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Measurements, using 55-MHz deuteron magnetic resonance (DMR), are reported of deuteron spin-
lattice relaxation times for HD in solid argon at concentrations of 300—1100 ppm over the temperature
range of 10—70 K. The relaxation times increase rapidly, from 10 to 4000 sec, as the temperature is re-
duced and are independent of the sample s para-D2 concentration. Comparisons of deuteron spin-lattice
relaxation times for HD in solid argon are made with previously reported relaxation times for solid
HD —n-D2 mixtures and for ortho-H2 and para-D2 in solid argon. The very different relaxation behavior
for HD can be understood because it is an asymmetric molecule. The lack of exchange symmetry results
in an increasing probability of the molecule being in a J=0 rotational state as the temperature is re-
duced. Nuclear spin-lattice relaxation in HD arises from phonon-induced b, mJ transitions for those
molecules in the J=1 states. A theory is presented to calculate the nuclear spin-lattice relaxation rate
(1/T, ) in terms of a molecular decay rate (I ) that arises from AmJ or AJ transitions. The decay rate 1

as a function of temperature is determined from the relaxation data. It is found that the asymmetric ro-
tor HD molecules have a coupling to the lattice phonons that is much stronger than for ortho-H2 and
para-D2.

INTRODUCTION

As a complement to previous work' on the nuclear-
spin relaxation of ortho-Hz and para-D2 matrix-isolated
in solid argon, we have studied the deuteron magnetic
resonance (DMR) of HD in argon. For ortho-Hz and
para-D2 in solid argon, the nuclear spin-lattice relaxation
rate is controlled through intramolecular interactions by
the interaction of the molecule's angular momentum with
the lattice phonons. The interaction of the molecular an-
gular momentum with the lattice phonons can be charac-
terized by a set of molecular decay rates I, and calcula-
tions have shown that knowledge of nuclear spin-lattice
relaxation times can be used to determine the molecular
decay rates. For ortho-Hz and para-D2 in argon, the
molecular decay rates arise from phonon-induced reori-
entations of the molecule's angular momentum, Amj
transitions. Therefore, the nuclear spin-lattice relaxation
rate (1/T, ) is controlled by the rate at which the mole-
cules undergo bmJ transitions I (bmJ). ' The tempera-
ture dependence of the rate I ( b, m J ) can be understood in
terms of a model for anharmonic phonon quadrupolar in-
teractions by Walker and van Kranendonk. ' This paper
examines the applicability of previous analyses of the nu-
clear spin-lattice relaxation of ortho-H2 and para-D2 in
solid argon to the deuteron relaxation of HD in solid ar-
gon. There is a fundamental difference between HD and
the ortho-H2 and para-D2 molecules previously studied.
The population of HD molecules in a J=1 rotational
state varies more dramatically with temperature. For
ortho-H2 and para-D2 (both J= 1 molecules at low tem-
peratures) exchange symmetry forbids transition to the
J=O rotational ground state. The usual conversion of
ortho-Hz to para-Hz (1.90%%uo per hour ) and para-D2 to
ortho-D2 (0.060%%uo per hour ) is slow compared to the
time scales of the experiments. In contrast, HD has no

ortho-para distinction. At solid argon temperatures (well
below 84 K) most HD molecules are in the rotational
ground state. Since HD in the ground state lacks mJ de-
generacy and cannot undergo km J transitions, nuclei in
isolated ground-state mole cules relax primarily via
molecular transitions to higher-J states. Therefore exam-
ination of the nuclear spin-lattice relaxation of matrix
isolated HD, leads to an understanding of how higher
molecular J states affect nuclear relaxation rates.

EXPERIMENTAL PROCEDURE

Measurements were made using 55-MHz pulsed deu-
teron NMR in an 8.5-T superconducting magnet. A de-
tailed description of the spectrometer used in the experi-
ments has been given by Mohr. A liquid helium Aow
Dewar was used to control the temperature of the sam-
ples. The temperature was regulated by controlling the
liquid-helium How and the current through a heater wire
in the vicinity of the sample. Temperatures above 10 K
could be regulated to within +0.02 K. The temperatures
of the samples were determined using a four-wire method
to measure the resistance across two carbon-glass resis-
tors. The resistors were placed at opposite corners of the
sample chamber to check for temperature gradients. The
triple point of D2 was used to calibrate the resistors and
temperature measurements were found to be accurate to
within +0. 1 K. Samples were made using procedures
similar to those used by Conradi and co-workers' ' and
Mohr. A detailed account of the entire apparatus and
procedure used in making the samples is given else-
where. Samples were made by dissolving HD in liquid
argon and then freezing the argon over a period of a few
minutes. The sample chamber was a 0.8-cm cylinder
made from Kel-F (3-M Co.) with a Tetlon tube leading to
the bottom of the sample chamber, which was used to in-
troduce the HD gas. Prior to introduction of the HD

47 2581 1993 The American Physical Society



2582 JOSEPH GANEM, PETER A. FEDDERS, AND R. E. NORBERG 47

gas, the sample chamber was completely Nled with liquid
argon forcing the argon meniscus into an upper chamber
5 cm above the sample. The upper chamber was made of
copper in order to shield any NMR signal it could pro-
duce. The purpose of the upper chamber was to improve
sample homogeneity by providing a large volume in
which escaping HD gas bubbles could break at the sur-
face. HD gas was slowly (over a period of 10 min or so)
introduced to the sample chamber. Then the HD gas was
forced into solution by running a recirculation pump
counter to the direction of the bubble Aow, while slowly
(over a period of 30—45 min) increasing the HD partial
pressure. After most of the HD was dissolved [as seen by
the very long T, (10 sec) compared to the HD gas
(T, =10 msec)] the sample was frozen. Freezing was ac-
complished by reducing the temperature of the sample at
a rate of roughly 1 K/min until 20 K was reached. Ap-
proximately half of the dissolved HD was expelled during
the freezing process. The expelled and excess gas was
pumped out of the sample chamber. Sample concentra-
tions were determined by comparing the fully relaxed
DMR signal for HD in solid argon to that for a known
pressure of HD gas. Using the ideal gas law and Curie's
law, the number of HD molecules that produced a given
signal intensity was calculated. Measurements of T,
were made by determining the signal intensity from a
steady-state sequence of 90 pulse s. Variations were
made in the repetition interval between the pulses and the
resulting variation in signal intensity was fitted to a single
exponential recovery function using a nonlinear least-
squares-fitting routine. There was no observed nonex-
ponential recovery of the DMR signal associated with the
HD.

OVERVIEW OF THE DATA
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about 50 K. Above 50 K the argon begins to di8'use on
the time scale of the experiments and the HD begins to
escape.

Three sources of HD gas were used in making the sam-
ples. Samples 1 —4 were made with HD gas containing
3% n-Dz (normal deuterium). Sample 5 was made with
HD gas containing 2% n-Dz and sample 6 was made
from HD gas containing 10%%uo n-D2. As seen in Fig. 1(a),
to within the scatter of the data there was no e6'ect on the
HD deuteron relaxation times from varying the amount
of D2 in the sample. In sample 6, which had enough D2
signal to be observed by NMR, the para-D2 and HD
could be seen relaxing separately. Figure 2 shows two
line shapes from sample 6 at 18.5 K. The top line shape
[Fig. 2(a)] is after a 6.5-sec recovery time following satu-
ration. The broad line is the fully recovered para-Dz sig-
nal. The spike in the center is the beginning recovery of
the HD signal. The bottom line shape [Fig. 2(b)] is after
a 75-sec recovery following saturation. The line from the
HD has recovered at its own rate to now dwarf the rela-
tively unchanged para-D2 line. Overall the deuteron line
width for HD in argon is much narrower than the line
width for para-Dz in argon. The full width at half max-
imum for the para-Dz line in Fig. 2(a) is about 500 Hz.
With a correction for the 5-msec decay resulting from the
magnet inhomogeneity, this corresponds to a T2 for

TABLE I. Concentration in parts per million (ppm) of HD in
each of the samples.

Sample HD (ppm)

Deuteron relaxation times for HD in solid argon were
measured over a temperature range from 10 to 70 K in
six samples with compositions varying from 300 to 1100
ppm. The compositions of the samples are listed in Table
I. The deuteron T&'s for the HD signal in all of the sam-
ples are shown in Fig. 1(a). To within experimental error
the T&'s show no sample dependence. The range of T&'s
measured is from 10 to several thousand seconds. The
deuteron T, 's increase as the temperature is reduced (in-
creasing most rapidly below 20 K). Shown in Fig. 1(b)
are the normalized MOT products (product of the fully
recovered signal intensity and the temperature normal-
ized to 1), which are found to be constant from 10 to
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FIG-. 1. (a) Deuteron T& data as a function of temperature for
HD in argon. For the six samples studied, to within the scatter
of the data, T, has no sample dependence. The sample compo-
sitions are listed in Table I. (b) The corresponding MOT prod-
ucts remain constant until about 50 K. At temperatures above
50-K HD begins to escape.
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shown in Fig. 3. For HD in argon T2 is between 20 and
40 msec and has little dependence on temperature. The
intrinsic linewidths primarily reAect the quadrupolar in-
teraction of the HD molecule with surrounding crystal
fields. Consequent shifting of the molecular-angular
momentum levels in turn shifts the deuteron nuclear Zee-
man levels. HD molecules, their spherical symmetry
arising from being predominantly in a ground state, in-
teract more weakly with the crystal fields than do the ob-
long shaped para-D2 molecules.
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FIG. 2. The separate relaxations of HD and D& in solid ar-
gon. Shown are two line shapes from sample 6 at 18.5 K. (a)
The recovery of the signal 6.5 sec following saturation with a
90' pulse. The broad line is the fully recovered para-D2. (b) The
recovery of the signal 75 sec following saturation with a 90 '
pulse. The slower relaxing HD has recovered and now dwarfs
the relatively unchanged para-D& line.

DISCUSSION: RELAXATION MECHANISMS FOR HD
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Understanding the relaxation of HD in argon is more
complicated than understanding the relaxation of ortho-
H2 and para-D2 in argon because the J=1 to 0 transition
is not forbidden for HD as it is for the symmetric mole-
cules. A comparison of deuteron relaxation times for HD
in argon to relaxation times for ortho-Hz and para-D2 in
argon reveals radically different behavior for HD. Figure
4 compares deuteron T& times for HD in argon at 55
MHz to T, times previously reported for para-Dz in ar-
gon at 55 MHz (Ref. 2) and ortho-Hz in argon at 20 MHz

para-Dz in argon at 18.5 K of about 0.7 msec, in agree-
ment with previous measurements by Mohr who report-
ed T2 for para-D2 in argon to be about 1 msec near this
temperature. In contrast the linewidth of the HD in ar-
gon in Fig. 2(b) is limited by the magnet. Measurements
of the deuteron T2 for HD in argon using echoes are
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FIG. 3. Deuteron T2 times for HD in argon. Open squares
are measurements from sample 5. Dark circles are measure-
ments from sample 6.

FIG. 4. Comparison of deuteron T, 's for HD in argon (open
squares) with T, 's for ortho-H~ in argon (open triangles) from
Ref. 1 and para-D2 in argon (open circles) from Ref. 2. In con-
trast to the symmetric molecules, T, for HD in argon increases
monotonically as the temperature is reduced, exhibiting no T&

minimum. Over the range of temperatures shown, the deuteron
relaxation times for HD at 55 MHz are between 2 and 5 orders
of magnitude longer than the corresponding relaxation times for
para-D2, which are also at 55 MHz.
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FICx. 5. Relaxation times from Ref. 10 for three different
mixtures of HD —n-D2, containing 90 at. % HD (circles), 97
at. % HD (squares), and 98 at. % HD (triangles), as solids (open
markers) compared to HD gas with these same compositions
matrix isolated in solid argon (solid markers). For solid rnix-
tures of HD —n-D2, the spin-lattice relaxation times decrease as
the temperature is reduced and below 11 K are controlled by
the para-D2 concentration. For the same mixtures matrix iso-
lated in solid argon, relaxation times increase monotonically as
the temperature is reduced and are independent of para-D2 con-
centration. Between about 14 K and the melting point of HD at
16.6 K, relaxation times for solid HD —n-D2 mixtures are also
independent of para-D2 concentration and coincide with those
for matrix isolated HD.

(Ref. 1). In contrast to HD in argon, which has a mono-
tonically increasing TI as the temperature is reduced,
there is a TI minimum between 10 and 20 K for both
para-D2 and ortho-H2 in argon. Also seen in Fig. 4, is
that the deuteron T, for HD in argon is several orders of
magnitude longer than T, for the other two molecules.
To gain insight into the very different relaxation behavior
of HD it is useful to compare the deuteron relaxation
times for HD in argon to those for solid HD.

Deuteron relaxation times, also at 55 MHz, for solid
HD have been reported previously. ' In contrast to HD
in argon, deuterons in solid HD can relax via spin
diffusion to the para-D& molecules present. Consequently
deuteron relaxation times for solid HD depend on the
para-D2 concentration. Figure 5 compares TI as a func-
tion of temperature for solid HD containing 10% n-D2,
3% n-D2, and 2% n-Dz to TI for HD in argon, where the
HD used in preparing the samples contained the same
percentages of n-Dz. At temperatures below 11 K, the
deuteron spin-lattice relaxation for solid HD varies little

with temperature and is controlled by the concentration
of para-Dz. Above 11 K there is a rapid increase in T, as
the temperature is raised because thermally activated
self-diffusion motionally narrows the resonant lines and
makes spin diffusion to para-Dz molecules a less effective
relaxation mechanism. However, at temperatures just
below the melt (between 14 and 16.6 K), T, for solid HD
begins to decrease and, as seen in Fig. 5, is independent of
the para-Dz concentration and coincides with the TI for
HD in argon for this temperature range.

A model developed by Bloom" to explain proton relax-
ation in solid HD with ortho-H2 impurities and extended
by Weinhaus et al. ' to explain relaxation in solid ortho-
para D2 mixtures, also to a great extent explains deuteron
relaxation in HD with para-D2 impurities. ' The model
assumes that nuclei in isolated molecules in the J=O
state (HD and ortho-Dz), have intrinsic relaxation times
that are effectively infinite, since these molecules cannot
induce relaxation by undergoing hm J transitions. Only
by transfer of energy to nuclei in 1=1 molecules (spin
diffusion) or, at sufficiently high temperatures, actual
movement of the molecules themselves (self-diffusion) can
nuclear spin-lattice relaxation occur. At the tempera-
tures at which HD is solid it is assumed that essentially
all the HD molecules are in the J=O state. Therefore in
solid HD, there should be a rapid rise in T, as the tem-
perature is raised as well as when the concentration of
J= 1 molecules is lowered because in each case there is a
decrease in the rate of spin diffusion. Since the model as-
sumes that isolated HD molecules have nuclei with
infinite relaxation times, the model predicts that TI can
be made arbitrarily long by making the concentration of
para-D2 in the sample arbitrarily low. To account for the
lack of dependence of T, on the para-Dz concentration at
temperatures just below the melt, previous work' has as-
sumed that a HD molecule has an intrinsic relaxation.
The additional relaxation can be accounted for by intro-
ducing an additional term into Bloom's model. The coin-
cidence, shown in Fig. 5, of the HD in argon T, with the
upper limit for the solid HD T„suggests that the intrin-
sic relaxation time for solid HD is the relaxation time for
HD in argon. Motional narrowing in warm solid HD,
reduces the spin diffusion rate and isolates the HD from
the para-D2 with relaxation results similar to those for
HD isolated from each other by dilution in solid argon.

Examination of data for the relaxation of deuterons in
HD in argon and solid HD suggests that there is an in-
trinsic relaxation time for nuclei in isolated HD mole-
cules. We expect the intrinsic nuclear relaxation of HD
to arise from the molecule making transitions to higher J
states. Previous calculations' ' of the effects of higher J
states on relaxation times for nuclear spins in hydrogen
molecules have assumed that the observed spin-lattice re-
laxation rate can be calculated by averaging spin-lattice
relaxation rates associated with each J state, over all the
J states, using the appropriate weighting factor that
rejects the population of each J state. That is,
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where

(2J + 1 )
—J(J+1)B/T

P(J)=
y (2J+ 1)e

—J(J+1)B/T

J

For ortho-H2 and para-D2 this sum woqld only be over
odd J but for HD this sum would be over all J. For HD
we will assume that 1/T, (J=0 HD) = 0 and that at the
temperatures of this experiment ( (100 K) the popula-
tion of HD molecules with J) 1 is small. Under these as-
sumptions Eq. (1) reduces to

—28/T 1

1+3e zB/r T)(J= 1HD)

10

10

10

I
HD(n Ar

I

p-D2 in Ar

where 1/T, (J=1 HD) is the relaxation rate for a J= 1

HD molecule. Therefore, for HD in argon, the relaxa-
tion rate is proportional to the population of molecules in
the J=1 state, which decreases exponentially as the tern-
perature is reduced.

It is possible that there could be two relaxation rates,
one for the molecules in the higher J state that is relative-
ly fast and one for the ground-state molecules that is
much slower. However, as seen in Fig. 1(b), MoT is con-
stant over most of the temperatures studied. If there was
a population of molecules with nuclei relaxing either too
fast or too slow compared to the time scale of the T&

measurements, MoT would have an exponential tempera-
ture dependence. We monitor the recovery of the same
number of HD molecules, and they are observed to have
a common relaxation time (single T, ). Therefore the rate
of the b,J transitions I (b,J) is fast compared to the relax-
ation rate (1/T, ).

We assume then that there is a single relaxation rate
that, according to Eq. (2), is proportional to the probabil-
ity of finding a HD molecule in a J= 1 state. Equation
(2) can be used to calculate relaxation times for J= 1 HD
molecules from the observed relaxation times if e is
known. For a free HD molecule e is 64.2 K. However,
by matrix isolating HD, the static crystal fields from the
argon environment could admix a J= 1 component into
the rotational ground state and possibly change the ener-
gy difference between the ground and first excited state.
The admixture of higher J states into the rotational
ground state is known to occur for HD in amorphous sil-
icon. Volz et al. ' discovered unusual multiple deuteron
spin echoes arising from HD trapped in amorphous sil-
icon over a temperature range from 10 to 100 K. For
these echoes to form there must be an admixture of J= 1

into the rotational ground state in order for the molecule
to have nonzero intramolecular quadrupolar and dipolar
coupling constants. For HD in argon there are no detect-
able deuteron multiple echoes. The crystal-field interac-
tion at the HD sites in argon is n'ot an appreciable frac-
tion of the 128 K 6J splitting and the admixture of J= 1

into the rotational ground state needed to produce a
detectable multiple echo component is insufficient.
Therefore, we expect that the ground state is primarily a
pure J=0 state and that e for HD in argon is very close
to that of a free HD molecule.

Assuming that e for HD in argon is 64.2 K, Fig. 6 il-
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FIG. 6. Comparison of deuteron T, (J=1) times for HD in
argon calculated from Eq. (2) (open squares), with T&'s for
ortho-H2 in argon (open triangles) from Ref. l and para-D2 in
argon (open circles) from Ref. 2.

lustrates the deuteron T, (J= 1 HD) times deduced for
HD in argon (open squares) and plots for comparison the
T, times for para-D2 in argon (open circles) and the T,
times for ortho-H2 in argon' (open triangles). The HD in
argon deuteron T, (J= 1 HD) times are nearly two orders
of magnitude larger than the para-D2 times at the same
Larmor frequency. Inspection of Fig. 6 also reveals, that
in contrast to the ortho-H2 and para-D2 molecules, there
is no T, (J= 1 HD) minimum over the 10—70 K tempera-
ture range. It appears that for this temperature range the
correlation frequency of the Auctuation that induces
deuteron nuclear relaxation in HD is much larger than
the 3.4X 10 sec ' Larmor frequency.

RELAXATION OF ISOLATED
J= 1 HYDROGEN MOLKCULKS

The nuclear spin-lattice relaxation for J= 1 H2 mole-
cules (ortho-H2) in a solid nonmagnetic host has been cal-
culated previously. The calculation considered the effect
that the static electric-field gradients from the host have
on the reorientation rate of the molecular angular
momentum (b mJ transitions). It was shown that nuclear
spin-lattice relaxation rates depend on the symmetry of
the crystal-field gradients. Three symmetry cases were
considered: cubic, axial, and no symmetry. The Hamil-
tonian connecting the nuclear spins to the molecular an-
gular momentum can be written in terms of an expansion
of multipole operators. For the molecular angular mo-
menta, each multipole operator has an associated correla-
tion function characterized by a decay rate I . The nu-
clear spin-lattice relaxation rate can be expressed in
terms of these decay rates. In practice only the I = 1 (di-
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Hsr =&~i&m ~(m&lm

co, = co, [2I(I—+ I)I9]'
(3)

where the 3& and 81 are the irreducible multipole
operators for the molecular and nuclear spins, respective-
ly, and I refers to the nuclear spin, where
co, (H) =5.479 X 10 sec ' and co, (D) =0.842X 10 sec
By methods used earlier we obtain the HD spin-rotation
relaxation rate 1/Ti'J

srTi,J=1
4

ci)~F) ( coo ) (4)

in the case of cubic symmetry, where ~o is the frequency
of the experiment and

polar) and 1=2 (quadrupolar) operators need be con-
sidered. The results then are expressible in terms of the
two decay rates I i and I 2, which characterize the in-
teraction of the molecular angular momentum with the
lattice phonons. Under most conditions any angular
variation in the interaction of the molecules with the
phonons can be neglected. Lack of an angular variation
means that I 2=0.6I, for ArnJ transition. Knowledge of
the relaxation times and the appropriate symmetry of the
crystal-field gradients can be used to calculate the molec-
ular decay rates.

The calculations for Ti of H and D nuclear spins in
HD are very similar to the calculations for the relaxa-
tion of H and D nuclear spins in H2 and D2, respectively.
Thus the details of the calculations will be omitted. We
shall first present our results for the T, relaxation of H or
D nuclei in a HD molecule in a J= 1 state. There are
three distinct contributions to these relaxation rates,
namely the spin-rotation, quadrupolar, and dipolar con-
tributions.

The spin-rotation Hamiltonian between the H (or D)
nuclei and the molecular angular momentum can be writ-
ten as

are the molecular correlation functions and I
&

are the
molecular relaxation rates. For molecules in environ-
ments of axial symmetry we obtain

where z is the cosine of the angle between the magnetic
field and the axis of the electric-field gradient (efg). For
the case of no symmetry, we obtain

H =ACO2X A2 82

co2=cog/v 10[I(I+1)(2I—1)(2I+3)]'J

where co& is zero for H and co&(D) = 1.426 X 10' sec
The relaxation rates (for D) in the case of cubic symmetry
are

3~Q [4F2(2~0 2~ )+F2(~0 ~x ) ] (9a)

where co =y Ho, y is the gyromagnetic ratio for the
HD molecule, and Ho is the external magnetic field. For
axial symmetry,

r, =o.
The above results were derived in our earlier work. Fur-
ther, as in earlier work, cubic symmetry refers to a situa-
tion where all of the splittings arising from electric-field
gradients are small compared to the I &. The case of axial
symmetry refers to the situation where one electric-field
gradient is large compared to the I &. If there are more
than one large electric-field gradient, then no symmetry
obtains.

The quadrupolar interaction of the nuclear spin with
the molecular angular momentum is described by the
Hamiltonian

Tf,J=I
=

—,'co& [3( 1 —z ) F2(2coo)+ —,'(z +1) F(2coo —2'„z)+—,'(1 z) F2(2'—0+2'„z)+3z (1—z )F2(coo)

+ —,'(1 —z )(1+z) Fq(coo 2'„z)+—,'(1 —z—)(1 z) F~(coo+2cjJ —z)] .

Finally, for no symmetry,

Tf,J=1
=3'&{—,'(1 —z ) Fz(2coo)+ —'(1+6z +z )F2(2coo)+ —,'(1 —z )rF2(2coo)

+F2(a)o)[ —,'z (1—z )+ —,'(1 —z )(1+z ) ——,'(1 z) r]]— (9c)

In Eq. (9c), as in earlier work, r varies between —1 and +1 and refiects the size of the off-diagonal elements of the
electric-field-gradient tensor.

The dipolar coupling between the nuclear spins depends on the orientation of the molecular axis and thus on the
molecular angular-momentum operators. The Hamiltonian can be written as

Hd —%co"[&2Ap 0[I~ZI2~ &(I~+I2 +I] I2+ )]+&V3[ A2 2I~ I2 + A2 pI]+I2+ ]

3[3 ~ ) (II,I2+ +I2zI, + ) ]—[ 2 2 ) (I„I2 +I2,I ( ) ] ] (10)

where ~"=2@,y2/5R and I, refers to the n component of spin species H or D. The results for the relaxation rates
are, for cubic symmetry for spin Ii
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d
1 J —1

~2IF2(~1 ~2)+6F2(~1+~2 ~x )+3F2(~1 ~x ) I

cod =co"[I2(I2+ 1)/3]'
(1 la)

=co2d {—'(3z~ —1)F2(co)—co2)+ —', (1—z ) [F2(co)—coz —2'„z)+F2(co)—ai2+2co„z) ]d
1 J—1

Here co, is the resonant frequency under consideration (H or D), while co2 is the frequency of the other species (D or H).
For axial symmetry we obtain

1

+—', (1 z) —F2(co, +co~)+ —,'(1+z) F2(co, +co2 2' —z)+ —', (1 z) F—2(co, +co2+2co z)

+—', z (1 —z )F2(cgii)+ —'(1 —z )(1+z) F2(a)i —2'„z)+—'(1 —z )(1 z) F—2(coi+2co„z)]

and, for no symmetry,

(1 lb)

d
T1,J=1

=cod [ —'(3z —1) F2(co& —co&)+ —', (1 —z ) (I+r)F2(co& —co2)+ —'(1 z) F—2(co&+co2)

+—', (1+6z +z )F~(co, +co&)+—,'(1 z) rF—2(co, +co2)+ —,'z (1—z )F2(co, )

+ —,'(1 —z )(1+z )F2(co, )+ —,'(1 —z )(z —1 )rF2(co, )] . (1 lc)

If we sum over the H„, H, Hd rates, average over all
angle, and look only at frequencies much greater or much
less than the I I, the expressions become much simpler.
For example, we can write

(12)

TABLE II. HD rate coeScients and T, J=, ratios for cubic
symmetry and for no symmetry.

(units of 10' sec )

Cubic symmetry

f =0.6 f=1.0
No symmetry

f =0.6 f =1.0
169.2
56.9
57.4
54.0

270.0
60.5
34.8
48.4

3.18
1.79

22.6
5.78

5.30
2.98

13.5
3.45

[T, (H)/T, (D)]J=, ratios

m»I,
and same Ho
for H and D

co « I I

126

1.06

189

0.719

75.4

3.91

75.4

3.91

The value of A, and A2 in units of 10' sec are given
in Table II for values of the f ratio I'2/I, equal to 0.6
and 1.0. Also given in Table II are the consequent pre-
dicted ratios [T,(H)/T, (D)]~, for the symmetries and
frequency ranges considered.

With the usual anharmonic-Raman AmJ mechanism

f=0.6. However, if the molecular relaxation is dominat-
ed by the changing of J states, f= 1 and I

&

=I
2 is the

rate of the molecule going from J=1 to 0. To get the ob-
served rate 1/T, appropriate for either case, the
1/T, J, expressions must be multiplied by the probabil-

I

ity of being in the J= 1 state, Eq. (2).
The nuclear relaxation data (Fig. 6) of Conradi,

Luszczynski, and Norberg' and of Mohr exhibit T&

minima for 0-H2 and p-D2 matrix isolated in solid Ar.
Thus for H2 and D2 the molecular I & rates passJ
through the nuclear Larmor frequencies (20 and 55 MHz)
as the temperature is decreased between 20 and 10 K.
The magnitudes of the proton and deuteron T& times at
the minima demonstrate that the observed 0-H2 and p-Dz
experience static electric-field gradients of low symmetry
(the no symmetry case) and large compared to the nu-
clear Larmor frequencies (1.3 and 3.5 X 10 sec ', respec-
tively). It is reasonable to anticipate that HD will be situ-
ated at similar sites in cold solid argon, with large static-
electric field gradients of no symmetry. In this case the
calculated results given in Table II predict HD ratios
[Ti(H)/T&(D)]J i of either 3.9 or 75, depending on the
magnitude of I &. However, recent measurements by
Lyou' have shown that, between 20 and 45 K, HD in
solid Ar shows relaxation times T, (H)=Ti(D) in an
8.5-T field. The T, data are believed to be accurate to
within 10%. From Table II, the indicated conclusion is
that the HD nuclear relaxation in solid Ar takes place
under conditions of cubic symmetry (small electric-field
gradients), f=I"2/1, =0.6, and I &))co. We conclude
that the HD molecular relaxation proceeds via a I z J
process and not a I zJ process, since for the latter case I,
necessarily is equal to I z and f=1, contrary to Lyou's
result.

The temperature variations of the HD-Ar deuteron
T& (D) data in Figs. 4 and 6 are consistent with I i ))co,
since no T&(D) minimum is observed, and Ti z i(D) in-
creases with increasing temperature in a manner similar
to that for T, (o-Hz) and T, (p-Dz) on the warm sides of
their T, minima. Accepting no symmetry, f=0.6, and
I

&
))co for HD in solid Ar, Eq. (12) and the T, z, data

of Fig. 6 yield the molecular I 2(T) results plotted at the
top of Fig. 7. The deduced HD molecular Am J rates are
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FIG. 7. Comparison of the temperature dependences of the
molecular decay rates I"2(I = 1 HD), I 2(ortho-H2), and
I 2{para-D2) for these molecules in solid argon. The tempera-
ture dependence of I is very similar for all three molecules and
arises from anharrnonic Raman phonon coupling. The varia-
tion in the magnitude of I arises from each molecule having a
different phonon-coupling coefficient C, defined by Eq. (13).

seen to be two orders of magnitude larger than those for
o-Hz and p-D2 and range from 2X 10' to 1 X 10' sec
between 12 and 60 K.

The temperature variations of the I 2 results in Fig. 7
can be fitted very well by assuming that the molecular
Am J transitions result from anharmonic phonon quadru-
polar interactions. The model of Van Kranendonk and
Walker then can be used to describe the temperature
dependence of the molecular decay rate as

I 2(bmJ)=CE*(T*)T* (13)

where C is the phonon coupling coefficient, E*(T*) is a
tabulated function, and T* is a reduced temperature
T/6, . The temperature 0, is a characteristic of the host
matrix for the hydrogen. Fits of the Fig. 7 I 2(T) results
to Eq. (13) yield phonon-coupling coefficients of
CH =3. 1 X 10 sec ' for o-Hz in argon, '

CD =6.2 X 10
sec ' for p-D2 in argon, and CHD =6X10"sec

From the NMR Tj data we conclude that the dom-
inant HD molecular relaxation mechanism arises from
reorientations of the molecular angular momentum (b,mJ
transitions) and not from changes in the magnitude of the
angular momentum (AJ transitions). This is generally to
be expected for all of the hydrogens in Ar. Since the
characteristic vibration frequency' of all of the hydrogens
in Ar is about 40 K, the Debye temperature for Ar is 82
K, and the splitting between the J=O and 1 states for
HD is 128 K, it would require the emission or absorption
of at least two phonons to aid the hJ transition. This
makes such a process slow.

We also note that the molecular relaxation rate in-
ferred for Dz in Ar is twice the rate for H2 in Ar. A fac-
tor of order 1 or 2 is about what one would expect given
the mass difference and ensuing effects on vibrations.
However, the molecular relaxation rate deduced for HD
in Ar is two orders of magnitude greater than the relaxa-
tion rate for Hz or D2. The reason for this is that the
center of mass (CM) and electrical or force center (FC) of
the HD molecule are not the same but differ by about
0.12 A. The molecule tends to rotate about its CM, but
its equilibrium place in the lattice and force between it
and its neighbors is determined by the position of the FC.

First let us consider the interaction of the angular
momentum of an H2 or D2 molecule in a J= 1 state with
the surrounding lattice. Since the molecule is (slightly)
asymmetric, the molecule pushes the surrounding Ar
atoms as it rotates. (For Ar and for the hydrogens a
reasonable view is that the molecules or atoms are essen-
tially touching. ) Now when the HD molecule rotates
about its CM, the FC will move by about 0.25 A. Thus
the rotation must also be accompanied by a translation
that tends to keep the FC near the equilibrium position.
This combined rotational-translational motion gives the
HD an effective radius that is considerably greater than
the radius of a Hz molecule. Since the molecule is tightly
packed into the Ar lattice, this larger effective radius
means that the rotational motion of the molecule will
have a considerably larger effect on the surrounding Ar
atoms. Thus the coupling constant for the HD angular
momentum —phonon coupling will be increased and C,
the phonon-coupling coefficient in Eq. (13), is proportion-
al to the square of this coupling constant.
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