spectrum [Fig.
6(c)] are given in Table IV along with the assign-
ments . For the outer features of the Pake doublets,
the positions of the derivative peaks are only weak-
ly affected by intermolecular dipolar broadening
and can be used without corrections . The theoret-
ical values of the splittings given in Table IV were
computed from Eqs. (2. 24) and (2. 25) using a re-
cent value of I',« = O. 82 cm ' obtained from a fit of
libron frequencies ' to the anharmonic theory of
Coll and Harris . ' Also, following the suggestion
of Harris, "F,«was multiplied by 1. 1 to account
for the effects of further neighbors . The resulting
values are about 15% larger than the experimental
ones .

The discrepancy can be attributed almost entire-
ly to the value of C, since the experimental xati o
of the outer Pake splittings, 18.63/15. 75 = 1.183,

is in excellent agreement with the theoretical val-
ue, (15do+ 5d„)/(15do —15d„)= 1.185, which is in-
dependent of C ~ For the inner peaks of the Pake
doublets, the experimental ratio is 1. 200, which
is in quite satisfactory agreement with the theo-
retical, considering the substantial shifts caused
by broadening and overlapping of these features .
The relative intensities of the two Pake doublets
as determined by the outer features in the inte-
grated spectrum of Fig. 6(d) are about equal, in
agreement with the results given in Table I. How-
ever, the corresponding peaks in the derivative
spectrum are about a factor of 2 more intense for
the narrower of the doublets. This seems to im-
ply that they have a different broadening parameter,
but at present this remains unexplained.

Meyer et aE. "have also studied the nuclear mag-
netic resonance of the J= 0 molecules. Although
they did not resolve the two doublets, they mea-
sured the low -temperature value of the average
Pake splitting for a range of concentrations extend-
ing up to about 96% . They extrapolated their re-
sults to x = 1.0 and obtained a limiting value of
9.0 + 0. 7 kHz for the average splitting which, to
within experimental error, agrees with the present
results.

One can think of several reasons why the theo-
retical value of C does not agree with experiment,
such as the effect of admixture s of states higher
than J= 2, the effect of virtual J= 1- 3 transitions
on the determination of I",« from libron frequen-
cies, and the effects of the extra (librational)
zero -point motion caused by the weak coupling of
the J= 0 molecule to its neighbors. It is clear,
however, that the Pake splitting of the J= 0 mol-
ecules is avery sensitive probe of the local crystal
field. With refinements in the theory, one should
be able to study, for example, the canting of the
J= 1 mole cules adjacent to a J= 0 impurity.

C. Spin-Lattice Relaxation

Figure 7 shows some measured values of T, in
para-D, plotted as a function of 1/T. The solid
points are for a powder sample with x = 0. 96 and
were obtained by a pulse method: the magnetization
M was first destroyed by a succession of pulses
and then monitored throughout its recovery by
periodic application of an intense but very short rf
pulse (each pulse rotated M by only 1' and this al-
lowed frequent sampling). The spectrometer oper-
ated at a frequency of 10. 7 MHz and the field was
adjusted to either of the main peaks in the Pake
doublet [at frequency (a + -,d)]. All of the recovery
profiles showed deviations from a single time con-
stant and the values in Fig. 8 correspond to the in-
itial slope. A distribution of relaxation ™esmay
be a result of the expected anisotropy of T„which
would result in a gradient of spin temperature
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the concentration dependence of the average libron
energy

Ei(x)/Ei(1) = 1 —1.8(1 —x) . (4 6)
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The coefficient 1.8 in Eq. (4. 6) and the value of
E~(1)= 12.4 cm ' was derived from (SP/a T)„data."
In order to account for the fact that anharmonicity
shifts some of the single-libron spectral weight in-
to the two-libron band, 2~ p(E) has been multiplied
by 0.83. Also, the factor & in Harris's expression
for p(E) [Ref. 13, Eq. (8.7)] seemed to be in er-
ror and was deleted. The results for several val-
ues of the temperature and concentration are given
in Table V. For @=0.96 there is fair agreement
with experiment at the higher temperatures, but
below 2 K the agreement becomes progressively
worse. The single point for the higher-purity sam-
ple is much closer to the theoretical curve and one
immediately suspects that at low temperatures the
relaxation is dominated by some mechanism in-
volving the J=O impurities.

We have not compared our results to the theory
of Homma, since his numerical results are based
on an i@correct density of states. 30 It is presumed
that the two theories are identical, although there
seems to be a slight discrepancy in the value of
T,(D2)/T, (H2) at equivalent values of kT/I' Hom-.

I

O.2
I I

o.4 0.6 o.s
1/T (K )

I.o

FIG. 7. T& vs 1/T in ordered para-D2. For the sam-
ple with g~ 0.96 the measurements were made using a
pulse spectrometer with its center frequency at one of
the strong features of the Pake line shape [e.g. , feature
(b) in Fig. 5(a)]. A single exponential was not observed,
possibly due to incomplete saturation of the whole Pake
line. The value of T& was taken from the initial recovery
rate. For the sample with x= 0. 99, a steady-state
method was used in which the recovery of feature (b) in
Fig. 5(a) was monitored after the whole Pake line had

been completely saturated. The open circle and square
are taken from Smith et al. (Ref. 27).
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throughout the line, or it may be due to incomplete
saturation of parts of the extremely broad and in-
homogeneous line. The solid triangle was obtained
from the steady-state measurements described in
Sec. IV A and is for the feature at (a —2d).

The dashed line is derived from the results of
Harris' [the isotropic part of our Eq. (2. 34 b)]
In evaluating I= f p~ (E)n(E) dE we have used the an-
harmonic single-libron density of states of Ber-
linsky and Coll. To account for the effect of J= 0
impurities which lower the average libron energy,
we have used the expression of Harris et el. ~ for

FIG. 8. Width of the Pake doublet in 98% J=1 para-D2
as a function of temperature. The solid circles corre-
spond to the difference in frequency between the peaks of
features b and b ' of Fig. 5 under conditions of small en-
hancements. The solid triangles result when corrections
for intermolecular dipolar broadening are included.
Above 2 K the correction cannot be made since the shape
.io longer corresponds to a Gaussian-broadened Pake
line shape (see text). The solid line is the theory devel-
oped in this paper and the shaded area is derived from
the results of Lee and Raich (Re.. 34). The dashed line
with error bars is taken from Meyer et al. (Ref. 18).
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TABLE V. Theoretical values of T& in the ordered
state of para-D2 as a function of temperature and con-
centration x of J=1 species. See text for details.

r (K) 1/r (K-') x=O. 96
T& (sec)
s=O. 98 x=1.00

1.0
1.5
2. 0
2. 5
3.0
3.5

1, 000
0.667
0, 500
0.400
0. 333
0, 286

1.41 x 10
8.73x 10

670
142

50. 1
23. 7

2. 58 x 106

1.31x10
907
181

61.4
28. 2

4. 72 x 10
l. 95x 10
1.23 x 10

231
75.2
33.6

ma 1 quotes a value 5. 1, whereas the formulas of
Harris' give 5.8.

D. Order Parameter in Para-D2

In this section we present some precision mea-
surements of the splitting of the I= 1 Pake doublet
as a function of temperature. On lowering the
temperature, the sample went through the ordering
transition at 3.65 K which, using the results of
Schuch et al. ,

3' implies that x = 0. 975 and that the
upper transition temperature is 3. 85 K. The solid
circles in Fig. 8 give the separation of the features
occurring at + &d as measured from the centers of
the peaks in the derivative spectrum.

At the lower temperatures the line shape was
reasonably well approximated by the derivative of
the convolution of a Gaussian line shape with the
usual Pake shape for a powder [see Fig. 9(a)].
Based on such a fit the splitting was corrected for
the effect of broadening and the results are shown
as solid triangles in Fig. 8. At higher tempera-
tures, however, the second peak in the derivative
feature became weaker until at 3. 5 K it had the
shape shown in Fig. 9(b). The only plausible ex-
planation of such a change in shape is that there is
a distribution of Pake splittings, reflecting a dis-
tribution of local environments due to the 2% im-
purity of J= 0 molecules. Undoubtedly the 2% im-
purity introduces a distribution of Pake splittings
at the low temperatures also, but this is a rela-
tively weak effect compared to the modification of
the exponential thermal population factors.

Harris's prediction' for the T =0 Pake splitting
[Eq. (2. 26)] can be written

o=f (1 ——,'J,')r=-,'(1--,'n, )r, (4. 10)

where, in terms of the c~ Bose operators of Coll
and Harris, ~

t'=Cf, 1C$~1+C2 „1Cf, 1

We can put

(n,)r = n( T) +n(0),

with

(4. 11)

(4. 12)

n(T}= 2n f dip(E)(e~' —1) ', (4. iS)

where p(E) is the single-libron density of states
normalized to unity and o. = 0. 83 (Ref. 26) is a fac-
tor to compensate for cubic anharmonicity which
shifts spectral weight from the single-libron states
up into the two-libron band. The value of n(0),
which describes the zero-point motion of the lib-
rons, is about 0. 013 (Refs. 32 and 33), so that

PARA- Q (X 098)

ue 0. 984 obtained by Meyer et al. ' by extrapolation
of measurements over a wide range of concentra-
tions extending to x= 0.96. The experimental er-
ror given above encompasses the total variation
seen when the sample was rotated about an axis
perpendicular to the magnetic field. Its value is
some indication of how randomly the crystallites
are oriented.

A comparison of the experimental temperature
dependence of the splitting to theories for the or-
der parameter is necessarily ambiguous because
of the distribution of Pake splittings. Although o'

= (3 cos 8 —1)r is still well defined theoretically
(since an ensemble average is implied), it is not
possible to accurately deduce o from experiment
unless the form of the distribution is known.

The solid curve in Fig. 8 is calculated from the
libron density of states. From Eq. (2. 10)

g pD = 75. 26$(1+0. 06x —0. 02@ ') kHz

= 79. 13$ kHz for x = 0. 98 .
Experimentally we have

b, v~ = 77. 19+0.06 kHz,

which gives

(4. 7)

(4. 8}

5kHz

T~ II5 K

5 kHz

T* 3.5 K

$ =0. 985 (4 9)

in good agreement with Harris, ' and with the val-

FIG. 9. Shape of one of the main Pake features in 98%
J=1 para-D2 at 1.15 and 3.5 K. At 1.15 K the shape is
close to that of a Gaussian-broadened Pake line shape.
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o(T) 3 n(T)
(0)

= 1 —
2 1 —3 (0}

= 1 —l. 63n(T} .

To compute n(T), the anharmonic density of states
of Berlinsky and Collns was used, shifted to lower
energy by an amount 0. 034K~ to account for the
29o J=O impurity jsee Harris, Berlinsky, and
Meyer o for the result E~(x}= Z~(0)[I —1.8(1 —x}]J.
Here EI = 16I' is the average anharmonic single-
libron energy. In order to take into account the
temperature dependence of the libron energies,
the order parameter a' was used to renormalize I'.
The calculation was then performed self -consis-
tently by iteration, assuming the same value of
Ez(l), as in Eq. (4.6}. Plotted in Fig. 8 is the
quantity V V. 19o(T)/o(0)

Lee and Raich34 have calculated the temperature
dependence of s(T) by a cluster variation method
and their results for &r(T)/&r(0) multiplied by VV. 19
kHz are shavn in Fig. 8 with the temperature
scaled so that the experimental and theoretical
&,'s agree. The range of theoretical values is due
to the fact that near the transition there are sev-
eral structures having very nearly the same free
energy and it is difficult to assign a transition tem-
perature.

The present results agree quite well with the ex-
trapolated NMR results of Meyer et al. '~ (the
dashed line in Fig. 8) provided allowance is made
for the fact that x=0. S8. Theoretical values based
on the libron density of states agree reasonably
well up to T = 3 K, but give too weak a temperature
dependence thereafter. This is perhaps not un-
expected since this type of theory is only rigorous
at small value of T/T, . The cluster variation
results of Lee and Baich~ give a temperature depen-
dence this is considerably weaker and more abrupt
than the experimental one.

V. DISCUSSION

experiment and theory is restricted to two narrow
regions of the line, and the numerical agreement
is not as good as one would like. %e believe the
weakest link in the comparison to be the determin-
ation of W, from T,. The bounds on the parameter
o. = 3W, T, are somewhat uncertain due to the small
number of points in the relaxation curves. By ap-
propriate preparation of the spin system, S'j can
be measured in a more direct way. Experiments
are planned in which both W'& and the conversion
enhancement are determined for all parts of the
line. This will provide a detailed check of the
theory especially with respect to the anisotropy of
the conversion.

It has been established in this paper that 7.', in
the ordered phase is very strongly dependent on the
J= 0 impurity concentration. In deuterium the re-
sults suggest that the current theories for nuclear
spin relaxation via the Raman effect may agree
with experiment in the limit of x-1. To check
this and to investigate the impurity-relaxation
mechanism, it is important to have a systematic
study of T& vs temperature, concentration, and po-
sition within the Pake line shape.

The experimental situation with regard to the
temperature dependence of the order parameter is
still unsatisfactory due to the problem of the dis-
tribution of Pake doublets when x41. Although the
results of Meyer et al. ' were extrapolated to x= 1,
which in principle avoids this difficulty, the ac-
curacy is not high enough to provide a critical
check of the low-temperature-libron theory. The
present data, although more precise, were only
taken at a single concentration (@=0.98), which
leaves the correction uncertain. Again, a, system-
atic study at very high concentrations seems to be
in order.
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