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The observed narrowing of the NMR line shapes of HD impurities in solid parahydrogen is
interpreted in terms of a motional narrowing effect due to quantum tunneling. This model is
successful in describing the dependence of the HD linewidths on the orthohydrogen concentra-
tion. (0.1—4 at.%) and predicts a tunneling frequency J ~ 1 kHz. This value can be understood
in terms of current views of tunneling in quantum solids which predict that three-body cyclic
permutations dominate the tunneling processes in hep 3He and H,. Estimates of the tunneling
frequencies to be expected for H, based on the experimental values for 3He are in close agree-
ment with those needed to explain the NMR results.

I. INTRODUCTION

Low-temperature NMR experiments!-2 on HD (400
ppm) and ortho-H, (0.1—4 at.%) impurities in solid
para-H, have revealed the existence of a significant
hitherto unsuspected movement of the molecules in
solid hcp hydrogen at very low temperatures (T > 25
mK). The proton NMR line shapes of the HD im-
purities are apparently Lorentzian and have a
temperature-independent linewidth at least an order
of magnitude smaller than that calculated for a rigid
lattice. This suggests that the HD line shape is nar-
rowed by some mechanism which modulates the
dipole-dipole interactions between the HD molecules
and the ortho-H, molecules (the para-H, molecules
with total nuclear spin / =0 do not contribute).
Nevertheless, the linewidths of the signals attributed
to isolated ortho-H, molecules! are not narrowed and
any mechanism used to explain the motional narrow-
ing of the HD spectra must be effectively quenched
for the ortho-H, molecules.

These properties can be understood if one intro-
duces a large three-body cyclic permutation rate for
molecules in hcp hydrogen analogous to that predict-
ed for hcp *He.?> Early estimates of the tunneling (or
exchange) rate in solid hydrogen based on two-
particle exchange calculated using single-particle
Gaussian wave functions and two-body Jastrow corre-
lation functions lead to very small two-body exchange
frequencies* (107 to 107! Hz) which are at least
three orders of magnitude too small to explain the
NMR results. This method which considers only
two-body correlations is, however, inadequate for the
description of the correlations during the tunneling
processes. The theory of tunneling in quantum crys-
tals has to be reexamined in order to understand the
origin of the preponderant four-body and three-body
tunneling rates (with respect to two-body exchange)
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needed to explain the unusual properties of solid *He
at temperatures where the exchange leads to nuclear
spin ordering.’~%

Delrieu, Roger, and Hetherington®7-8 have made a
first step in this direction by considering the restric-
tion imposed by the hard-core repulsions on the
“‘true’’ wave function during the tunneling. They
show that the most significant type of tunneling is
that which requires the least disturbance for the sur-
rounding atoms. Four-particle permutations are
favored for bce *He while three-particle permutations
dominate the tunneling processes in hcp *He. . This
means that the ‘‘exchange’’ frequencies deduced
from NMR experiments in hcp *He should be attri-
buted principally to three-body cyclic permutations
rather than two-body exchange. For example, we
consider a box of hard spheres representing the
atoms located at the sites of an hcp lattice; at high
densities, when the box is small, no exchange of the
spheres is allowed and on increasing the size of the
box (thereby reducing the density) the first type of
exchange that is allowed is a three-body cyclic permu-
tation. (The reader is referred to Ref. 3 for a
comprehensive discussion.)

In Sec. II we present two methods for the estima-
tion of the permutation frequency in solid para-H,
using the simple model of Delrieu ef al.37-% We
show that solid H; is similar to solid *He at a density
of 15 cm?/mol. This model fits quantitatively the
observed frequencies in solid hcp *He as a function
of the density and we use it to calculate the tunneling
frequency in solid'H,. The essential point is that the
Gaussian overlap formula for the exchange used by
Oyarzun and Van Kranendonk* must be replaced by a
formula for the tunneling frequency which is ex-
ponential and not Gaussian. The physics of the tun-
neling processes in the model presented below is par-
ticularly transparent and we limit the analysis to a
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simple formulation.

In Sec. III we discuss the physical consequences for
the experimental results and in particular explain why
HD impurities undergo fast movement contrary to
ortho-H; impurities for which interchange is inhibited
by their large mutual quadrupolar interactions. Final-
ly, we present additional physical consequences of the
tunneling motion which remain to be tested.

II. CALCULATION OF THE TUNNELING
FREQUENCIES

A. Previous calculations

Oyarzun and Van Kranendonk* have estimated the
exchange frequency in solid hydrogen by using the
simple formula obtained by Guyer and Zane® from the
overlap of single-particle Gaussian wave functions
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o is the Lennard-Jones diameter, R, the lattice con-
stant, m the molecular mass, and « the width of the
single-particle distribution. They find for H, at
P=0,J~10"*-10"! Hz. It is instructive to observe
to what extent the values of J given by formula (1)
fit the experimental values for the exchange in solid
3He. The calculated value of J is extremely sensitive
to the exact value of o in the exponential but the
values of a? reported in the literature are unfor-
tunately inconsistent. Guyer and Zane’® find values
of J three times smaller than the experimental ones
using the values of o given by Sarkissian!® and it has
been shown by Mac Mahan!! that o? remains essen-
tially undetermined to within a factor of 2. The most
reliable value of a? seems to be that obtained by
Hansen and Levesque!? who use an exact Monte Car-
lo integration of the variational wave function to cal-
culate the ground-state energy. They find values of

J. M. DELRIEU AND N. S. SULLIVAN

2

a? smaller than those quoted by Sarkissian!® (by ap-
proximately 2) and for Hansen and Levesque’s
values we calculate using formula (1), exchange fre-
quencies J ~5 GHz for V,, =24 cm?®/mol and

J ~200 MHz for V,, =18 cm?/mol for solid *He.
These theoretical values are 300 times larger than the
experimental values.

In a revised calculation Landesman® finds a dif-
ferent preexponential factor for formula (1) which
reduces the calculated values of J by a factor of ap-
proximately 10. Since the values of a? are signifi-
cantly larger for solid H,, it is clear that we cannot
have any confidence in the crude formula (1) for the
exchange frequency. The most compelling reason for
reanalyzing the calculation of tunneling frequencies
in quantum solids is the need to understand the ori-
gin of the three- and four-particle exchange needed
to explain the low-temperature properties of solid He.

B. Similarities between the tunneling
in solid H, and solid 3He

The first obvious approach is to use the experi-
mental tunneling frequency for solid *He as a scale to
estimate the frequency in solid H,. We first consider
the difference in the interaction potentials for H, and
SHe. Both are essentially hard-core potentials with a
small long-range attractive contribution (see review
paper of Silvera'®). It is interesting to normalize
these potentials U (r) to their hard-core diameter a
using reduced units r/a and (U)2m o?/k%. The value
of the hard-core diameter is given by Kalos ef al.!* as
the scattering length of the respulsive hard-core con-
tribution to the potential, @ =0.8368 ¢, where o is
the characteristic length of the Lennard-Jones poten-
tial [U(o) =0]. The values of these parameters for
H, and *He are listed in Table I and the normalized
potentials are compared in Fig. 1. The potential for
H, is deeper than that for *He resulting in a shorter
equilibrium distance rq (in reduced units) for H,.
The value of req for H, at ¥, =22.8 cm™/mol

TABLE L. Parameters used in the calculation of the tunneling frequencies in hcp 3He, hep Hy, and hep D,. R,, and e, define
the minima of the pair potentials of Fig. 1 in reduced units. a =0.8368¢ is the hard-core diameter (Ref. 14). The compressibil-
ities are taken from the experimental results given in Refs. 20 and 13.

V, (em3/mol)  Ry(A) o(A) a(A) R, €, Pla) A0 bar) J(uK) J(kH2)
19.25 356 2.556 2319 134 832 118 1.64 14.4 300
3He 18.0 348 2556 2319 134 832 171 1.04 1.28 27
17.75 347 2556 2319 134 832 188 1.00 0.88 18
H, (para) 23.16 379 296 2477 142 2495 0 0.48 0.46 9.5
2 220 372 296 2477 142 2495 110 0.36 0.006 0.12
D,(ortho) 19.95 3.61 296 2477 142 2495 0 0.25 106 ~1075
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FIG. 1. Pair potentials for He and H, in reduced units
V¥(R*) =V (R)/(#%/2m o?) and R* =R /a where o is the
characteristic length of the Lennard-Jones potential
[VY(g) =0] and a =0.8368¢ is the hard-core diameter
(Ref. 14). The *He-*He potential is calculated for a
Lennard-Jones form (V;,=-10.22 K, 0 =2.556 A) and
the H,-H, potential is taken from the semiempirical form .
discussed by Silvera (Ref. 13) (V ;,=-34.3 K, =2.96 A).
The distances corresponding to the nearest-neighbor lattice
spacings are indicated by the arrows in the figure.

corresponds to reduced units to solid *He at a density
of

a (*He)

VM(HZ) a(Hz)

3
] =15.1

in cm3/mol. As first pointed out by Kalos et al.,!*

when re > r,, [where r,, is the distance for which

U (r) passes through a minimuml, i.e., when the
zero-point motional energy remains comparable to
the potential energy, the wave function for quantum
hard-core solids is very close to that of a hard sphere
quantum solid. In this case the total energy is given
by zero-order perturbation theory using the exact
wave function of the hard sphere quantum solid. For
this reason the wave functions of solid H; and solid
3He at the same reduced volume are quite similar and
their tunneling frequencies are therefore of the same
order of magnitude in reduced units

2my03 ~JCHe) 2m;03

J(H,) P -ﬁ—z—

)

An extrapolation of the experimental values of J for
hep solid *He given in Fig. 32 of Ref. 15 for

15 < V,, <17 cm’/mol gives J(H,) =2 kHz. This
result is at least four orders of magnitude larger than
that given by Oyarzun and Van Kranendonk.*

C. Model calculation of the tunneling
in hep *He and hep H,

A second method is to consider the physics of tun-
neling in solid *He, in order to derive a simple ex-
pression fitting the experimental values in hcp *He,
which is then used to calculate the tunneling frequen-
cy in solid H,. This enables one to estimate the
difference in the tunneling frequency for H, and *He
at the same reduced molar volume V,, due to the
differences in the attractive potentials. At first sight,
since the potential decreases more for H, than for
3He when the particles are close together, one would
predict qualitatively that the tunneling frequency for
H, is larger than that given by relation (2).

We will use the model presented in Ref. 3 based
on the remarks of Thouless.!® The atoms spend
most of their time near a given lattice site, i.e., in a
configuration where the wave function ¢ is max-
imum. Following Thouless we call this configuration
a cavity. There are N! possible permutations of the
N atoms among the different lattice sites, and conse-
quently there are N! cavities in configuration space
for the positions of the atoms. Exchange of some of
the atoms then corresponds to a permutation move-
ment of the atoms connecting two cavities via config-
urations of low probability since (as shown in Fig. 2)
the hard-core repulsions severely reduce the avail-
able free space during exchange. In configuration
space the tunneling is therefore described by a move-
ment in a long narrow duct connecting two cavities.
It is important to realize as stressed in Ref. 15, that
the mathematical structure of the variational wave
function (i.e., Gaussian) which is valid inside the cav-
ities for the evaluation of the energy can be quite
wrong for the description of the tunneling in the
duct. For example, in a narrow duct of constant
cross section, the wave function decreases exponen-
tially along the duct in contradiction to the extrapola-
tion of the Gaussian wave function. This explains
clearly why the tunneling frequency can be severely
underestimated using the formula (1) at high densi-
ties.

What is remarkable is the fact that in this duct, the
pure potential energy U’ alone is reduced with
respect to that in the cavities since during the tunnel-
ing, the particles are closer together (but remain at
distances larger than r,,, except at very high densi-
ties) and therefore see a deeper potential during the
exchange. The exchange in quantum solids should
not therefore be regarded as a tunneling through a
potential energy barrier but rather as a tunneling
through a kinetic energy barrier U° associated with
the reduced available zero-point motion for the ex-
changing particles (Fig. 2). The preceding estimate
(Sec. IIB) of J in H, starting from the experimental
values for *He therefore neglects the difference in
the potential energy 8U” for *He and H, with respect
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FIG. 2. Geometrical representation of three-particle tun-
neling (via cyclic permutation) in the (100) plane of an hcp
lattice at the density of solid hydrogen (Ry/a = 1.5 where a
is'the hard-core diameter). The permuting atoms are the
three atoms in the center which are maintained at the equili-
brium distance R, from each other. They turn on a circle of
radius (1/\/§)R0. The three surrounding bold faced atoms
move a distance 8x = (1 — l/ﬁ)Ro if they are maintained at
the distance R from the exchanging atoms. In order to
take into account the compressibility of these surrounding
atoms, this dispalcement is reduced to 0.85x in the figure.
The volume taken by the three exchanging atoms is that of
a cylinder of radius R = (% + l/\/E)Ro and of height
hy= \/’%RO containing the three exchanging atoms (in the
dashed circle of radius R). [When the upper (or lower)
(100) plane has an atom above (or below) the center of the
ring of exchanging atoms the upper and lower atoms are
not perturbed in the exchanging configuration so that the
equilibrium height # is taken for the height of the cylinder.]

to that for the kinetic energy 8 U during the ex-
change. This leads to errors since U” and U? are of
the same order of magnitude.!” For this reason a
more detailed model is necessary.

It has been shown®37-8 that the true wave function
along a fall line £(¢) in the duct obeys a one-
dimensional Schrédinger equation

_r 3y -
P2 v viu=£v 3)

where the effective potential
2
V(1) =2 Tny() + U ;
2m

V, is the gradient in configuration space orthogonal
to the tangent to the line £(1), ¢ being the curvilinear
coordinate along the fall line. ¥ () can be evaluated
using a variational function ¢ in the place of , be-
cause V is essentially the energy of the system in the
exchange configuration for a given value of +. A
complete consistent treatment of the problem is com-

plex because one would need to (i) evaluate V(1)
variationally and (ii) determine the optimum trajecto-
ry £(¢) for the tunneling; i.e., the ‘“most probable
escape path’> (MPEP)'® defined by the maximum
value of  on the exchange surface = midway
between the cavities. The MPEP corresponds to the
trajectory which minimizes fx/2m (V—E)d Itcan
be shown? that this corresponds to a displacement of
the surrounding atoms similar to that for a static elas-
tic deformation for short distances with an exponen-
tial cutoff at long distances, in order to minimize the
product JVL. [Vis the effective potential related to
this deformation and L the length of the line £(¢).]

Although the solution of this complex problem is
possible,? it has not been pursued and we therefore
consider a simple physical estimate of V' and L. The
tunneling frequency is then given by the difference in
energy of the symmetrical and antisymmetrical eigen-
states of the one-dimensional Schrodinger equation,
Eq. (3). As shown in the thesis of Roger,!? the ef-
fective potential has an approximately sinusoidal
shape as reproduced in Fig. 3. For this reason we
take the simple shape with only one Fourier com-
ponent,

(V) mt | S
Vie)=—2Yeos T +V , 4
(1) 5 oS 4)

which when used with Eq. (3) leads to a second-order
differential equation which turns out to be Mathieu’s
equation!’

d2

—12+(a—2qc052v)y=0 (5)

dv
for the variables v=mt/2L and g =—2mL*8V/ w2
The solutions b, and a, of Mathieu’s equation as
given by formula (20.2.31) of Abramowitz and

Vit)

<l

0 ty=L t

FIG. 3. Approximate form for the potential for the tun-
neling as a function of the distance ¢ in configuration space.
The point ¢ =t5 corresponds to the configuration shown in
Fig. 2 for which the permuting particles are in positions of
closest approach to their neighbors. (This corresponds to
the center of the duct connecting the two cavities in con-
figuration space.)
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For the J defined here the tunneling Hamiltonian be-
comes H =J2@®; where @ is the corresponding
permutation operator. For a given tunneling process,
J can be calculated once 8V and L have been evaluat-
ed. .

A simple valid estimate of the effective potential
energy can be obtained by observing that the ex-
changing particles compress their surroundings and
dv can therefore be taken to be the energy of
compression of the surrounding particles due to the
increase in volume AV taken by the exchanging parti-
cles
1 (AV)?

14
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AV =V — V, is the increase in volume of the
exchanging atoms, P the pressure, and 8
=—(1/V)9V/93P the experimental compressibility at
equilibrium at 7=0. The tunneling is maximum for
minimum AV (for a given length L) and the
geometrical analysis of Ref. 3 shows that this
corresponds to the cyclic permutation of three atoms
as shown in Fig. 2. It should be noted that different
types of three atom cyclic permutations can occur for
an hcp configuration according to the different possi-
ble arrangements of the nearest neighbors of the ex-
changing atoms. For example, in Fig. 2, the upper
(and lower) plane may, or may not, have an atom lo-
cated at the center of the circle of the three permut-
ing atoms. The same remark is true for the cyclic ex-
change of three atoms in planes other than the basal
plane.

At equilibrium the volume V) of the three ex-
changing atoms is

for the hcp lattice. (R is the nearest-neighbor
separation.) In the exchanging configuration, the
volume taken by the exchanging atoms (taken to be
at a separation Rg) is that of a cylinder of height

h0=\/2/3R0 (9)

Ri =3V, (8)

(equal to the height of the cylinder occupied by each
atom in equilibrium) and radius

R = Ry (10)

1, 1
._+___
2 3

as shown in Fig. 2; R is the radius of the circle drawn
through the center of the three-nearest surrounding
atoms at their equilibrium position. The increase in
volume is therefore

AV =V —=Vy=aRhy— Vy=121V,, . (11

The exchange length L =[ 3, (8x,)2]'% is given by
the sum of the squares of displacements of (i) the
three exchanging atoms, each of which moves on a
circle of radius R — %R0= Ro/~/3 with an angular dis-
placement 7/3, giving

21172

-
-3 R, , (12)

m Ro
3.V3
and (ii) the displacement of the surrounding atoms
which is essentially that of the three neighboring
atoms as shown in Fig. 2. If the latter are maintained

at a distance R, from the other atoms, they move a
distance

e

axs[1—7‘.3—lR0 . (13)

In order to take into account the compressibility of
the surroundings we reduce this displacement to
0.85x. Only a detailed complex solution of the dis-
placement of the atoms in the potential V could give
an exact description of the compression of the sur-
rounding atoms, and also of the exchanging atoms.
Nevertheless, this simplified estimate will not be far
from the true value. Thus we take

L=[L¢ +3(0.85x)21"2=1.2R, . (14)

Using the experimental values of the compressibili-
ty given by Straty and Adams?® (see Table II), the
theoretical values of the three-particle cyclic permuta-
tion (or exchange) frequency can be calculated for
solid *He using formulas (5), (6), (7), (8), (11), and
(14). The results of the calculation are shown in Fig.
4 as a function of the molar volume and compared
with the experimental values given by Guyer,
Richardson, and Zane.!> The agreement is satisfacto-
ry. We have also used this formula for the bcc phase
of solid *He although the nature of the exchange is in
this case physically different and corresponds to mul-
tiple four-spin exchange for which formula (6) is
valid if we know the values of AV and L. For the
bce phase we therefore have an equivalent empirical
formula for AV and L, and the close fit to the experi-
mental data shows that AV and L are of the same
order of magnitude in the hcp and bec phases at the
equivalent densities, although the nature of the ex-
change is different for the two phases.

Since the tunneling frequencies calculated using the
model described above are in good agreement with
those determined experimentally for hcp *He for a
wide range of densities, we can confidently apply the
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FIG. 4. Comparison of the calculated tunneling frequen-
cies and the experimental values for 3He as deduced from
heat-capacity measurements and NMR experiments (see
Ref. 15). The solid line represents the frequencies calculat-
ed from Eq. (16) in the text using experimental values of
the compressibility 8 for the different molar volumes of hcp
3He. The broken line gives the values obtained from the
same formula using experimental values of 8 for the bce
phase of 3He at different densities. Formula (6) in the text
is of course applicable for both three and four atom tunnel-
ing provided one uses the correct volume change and path
length for the permuting atoms. (All the high-temperature
NMR results have up until now been interpreted in terms of
a Heisenberg exchange interaction.) In the hcp phase the
predominant three-atom tunneling can be expressed as a
sum of three Heisenberg interactions and the values of J cit-
ed in Ref. 15 are directly related to the three-atom tunneling
rate. While both four-atom and three-atom exchange
predominate in the bcc phase, thereby complicating the
analysis of the NMR results, the values of J cited in the
literature do nevertheless provide an estimate of the three-
atom and four-atom tunneling rates (Ref. 8).

same formula (6) to hcp H, using the compressibility
data published by Wanner and Meyer?!' (see Table

D. We find J =9 kHz at P=0 and J =130 Hz at

P =100 bars. This show that the tunneling frequency
in solid H; is also a very sensitive function of the
pressure as a result of the rapid decrease of the
compressibility with increasing density.'

This new physical model of the exchange relates
the tunneling frequency to the elastic properties of
the solid. The experiments of Refs. 1 and 2 were
sensitive to the movement of HD impurities in hcp
H,. We therefore need to estimate the cyclic permu-

tation frequency of one HD molecule with two para-
H, molecules. The potential U between the HD
molecule and a para-H, molecule is the same as that
between two para-H, molecules. Nevertheless, the
mass of the HD molecule is 3 compared to the mass
2 of the H, molecule and this leads to two opposing
effects for. the effective potential 8V in expression (4).
Firstly, at equilibrium, the zero-point motional devia-
tion of an HD molecule is reduced by a factor of
V273 with respect to that of H,, so that the surround-
ing para-H, molecules around an HD impurity have
more available space for their own zero-point motion.
For this reason, the compressibility of the para-H,
around an HD impurity is larger than that of pure
para-H,; and 87U is therefore expected to decrease
slightly. Secondly, the increased mass of HD is
equivalent to an increase in the path length L for the
exchange, each displacement being weighted by the
mass of the corresponding atom in Schrodinger’s
equation. The total mass of the exchanging particles
(two para-H, and one HD molecule) is 7 in contrast
to the value 6 for pure para-H,. The length L is
therefore increased by a factor v7/6. The value of

g < 8UL? entering in the calculation of the tunneling
frequency therefore changes only slightly for HD im-
purities due to the opposing variation of L and 8.
In the context of this model which explains quantita-
tively the observed exchange in hcp *He we expect a
significant three-body tunneling frequency of the or-
der of 1 kHz for HD impurities in para-H,.

We will now consider the physical consequences of
this model for the tunneling in solid H, for the NMR
properties of HD and ortho-H, impurities. In view of
the complexity of the interactions between the dif-
ferent types of impurities we will limit ourselves to a
simple physical description of the essential features,
leaving a large number of unsolved problems.

III. DISCUSSION OF THE NMR RESULTS

The rapid tunneling in hcp H; predicted by the
above arguments leads to a delocalization of the HD
and ortho-H, impurities if the interactions between
the impurities are negligible. These impurities then
behave as quasiparticles?? (wavelike excitations) that
migrate freely through the crystal with constant group
velocity. The NMR properties of these impurities in
para-H, (linewidth, spin diffusion, relaxation, etc.)
are therefore to be closely related to those observed
for *He impurities in “He.?>~2* We therefore expect a
substantial motional narrowing?® of the HD line
shape due to the modulation of the dipole-dipole in-
teractions between the HD molecules and the ortho-
H; molecules. In order to estimate the NMR
linewidth of the HD or ortho-H, molecules we need
to consider how the motion of these impurities is af-
fected by their mutual interactions. We consider
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firstly the motion of the ortho-H, molecules and
secondly that of HD impurities.

As pointed out by Oyarzun and Van Kranendonk*
it is important to note that the tunneling of the
ortho-H, molecules is severely reduced by their rela-
tively large quadrupole-quadrupole interactions

VQQ ZF(RO/R )5 s
with
r=08K,

which leads to a band of energies of half-width

Fwo =20T X*331:32 where X is the ortho-H, concen-
tration. This value for fwg is consistent with the
NMR experiments of Buzerak ef al.>? After tunnel-
ing from one site to a neighboring site, the energies
of the initial and final states of the ortho-H,
molecules differ by

Fwg >> hJ (J =10* Hz)

and only a fraction

2m) 5 x10-x-5

w9
of all possible transitions can conserve energy. The
effective tunneling frequency of the ortho-H,
molecules is therefore reduced to 2.10~* Hz for
X =1 and the line shape of the isolated ortho-H,
molecules retains its rigid lattice linewidth. It is in-
teresting to note that for very low ortho-H; concen-
trations, the tunneling frequency is no longer blocked
and one expects a motional narrowing of the ortho-
H, line shape for ortho concentrations.

3/5
271 <0.01% .

@9

X <Xxp=

For ortho concentrations X greater than Xcg we
therefore consider the ortho-H, molecules as remain-
ing fixed.

We now consider how the interactions between the
static ortho-H, impurities and the mobile HD impuri-
ties affect the motion of the HD molecules. For the
experiments discussed in Refs. 1 and 2, the ortho-H,
concentrations (0.1—4 at.%) are much higher than
the HD concentrations (400 ppm) and the contribu-
tion of the HD-HD dipolar interactions to the HD
linewidth can be neglected. Unlike the ortho-H;
molecules, the HD molecules are in an orbital quan-
tum state §=0. They have no orientational degree
of freedom, and we can treat them as spherical de-
fects.

Each HD impurity creates a lattice deformation in
its neighborhood due to the difference in the zero-
point motion of the impurity compared to that of the
host para-H, molecules. This elastic deformation sets
up an anisotropic interaction between the HD and the

ortho-H, impurities. The strain surrounding an HD
molecule is due to the difference between the zero-
point translational motion of the HD molecule and
the lighter para-H, molecules. This creates a long
range 1/R? elastic strain field in the crystal analogous
to that estimated for *He impurities in hcp *He.»
The origin of the deformation surrounding an ortho-
H, impurity is quite different. In this case the mass
of the ortho-H, molecules and the para-H, molecules
is identical and the strain field results from the cou-
pling of the rotational degrees of freedom of the
ortho-H, molecule with the translational degrees of
freedom. In an otherwise pure para-H, crystal isolat-
ed ortho-H, molecules experience a crystal field.* 33

V,= 2_‘,13(1%,,)(1 —3cos?0;) ,
J

where B(R) contains a short-range repulsive term
and a relatively long-range attractive term a(Ry/R )¢
(Refs. 34 and 35). For an hcp lattice the lattice sum
2, is vanishingly small and the observed crystal
field’® ¥, =10 mK is due to the weak dependence of
B(R) on the angular momentum (J=1) of the
ortho molecule and deviations from ideal hcp pack-
ing. The crystal fields quoted in the literature3? 3
refer in general to the separation of the lowest energy
levels g, =0 from the degenerate levels . =+ 1.
While this describes the energies of the orientational
configurations of the ortho molecules with respect to
the local crystal molecules it must be remembered
that the crystal-field interactions lead to two effects:
(i) the lifting of the degeneracy of g. levels (i.e., the
orientational crystal field) and (ii) an isotropic lower-
ing of the center of gravity of the J. levels with
respect to the energy of the unperturbed ortho-H,
molecule. These two effects are comparable®® and
both must be considered in estimating the interaction
between the ortho-H, and the HD molecules. If the
isotropic crystal fields of the ortho-H, impurities were
considered separately one would expect a long-range
interaction between the HD and ortho-H; impurities
of the form

U'(Ry) =Ug (Ro/R13)*F'(8y)

analogous to that estimated for *He impurities in
“He.>” R, is the separation of the impurities and
F(6,,) is an angular factor depending on the aniso-
tropy of the elastic force constants of the host crystal.
The anisotropic coupling of the ortho-H, molecules
to the lattice would lead to a shorter-ranged interac-
tion

U"(R12) = Ug' (Ro/R12)F"(81)

In view of the complexity of this problem we have
not attempted any calculation of Uy or Uy’ for H,
and we will consider only a generalized interaction of
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the form
U(R12)=U0(R()/R12)"F(012) . (15)

The kinetic energy of an HD impurity is ~#J and
it can approach an ortho-H, molecule to within a dis-
tance R, such that U(R,) =J

R.=Ro(Uy/I)V" . (16)

If the mean separation of the impurities R = X~'R,
>> R., the HD impurities can be regarded as a rare-
fied gas of quasiparticles or impuritons?>~2 having
states of well-defined energy and momentum.
(Energy bandwidth ~ AJ, group velocity v, =0E/dp
=JR,.?») The diffusion of the HD impuritons can
therefore be treated using ordinary gas-kinetic theory.
The diffusion constant D =v,\ where the mean free
path

A=1/(nog)=Ri/(aX) , o=uR}

is the cross section for the impuriton scattering in the
crystal field due to fixed ortho-H, impurities of con-
centration X.

This impuriton gas regime is valid for very low
ortho concentrations X << X, where

X.=(J/Up)*" an

is the concentration for which the mean separation R
becomes equal to the distance R, for which the kinet-
ic energy is comparable to the elastic interactions.
For high concentrations X >> X., the motion of the
HD impurities is completely modified. As a result of
the elastic interactions the HD molecules are in
strong continuous interactions with the ortho-H, im-
purities, the motion is no longer coherent but can be
described by a diffusive motion? with Dg; = v27p
where

13 _
PR S—— ¢ (n+1)/3 Us . (18)
D Ia Vi Ul / 0
Having established the nature of the movement of
the HD impurities as modified by the crystal-field in-
teractions we are now in a position to estimate the
transverse NMR relaxation rates.

A. Impuriton regime X << X,

In this regime the HD impurities travel freely
through the crystal until they are scattered by the
ortho-H, impurities. The proton spin of the HD
molecule sees a rapidly changing local magnetic field
for a short time t; of the order of the duration of the
collision with the ortho-H, impurities. The local field
seen by the HD molecules consists of sharp spikes
lasting for a time #, = R./v,, but for all practical pur-
poses constant between collisions. The amplitude of

the modulation of the local field during the collision
is AH, = (y&/R2). For the diffusive motion
described above the collisions occur at a frequency
Teay=v2/D and the transverse NMR relaxation rate is
given by?*

1 _
?2' = <(7AHdtd)2>Tcolll
M2r :

J

Ry
R.

M,, =67X kHz? is the rigid lattice second moment for
the HD—ortho-H; nuclear dipole-dipole interactions.
Using the expressions (16) and (17) for the concen-
tration X, for which the impuriton gas regime crosses
over to the continuous interaction regime, we have
(R./Ro) = X7 for all values of n and the relaxation
rate can be written as

LMy, (O 1 (19)
T,

where
Jor=JX 2 . (20)

The HD linewidth A =1/T, depends linearly on

the concentration for X < X, and this is certainly
consistent with the experimental results of Constable?
shown in Fig. 5. The solid line for the impuriton gas
regime fits the data for J;=5.6 kHz. Although
there are insufficient results for a reliable determina-
tion of X, the results plotted in Fig. 5 indicate an on-
set of the continous interaction regime for X, =3
at.%. Using this value we find from Eq. (20) a tun-
neling frequency J =0.6 kHz which is in good agree-
ment with the above estimates. Some care has to be
taken when comparing these results to the rigid lat-
tice linewidth to be expected in the absence of mo-
tional narrowing. For the range of ortho-H, concen-
trations we are considering, the rigid lattice line shape
is expected to change from approximately Gaussian
shape with rms width (in kHz)

Ag(X) =M} (x) =8.2X2

for X > 1 at.% to a Lorentzian shape for low X
whose half intensity width is much smaller than the
rms width. In the limit X <<1 at. % “a statistical cal-
culation of the width becomes appropriate*® and for
spin-one particles we find

Ag=10.19%%n =33X kHz

(n is the density of ortho-H, molecules). In the in-
termediate concentration range (X ~1 at.%) the ob-
served NMR linwwidths of dilute ortho-H, samples
(1.5 < X <2.5 at. %)* and ?°Si (4.7 at. % abun-
dance)? are approximately a factor of 2 higher than
those calculated using the statistical theory. For di-
lute ortho-H,, Pedroni er al.’® observe a half intensity
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FIG. 5. Variation of the HD NMR linewidth in solid hcp
hydrogen as a function of the orthohydrogen concentration.
The solid line represents the best fit to the data assuming a
tunneling frequency J =5.6 kHz. The crossover in the con-
centration dependence at X, =2 at.% is interpreted in terms
of a change in regime for the motion of the HD impurities:
free coherent gaslike propagation for X < X, as opposed to a
constant interaction regime for X > X, when the mean
HD—ortho-H, separation becomes comparable to the range
of their interaction. The triangles refer to the data of
Schweizer et al. (Ref. 1) obtained at 25 mK and the open
circles to the data of Constable (Ref. 2) for 33 < T < 80
mK. (For low temperatures T < 50 mK and low ortho con-
centrations X < 1 at.%, both groups report essentially
temperature-independent Lorentzian line shapes.) The bro-
ken line represents the rigid lattice rms width A, =8.2X/2
kHz which gives the half-width for X > 1 at.%, and the
dashed line represents the estimated rigid lattice half-width
Ayw =35X kHz for X <1 at.% using the results of Pedroni
et al. (Ref. 39). (See Ref. 40a.)

width (in kHz)
ASR(X) =70X

for X =1 at.% and we take this value as a realistic
estimate of the rigid lattice linewidth in the inter-

mediate concentration range. This is given by the
dashed line in Fig. 5.

B. Continuous interaction regime

Although the motion of the HD molecules is no
longer coherent it can be described in terms of a dif-
fusion Dg;=v27D [Eq. (18)]. The spin-spin relaxa-
tion is dominated by the rapid change in the local
field AH; = (y&/R$) which occurs when an HD
molecule diffuses to within a lattice spacing R, of an
ortho-H; molecule. This lasts for a time 1, =a /v,
and the transverse relaxation rate

1

T Mz,(X)("“”/J/Je'ff
T,
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where
Jor =J* Uy

[The term X"~2/3 becomes X'/ for the cubic in-
teraction U o Uy(Ro/R )? which is believed to be
dominant for *He impurities in *He.?’]

The experimental results shown in Fig. 5 for
X > X, =3% would seem to indicate a much stronger
concentration dependence than the X*? dependence
predicted for *He impurities in solid *He. The broken
line shown in Fig. 5 is for an X7 dependence as ex-
pected for a 1/R® interaction. One should note that
the apparently well-defined distinction of the dif-
ferent concentration dependences of the linewidth
A(X) shown in Fig. 5 can be used to obtain three
pieces of information: (i) JX~2 from the slope of
A(X) for X << X., (i) X.=(J/U,)*" from the tran-
sition between the two regimes, and (iii) the ex-
ponent n from the slope X"tV for A(X) for
X > X.. These results allow us to infer not only J,
the tunneling frequency, but also the parameters n,
U,y which define the interactions between the impuri-
ties. The results are too sparse to draw definite con-
clusions concerning the latter parameters but they do
point to a 1/R® interaction with a strength Uy=30
uK. This value for the HD—ortho-H, interaction ap-
pears suprisingly small in comparison with the
strength of the interaction between *He impurities in
solid “He. This can be understood qualitatively if we
recall that the crystalline deformation surrounding an
ortho-H; molecule in a para-H; matrix arises from
the coupling between the orientation of the ortho-H,
molecule and the lattice displacements rather than
due to the blowing up the lattice due to the increase
zero-point translational motion of a *He impurity in
solid *He (ortho-H, in para-H, is an orientational de-
fect while *He in “He is a mass defect). For a given
ortho-H,; orientation, the orientational crystal-field in-
teractions are of the order of 10 mK,*¢ and following
Van Kranendonk and Sears®> one expects crystalline
distortional energies of the same order of magnitude;
i.e., Up=10 mK, and n =3 in Eq. (16). Isolated
molecules at relatively high temperature ( Ty
> 25 mK) are, however, free to reorient, the
reorientational rate due to thermal agitation is rapid
compared to the HD tunneling frequency and the ef-
fective interaction between impurities is obtained by
motional averaging due to the fast reorientations.
This severely reduces the interaction seen by the HD
molecules but further work is needed to understand
quantitatively the value of the effective interaction
implied by the experimental results. Further experi-
mental results would also be interesting in order to
confirm this tentative interpretation of the concentra-
tion dependence of the linewidth since no such clean
division of the two regimes has been observed for
*He impurities in “He.*!



3206 J. M. DELRIEU AND N. S. SULLIVAN 23

The model presented in Sec. II above for the origin
of the motion responsible for the motional narrowing
of the HD line shapes leads to two important predic-
tions. Because of the mass dependence in the ex-
ponent for the expression for the tunneling frequency
[J « exp(—4+/q ) with ¢ « ml, the tunneling frequen-
¢y in ortho-D, is much smaller than that in para-H,
and no appreciable motional narrowing effects are ex-
pected for HD impurities in solid D,. The HD line
shapes observed in solid D, [X (para-D,) =2 at. %,
X(HD) =0.12 at. %, X(ortho-H,;) =1 at. %]*? show no
evidence of motional narrowing but the concentration
of both ortho-H, and para-D, impurities is at the lim-
it X. for which the motion is quenched (for a H, ma-
trix) and further experiments at much lower ortho-H,
and para-D; concentrations would be valuable.

An additional test could be obtained by investiga-
ting the density dependence of the motional narrow-
ing. The exponential factor in formula (6) for the
tunneling frequency increases with increasing density
largely due to the reduction in the compressibility 3.
(g < B7') Physically, the effective potential energy
&V for the tunneling determined by the compression
of the surrounding molecules during the tunneling,
increases as the density increases and the tunneling
probability is accordingly reduced. This is the origin
of the density dependence of the tunneling frequency
in hep *He. As reported above, the frequency in hcp
H; reduces from —9 kHz at P =0 to ~— 100 Hz at
P =100 bars. The motional narrowing of the HD
line shapes is therefore expected to decrease rapidly
for an easily accessible range of applied pressures.

A more trivial consequence of the interpretation of
the NMR results in terms of a motional narrowing
would be the existence of a line shift (in addition to
any chemical shift) which is predicted in the case of
extreme motional narrowing.’®* The characteristic
feature of the shift being its field dependence: max-
imum (~ 100 Hz) for Larmor frequencies v; = J and
vanishingly small for v, >> J (or v, << J). While
this would check the validity of the hypothesis of mo-
tional narrowing it would not offer any clues as to the
origin of the motion.

A test of the motional narrowing assumption
would, however, be valuable because there some
questions remain concerning the relevant value of
the second moment M,,(X) for the HD—ortho-H,
dipolar interactions. The second moment used in the
above calculations is that for interactions between
HD molecules and isolated ortho-H, molecules. In

fact the ortho molecules migrate slowly due to their
nuclear dipole-dipole interactions* and eventually
form pairs.!'** When this clustering is completed

(7. ~hour) the second moment is reduced by %
(semilike spins*’) and while this would lead one to
infer smaller values of J from the experimental
linewidths, a strong motional narrowing would still be
needed to explain all the data.

1IV. CONCLUSION

We have presented a simple model for the descrip-
tion of the tunneling motion in quantum solids and
in particular shown that the model gives results in
excellent agreement with the experimental values of
the exchange frequency in hcp *He for a wide range
of molar volumes. This model predicts a tunneling
frequency of the order of ~ 1 kHz for three-body cy-
clic permutations in hcp Hj.

Analysis of NMR line shapes of HD impurities in
hep H, for ortho concentrations 0.1 < X <4 at.%
show that the data from different experimental
groups can be understood quantitatively within the
context of a motional narrowing model in which the
nuclear dipole-dipole interactions are modulated by
the tunneling motion of the HD impurities. The ex-
perimental results require a tunneling frequency
J =0.6 kHz which is in good agreement with the
theoretical predictions.

The validity of the model of quantum tunneling in
the solid hydrogens could be confirmed by checking
two simple predictions: (a) the absence of any signi-
ficant motional narrowing for HD impurities in hcp
D, even at very low J =1 impurity concentrations,
and (b) the density (or pressure) dependence of the
tunneling frequencies in H, which are expected to fall
in the range of 100 Hz for P ~ 100 bars.

ACKNOWLEDGMENTS

It is a pleasure to thank Horst Meyer, Jim Gaines,
Paul Sokol, Mike Richards, Jack Hetherington, and
Walter Hardy for stimulating discussions concerning
the interpretation of the experimental results for solid
hydrogen. André Landesman, Daniel Estéve, and
Michel Devoret are also warmly thanked for their
many helpful criticisms. Walter Hardy is especially
thanked for his critical reading of the manuscript.

IR. Schweizer, S. Washburn, and H. Meyer, J. Phys. (Paris)
39, C6-95 (1978); Phys. Rev. Lett. 40, 1035 (1978).

2J. H. Constable, Ph.D. thesis (Ohio State University, 1969)
(unpublished).

3], M. Delrieu, M. Roger, and J. H. Hetherington, J. Low
Temp. Phys. 40, 71 (1980).

4R. Oyarzun and J. Van Kranendonk, Can. J. Phys. 50, 149
(1972).



23 QUANTUM TUNNELING AND MOTIONAL NARROWING OF HD . . . 3207

5J. M. Delrieu and M. Roger, J. Phys. (Paris) 39, C6-123
(1978).

6M. Roger, J. M. Delrieu, and J. H. Hetherington, J. Phys.
(Paris) 41, C7-241 (1980).

7J. M. Delrieu, M. Roger, and J. H. Hetherington, J. Phys.
(Paris) 41, C7-231 (1980).

8M. Roger, Theése de Docteur és-Sciences (University of
Paris-Sud, 1980) (unpublished).

9R. A. Guyer and L. I. Zane, Phys. Rev. 188, 445 (1969); a
general review of the problem of tunneling in solid *He
using a Heisenberg interaction has been given by A.
Landesman, Ann. Phys. (Paris) 8, 153 (1973).

10B, Sarkissian, Ph.D. thesis (Duke University, 1968) (un-
published).

ITA. R. Mac Mahan, J. Low Temp. Phys. 8, 115, 159
(1972).

12), P. Hansen and D. Levesque, Phys. Rev. 165, 293
(1968).

131, F. Silvera, Rev. Mod. Phys. 52, 393 (1980).

14M. H. Kalos, D. Levesque, and L. Verlet, Phys. Rev. A
9, 2178 (1974).

ISR, A. Guyer, R. C. Richardson, and L. I. Zane, Rev. Mod.
Phys. 43, 532 (1971).

16D, J. Thouless, Proc. Phys. Soc. London 86, 893 (1965).

17F. London, Superfluids (Wiley, New York, 1954), Vol.
I1, Sec. 56, pp. 29-31; J. S. Dugdale and J. P. Franck,
Philos. Trans. R. Soc. (London) 257, 1 (1965).

18T, Banks, C. N. Bender, and T. S. Wu, Phys. Rev. D 8,
3345, 3366 (1973).

19A. Abramowitz and 1. A. Stegun, Handbook of Mathemati-
cal Functions (Dover, New York, 1972).

20G. C. Straty and E. D. Adams, Phys. Rev. 169, 232
(1968).

2IR, Wanner and H. Meyer, J. Low Temp. Phys. 11, 715
(1973).

22A. F. Andreev and 1. M. Lifshitz, Sov. Phys. JETP 29,
1107 (1969) [Zh. Eksp. Teor. Fiz. 56, 2057 (1969)]; A. F.
Andreev, Sov. Phys. Usp. 19, 137 (1976) [Usp. Fiz. Nauk
118, 251 (1976)].

BR. A. Guyer and L. L. Zane, Phys. Rev. Lett. 24, 660
(1970).

24M. G. Richards, J. Pope, and A. Widom, Phys. Rev. Lett.
29, 708 (1972); A. Widom and M. G. Richards, Phys.
Rev. A 6, 1196 (1972); J. E. Sacco, A. Widom, D. Locke,
and M. G. Richards, Phys. Rev. Lett. 37, 760 (1978).

25M. G. Richards, J. Pope, P. S. Tofts, and J. H. Smith, J.
Low Temp. Phys. 24, 1 (1976).

26A. R. Allen and M. G. Richards, Phys. Lett. 65A, 36
(1978).

27V, N. Grigoriev, B. N. Essel’son, V. A. Mikheev, V. A.
Slusarev, M. A. Stryzhemechny, and Yu. E. Schulman, J.
Low Temp. Phys. 13, 65 (1973); V. N. Grigoriev, B. N.
Essel’son, and V. A. Mikheev, Sov. Phys. JETP 39, 153
(1974) [Zh. Eksp. Teor. Fiz. 66, 321 (1974)].

Y. Hirayoshi, T. Mizusaki, S. Maegawa, and H. Hirai, J.
Low Temp. Phys. 30, 137 (1978).

2W. Huang, H. A. Goldberg, and R. A. Guyer, Phys. Rev.
B 11, 3374 (1978).

30R. Kubo and K. Tomita, J. Phys. Soc. Jpn. 9, 888 (1954).

3IM. Fujio, J. Hama, and T. Nakamura, Solid State Com-
mun. 13, 1091 (1973); M. Fujio, J. Hama, and T.
Nakamura, Prog. Theor. Phys. 54, 293 (1975).

32R. F. Buzerak, M. Chan, and H. Meyer, J. Low Temp.
Phys. 28, 415 (1977).

33v. A. Slynsarev, M. A. Strzhemechnyi, and L. A. Bura-
khovich, Sov. J. Low Temp. Phys. 3, 591 (1977).

34A. B. Harris, Phys. Rev. B 1, 1881 (1970).

35S. Luryi and J. Van Kranendonk, Can. J. Phys. 57, 933
(1979); J. Van Kranendonk and V. F. Sears, Can. J. Phys.
44, 313 (1966).

36R. Schweizer, S. Washburn, and H. Meyer, J. Low Temp.
Phys. 37, 289 (1979).

37A. Landesman, Phys. Lett. 54A, 137 (1975).

38A. Abragam, The Principles of Nuclear Magnetism (Claren-
don, Oxford, 1961), p. 126.

39P. Pedroni, M. Chan, R. Schweizer, and H. Meyer, J.
Low Temp. Phys. 19, 537 (1975).

40D, Jerome, These de Docteur es Sciences Physiques
(University of Paris, 1965) (unpublished); D. Jerome, C.
Ryter, and J. M. Winter, Physics 2, 81 (1965).

40a Note added in proof. Meyer and Shweizer have
reanalyzed their data (Ref. 1 and unpublished results) for
low ortho concentrations. Their results obtained for the
transverse relaxation following a long pulse (70—100 us)
provide additional measurements of the HD linewidth
which are shown by the crosses in Fig. 5. We are grateful
to these authors for communicating their results prior to
publication.

41A. Landesman (private communication).

42W. T. Cochran, J. R. Gaines, R. P. Mc Call, P. E. Sokol,
and B. R. Patton, Phys. Rev. Lett. 45, 1576 (1980).

43A. Abragam, The Principles of Nuclear Magnetism (Claren-
don, Oxford, 1961), p. 446.

44L. I..Amstutz, J. R. Thompson, and H. Meyer, Phys. Rev.
Lett. 21, 1175 (1968); R. Schweizer, S. Washburn, H.
Meyer, and A. B. Harris, J. Low Temp. Phys. 37, 309
(1979).

45We are indebted to W. N. Hardy for this observation.



