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The temperature dependence of the nuclear-spin-lattice relaxation time of ortho-H, and HD im-
purities in solid parahydrogen has been studied from the melting point to 1.5 K. Three distinct tem-
perature regimes are observed: (1) an exponential temperature dependence for 11 K< T <13.5 K,
(2) a minimum for the relaxation time for 7 K< T <11 K, and (3) a weak, approximately linear
dependence for 1.5 K< T <7 K. The overall behavior can be understood in terms of the cross re-
laxation between two weakly coupled energy reservoirs corresponding to the ortho-H, and HD im-
purities, respectively. The temperature dependence near the minimum is different from that at high
temperatures and is interpreted as evidence for quantum tunneling of vacancies in the

intermediate-temperature regime.

I. INTRODUCTION

The study of vacancies and other point defects in solids
is important because of the insight that can be gained
concerning the fundamental properties of the solids,
(binding forces, atomic mobilities, diffusion, etc.), and
also because of the profound influence defects can have
on technologically important materials.'”® Vacancies
and interstitials are point defects consisting of the ab-
sence of atoms (or the presence of additional atoms) and
they are entirely responsible for the electrical conductivi-
ty in ionic crystals and can dramatically alter the optical
properties (in particular, the color) of such solids. Other
types of imperfections, such as dislocations which are ir-
regularities involving lines and planes of atoms, play a
major role in crystal growth and the mechanical strength
of materials. The process of annealing and corresponding
reduction of line and surface defects to their equilibrium
value depends crucially on the properties of vacancies
and their diffusion in the solid at different temperatures.

Qualitatively new effects have been predicted*™® for
the behavior of vacancies and other point defects in the
so-called quantum crystals such as solid helium and solid
hydrogen, and considerable effort,” 3! both experimental
and theoretical, has been devoted to their study in recent
years. In these quantum solids, there is a relatively large
zero-point motion of the atoms or molecules about their
equilibrium positions, 33% of the lattice spacing for solid
3He and 18% in solid H,. There is an appreciable over-
lap of the wave functions of the particles on neighboring
lattice sites, and this allows defects such as vacancies or
isotopic impurities to exchange position with nearest-
neighbor atoms (or molecules). Whereas in the classical
solids, the defects can be regarded as localized objects
which move only occasionally by thermal excitation over
intervening potential energy barriers, the defects will be-
come delocalized in the quantum solids, and Andreev*
has predicted that they will move through the crystal in a
coherent manner by quantum tunneling. These excita-
tions are called vacancy waves or impurity waves.>®

The purpose of this paper is to discuss recent results of
NMR studies of vacancies in solid H,.>*3! The possibili-
ty of observing quantum tunneling in solid H, is especial-
ly interesting, because there are two “bound” states for
the molecule-vacancy interaction potential®® (Fig. 1) and
one can expect to observe three distinct temperature re-
gimes for vacancy-induced diffusion:*® (1) thermal activa-
tion over the full potential barrier at high for 11
K <T <14 K, (2) tunneling combined with thermal ac-
tivation from the ground state on one side of the well to
the first excited state on the other side of the well at inter-
mediate temperatures (7 K<T <11 K, and (3) purely
quantum tunneling through the potential barrier from
ground state to ground state at low temperatures (T =7
K). Each regime is expected to be characterized by a
different activation energy. The first regime was observed

I ! T T T [ I
100 |~ Ea ]
N— ]
b— —
g L i
P
1<) — p—
[
g 50 ]
=
- E, -
o L 1] | ! L
0.5 1.0 1.3

SEPARATION r/a

FIG. 1. Vacancy-molecule interaction potential for solid H,
(after Ebner and Sung, Ref. 23). E, and E, are the two bound
states, 34.1 K and 95.4 K, respectively; and each level is shown
as a doublet, corresponding to the tunneling, J,=0.15 K and
J,=5.1K, respectively.
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in early NMR studies of solid hydrogen,?*~2?® and in this

paper, we discuss the result of high-sensitivity tests for
quantum tunneling in the low-temperature regimes.

In the remainder of this section, we will introduce the
relevant definitions and terminology for discussing the
properties of vacancies in quantum solids. In Sec. II, we
review the theory of vacancy formation and propagation,
and outline the theory of vacancy-induced NMR relaxa-
tion in Sec. III. The experimental arrangement is dis-
cussed in Sec. IV and the results and their analyses are
presented in Sec. V. Point defects are defined as any ir-
regularities in which the microscopic arrangement of the
atoms or molecules differs drastically from the perfect
crystalline lattice structure, and which are bounded on
the atomic scale in three dimensions; line and surface de-
fects are bounded in two and one dimensions, respective-
ly.

Vacancies are present in thermal equilibrium in all
crystals (at 7 >0) because of the increase in entropy re-
sulting from the disorder caused by their presence. If
there are N atoms (or molecules), and n vacant sites,
minimization of the Gibb’s free energy (G=U
—TS +PV) shows that the fractional concentration of
vacancies at temperature T is given by

X=n/N=exp(—®p/kyT), (1)
where @ is known as the vacancy formation energy.
b =g, + PV, , (2)

where V is the atomic volume, P is the pressure, and

_ Wegm 3)
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where g is the temperature-independent potential energy

needed to remove one atom and put it on the surface of

the crystal in the case of a Schottky defect, or at an inter-

stitial site in the case of a Frenkel defect.

It is worthwhile to note that line and surface defects
are very different to point defects. The cost in energy of
creation of point defects is compensated by the gain in
entropy (~Inn), but this is, in general, not the case for
line and surface defects. Point defects can also move
more freely than line and surface defects.

Because of the presence of vacancies, atoms (or mole-
cules) can move from one site to another in a crystal via
the vacant sites. The atomic flux J is related to vacancy
concentration gradient by Fick’s first law

J=D-Vn, 4)

€p

where the tensor D defines the diffusivity of the solid.
For an isotropic solid, D reduces to a scalar, the diffusion
constant D which is often observed to obey an Arrhenius
behavior with

D =Dgexp(—E , /kzT) , (5)

where E , is called the activation energy and D, is a pre-
factor. In general, we expect E , to be the sum of the va-
cancy formation energy @ and a potential barrier height
Vg describing the potential that an atom must overcome
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in order to move into a neighboring vacant site. One of
the most exciting discoveries in recent years in the study
of quantum solids is the observation that for low-density
bee solid *He, the activation energy E , [as seen by NMR
(Refs. (15)-(18)] is equal to the formation energy @ (as
seen by x-rays’ '¥). This indicates that the atoms move
by quantum tunneling through the intervening barrier.

Measurements of vacancy-induced diffusion in solids is
often based on the observation of Fick’s second law

dn _ DVn (6)

ot
obtained from the first law by use of the continuity equa-
tion. The relaxation of the vacancy density »n, following a
disturbance away from the equilibrium value, can then be
used to determine D. NMR methods provide a particu-
larly advantageous method of studying diffusion because
(1) it is applicable to a large number of materials, and (2)
it is nondestructive. As a result of the diffusion of the
atoms, the nuclear magnetic interactions between the
atoms become time dependent, and this can be studied in
detail. Because the local magnetic fields tend to be aver-
aged out by the rapid motion of the atoms, the NMR line
shape is narrowed as a result of the diffusion and this can
be measured as a function of the temperature. More pre-
cisely, the relaxation of the longitudinal component of
the nuclear magnetization (i.e., that component parallel
to the applied field), and the relaxation of the transverse
component depend on the spectral weights of the atomic
motions at different frequencies, and detailed information
about the vacancies and their motions can be deduced
from measurements of the longitudinal relaxation time
T, and the transverse relaxation time 7,. This will be
discussed in detail in Sec. III.

II. VACANCY FORMATION AND PROPAGATION

In order to calculate the vacancy formation energy, we
need to know the ground-state function for the quantum
crystal.*> The first step is to calculate the energy to
form the vacancy without any deformation of the crystal
(i.e., neglecting the increased spread and the shift of the
particle wave functions for lattice sites near the vacancy).
There are two main contributions: (i) PV, the energy to
expand the crystal by one atomic volume (V) at constant
pressure (P), and (ii) the energy required to move an atom
(from the vacant site) to the crystal surface. For a Gauss-
ian wave function
3/4

¢;(r)= exp[ —3A(r—R,)’] (7

for a particle at lattice site R, the formation energy for
an undistorted lattice is

3% A4

Qy=PV,—E,+
F 0 0 4m

(8)

E, is the ground-state energy per particle, and m is the
particle mass. For the distorted lattice, one only needs to
consider the z nearest neighbors of the vacancy, and if we
replace 4 by A, for the distorted case, the formation en-
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ergy becomes

2

q>g=¢;"d+§85%(AD—A). ©)
Ap is determined self-consistently by minimizing the for-
mation energy and the crystal free energy. In addition to
the effect of the lattice distortion near the vacancy, one
needs to calcualte the effect of jumping, or particle-
vacancy exchange on the energy values. This is particu-
larly important in solid *He where the vacancies must be
considered as delocalized because the atom-vacancy ex-
change frequencies are known experimentally to be of the
order of 10°=10'° Hz."*~!7 The vacancy tunneling can be
calculated from the overlap of the atomic wave functions,
and is given by
172

# A
=—2 exp(—1dpal), (10)

Dy —

2
Apaj

m T

where a is the nearest-neighbor separation. The numeri-
cal values of w, given by this formula are of the same or-
der of magnitude as those deduced from NMR experi-
ments.!> The effect of tunneling energies is very impor-
tant for solid He® because they are a significant fraction
of the formation energy ®;. The vacancies in *He are
therefore regarded as delocalized and forming an energy
band with width AE ~zw,. The vacancies in the solid
heliums are therefore believed to travel coherently as va-
cancy waves at low temperatures rather than hopping
randomly as classical point defects. Because of the
stronger binding energies in solid H,, the delocalization
of the vacancies is expected to be much less significant
and not to affect the formation energy appreciably, but
detailed measurements of the microscopic dynamics as
seen by NMR experiments are expected to show tunnel-
ing effects.

Ebner and Sung?® have calculated the ground-state en-
ergy of a vacancy in solid H, using the self-consistent
method described above. What is particularly interesting
for H, is that there are two bound states for the particle-
vacancy interaction potential at E,;=34.1 K and
E,=95.4 K (at P=0). The energy barrier to classical
particle-vacancy exchange (the barrier height of Fig. 1) is
V=85 K as measured from the level E,| to the top of the
barrier. Ebner and Sung have also calculated the tunnel-
ing energies for both states and find J,=3.1X10° Hz
(0.150 K) and J,=1.1Xand10'' Hz (5.14 K).

Using Fermi’s golden rule, one can calculate the transi-
tion probability for a vacancy tunneling from lattice site
R; to site R, where the local crystal fields (for particle
displacement) are A; and A, respectively. The rate per
unit time is

W;=2m0}8(5;—4)) . (11

The diffusion constant for the vacancy motion can be cal-
culated assuming the random-walk formula

=t SRV, (12a)
J

=lalfX, S W,P, , (12b)

where a is the nearest-neighbor lattice spacing, f is a
correlation factor (of order unity) which specifies the ex-
tent to which the jumps are not random,

Xy=exp[—(F,/kgT)]

is the vacancy concentration or probability that a given
site is vacant (F, being the vacancy free energy), W, is
the jumping rate from energy level n (=1 or 2) of Fig. 1,
and P, is the probability that level n is occupied. For
quantum-mechanical tunneling through the energy bar-
rier W,=J,/m (assuming A;=A,), and for classical
thermal activation over the energy barrier V5,

Wtherm =( VE /m(z) )1/2 .
The self-diffusion rate for vacancy-particle motion, con-

sidering all processes, is

D=1la} > J,/mP,+(V, /ma(z))uze*VB/kBr

n

1
6

—®p/kp T

Xe (13)

Using the values calculated by Ebner and Sung? this
yields

D =2X10"°%1+34e */T+300e ~¥/7)

Xe M2/T cm?/sec . (14)
This theoretical expression for the self-diffusion constant
is unusual in that there are two well-defined temperature
ranges: (i) classical thermal activation at high tempera-
tures with an activation energy E , =P+ V3 =197K for
T>(EB_E2)/1n(W //Jz)gllK,

class

and (ii) quantum-mechanical tunneling at low tempera-
tures with E ,=®,=112 K for T'<11 K. It is impor-
tant to note that although there are three terms in the ex-
pression for D [Eq. (14)] with different temperature
dependence, there are only two temperature regimes be-
cause the second term in Eq. (14) does not dominate for
any temperature. The first term dominates the second
term for

T <(E,—E,)/In(J,—J,;)~17 K

(corresponding to E =®p+E,—E;=173 K). One
therefore expects to observe only regime (i) with
E ;=197 K from melting (14 K) to approximately 11 K
followed by quantum tunneling with E , =112 K.

The self-diffusion constants can be determined from
measurement of the nuclear spin-lattice relaxation time
T,, and this is discussed in the next section.

III. NUCLEAR MAGNETIC RELAXATION

NMR is sensitive to the presence of vacancies through
their diffusive motion As the vacancies migrate through
the lattice by exchange with atoms or molecules, the in-
termolecular nuclear spin-spin interactions become time
dependent because of the molecular motion. The spectral
components of the motion at the nuclear Larmor fre-
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quency w; and 2w; (see below) determine the nuclear-
spin-lattice relaxation induced by the vacancy motion.

The relation between the microscopic vacancy tunnel-
ing frequency w, calculated in Sec. II and the charac-
teristic frequencies that determine the modulation of the
nuclear spin-spin interactions need to be established with
care.>* If in a given crystalline structure, a vacancy can
migrate from a given lattice site to a neighboring site
with a characteristic frequency o,,q, the time-dependent
jump frequency for a given molecule is

0, (T=X (T, , (15)

where X(T) is the number of vacancies in thermal equi-
librium at temperature T. o,,, is related simply to the
tunneling frequency w, by a numerical constant which
depends on the lattice structure. Moment calculations®
show that for tunneling involving only nearest neighbors

W= Aoy, (16)

with 4 =ZV'27 /15 for coordination number Z. The in-
termolecular dipole-dipole interaction between two mole-
cules are modulated at a rate

©p =20,

NMR experiments can therefore be used to determine the
microscopic jump frequency @y, and the formation ener-
gy and barrier energies through the absolute values and
the temperature dependence of the relaxation times, re-
spectively. The nuclear magnetic relaxation can be de-
scribed in terms of an energy bath model consisting of
several energy reservoirs: the nuclear Zeeman energy (Z),
the vacancies (¥), the tunneling excitations (E), the pho-
nons (P), and the thermal bath (or walls) (B). If the Zee-
man energy is perturbed, thermal equilibrium is restored
by transitions between the nuclear Zeeman energy levels
induced by the fluctuations of the dipole-dipole interac-
tions. If the dipolar interactions are expressed in terms
of irreducible tensorial operators T}, (which transform
analogously to the spherical harmonics Y,,,), the relaxa-
tion rate (for a polycrystalline sample) is given by
Loy, s mi,imep), (18)
Tl ’ m=1,2
where M, is the Van Vleck second moment for the
dipole-dipole interactions, and the &,,(mw,) are the
spectral densities of the spin-spin correlation functions
(T}, (t)T,t,, (0)) at the nuclear Larmor frequency w; .
The &, (mw,;) are difficult to evaluate directly from
the microscopic motion and are often approximated by
Lorentzian functions.

Iyl ) =wp /[1+H (0, /op)] . (19)

At very low temperatures, the number of vacancies is too
small to provide an effective interaction, and this
vacancy-induced relaxation mechanism becomes “frozen
out” and other processes take over. In solid *He,
particle-particle exchange will also modulate the dipolar
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interactions and provide a low-temperature relaxation
mechanism which will be effective for w; SJ; (the ex-
change frequency). When this mechanism is inefficient
(at high magnetic fields) relaxation is believed to occur by
phonon modulation'® of the spin interactions or by nu-
clear spin diffusion.**

In solid H, we must consider the two distinct molecu-
lar species corresponding to the two independent ways of
satisfying the Pauli exclusion principle. The ortho
species has a symmetric nuclear wave function Y,
(I 4011 =1) and odd orbital angular momentum (J =1 need
only be considered at low temperatures). The para
species with antisymmetrical ¥y (I,o, =0) and even or-
bital wave function (J =0 at low temperatures) is not ob-
served by NMR.

In addition to the relaxation mechanisms discussed
above, there is a competing mechanism for the relaxation
of ortho-H, resulting from the modulation of the in-
tramolecular dipole-dipole interaction of each molecule
by rapid molecular reorientations. The latter is deter-
mined by the electric quadrupole-quadrupole (EQQ) in-
teractions between ortho molecules, and it overwhelms
the vacancy-induced mechanism except for temperatures
close to the melting point where the number of vacancies
is high. Weinhaus and Meyer?’ observed vacancy-
induced relaxation for 10.5 K < T <13.5 K for relatively
high ortho concentrations and observed a variation in T’
by a factor of 5. Bloom?* saw only the EQQ mechanism
for solid H,, but did observe vacancy effects for solid HD.

In order to test for the possible quantum tunneling of
vacancies in solid H,, we needed to observe vacancy re-
laxation at temperatures significantly lower than those
previously studied. We therefore chose to study samples
containing low ortho-H, concentrations (0.5-2.5 %) and
prepared with small concentrations of HD impurities
(typically 1%). (The natural HD abundance is 0.04%).
The ortho-H, molecules relax very rapidly via the EQQ
mechanism with

T o=1.76(T /kp)X>"

for these ortho concentrations and at high tempera-
tures.’® The direct relaxation of the HD molecules to the
lattice is, however, very slow and one observes an indirect

(a) T (b)
Zeeman Zeeman
I=1 I=1/2
ortho-H HD
2 (T ),
Tx. (Tu.
lattice

FIG. 2. Schematic representation of the coupling and relaxa-
tion of the two nuclear spin energy baths for (a) ortho-H,, and
(b) HD molecules.
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relaxation mediated by the spin-spin coupling between
the HD molecules and the ortho-H, molecules.

The cross relaxation can be analyzed by treating the
ortho-H, spins and the proton spins of the HD molecules

d)\’ 1 1 1 L lpe—ge)=

dt TS (T®), (T?), T®),

dr* | 1 1 1 L |ao—st

dt TS (Tb), (TP, (TP,
ka(b)zya(b),ﬁB/kBTsa(b) and 8a(b)=,},a(b)ﬁB /kBTL’

where v, ;) are the nuclear gyromagnetic ratios, B is the
applied magnetic field, and T¢‘®’ and T, are the nuclear
spin temperatures and lattice temperature, respectively.
T% and T% are the relaxation times in the absence of any
coupling. The (T2),, represent the cross-relaxation pro-
cesses given by

(T},b) =IMP XI5 w,) , (21a)

x 71

(Tlu_b) =M (XI5, t0,) (21b)
x /2

(Tib) :%Mgb(x)&lo(wa wb) > (21c)
x /0

1.1 _ NI, +1) 10

T _fT;’"’ NI+

N, and N, are the number densities for the a and b spins,
respectively. M4°(X) is the rigid lattice second moment
for the intermolecular dipole-dipole interactions between
the @ and b spins for an ortho concentration X. The J2
are the spectral densities for the (Im)th component of the
dipolar interactions, and &, and w, are the nuclear Lar-
mor frequencies of the a and b spins, respectively.

The interest in studying the cross-relaxation process is
that for a coupling between nonidentical nuclei, the flip-
flop terms of type I, I, in the dipole-dipole coupling be-
tween the different spins are effective in the relaxation
and lead to a contribution which depends on the spectral
density

Jzo(wa ‘wb):(fzo(o) .

This contribution at zero frequency is especially useful
for studying vacancy motion at low temperatures. Be-
cause of the small number of vacancies at low tempera-
tures, the characteristic frequency of vacancy motion

@ =X (Tw,,0<<0,,w,

and the term &,(0)~wp '(T) dominates the relaxation
rate. In order to ensure that this is true throughout the
full temperature range up to the melting point, we carried
out experiments in high magnetic fields (w; =268 MHz).
In the temperature range of interest X, (T)<10™* and
op(T)<<w;, &Fy(0)>>F, (0 ) and
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as two weakly coupled energy reservoirs, a and b, respec-
tively (see Fig. 2).”* The coupled rate equations for the
inverse nuclear spin temperatures, A° and A® of the two
energy baths, is given by**?’

T . RO (20a)
(T, (T2,

1 R

= (A5 . (20b)
(TP, (TP,

[
Fr20; ) =wp /[1+ (20, /o0p)*] .

The analysis of the relaxation is particularly straightfor-
ward in this case and this is especially important in order
to be able to test for the different temperature depen-
dences of the two types of vacancy propagation.

The ortho-H, molecules relax rapidly to the lattice via
the EQQ  mechanism, T,o~2-4 msec for
X(ortho)=0.5-2 %, and one observes the cross relaxa-
tion of the HD molecules (the b spins) to the ortho-H,
molecules (the a spins). The cross-relaxation rate is given
by

L2 rpranx),00)

(22)
(Tbe) 7 °

with #,)(0)=wp (T). wp is the modulation frequency of
the HD-ortho H, dipole-dipole interaction. At high tem-
peratures where the motion of molecules, either HD or
ortho-H, molecules, into vacant sites determines the
modulation frequency, wp =2w,, as in Eq. (17). At low
temperatures, however, only the HD molecules are be-
lieved to be mobile because of particle-particle exchanges.
Any possible exchange of ortho-H, molecules is
“quenched” because of the relatively strong anisotropic
interaction between ortho molecules due to their electric
quadrupole-quadrupole (EQQ) interactions. The tunnel-
ing energies (~10~° K) are much smaller than the EQQ
energies (~1 K), and only the very small fraction of tun-
neling processes that conserve total energy are allowed.
The tunneling of ortho-H, molecules would therefore be
much smaller than para-H, or HD molecules. In this
latter case the dipolar modulation frequency wp=wr
(HD), the HD tunneling frequency.

Studies of the HD-ortho H, cross relaxation allow one
to explore the temperature dependence of the vacancy
motion over a wider temperature range than possible in
previous studies.?*~2® This is possible because the rela-
tively fast quadrupolar relaxation is in “series” with the
cross relaxation, and does not mask the vacancy-induced
relaxation as it does if one studies the nuclear spin-lattice
relaxation of ortho-H, molecules alone. Determination
of the characteristic motional frequencies wp(T) from the
NMR studies also allows one to calculate the self-
diffusion constant from the relation D = %a%wm (7).
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IV. EXPERIMENTAL METHOD

The nuclear-spin-lattice relaxation-time measurements
were carried out using a phase-coherent pulse system
operating at 268 MHz. (7/2)—7—(m/2) rf pulse se-
quences were used to determine T';. Narrow (8-10 usec)
high-power rf pulses were used to cover the complete
NMR spectrum of both the HD impurity molecules and
the ortho-H, molecules. The amplitude of the rf magnet-
ic field in the rotating frame was 12 G. Washburn
et al.® used very long rf pulses (100150 psec) in order
to saturate only the relatively narrow HD component of
the spectrum, but the interpretation of the relaxation is
difficult for the long, low-power pulses®® and we therefore
worked in the short-pulse limit.

In order to prepare samples with the desired ortho-H,
and HD concentrations, we initially prepared gas samples
at room temperature containing 1.1% HD and ‘“‘normal”
H, (75% ortho-H,). The mixture was then condensed
into an ortho-para converter cell containing chromic ox-
ide gel as a catalytic converter and which was located a
short distance from the NMR cell. The required ortho
concentration was obtained by regulating the tempera-
ture of the converter very accurately and allowing the
ortho-H, to convert to the thermal equilibrium value.
The converted mixture was then transferred to the NMR
cell by lowering the temperature of the cell. After con-
densation in the NMR cell, the samples were carefully
annealed at 13.5 K. The final ortho concentration was
determined unambiguously by direct comparison of the
very distinct NMR echo shapes of the HD and ortho-H,
contributions at temperatures below 1 K (see Fig. 3).
This method of determining the ortho concentration was
used to check the reliability of the conversion process by
monitoring the concentration measured by the NMR
method as a function of the converter temperature T,.
As shown in Fig. 4, the concentration was very accurate-
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FIG. 3. Typical relaxation of the NMR echoes (for a

m/2—T1—m/2 sequence) as a function of time at low tempera-
tures (I'=0.22 K). The two slopes are attributed to the HD
(1.1%) and ortho-H, (1.6%) molecules. The inset illustrates the
distinct HD and ortho-H, components of the echoes at low tem-
peratures.
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FIG. 4. Comparison of the ortho-H, concentrations obtained
from the in situ orthopara converter at temperature 7 with the
equilibrium value calculated for free molecules (solid curve).
The ortho-H, concentrations were determined from compar-
isons of the HD and ortho-H, echo amplitudes at low tempera-
tures (see Fig. 3).

ly determined by the holding temperature T, for concen-
trations 0.002 < X <0.03.

The NMR cell consisted of a Kel-F sample chamber (3
mm i.d., 3 mm length) (see Fig. 5). Both ends of the cell
were sealed by cylindrical copper end caps which were
carefully machined to a diameter slightly larger than that

nylon
spacer

bifilar _—"9
heater 4f cold
3 finger
L
(OFHC Cu)

Ho, fill line—

Kel-F Cell ——-/

rf Coil

—Copper hair

FIG. 5. Schematic drawing of the NMR cell. The coil form-
er is machined from Kel-F and forms a heat-shrink fit over the
copper end caps.



42 NMR STUDIES OF VACANCY MOTION IN SOLID HYDROGEN

of the Kel-F chamber, and a seal reliable to 150 bars was
obtained by the thermal contraction of the Kel-F follow-
ing initial warming to 150°C during assembly. One of
the end caps formed an integral part of a thermally regu-
lated cold finger of oxygen-free high-conductance
(OFHC) copper while the other was fed by the hydrogen
fill line. Thermal contact to the sample was ensured by a
brush of very fine copper wires (0.001 mm o.d.) soft sol-
dered to the cold finger.

The temperature was monitored by a calibrated
carbon-glass thermometer*” attached to the copper cold
finger of the NMR cell. The temperatures were also
checked using the total NMR absorption signal as a mea-
sure of the mean temperature of the hydrogen sample.
The NMR method was unreliable near the melting point
because a portion of the sample tended to migrate up the
fill line, and we relied on the carbon glass thermometer to
determine the temperature in this region. The radio fre-
quency coil wound around the sample chamber was con-
nected to an rf-pulse duplexer (at room temperature) by a
homemade cryogenic cable (stainless steel outer conduc-
tor, brass inner conductor, Teflon dielectric, and nomi-
nally 50 Q) cut to 3A/2. The duplexer was a “lumped-
circuit” designed to optimize the matching of the rf
power pulse to the NMR circuit while protecting the re-
ceiver. The output of the duplexer was amplified by a
three-stage, low-noise, narrow-band ultrahigh-frequency
(ufh) amplifier employing dual-channel metal-oxide-
semiconductor field-effect transistor (MOSFET) transis-
tors.! The output of the amplifier was detected
coherently using a doubly balanced mixer where the local
oscillator source was derived from the rf generator which
fed the gates of the rf pulse system. An adjustable coaxi-
al line was used to obtain the correct phase of the source
at the mixer. After coherent detection, automated signal
averaging techniques were used to record the free-
induction decays following each pulse.

V. EXPERIMENTAL RESULTS AND DISCUSSION

The nuclear spin-lattice relaxation times T, were
determined by monitoring the recovery of the free-
induction decay following the second pulse of the
(m/2)—7—(mw/2) sequence as a function of 7. The
repetition of the pulse sequence was kept to longer than
20T, to ensure full recovery of the magnetization be-
tween pulse sequences.

The relaxation was observed to consist of two contribu-
tions: (i) a fast relaxation over a short time (~ msec)
which we attribute to the ortho-H, relaxation via the
EQQ mechanism (see Fig. 6), and (ii) a long time com-
ponent which we interpret as the cross-coupling relaxa-
tion T, between the HD molecules and ortho-H, mole-
cules. The relative amplitudes of the two components
were consistent with the known concentrations of the
HD and ortho-H, molecules.

While the short time relaxation exhibited little temper-
ature dependence, the long time component showed a
very strong dependence consistent with that expected for
vacancy-induced relaxation. The temperature depen-
dence observed for the long time relaxation is shown in
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FIG. 6. Typical relaxation of magnetization showing the very
short time component attributed to the direct nuclear spin re-
laxation of ortho-H, molecules to the lattice. M () is the mag-
netization determined from the free induction decay at T=11.5
K.

Fig. 7. Three distinct temperature regimes are observed:
(1) at low temperatures T <7 K, T, has only a weak ap-
proximately linear temperature dependence; (2) at inter-
mediate temperatures 7 K< T <11 K, T, passes through
a minimum, and (3) above 11 K, T, increases exponen-
tially with temperature until the sample melts. These re-
sults are similar to those observed for the transverse nu-
clear spin relaxation T, in similar shapes,? but with the
important difference that the variation of T, as a func-
tion of temperature is much more dramatic than that ob-
served for T,. T, varies by a factor of 6000 in the high-
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FIG. 7. Temperature dependence of the observed nuclear
spin-lattice relaxation of HD impurities (1.1%) in solid H,
(1.8% ortho). The solid line is calculated for a vacancy-induced
relaxation if vacancy quantum tunneling is included, and the
broken lines describe the contribution for classical diffusion
alone for an activation energy (a) of 91 K and (b) of 198 K. The
observed relaxation is attributed to cross relaxation between the
HD impurities and the ortho-H, molecules.
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temperature regime (7, varies by approximately 100),
and near the minimum T, varies by a factor of 12 (T, by
1.6).

The mechanism for cross relaxation in the high-
temperature regime (7 > 11 K) is attributed to the motion
of vacancies (with characteristic exponential temperature
dependence), and at very low temperatures the relaxation
is believed to be associated with particle-particle ex-
change (e.g., exchange of HD and para-H, molecules on
neighboring sites). The distinct minimum observed for
T, at intermediate temperatures was not predicted, but a
similar but much shallower minimum was observed for
the spin-spin relaxation time T, in earlier studies.”’ We
believe that the minimum is due to the same effect in both
cases. Because of their tunneling the HD molecules can
be regarded as delocalized and their propagation can be
described as wavelike excitations as described by An-
dreev and Lifshitz* for quantum crystals in general. In
this case, as one warms from very low temperatures, the
initial effect of the introduction of vacancies will be to
provide additional scattering centers for the impurity
motion which will decrease the effective modulation fre-
quency of the dipolar interactions and thus reduce the re-
laxation time. Eventually as one warms further, the va-
cancy motion becomes much more effective than the im-
purity motion, and the relaxation time increases because
of the increase in the effective modulation frequency wp
with the number of vacancies.

The analysis of the temperature dependence observed
for T, required three steps: (1) determining the HD
motional frequency to fit the low-temperature behavior,
(2) determining the vacancy formation energy, barrier en-
ergy, and frequencies of tunneling motion and classical
activation energy to fit the high-temperature behavior,
and (3) estimating the vacancy-impurity scattering cross
section to describe the intermediate-temperature regime.
For the analysis of the T, data, we used the values of the
particle-particle exchange frequency deduced from the
T, studies, and the vacancy scattering model of Locke*?
was used to describe the minimum. The number of ad-
justable parameters is thus reduced to only those describ-
ing the vacancy diffusion in Eqgs. (13) and (16), namely the
activation energy, the barrier height, the classical jump
rate, and the quantum tunneling rate. We will now dis-
cuss the results of the analysis for each temperature re-
gime.
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A. The high-temperature regime

The temperature dependence observed at high temper-
atures cannot be described in terms of a single thermal
activation energy for the vacancy motion. We therefore
included a quantum tunneling term analogous to that
proposed by Ebner and Sung®® in order to obtain an accu-
rate quantitative fit. The best fit (solid line of Fig. 7) as
obtained using Eq. (22) for the relaxation rate with a
characteristic dipolar modulation frequency

0p=2ZV 21 /15X (Do

=4.4%10% ~°2V/T(1+5.1X10% ~197/T) (23)

Note that following the discussion in Sec. IT we do not in-
clude the intermediate term of Ebner and Sung [the
second term in Eq. (14)] as this is believed to be dominat-
ed by the other terms for all temperatures.

At high temperatures the activation energy was ob-
served to be 198+6 K in agreement with earlier stud-

ies.2*728 The prefactor of the classical diffusion constant

D =D0e'E"/ can be determined from the prefactor of
Eq. (23) and using the relation D =la}w,,(T). From our

results we found
D§** =(4.9+1.1)X 10 *cm’sec ™',

which is also in good agreement with previous determina-
tions (see Table I). For the overall fit described by Eq.
(23), ®=91 K is the vacancy formation energy and
V=107 K is the potential barrier height. The values of
T, calculated for a single activation energy alone (classi-
cal diffusion) is shown by the broken lines of Fig. 7: (a)
for an activation energy of 91 K which best describes the
behavior on the low-temperature side of the minimum
(see the discussion below), and (b) for an activation ener-
gy of 198 K which provides the best fit at very high tem-
peratures.

B. The intermediate-temperature range

The fit shown by the solid line in Fig. 7 for the full
temperature range, and in particular for the observed
minimum, depends on the inclusion of the particle-
particle tunneling, and we used the same model as that
proposed to describe the temperature dependence of the

—V /T —®./T
TABLE L. Values of the parameters in the diffusion constant D= (D¢ +Dg*%e 2 ")e F .
® Ve Op+V, D Dgess
Reference (K) (K) (K) (1078 cm?/sec) (107 cm?/sec)
This study 91+6 107+3 198+6 9.8 49
Zhou et al. (Ref. 29) 91+10 104+5 195+10 1.9 5.1
Bloom (Ref. 24) 191
Hass et al (Ref. 26) 198 3.8
Weinhaus et al (Ref. 27) 200£10 3.0
Ebner and Sung (Ref. 23) 112 85 197 200 0.6
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nuclear spin relaxation of *He impurities in solid
“He.*>** The low-temperature relaxation is attributed
to particle-particle quantum exchange of the HD impuri-
ty molecules with the host lattice molecules (para-H,).
Recent T, studies®! of HD molecules in solid H, have
also been interpreted in terms of impurity-particle ex-
change. In this model the HD particles travel through
the lattice in the same manner as the vacancies, but with
much smaller exchange frequencies. The relaxation
occurs via the modulation of the magnetic interaction be-
tween the HD molecules and the ortho-H, molecules
when the former are scattered by the elastic deformation
field around the effectively static ortho-H, molecules.
The cross-relaxation rate is given by

1
Tab

:%—Mgb(X)/Jeﬂ' ’ (24)

where the effective exchange frequency J .4 for the relaxa-
tion is related to the microscopic exchange rate J by*
Jg=J,(Uy/J)*'" for a scattering interaction potential
U(R)=Uy(ay/R)*". The results of the T, studies,?’
Jog/2m=9.7X10* Hz and J/27=9.4X10° Hz, were
used in the analysis of the low-temperature behavior
shown in Fig. 7.

As a result of their tunneling the HD impurities are be-
lieved to be delocalized and propagate as wavelike excita-
tions at low temperatures. The minimum in T, occurs
because on warming above 7 K the coherent motion of
the impurities is interrupted by scattering by vacancies
rather than by the ortho-H, impurities. The temperature
at which this crossover occurs can be estimated from the
condition that the effective scattering by vacancies be-
comes comparable to that by ortho-H, molecules. This
occurs when X (T)w, R X(ortho-H,)J, i.e., for T>6.6 K,
which is in good agreement with the experimental results.

When the vacancy scattering mechanism becomes
effective, J ' must be replaced by*?

Jea D=J 4 +op(T), 25)
where

Oy = 23—7’J2/XV( T)o, (T)

is the impurity-vacancy scattering rate.*> The overall
temperature dependence for both the vacancy motion and
the impurity motion is given by

1

= Mg 00, (26)

with
F3(0)=A[X (T (T)+J 0 (T)] .

M$P(x)=1.24(kHz)? is the rigid lattice second moment
for the intermolecular dipole-dipole interactions between
the HD and ortho-H, molecules, and from Eq. (21d)
S =6.1. A=7.77 from Eq. (16). The fit over the full
temperature range given by the solid line of Fig. 6 was
obtained using this spectral density and the modulation
frequency of Eq. (23). The use of only a single activation
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energy does not describe the temperature dependence
over the full range (see Fig. 7). The fit on the low-
temperature side of the minimum requires a much lower
activation energy than that deduced from the high-
temperature behavior. This is clearly seen in the compar-
ison of the calculations for single activation energies
shown by the broken lines in Fig. 7: (a) for an activation
energy of 91 K which gives the best description on the
low-temperature side of the minimum, and (b) for an ac-
tivation energy of 198 K which gives the best fit near the
melting point. Attempts to describe the minimum in
terms of a model invoking phonon-impurity scattering
which would lead to a T° dependence (on the low-
temperature side of the minimum) failed to provide even
a qualitative fit. We conclude that both the quantum tun-
neling term and the classical activation term in Eq. (23)
are needed to fully describe the propagation of vacancies
in solid hydrogen.

C. The low-temperature regime

As discussed above, a complete fit of the data, especial-
ly in the vicinity of the minimum, requires the introduc-
tion of a particle-particle exchange frequency to describe
the motion of the HD molecules. The fit at low tempera-
tures is therefore a test of self-consistency of the model of
the cross relaxation and the interpretation of independent
studies®® of the transverse relaxation time 7,. The use of
the value of the exchange frequency (J/27) determined
from the T, studies to describe the low-temperature re-
gime gives a qualitatively good fit except at low tempera-
tures, where we observe an approximately linear increase
in T, as a function of T~' from 6 K to 1 K. In this tem-
perature range the ortho-H, line width increases because
of the slowing down of the reorientations of the ortho-H,
molecules, and the line width of the orth-H, NMR spec-
trum increases appreciably and becomes broader than the
effective motional frequency. This occurs because at low
temperatures the ortho-molecules form pairs whose
NMR spectrum covers 43 KHz, which is much greater

100

1.0]

RELAXATION TIME (sec)

0.1

0.01
0.05 0.075 0.10 0.125 0.15 0.175 0.20 0.225 0.25

INVERSE TEMPERATURE (K™')

FIG. 8. Correction of calculated temperature dependence of
relaxation at low temperatures to account for the broadening of
the ortho-H, line shape relative to the HD line shape.
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than that of the isolated ortho molecules. This in turn
reduces the cross-relaxation rate because the “flip-flop”
terms I,V I,” in the intermolecular interaction do not con-
serve energy. The net effect can be estimated by deter-
mining the overlap factor for the two spin species in the
formulation of the two-bath relaxation scheme. In the
calculation of T, in Eq. (26), M4 is simply scaled by a
factor equal to the fraction of the ortho-H, spectrum
which overlaps the HD spectrum. This is the method
developed by Weinhaus et al.?’ for solid D, and we ob-
tained an improved agreement for the low-temperature
behavior as shown in Fig. 8.

It is important to note that the relatively long value of
~0.1 sec observed for the cross-relaxation time T, at low
temperatures is strong evidence for the existence of direct
particle-particle exchange diffusion at low temperatures.
Even for the dilute systems studied here, this is much
longer than the values expected for a rigid lattice.

VI. CONCLUSION

Systematic studies of the temperature dependence of
the nuclear spin-lattice relaxation of HD impurities
(determined by cross relaxation to ortho-H, impurities) in
solid H, have shown that the vacancy-induced relaxation
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observed for 7 K <T <13.5 K cannot be described by a
single activation energy. The experimental results can be
understood over this temperature range if one includes a
quantum tunneling contribution for the vacancy motion
in addition to classical activation. Interference between
vacancy motions and particle-particle tunneling (which
destroys the coherence of the particle tunneling) leads to
the existence of a minimum for the relaxation time at
T =9 K with a different temperature dependence on the
two sides of the minimum. On the high-temperature side
of the minimum, the slope of the temperature dependence
is significantly greater than that observed on the low-
temperature side of the minimum. This behavior is attri-
buted to the dominance of quantum tunneling of vacan-
cies at temperatures T'<11 K. The dependence at high
temperatures is in excellent agreement with that mea-
sured in previous studies.
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