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Pulsed nuclear-magnetic-resonance (NMR) experiments on solid »-D, samples have been
performed over the temperature range 5—0.15 K. The spin-lattice relaxation time and sec-
ond moments were measured as a function of temperature. No departures from Curie-law
behavior were observed down to 0.15 K. Solid-echo techniques were used at several tempera-
tures to demonstrate the contribution to the free-induction decay due to the J=1 molecules.

INTRODUCTION

A previous nuclear-magnetic-resonance (NMR)
study! of the dependence of the longitudinal relaxa-
tion time T, upon the concentration of J=1 mole-
cules in solid D, has shown that the magnetic prop-
erties of D, are analogous to those of HD doped
with o-H, molecules. 2 In both systems, the sample
consists of a mixture of molecules in the rotational
states J=0 (0-D, or HD) and J=1 (p-D, or o-Hy).
The nuclear spins of the J=1 molecules relax in a
relatively short time to the energy reservoir pro-
vided by the rotational degrees of freedom,® which
in turn is strongly coupled to the phonon modes in
the solid. Since the spacings between the nuclear
Zeeman energy levels in a large magnetic field are
approximately equal for both =1 and J=0 mole-
cules, cross relaxation between the two-spin sys-
tems provides the mechanism by which the spin

temperature of the J=0 molecules can relax to the
lattice temperature. The direct coupling of the
nuclear spins on the J=0 molecules to the lattice
is very weak and can be neglected.? It is entirely
possible, depending upon the relative concentra-
tion, that most of the observed NMR signal is due
to J=0 molecules that have no direct relaxation
mechanism to the lattice, and that the resonance of
of the J=1 molecules is essentially unobservable
except for its effect on the over-all relaxation be-
havior,

For n-D,, two-thirds of the molecules have an
even value of the rotational quantum number J (=0
at low temperature) which must be associated with
an even value of the total nuclear spin I (I=2 or
I=0) according to the restrictions imposed on the
total wave function by the Pauli principle. For the
other third of the molecules, para-D,, J is odd
(/=1 at low temperatures) and the nuclear spin is
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I=1. The relative signal amplitudes in #-D, from
0-D, and p-D, are in the ratio 5 to 1, respectively.
Thus, at time £=0 for the free-induction decay
(FID) in a pulsed NMR experiment, the ratio of the
signal amplitudes should be 5 to 1; however, if
the two groups of nuclear spins have different
transverse relaxation times 7', then the composi-
tion of the total signal for #>0 can be quite differ-
ent from 5 to 1. The NMR signal can be dephased
by both inter- and intramolecular interactions.
The J=0 molecules have zero expectation value for
the intramolecular interactions so they are de-
phased only by intermolecular interactions. The
J=1 molecules have essentially the same inter-
molecular interactions and, in addition, a nonvan-
ishing intramolecular interaction so that their
transverse relaxation time can be appreciably
shorter than that for J=0 molecules. In a pulse
experiment, the maximum ratio of p-D, signal to
0-D, signal (¢=0) occurs where the signal-to-noise
ratio is also maximum, whereas in a steady-state
experiment the optimum experimental ratio of sig-
nal to noise coincides with the region of minimum
p-D; signal,

Preliminary reports of steady-state NMR experi-
ments on solid D,® point out that the second mo-
ment M, of the resonance line does not display the
very rapid temperature variation expected by anal-
ogy to the similar experiments in H,.® Because
of the small temperature variation of M,, Harris’
has postulated that the J=1 molecules do not reso-
nate and that the small observed temperature vari-
ation of M, is explained by a mechanism similar
to the one postulated by Smith, White, and Gaines®
to account for anomalous relaxation behavior below
T, in alloys high in J=1 concentration, namely,
the deformation of the 0-D;, ground state J=0. This
deformation arises from the alignment of the J=1
molecules due to their mutual quadrupole interac-
tion and results in a wave function containing high-
er spherical harmonics (namely, J=2) with a rela~-
tive amplitude proportional to I'/B, where I'isthe
quadrupole-quadrupole coupling constant and B is
the rotational constant characteristic of the sepa-
ration of the J=0 and J= 2 rotational levels.

We have performed similar NMR experiments
on n-D, down to somewhat lower temperatures but
have used transient rather than steady-state tech-
niques for observation. We observed signals that
had nearly separable contributions from the I=1
and =2 spin systems and measured M, as a func-
tion of temperature. Measurements of the longi-
tudinal relaxation time at temperatures below 1 K
may give further evidence for the postulated de-
formation of the J=0 ground state.

EXPERIMENTAL DETAILS

The gas used for the experiment was n-D, orig-
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inally, but the sample was held at temperatures
below 4.2 K for so many hours (100 h) that the final
concentration was estimated to be x,=0.29 from
the rate equation given by Grenier and White.® No
orientational effects on either the spin-lattice re-
laxation or the shape of the signal were observed,
so the sample was in all likelihood polycrystalline,
A liquid-helium mixture CHe+ *He) was used to
make thermal contact between the solid D, sample
and the mixing chamber of a continuous 3He-*He
dilution refrigerator. A sintered copper heat ex-
changer connected mechanically to the mixing
chamber provided the thermal link between the ex~
change liquid-helium mixture and the mixing cham-
ber. The thermometry in this experiment was
based on the temperature variation of the resistance
of Speer No. 220 carbon resistors calibrated by
means of NMR thermometry on platinum powder.
The heat of conversion from p-D, to 0-D, coupled
with the boundary resistance between solid D, and
the liquid-helium mixture combined to limit the ul-
timate temperature of the sample to approximately
0.1 K. Measurements of the thermal boundary
resistance and details of the apparatus will be pub-
lished elsewhere.

The NMR experiments were performed at 3.0
MHz using an incoherent transmitter receiver com-
bination. The transmitter power was sufficient to
produce a 90° pulse in 9 usec. The blocking time
of the amplifier was approximately 50 usec, which
necessitated the usage of a solid-echo tachnique!®
for some of the observations. The signals were
photographed from oscilloscope traces. The data
were read from the photographs and corrected for
the nonlinearity of the amplifier.

THEORY

On very general grounds one can write the nor-
malized free-induction decay as

_Trp()L
S@) —W , (1)

where the density matrix p(#) is the solution to the
equation

ih’ait p(®=[H",p], (2)

where H' is the spin Hamiltonian in the rotating
references frame, and

I,= é(lx)j . 3)
If H' is independent of time, then
p(f) = exp < - % H't) p(0) exp(%_H't) ,
whereas if H'is a function of time, then

p(t)=exp(—%ﬁtH'(t')dt’)p(O)
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xexp(%ﬁH'(t')dt') .

Alternatively, we can write
1= 1=
p(t)= exp< -% H’t) p(0) eXp<-;;_H't) )

where H=(1/9)J{ H'(t')dt'. We will be able to find
solutions to Eq. (1) for two extreme cases; namely,
where H' is independent of time (long-correlation
time limit) and second, where the transitions that
change H' are so rapid that H' is independent of
time (short-correlation time limit) and can be cal-
culated from the thermodynamic average value.
Assuming then that H' or H' (whichever is appro-
priate) is independent of time, we can note that
for the power-series representation
s
dt?

s()= f dwe'*tg(w)=1+2
t t=0

=1=Myt%/2+Myt*/41 4+ o=, (4

where M,,= [ dwg(w)w?/[ dwg(w) with g(w) being the
symmetric line~-shape function for NMR absorption.
By calculating the indicated derivatives of S(f) in
Eq. (1) with respect to time and comparing with

Eq. (4), we can obtain expressions for the moments
of the distribution g(w). ,For instance,

@s| _ Trp)H’[H'1]]
Mz= e io  Trp(0)l, : ®)

Since p(0)= p;(0)p, (0) With p;(0) = €™ #o’x following
a 90° pulse, we have

__Trp; (O)#', L,

M=~ Trp, OF ©
where we have used the usual high-temperature
approximation for the Zeeman density matrix p;(0).

If we include both the intramolecular and inter-

molecular interactions in H' and retain only the
secular contributions, neglecting the spin-rotation
interaction, !* one has

d
’=Z Z} (8cos?®, - 1)(37%; - 2)(31%, - 2)
1

T - -
+D 0% (1-3 cosze,.,)<1,,.1,j _M) ,
>3 Vig 4

)
where ©; is the angle between the bond axis of the
ith molecule and the symmetry axis of the crystal,
6;; is the angle the intermolecular vector T;; of mo-
lecules 7 and j makes with the z axis, and J, is the
projection of the rotational angular momentum on the
symmetry axis. I,; is the total nuclear spin pro-
jection on the magnetic field direction for the ith
molecule. After calculating the commutator, form-
ing the square, and taking the trace, all cross-

J. H. CONSTABLE AND J. R. GAINES 3

product terms between the intra- and intermolecular
interaction vanish, and one is left with

M2= ]M;ntx'a+ M;nter s (8)

where expressions for Mi™¢" are given in Abragam'?
and specialized for H, and D, by Harris. Expres-
sions for M} are also given by Harris for the
high-temperature limiting cases. Numerically for
n-D, one obtains Mj****=5,11 x10° (rad/sec)? in-
dependent of the temperature. The calculation of
M}™™ is elementary and in the short-correlation
time limit, where the fluctuations in H' are rapid
compared to the inverse of the width of the nuclear
resonance line, one obtains

atra_ 34\ e (Trp, 032 - 2)) 2
Mjntra o (4) (3cos?0 - 1)2 (~—L——-5———Ter(0) ) R
©)

where © is the angle between the z axis and the
symmetry axis. If this is not the appropriate case
and one must use H' instead of H'in the calculation,
then

2 : ’
Mt (%;1) (3cos? 6- 1)2('&#%%5%%?;2)_ >

(10)

Taking for (3cos?6 — 1) the powder average value
of £, we tabulate below values of M} appropriate
to certain choices of p;(0).

A. Molecular Field Approximation

Suppose the concentration of /=1 molecules is
so high that each p-D, molecule sees an effective
field resulting from the electric quadrupole-quad-
rupole (EQQ) interaction with several of its neigh-
bors. This effective field could be crudely char-
acterized by a Hamiltonian

Hp=3A(3J%-2),

where the parameter A merely measures the spacing
in energy units between J,=0 and J,=+1. The value
for A should be dependent on the concentration of

J =1 molecules and be unrelated to the crystal-field
interaction measured for vanishingly small J=1
concentrations by others. 3 For this case the cal-
culation is particularly simple and gives

(11)

Trp,(0)(8J2-2) 2¢7P4/3_ g2 4/3
Ter(O)‘ = ze-BA/:! 2BA/3 .

+e
The extreme limits for M3**** in the short-correla-
tion time limit are then

Méntra: 9d2/5
=9d%/20 for J,=+1 the ground state , (12)

for |BA|>1, and M™™*= (dBA)?/5 for |BA| <1,
The low-temperature limit for M, in the long-cor-
relation time approximation is identical to the re-

for J,=0 the ground state



3 NUCLEAR RESONANCE STUDY OF SOLID =-D,

sult obtained in the short-correlation time limit.
The high-temperature limit is different but is un-
realistic as the long-correlation times and high
temperatures are incompatible. Numerically we
find that 94%/20=1.12x 10" (rad/sec)? a number
more than three orders of magnitude greater than
the rigid-lattice value.

B. Nearest-Neighbor EQQ Interaction

If we assume that each J=1 molecule has only
one nearest neighbor that is also in the state J=1,
we can obtain for M3™"® in the short-correlation
time limit

M;ntra= <3_d> 4 e-GBI‘_ze-Br‘_*_e.wr‘ )2

4) 5\e™® +2e%T14+2¢

=9d%/80 for BT>1

2125428%1*/3 for BT <1 . (13)

In the long-correlation time limit the low-tempera-
ture limit differs from the above result and gives

M3™"*=94%/8 .
C. Cooperative Transition

In the cooperative transition, called the A transi-
tion in the solid hydrogens, one has (3J%-2)=-2,
so that the expected result for M3***® in the short-
correlation time limit is 942/5.

It is of interest to note that in either approxima-
tion used for the high-temperature behavior, the
effective field or the pair spectrum, the intramo-
lecular contribution to the second moment becomes
comparable to the intermolecular contribution when
BA~3x107% or T~ 3.6x10-2. Since I'~ 1 K, then
T~30 K. At temperatures of 4.2 K and below, the

high-temperature approximation should be inadequate

and the second moment should be dominated by the
intramolecular contribution arising from the J=1
molecules. Since the 0-D, molecules are in the J

= 0 state, the expectation value of the intramolecular

interaction vanishes and the second moment should

be due only to the intermolecular dipolar interaction.

Thus, the transverse decay of the p-D, molecules
should be much more strongly damped than that of
the o0 -D,; molecules.

EXPERIMENTAL DATA
A. Longitudinal Relaxation

Experimental values of the longitudinal relaxation
time T, were obtained by using a 90°-7-90° pulse
sequence to measure the signal amplitude S(¢), 7
seconds after the initial 90° pulse has saturated the
resonance. Denoting the thermal equilibrium value
of the signal by S(0), one plots In[S(0) —S(7)] versus
7 in order to obtain T; from the slope. All our plots
were linear giving values of T, accurate to +5%.
Data from two experiments on the same gas sample
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are shown in Fig. 1. The sample was held at 4.2 K
or below for the entire time between the two exper-
iments (=~ 100 h) so that para-ortho conversion in
the solid changed the initial J=1 concentration from
33.3 to about 29%. The final J=1 concentration was
estimated to be 29% from the decrease in signal am-
plitude with time assuming only the J =0 molecules
contribute to the observed signal. This estimation
of the concentration is in good agreement with the
value obtained from the theoretical conversion rate
calculated by Motizuki. 4

B. Second Moments

Signal amplitudes read from the photographs and
corrected for amplifier nonlinearities were plotted
versus #2 on both semilog paper and Cartesian paper
in order o determine the second moment M,. For
times shorter than the time it takes the signal to fall
to 1/e of its initial value but longer than 50 psec
(the amplifier blocking time), the free-induction de-
cay can be well represented by a Gaussian curve.
The departure from a Gaussian shape was depen-
dent upon the temperature. At temperatures above
the temperature where the maximum in 7 occurs,
the signal is more damped at long times than a
Gaussian curve would be. However, the signal is
less damped than a Gaussian curve for temperatures
below the temperature where the maximum in T,
occurs. Experimental values of M, as a function
of temperature are shown in Fig. 2. The second
moments obtained in this manner should be in rea-
sonable agreement with those obtained by steady-
state techniques in the presence of a finite signal-
to-noise ratio. No bandwidth distortion correc-
tions!® have been applied to our data, so the numer-
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FIG. 1. Spin-lattice relaxation time versus tempera-

ture in solid D, measured at 3 MHz. The squares are
points taken within 24 h after the »-D, gas was condensed.
The circles are points taken after the p-D, concentration
had converted to 29%.



1560

ical values cannot be taken any more seriously than
+15%.

C. Solid Echoes

We used echo-pulse sequences at several selected
temperatures because of the experimental difficulty
originating from the finite blocking time of the am-
plifier and the possibility of the existence of two
signals with very different relaxation times (both
transverse and longitudinal). The sequence used
was 90° pulse followed about half a millisecond by
a second 90° pulse. The results of three such se-
quences are shown in Fig. 3.

The echo appears to be composed of two signals
having very different transverse relaxation times.
The signal having the relatively short relaxation
time is apparently lost in the amplifier recovery
time when the free-induction decay is observed.
Itis interesting to note thatin Fig. 3(c)for T7=0.23 K,
the ratio of the two signal heights is roughly 5 to
1, the expected ratio of 0-D; signal to p-D, signal
for n-D,. The spread in Larmor frequencies for
the signal with the short relaxation time is so great
that the 90° pulse that produces saturation for the
spins with long transverse relaxation time does not
saturate this resonance [see Fig. 3(b)].

D. Curie-Law Behavior

Extrapolation of the observed FID using a Gaus-
sian fit to time £ =0 yields the relative magnetization
of the sample. According to the Curie law, the
sample temperature is inversely proportional to
the net magnetization and hence the signal ampli-
tude. The measurements of the signal amplitude
were made by comparing the induced NMR signal
to one produced by a reference oscillator (HP 6064).
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FIG. 2. Second moments versus temperature in solid

D, measured at 3 MHz. The squares are points taken
within 24 h after the »-D, gas was condensed. The cir-
cles are points taken after the p-D, concentration had
converted to 29%.
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FIG. 3. Oscilloscope traces taken at 200 usec/cm
showing solid echoes in D,. (a) Echo at 3.2 K formed
by a 90°-0. 4 msec-90° pulse sequence. (b) Echo at 0.7 K
formed by a 90°-0.5 msec-90° pulse sequence, which
was repeated 1 sec later. (c) Echo at 0.23 K formed by
a 90°-0.4 msec-90° pulse sequence.

A Speer 220- carbon resistor calibrated by means
of NMR measurements on Pt powder was used to
measure the sample temperature. The results are
given in Fig. 4.
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FIG. 4. Temperature, as measured by a resistance
thermometer, is plotted against Tgg. Which is inverse-
ly proportional to the signal amplitude. The proportion-
ality constant was obtained from the best fit to the Curie-
law line drawn. The points correspond to the circles in
Figs. 1 and 2.
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DISCUSSION

The value of the second moment at 4.2 K obtained
from the free-induction decay (using a Gaussian
fit for short times) is approximately equal to the
calculated rigid-lattice intermolecular contribution.
Below 4.2 K the second moment M, increases with
decreasing temperature reflecting the temperature-
dependent intramolecular contribution. The data
shown in Fig. 2 seem to support the suggestion of
Harris (based on preliminary data of Meyer and
coworkers®) that the J =1 molecules do not contribute
to the observed signal both because the experimental
value of M, is orders of magnitude smaller than ex-
pected [Egs. (12) and (13)] and because the tempera-
ture dependence near 4 K is much too small. Harris”
has predicted that even if the J =1 molecules make
no contribution to the observed signal the observed
value of Mi™"* will be temperature dependent as a
result of the deformation of the J=0 ground state
of ortho-D, molecules due to orientational order of
the J =1 molecules. Although we observe approx-
imately a factor of 5 increase in M, between 4 and
0.1 K, adetailed comparison with theory is not
possible at this time since the expressions developed
by Harris are valid only in the limit gT" <1.

The probable contribution of the J =1 molecules
to the signal can be seen on the solid echos shown
in Fig. 3. The transverse decay is so rapid that it
is not surprising that this signal would be lost in the
amplifier recovery time in a pulse experiment and
lost in the noise in a steady-state experiment. By
expanding the oscilloscope trace by a factor of 5, we
succeeded in obtaining a value of M, for the J=1
molecules. At T=0.23 K we obtain M;=1.2+2
x10'° (rad/sec)®. This value of M, is characteristic
of the J,=+1 ground state for J=1 molecules in the
effective-field approximation [Eq. (12)]. At tem-
peratures near 4.2 K, a departure from a Gaussian
shape is apparent near the origin presumably due
to the signal from the J=1 molecules. No detailed
temperature dependence for the J=1 second moment
can be given since it is not possible to resolve the
two signals clearly at higher temperatures (see
Fig. 3).

The variation of the signal amplitude with tem-
perature as is shown in Fig. 4 provides evidence

NUCLEAR RESONANCE STUDY OF SOLID n-D,.
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that the Curie law is obeyed down to our lowest
temperatures. Relative Curie constants propor-
tional to the net magnetization were obtained by fit-
ting straight lines to the experimental points in Fig.
4, The Curie constants so obtained can be used to
estimate the para-D,—ortho-D, conversion rate. I
we assume that only the J =0 molecules contribute
to the observed signal, integrate the rate equations
given by Grenier and White, ® and use the relative
Curie constants and elapsed time from our data,
we obtain a change in concentration which agrees
closely with the theoretical predictions of Motizuki. 14
This change is, however, higher than the change
observed experimentally by Grenier and White. If
we assume that all the molecules contribute to the
observed signal, the disagreement with the results
of Grenier and White becomes more pronounced.

The variation of T; with temperature, coupled
with Harris’s speculation, seems particularly in-
teresting. The position of the peak near 1 K ap-
parently shifts with J=1 concentration since a shift
due to hysteresis would be in the opposite direction.
The sharp decrease in T, below the peak seems
difficult to explain based on the conventional model
of the relaxation processes in D, where the J=1
molecules must relax the J=0 ones. If the wave
function for the J =0 molecules now contains (below
the peak) an appreciable J =2 admixture, then it is
possible for the ortho-D, molecules to have their
own intrinsic relaxation mechanism as the intra-
molecular interaction is no longer zero on the av-
erage. Preliminary evidence for this effect was
given by Smith, White, and Gaines® earlier. The
order of magnitude seems very surprising if this
is in fact the explanation.
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The theory of Moriya is extended to include electron-electron interaction potentials with a
strong momentum dependence. This extension is based on recent theoretical studies of the
electron-gas response. It is shown that the observed enhancement of the Korringa relation in
alkali metals can be attributed almost entirely to electron-electron interactions described by
an effective interaction potential derived from the pair-correlation function for a low-density

electron gas.

I. INTRODUCTION

In the alkali metals, the s-contact hyperfine in-
teraction is the dominant mechanism coupling nu-
clear spins with the conduction electrons. Conse-
quently, one might expect that the Knight shift X
and the spin-lattice relaxation time T would satisfy
the well-known Korringa relation!

KZTIT =S= (ye/yn)z(ﬁ/‘lﬂkB) 3

where 7, and v, are the electronic and nuclear
gyromagnetic ratios, respectively. However, ex-
perimental values of KleT are typically 60% higher
than predicted by (1.1). Since (1.1) was derived

in the independent-particle approximation, this
discrepancy has traditionally been attributed to
electron-electron interactions. #® The experimental
and theoretical situation has been reviewed in a
recent paper by Narath and Weaver, * and these
authors concluded that the data could not be ade-
quately explained by Moriya’s theory, in which
electron-electron interactions are assumed to have
zero range.

Narath and Weaver? have given a rather complete
discussion of various possible explanations for the
remaining discrepancy between theory and experi-
ment. Of these explanations, perhaps the most
appealing (and the only one we consider explicitly
in this paper) is that a zero-range interaction po-
tential is not realistic, and should be replaced by
an effective interaction obtained from detailed
theoretical studies of electron-gas response. Ac-
tually, Narath and Weaver? did consider this pos-
sibility briefly. They introduced an effective po-
tential (in momentum space) of the form suggested

(1.1)

by Hubbard® (a screened Coulomb potential in real
space) and found for Na a screening parameter of
about 2kr. However, they concluded that the re-
sult had only qualitative significance, primarily
because they felt that approximations made in de-
riving an expression for the enhancement factor
limited the result to potentials with constant Four-
ier transforms (that is, with no momentum depen-
dence). We have concluded, on the basis of recent
studies of electron-gas response, ® that constraints
on the effective interaction potential are less re-
strictive than suggested by Narath and Weaver. *

There exist in the recent literature® various
expressions for the effective exchange-correlation
potentials which are thought to be reasonable ap-
proximations at metallic densities. We demonstrate
in this paper that when these results are used in
Moriya’s theory of Korringa enhancement, essen-
tially all of the experimentally observed enhance-
ment can be attributed to electron-electron inter-
actions. This conclusion is based on the observa-
tion that Stoner enhancement factors determined
by equating theoretical and experimental Korringa
enhancement are found to predict correctly the
observed enhancement of the susceptibility in so-
dium and lithium.

II. THEORY AND CALCULATIONS

Since the relevant theory has been clearly re-
viewed by Narath and Weaver, * we will confine
the present discussion to a summary of the results
pertinent to our calculations. We will, however,
consider in some detail the validity of two essential
approximations involved in obtaining the results
we have used, introducing in this context results



