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Thirty years ago L. I. Amstutz, J. R. Thompson, and H. Meyer detected quantum
diffusion in solid hydrogen. This discovery has considerably influenced the evolution
of the concept of tunnel processes in solids and stimulated numerous experimental
and theoretical studies. Many aspects of this interesting phenomenon are not yet
clear and its further investigation will undoubtedly reward researchers efforts with
results of fundamental importance. Prof. H. Meyer, F. London Prize winner, agreed
to contribute to the celebration of the anniversary and to write a paper for our
Journal describing the progress achieved in quantum diffusion in solid hydrogens
during the recent decade. Prof. H. Meyer is not only one of the authors of the
discovery. It is to his futher studies that we owe the first experimental detection and
investigation of the most interesting features of quantum diffusion in hydrogen.
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The first observations 30 years ago of molecular clustering via quantum diffusion in solid H, in
nuclear magnetic resonance (NMR) and pressure experiments are described. A previous review on
quantum diffusion and tunneling up to 1986 is updated to reflect progress in the last ten years. In
particular I review the effect of clustering on heat capacity in solid D, and on the thermal conductivity
in solid H, . The configurational relaxation time observed in D, at 1.75 K is found to scale with that in
H, at the same temperature in terms of the predictions of ortho—para resonant conversion-induced
hopping. The relaxation times measured simultaneously on the same sample in NMR and conductivity
experiments reflect different configurational processes. The theory of molecular hopping and pairing in
solid H, is outlined and compared with experiments. The tunneling frequency of HD in solid H, deduced
from transverse and longitudinal NMR relaxation experiments between 0.03 and 14 K is discussed. The
hopping of ortho-H, , invoked as a mechanism in the enhanced ortho—para conversion in presence of O,
impurities, is mentioned. Finally, recent tunneling results for H, D and H; anions in solid H, during the
studies of low temperature reaction dynamics are also briefly described. In the Appendix, the hopping

frequency determination in HD from NMR transverse relaxation time measurements is reviewed.

PACS: 67.80.—s

1. Introduction

It is an honor for me to have been invited by
Prof. V. G. Manzhelii to write an article for the
30th anniversary of the first observation of ortho-
H, impurity quantum diffusion in a solid para-H,
matrix. I would like to start this article with a few
reminiscences on how this phenomenon was ob-
served. A previous review [1] has given an account
of work done until fall 1986 that, besides quantum
diffusion in solid hydrogen, includes tunneling of
HD impurities in hep H, and recombination of H in
H, via tunneling. Since that time further progress —
both theoretical and experimental — has been made
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in this field and there has been increased awareness
of the interesting tunneling reactions as a new type
of low temperature chemical reaction.

The publication of the earlier review article per-
mits restricting the description of experiments and
theory since 1986, and one of the purposes of this
review is to draw attention to some of the open
questions that need to be addressed. I may be
forgiven for including some details and figures of
yet unpublished experiments at Duke University,
and also for comparing the 81 HD tunneling results
with more recent ones obtained by the group of
N. Sullivan.



Horst Meyer

This article is organized as follows. Sections 2 A
and 2 B contain an account of the initial observa-
tion of quantum diffusion in solid H, , followed by
experiments since 1986, — both in H, and in D, —
and by the theoretical treatment of the hopping
process in solid H, . Section 2 C deals with HD
tunneling in solid H, including mechanisms ranging
from quantum to classical diffusion. In Section 2 D,
atom tunneling in both H, , D, and in their mix-
tures is briefly reviewed. In the Appendix, the
analysis of NMR T, measurements to obtain the HD
hopping frequency is reviewed.

2. Quantum diffusion and tunneling in solid
H, and D,

A. The initial observation of o-H, clustering in
solid H,,

The observation of molecular motion in solid H,,
below 4 K was not the result of a systematic search,
but was a fortunate accident brought about by a
puzzling problem during NMR experiments. L.1I.
Amstutz, J.R. Thompson, and I were engaged in
studying the NMR spectrum of ortho-H, impurities
in a hep matrix of para-H, . Ortho-H, has a nuclear
spin I = 1 and a rotational angular momentum J = 1
and gives a proton NMR signal, while para-H., has
I=0and J =0, with no NMR signal. [Henceforth,
in order to avoid confusion farther in this review, I
use (/ =1) and (J =0) to denote respectively or-
tho- and para-H, .] We were trying to improve
recent experiments [2] where the NMR «pair spec-
trums» of nearest (J = 1)H2 neighbors had been
studied as a function of temperature, which led to
the first determination of the electric quadrupole-
quadrupole interaction energy parameter in solid
H,, I/kp =0.82 K, a value that has stood the test
of time.

We were studying the NMR spectrum of a sam-
ple with ortho molefraction X(J = 1) = 0.01, which
shows two signal components: a) a sharp intense
line at the Larmor frequency v; that represents the
signal of the «isolated» (J = 1)H2 molecules sur-
rounded by 12 (J = 1)H, nearest neighbors and
b) a structure with three peaks, placed symmetri-
cally on each side of the sharp line. The center of
gravity of this structure is located at a frequency
V(T) = v; + dv(T) where dV(T) increases from = 0 to
20 kHz as T decreases from 4 to 0.4 K. A repre-
sentative spectrum for X = 0.06 is shown in Fig. 1.
The structure represents the «pair spectrums of
nearest (J = 1)H, neighbors and the temperature
dependence of dv reflects the orientational ordering
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Fig. 1. Representative NMR absorption spectrum of H, at
OX(J=1) =0.06 and T =2 K. The spectrum under the curve rep-
resents the three pairs of satellites with their predicted respec-
tive intensities [2]. At X(J = 1) = 0.005, the satellite intensities

Sare ten times smaller than in this Figure.
u

c
h a low value of X =0.01, the signal of the pairs
was weak at the initial temperature of our measure-
ment 7; =2 K and our attention was focussed on
the NMR center line. We fully expected that when
we decreased T, the integrated amplitude of this
line should increase, because it is proportional to
the nuclear susceptibility X, which in turn is ex-
pected to obey Curie’s law x 07!, We found
indeed that, after rapidly cooling the sample by
about AT = 0.5 K, the signal amplitude rapidly in-
creased, as expected. But then, to our surprise, it
passed over a maximum and decreased to an equilib-
rium value over the course of several hours. When
we warmed the sample back to 7', , the amplitude
rapidly decreased at first, then increased slowly
back to the original value we had at the beginning
of the experiment. We first suspected that these
observations resulted from a drift in the amplifier of
our NMR detection equipment, and we spent much
time checking and calibrating carefully our elec-
tronics. However both our Robinson spectrome-
ter [3] and the phase-detection amplifier system
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were found to perform without any drift in time.
We then started to investigate this anomalous NMR
signal behavior systematically and concluded that
for unknown reasons over the range from 3 to 0.4 K
the number of isolated o-H, decreased with tem-
perature and equilibrated with a characteristic time
T(T). That time T increased with decreasing T.
Conversely, as T was increased, these isolated
(J = 1H,, reappeared, as evidenced by the recovery
of the signal amplitude. We wondered how this
process could take place, as we knew that classical
activated diffusion rate was negligible at these tem-
peratures, because the energy barrier for vacancy
hopping is = 200 K in solid H, . We concluded that
there had to be some other tunneling mechanism or
molecular interchange with a rate that was not
strongly temperature dependent. From previous
work [2], we realized that the internal energy of
isolated (J = 1)H,, pairs was lower than that of the
isolated (J = 1)H, «singles», and it suddenly oc-
cured to us that what we had witnessed was the
clustering of (J = 1)H2 into pairs as the tempera-
ture decreased, and their unclustering as the sample
was warmed up. The next step in our analysis was
then to form the free energy F of the total system of
(J = 1)H2 in the solid matrix, including both «sin-
gles», N, and those molecules forming nearest
neighbor (J = 1) «pairs», N P with respective frac-
tions N, /N and NP /N, where N is the total
number of (J = 1)H, particles. By minimizing this
free energy, it was possible to calculate the equilib-
rium fraction of these two types at a given
X(J =1) and T. The transient of the signal increase
(or decrease) with time was found to be represented
by an exponential exp (=t/1). The experimental
results for the relaxation time as a function of
temperature, but without a numerical calculation of
the equilibrium fractions N /N as a function of T,
were presented in our original publication [4].

But we believed that a quantitative measurement
of N /N from NMR experiments would be affected
by systematic uncertainties from electronics, geome-
try etc. Therefore another approach was explored:
while the NMR experiments were still in progress,
pressure measurements at constant volume with a
sensitive strain gauge were carried out in another
cryostat by Ramm and myself on samples of H,
with similar low (J = 1) concentration. We ex-
pected that after cooling the sample to a final
temperature, T, , the pressure P = (0F/0V), was
going to change with time at T, while the free
energy F tended to its minimum value. The change
AP(T) = [P(4.2 K) = P(T;;,)] to be observed be-
tween the initial temperature (4.2 K) and T ,
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could then be compared with calculations from
simple statistical mechanics. This expectation was
indeed fulfilled and the relaxation time for the
equilibration process at each temperature could be
obtained by automatically recording the pressure
versus time. The transient [P(t) — P(t = »)] at the
temperature Ty ~was found to follow again an
exponential with the relaxation time 1. As the
molecules cluster, the pressure is predicted to de-
crease, reflecting a more ordered orientational state
in the system, and this was verified by the experi-
ment. Just as in NMR experiments, the charac-
teristic time to cluster upon cooling increased as
Ty, Wwas decreased. These experiments and their
analysis were first presented in preliminary form in
the thesis of Ramm [5] and a statistical analysis
was also published [6] where the equilibrium con-
centration of «singles», «pairs», and «triangless» of
(J = 1)H2 and the pressure changes were calcu-
lated. The energy levels of the triangular configura-
tions used here had been calculated by Miyagi, and
independently by Harris [7].

Within a few years, optical experiments in other
laboratories confirmed and measured the effects
from clustering in H, [8—10]. The insight stimulat-
ing these experiments was provided by the impor-
tant paper by Oyarzun and van Kranendonk [11]
who identified the mechanism of molecular motion
as the «resonant ortho—para conversions, a mecha-
nism distinct from tunneling, and by which a
(J = 1) particle excitation can propagate through a
lattice of (/ =0)H, molecules, leading to «quan-
tum diffusions». The authors calculated that this
mechanism was faster than that of quantum me-
chanical tunneling.

The final publication of Ramm’s experiments
was delayed by more than ten years by other seem-
ingly higher priorities, but in hindsight for no good
reasons at all. The pressure results were finally
published [12] together with more recent clustering
experiments [13] showing quite novel results at
temperatures as low as 0.02 K, and which revived
greatly the interest in this topic.

B. Research on H, and D, since 1986

1. Calorimetry. Detailed investigations of mo-
lecular clustering in the hydrogens were carried out
at the B. Verkin Institute for Low Temperature
Physics and Engineering in Kharkov by calorimetric
methods that follow the ealier detailed studies [14].
A very interesting result was the unambiguous de-
monstration of (J =1)D, clustering in a matrix of
(J =0)D, , called respectively «para» and <ortho».
As van Kranendonk [15] has pointed out, the mo-
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lecular hopping frequency Vv via resonant ortho—
para conversion is V [ y2/R?, where y is the nuclear
gyromagnetic factor and R, is the intermolecular
spacing with Ry(H,)/Ry(D,) =1.05. The ratio for
the deuteron and proton  factors is
v(D)/y (H) =0.154, and hence the hopping fre-
quency in D, is much smaller than in H,. A calcu-
lation on p. 266 of Ref. 15, and which included
other factors than vy, gives

v(D,) = 0.48072v(H,) . (D

To detect the effect of clustering in D, , Bagat-
skii et al. [16] measured the specific heat CP of a
sample with X(J = 1) = 0.028 as a function of time.
Two processes contribute to a slow variation of C
with time: a) the irreversible (/ = 1) - (J = 0) con-
version rate that causes C. to decrease and b) the
clustering with a characteristic time T of the iso-
lated J =1 particles into pairs via resonant
(/ =1) o (J =0) conversion, leading to an increase
of C_ . Hence these two processes tend to compen-
sate each other, but the good measuring accuracy
enabled the authors to isolate the two contributions
in the following way: the experiment started with
the sample having random distribution of the p-D,, ,
which is reached after cooling the crystallized sam-
ple from the melting point at 18.7 K. As shown in
Fig. 2, CP slowly decreases with time during which
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ed at the same temperature over a period of 250 h.
The sample was then heated to the melting point
and cooled back to 1.65 K over a time of about 2 h.
During this time, the distribution of (J = 1)D, be-
came randomized again, just as it was initially at
the beginning of the experiment. However the mole
fraction X(J = 1) had decreased by conversion, and
the C_, measured again at 1.65 K, was consider-
ably lower than before this thermal cycling opera-
tion. This decrease of C, from the value at t = 0 was
then due solely to conversion. From the combined
analysis of the two experiments, the authors de-
duced a  clustering  characteristic time
1(D,) =630 £ 50 h at T'=1.65 K.

Comparing this result with predictions is diffi-
cult: although theory provides an estimate of the
resonant conversion frequency, the predictions of
the average number of hops per particle to achieve
clustering is uncertain, and will be discussed in a
later section. However a more immediate check of
the predictions can be made by comparing the
clustering time in D, and in H, under similar
conditions of X(J/ =1) and T. Because the ani-
sotropic electrostatic interactions, characterized by
the parameter I', are comparable for H, and D,
[F(H,),/T(D,) ~ 0.8], we can expect that the num-
ber of hops to achieve clustering is also comparable,
while the ratio of the hopping rates is given by
Eq. (1). From pressure measurements in H, at
T =1.7 K and with X =0.025, t(H,) =3.0 h [12].
The ratio t(H,),1(D,) = 0.4600072 is then in surpris-
ingly good agreement with the predictions given by
Eq. (1). (This scaling of the hopping times is only
valid at <high» temperatures, i.e., above = 0.5 K,
but should not work at low temperatures where the
hopping probability is more sensitive to the electric
potential distortion in the surroundings and to its
gradient. There the directions for a most probable
jump for D, and for H, under similar conditions
could be quite different, resulting in clustering
trajectories of different lengths [17]. See also Sec-
tion 2 B3.)

Another interesting aspect in the calorimetric
studies is the effect of heavier impurities on the
clustering time constant T in solid H, . Minchina et
al. [18] reported that at two temperatures, 0.5 and
1.3 K, where the experiments were carried out, the
introduction of D, impurities first decreases T from
the value of pure H, . Beyond a concentration
X(D,) = 0.02, T monotonically increases for doping
up to X(D,) =0.3, but by less than a factor of
2 [18]. Experiments were subsequently carried out
on H, doped with the heavier impurity neon [19].
Mixtures with X(Ne) < 60074 showed a decrease of
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nsistent with the result for D, impurity doping.
These results are shown in Fig. 3. The reasons for
this intriguing phenomenon have been discussed in
Ref. 19 in terms of lattice distortions by the heavy
impurity, but this needs to be further clarified.
According to Fig. 3, T is independent of X(Ne) in
the 0.02-0.06% range. It has been assumed in
Ref. 19 that the upper limit of solubility of Ne in
H, is not higher than 0.02%.

A further calorimetric experiment by the same
group probed whether quantum diffusion of
(/ =1)D, in (/ =0)H, could be observed [20]. A
sample with 3% D, , corresponding to X(J =1) =
=9.4007% of (J = 1)D, in (J =0)H, was investi-
gated. No evidence of a clustering on the specific
heat after a period of 290 h at 1.7 K could be found,
indicating the characteristing clustering time to be
in excess of 10% h.

2. Thermal conductivity. Simultaneous thermal
conductivity and NMR experiments at Duke Uni-
versity were carried out on a sample of solid H,
grown at constant density, corresponding to a pres-
sure of = 90 bar, and from which information of the
clustering could be obtained [21]. More recently,
further conductivity experiments [22] at a similar
pressure were carried out in another cell where the
sample was grown at constant pressure [23] instead
of constant volume. Such a check with a different
crystal growth arrangement was made necessary in
view of the unusual results reported in Ref. 21. To
analyze the results, the additivity of the thermal
resistivities from phonon scattering is assumed,
namely

. The solid curve repre-
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ity of a pure (J = 0)H, crystal and represents the
phonon scattering by the lattice as determined by
grain boundaries, lattice imperfections etc. The sec-
ond term, K(/ 1)H, (X, T) is the contribution from
the inelastic phondn scattering by the excitation of
the rotational energy states in the (J = 1)H, mole-
cules. During the clustering process, we expect
K('J1=1 u (X, T) to change as a function of time.

T ezexperiments were carried out in a special
thermal conductivity cell made of a proton-free
commercial plastic, «Kel-F», that enabled the NMR
spectrum to be scanned continuously while conduc-
tivity measurements were performed automatically
as a function of time. The cell was cooled rapidly
from a standard temperature, usually 2.2 K, where
clustering is small, to a final temperature T, which
was then stabilized for periods up to 45 h. During
this time data on the conductivity and on the
central NMR line amplitude, the latter being the
signal of the <isolated» (J = 1)H, , were recorded.
A sample of the results, suitably normalized to the
initial observed resistivity k™1(0) is shown in Fig. 4
for the earlier experiments [21] with the samples
grown at constant density. Figure 5 shows a repre-
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ly expanded time profile for k™!(¢) for X = 0.01 and
Ty, = 0.20 K, obtained with the sample grown at
constant pressure [22]. The curve is similar to that
in Fig. 4 for the same 7', . In both figures,the solid
lines are fits to a sum of two exponential terms,

—_ M A .

K(t) = A+ Bexp(-t/1) + Cexp (-t/1)) . (3)

The thermal transport and NMR data show re-
markable features, the two principal ones being as
follows:

a) Thermal resistivity change. Above T = 0.3 K,
the resistivity increases as clustering proceeds. The
equilibration can then be represented approximately
by a single exponential term with a time constant
T, . The change A = [kt = ) — k71(0)] is posi-
t
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reases, AK™! decreases and changes sign near 0.3 K.
The time profile of k™!(¢) becomes more complex
with decreasing temperature, first rising and then
decreasing to its equilibrium value. As a result,
Ak™! becomes negative. This is shown in Fig. 6
where the results at Kharkov obtained by Gorodilov
et al. [24], the predictions by Kokshenev at high
temperatures [25] and the published [21] and un-
published [22] data in this laboratory are shown.
(The single data point obtained in Ref. 26 has been
omitted.) Given the various uncertainties, there is
good consistency between the various measure-
ments. The unexpected behavior change in sign of
A1 near 0.3 K is therefore confirmed.

b) Relaxation times. The transients shown by the
exponential decay of the «isolated» (/ = 1)H, (from
NMR) and by the change of conductivity, and
measured simultaneously on the same sample, show
different relaxation times. This is illustrated in
Fig. 7 for a representative temperature above
T = 0.3 K. While both observations reflect cluster-
ing, they represent different aspects: the NMR
shows the signal of «singles» decaying with time,
while measurements of thermodynamic averages
such as heat capacities and thermal conductivity
reflect the complicated dynamics of (J = 1)H,, clus-
ter formation (pairs and larger groups). In Fig. 8
the relaxation times from NMR measurements are
presented together with those from C_ and from K.
For simplicity, I do not show the data from conduc-
t
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becomes rather complex, with the formation of
«pairy clusters that subsequently hop and congre-
gate to form larger clusters (see Fig. 7,b in
Ref. 21). Based on the evidence from NMR
data [13] that describe the decay rate of (J = 1)H,
pairs into larger (J = 1)H,, clusters, and which ac-
celerates with decreasing temperature, it is reason-
able to expect that the clustering relaxation times
observed in calorimetric and thermal conductivity
experiments will pass over a maximum and decrease
with decreasing temperature below 0.3 K.

As can be seen from Fig. 8, the characteristic
clustering times T obtained from NMR in both
experiments performed at zero pressure [13] and at
a pressure of approximately 90 bar [21] agree
within the considerable experimental scatter. The
resonant (J =1) o (J =0) conversion mecha-
nism [11] leads to the prediction of a roughly 10%
increase in the hopping frequency for a density
increase of 5%, which corresponds to a pressure
change from 0 to 100 bars. This pressure effect
might be too small to detect, given the scatter in
the measurements of T. By contrast, mass quantum
diffusion of (J = 1) impurities, as produced by the
motion of three-body cyclic permutation in the
(/ = 0) lattice [27] is predicted to decrease by a
factor of 60 for this 5% density increase. Therefore
the observations mentioned above favor resonant
conversion over tunneling as the dominant mecha-
nism of quantum diffusion, at least below 4 K.
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The thermal transport measurements can be sum-
marized as follows: at temperatures above = 0.5 K,
the time dependence and the sign of the resistivity
k™! after a temperature quench to T, indicate that
clustering of isolated <single» (J = 1)H, particles
takes place, but as T’ is decreased, there appears
to be competition between several clustering vari-
ations, and the time dependence of k™! becomes
more complex. It is probable that clustering into
larger configurations causes the trend of k™'(¢) to
change direction. The initial increase of k™1(f) —
which reflects the simple clustering of single parti-
cles — is compensated within a few hours after the
temperature quench and is exceeded in magnitude
by the effect from the clustering of larger groups.
The quantitative understanding of this phenomenon
remains to be clarified.

3. Theory on the pairing of (J=1)H, impurities.
Significant progress has been made in recent years
in the understanding and the simulation of the
pairing procedure of (J = 1)H, particles in a solid
(J = 0)H,, matrix [28-30]. As already calculated by
Oyarzun and van Kranendonk [11] and discussed
by van Kranendonk [15], the order of magnitude of
resonant (J =1) o (J =0) conversion <«hopping»
frequency v, for an «isolated» (J = 1)H,, surrounded
only by (/ =0)H, , is of the order of 1010%s7!,
Electrostatic quadrupole-quadrupole interactions
with (J = 1)H, neighbors produces randomly fluctu-
ating orientations, corresponding to an energy band
width that increases rapidly as X(J = 1) increases.
This reduces the probability of an energy-conserv-
ing jump. For X =1072, the reduction factor is
calculated to be 1077, hence the hopping frequency
is only v(X =0.01) =500 s™!. Meyerovich and
collaborators note that this small frequency v, is
very sensitive to inhomogeneities of the potential
relief U(t) = Uy(a,/1)°, where U,/ /kp = 0.8 K, and
depends on the orientation. They explore the exist-
ence of a strong directional bias, which will influ-
ence the time where one (/ = 1)H, impurity ap-
proaches another one to form a pair. Stimulated
partly by the observation of the maximum in the
characteristic time of pair formation near
0.3 K [13,31], Meyerovich advanced the idea that a
directional bias might lead to such a maximum even
if the individual hopping rates should show a mono-
tonic behavior with T, i.e., an increase as T de-
creases. The two energy-conserving mechanisms for
enabling hopping in the presence of an energy
mismatch € ;= U(r) - U(r]-) from site i to site j are
a) spontaneous emission of phonons with an energy
hw/2m = &> 0, and b) inelastic scattering of
thermal phonons. The former process is only possi-

513



Horst Meyer

I
| 7 a 3 b
6_

E ------
fmg 5_ 2_
(s- 4_ [— Sﬁ
17 o~ o)
¢ @ 3r £

E - | PRI 4SOV
iE oL 1 —
1
( 1T -
i | 1 1 1 1 1 1
< 0 1 2 3 4 50 02 04 06 0.8
i in(1-vy) In(1-vy)

iFig. 9. The fraction y of pairs versus time (in hours) for a cell
ize with 100 lattice sites, corresponding to X(/=1) = 10072,
H)ictures the pairing of 88 impurities, each marked by a symbol
( D). a) overall picture; b) the initial stage of pairing of 38
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¥hat the pairing time is derived by the slope of the straight line.
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n
isotropic, while the latter operates for any sign of
€ ;- When & << Ay, /21, the hopping time is much
larger than that calculated for phonon-assisted hop-
ping and is given by w™!. The authors calculate the
average pairing time with the help of a computa-
tional model for X =1072 and 1073. One =1
impurity is moving while all the others, randomly
distributed, stay fixed. The single particle diffuses
in the cell and can pair with any one of the
immobile impurities. The motion of the particle is
tracked and the times of hopping are adjusted as the
energy mismatch e, ; and particle distribution
change. In the calculation, hep lattices with 100 to
more than 103 lattice sites per cell were generated
when the concentration decreased from about
X =102 to 1073,

The calculation gave the number of paired impu-
rities as a function of time, assuming a random
initial distribution of impurities over all sites, ex-
cept at the origin, from where the diffusing particle
starts, and its nearest neighbors. However, instead
of a smooth curve indicating the pairing process to
be exponential with time and characterised by a
time T, the plot gave a staircase (Fig. 9) which the
authors interpreted to indicate that the pairing
process is characterised by a set of times rather than
by a single 1. They speculated that the staircase
should become smoother when account is taken of
an averaging effect by the motion of other particles.
For their choice of a characteristic time T, the
authors used the time profile #(n) describing the
initial stage of pairing (the first step of the stair-
case). Here n = N/N, , where N is the number of
impurities that have been paired and N is the total
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es considered in the calculation. In a plot versus
temperature, they show that this time T passes over
a maximum near T = 0.4 K. By contrast, the char-
acteristic time of the final stage of pairing is much
longer and steadily increases with decreasing T'. The
authors then discuss in detail the numerical value of
the two independent parameters in their calcula-
tions that produce a reasonable fit with experiment.
They find, for instance, that the temperature posi-
tion of the maximum in T is rather insensitive to the
value of (&,/€), where & and & are constants ap-
pearing in the expression for the time of the pho-
non-assisted impuritiy hopping. The lower bound of
the estimate for v, coincided with the value [15]
103 57! while the upper bound was about two orders
of magnitude higher.

In Fig. 10 we present experimental data and
theoretical curves from Ref. 30. Two unknown com-
putation parameters (bare tunneling frequency v,
and a coefficient in its temperature renormalization)
were chosen so as to fit the position and height of
the maximum T(7T) to experimental data. The main
difference between experimental data and computa-
tional results is in the position of the maximum. In
principle, the theoretical curve should be shifted to
the left by 0.2 K, from 0.5 to 0.3 K, and stretched
vertically to make experimental and theoretical
maxima coincide. This procedure should improve
agreement between experimental and theoretical
data. However, the position of the maximum and
the shape of the curve were not very sensitive to the
fitting parameters, and such a shift would require
changing the unknown renormalization coefficient
by an order of magnitude away from its expected
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range [17]. On the other hand, this insensitivity is
a good sign demonstrating that the existence of the
maximum is a stable general phenomenon. Better
agreement with experimental data requires improve-
ment of an over-simplified computational
model [30].

The numerical calculation leads to the following
conclusion, as stated by the authors [29]: the low
temperature peak in the characteristic pairing time
is caused by a directional bias in the diffusion,
which is conditioned by the interaction mechanism
of the pairing particles with the surroundings. One
of the diffusion mechanisms — the hopping with
inelastic phonon scattering — is biased against
mutual approach of the particles and opposes pair-
ing. When this mechanism dominates at tempera-
tures above the maximum in T, a decrease in the
temperature results in a slow-down in motion, in-
cluding the pairing. As T further decreases, a tem-
perature-independent motion with emission of pho-
nons becomes increasingly important, and this
neutralizes the first mechanism and increases the
pairing rates.

So far, theory has considered the clustering dy-
namics from an isolated (J = 1) impurity to the final
paired state. The statistical mechanics aspects
(equilibrium concentration of pairs at a given tem-
perature, as based on the Free Energy minimum)
were ignored within the considered model with
single-particle motion. The theory assumes all sin-
gle impurities will cluster, which should be nearly
realized only below = 0.5 K.

Furthermore I note that the calculation of the
characteristic clustering time T has been made from
the initial pairing stage, as computation of T from
the later stages gave a substantiallly larger value.
The experimentally observed transient of the <sin-
gles (J =1) signal [n(tf) - n(t = ©)] followed an
exponential decay all the way, and not just in the
initial stages, as shown by all the NMR experi-
ments [4,13,21]. It is hoped that in the near future
these problems in the theory can be addressed.

C. Tunneling of HD and of (J = 1)H,, in solid H,

There has been considerable activity in the study
of low-temperature tunneling motions, both of
molecules (HD) and of atoms in a matrix of solid
H, . (This process of motion is, of course, different
from quantum diffusion resulting from ortho-para
resonant conversion in H, and in D, .) Furthermore
experiments have been reported on H,™ anion tun-
neling (see Section 2D). First the detailed NMR
studies by the group of Sullivan, showing evidence
of HD tunneling, will be described. This will be
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e
nt that indicates tunneling motion of (J = 1)H, .

1. HD tunneling from NMR experiments. Pulse
measurements [32—35] were carried out at 268 MHz
and both the longitudinal and the transverse relaxa-
tion times, 7, and T, , of the proton nuclei were
measured. The samples consisted of HD and of
(/ = 1)H, impurities in a matrix of solid (/ = 0)H,, .
The most extensively studied sample contained
1.1% of HD and 1.6% of (J = 1)H, . Although the
proton line shapes of HD and H, can only be
resolved below = 4 K (see Fig. 11), they have very
different relaxation times. Therefore the respective
signal contributions can be separated and this is
most striking for 7, . It is known that the spin-lat-
tice relaxation time in pure H, for such low
= 1)H,, concentrations is of the order of ms and
has only a weak temperature dependence. (See, for
instance, Ref. 36 and references therein.) The char-
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lar orientation fluctuation frequency spectrum o,
from the intermolecular electric quadrupole-quadru-
pole interactions modulate the dipolar interaction
between the two protons. For (J = 1)H, concentra-
tions of a few percent, W, /2mis comparable to the
Larmor frequency of the order of 10 to 10? MHz,
and this favors rapid energy transfer from the spin
«bath» to the rotational energy bath, and from
there to the lattice. The protons of HD do not have
this mechanism of energy transfer, and their intrin-
sic relaxation rate to the lattice is very slow. How-
ever, as shown in Ref. 35, the cross-relaxation from
the HD spin system to that of (/ = 1)H, permits a
faster relaxation. Furthermore, this mode of energy
transfer is sensitive to the motion of the HD mole-
cule. In the high temperature regime (for
T > 11 K), the mechanism of cross-relaxation is
attributed to the motion of vacancies, while in the
low temperature regime (T < 8 K), quantum tun-
neling of HD impurities is the responsible mecha-
nism.

The longitudinal relaxation time measurements
showed a pronounced minimum (Fig. 12) which
was analyzed in Ref. 35. Starting from the low
temperature end, where the cross-relaxation time is
nearly constant and is determined by the quantum
tunneling frequency J of the HD particles, impurity
scattering with an activation energy E, becomes
important and leads to a decrease of T, . The
progressive excitation of vacancy motion with an
activation energy Ep then pulls up T, as the tem-
perature increases. The theory is thus able to ac-
count for the observed minimum. The quantum
tunneling frequency so derived is J = 1.300° Hz,
which is of the same order as the hopping frequency
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resonant conversion [15]. The energies obtained by
fit to the data are Ep /kz=91 K and
Ep /kp =100 K. It is the sum (Ej + Ep)/kp that
determines the limiting high temperature slope seen
in Fig. 12, and which agrees with previous determi-
nation of the activation energies in (/ = 1)H, . It
should be noted that in pure solid H,, with such low
values of X(J =1) as used here, this temperature
dependence of T, is not observed, but the addition
of HD impurities leads to a temperature profile of
both T, and 7, — a pronounced minimum and a
sharp rise with 7 — and permits the separate
determination of these activation energies.

The transverse relaxation times show a similar
behavior to the longitudinal ones, but with a less
pronounced minimum. Figure 13 shows a repre-
sentative curve for T, with 1.1% HD and 2.1%
(J = 1)H, between 15 and 4 K [34]. There is a weak
linear temperature dependence below 4 K where T,
rises to =3 ms near 0.1 K (Fig. 4 in [34]). Again
the results could be interpreted by quantum diffu-
sion of the HD impurities at temperatures below
= 6 K. This value of T, is higher than calculated for
HD in a rigid H, lattice, and this leads to the
conclusion that diffusion narrows the linewidth (or
raises Tz)' As the temperature increases, first va-
cancy-impurity scattering with an activation energy
Ep /kp =91 K, and then vacancy motion with an
activation energy (Ep + Ejp)/kp =196 K explain
the data very well. Neglecting the small tempera-
ture dependence that is attributed to formation of
(/ = 1)H, clusters at temperatures below 4 K, the
diffusion coefficient can be represented by

Fizika Nizkikh Temperatur, 1998, v. 24, No 6



Quantum diffusion and tunneling in the solid hydrogens: a short review

antum D(c)lassic -E, /k,Ty -E./RT

a b

, 10t 10° )

* C N[ N
(E5%+ I -
IR T T (- A S

~ L a [} L

~ L Be - #‘ »}~
R
1 1L | ! 102 Ll ! !
e 05 1 2 34 05 1 2 34
1 XJ=1), % XJ=1), %

a function of X(J = 1). Solid circles with error bars from

ef. 38, triangles: from Figs. 3 and 4 in Refs. 34, 39. b) The

Werived tunneling frequency J ¢ versus [X(J = 1)], as obtained
drom the T, data via equations (9)—(11) (in Ref. 34).

D(c)lassw —
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. From the value of Dg“ant“m, the authors calculate
a tunneling frequency of J = =1.5kHz. (See,
however, the revised analysis below.)

Rall et al. [34] pointed out that it would be
valuable if both results obtained at Duke Univer-
sity and at the University of Florida could be
compared at the same temperature. In fact such a
comparison can be made readily for the temperature
range below 0.1 K, where the temperature depend-
ence of T, is only weak, and is based on the
experiments carried out at Duke [37,38] as pre-
sented in Ref. 38. The details of this comparison
and their analysis to obtain the tunneling frequency
J are deferred to the Appendix. Briefly, the result
is that the T, data obtained in both laboratories
under comparable conditions of X(J/ =1) of tem-
perature and of r.f. pulse length are of the same
order. The uncertainty lies in the analysis of T, to
obtain the tunneling frequency. This frequency,
when derived with the use of the relations reviewed
in the Appendix, is lower than the J ¢ = 1.34 kHz
claimed by Rall et al. [34]. While tunneling of HD
in the matrix of (J = 0)H, no doubt exists, its
frequency, as obtained from the Duke data, is of the
order of 300> Hz, and independent of X(J = 1) and
of T within the experimental uncertainty. The re-
analyzed UF data [39] give J ¢ = 800 Hz. The re-
sults are shown in Fig. 14,6 where the DU and the
UF data are compared.

€

Bt afdum) The dEepdnts &n[ﬁhse/gemperature range of 50-100 mK
a o

%

2. Enhanced ortho—para conversion in solid H,
with O, impurities
Tunneling appears also to be important in the
(/ =1) - (J =0) conversion in solid H, catalyzed

by O, impurities, as shown by Shevtsov et al. [40].
Here the conversion rate for small concentrations of
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O, was studied between 4.2 and 7 K. The authors
report a very different conversion rate (magnitude,
as well as temperature dependence) from that for
pure solid H, . Diffusion of (J = 1)H,, is invoked,
and a fit of the proposed model to the data gives a
diffusion coefficient IXT) = D, exp (-96,/T). The
activation energy is comparable to that obtained by
the group of Sullivan for the HD tunneling in this
temperature region, where the potential energy of
(91 £ 6) K was attributed to impurity-vacancy scat-
tering [35]. The prefactor D, = 3007 em? /s cor-
responds to a tunneling frequency ~ 103 times
smaller than that for HD and smaller than v, for
the resonant (J = 1) « (J = 0) conversion of an iso-
lat;ad ;;air in (J = 0)H, [15], where v is of the order
102 s7°.

D. Tunneling of D or H atoms and H,™ anions in
solid H,

A very interesting development over the last
fifteen years is the systematic study of low tempera-
ture chemical reactions. Here electron spin reso-
nance techniques are used to observe the H or D
signal intensity in a matrix of solid H, , HD or
H,-D, mixtures. The atoms are produced by the
irradiation of the solid sample by y rays from a
Co% source or with x-rays, and their ESR signal
shows an exponential decay with time that is inter-
preted as recombination through tunneling. This
research elucidates chemical kinetics near 4 K and
below, where all the thermally activated reactions
are suppressed, and only those driven by quantum
tunneling take place.

A major portion of this research has been carried
out at Nagoya University by the group of Miyazaki,
and a review of papers before 1990 has been pre-
sented by him in Ref. 41. Among the many reac-
tions studied experimentally and also theoretically,
a very interesting one has been the irradiation of a
solid D,~HD mixture by y rays at 4.2 K [42].
Simultaneous ESR measurements of H and D at-
oms, made after the irradiation, showed clearly the
D signal to decrease while that of H increased with
time. The results indicated convincingly the oc-
curence of the reaction

HD+D - H+D,. (5

The signal transient curve obtained for T =4.2 K
was found to be the same at 1.9 K, indicating that
the reaction rate was temperature independent. Be-
cause the potential barrier for this reaction is
AE/ky = 5003 K, the reaction cannot occur by
thermal activation, but must take place by quantum
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tunneling. Several types of calculations of the rate
constants in this tunneling regime have been carried
out and were listed in Miyazaki’s review. In a
review of more recent papers [43], the temperature
dependence of the above reaction has been investi-
gated in detailed fashion and shows a dramatic
temperature dependence of the reaction constant %
defined by the relation

d[D]
gi =~ kIDI[HD], (6)

where the components in brackets signify the
fraction of the reactants.

This behavior of & is shown in Fig. 15 where &
sharply decreases with falling temperature as ther-
mal activation becomes frozen out. Below 4 K, k&
remains constant. From the temperature dependence
between 6.5 and 5 K, the authors [44] derive an
activation energy AE/kp =95 K, which is similar
to values between 85 and 105 K obtained for va-
cancy diffusion in solid HD from NMR transverse
relaxation time measurements [34]. This result is
discussed in terms of the distortion of the solid
hydrogen lattice structure by the H and the D
atoms, which is caused by the large zero-point
vibration of these atoms. The authors argue that in
the tunneling process, the deformation accompanies
the atoms. When a vacancy moves to another site by
thermal activation, the atom tunneling is acceler-
ated by the vacancy motion. This is vacancy-as-
sisted tunneling reaction, which becomes tempera-
ture-independent below about 4 K. Investigation of
the ESR fine-structure and the linewidth for H
atoms in solid HD furthermore gave information on
the distance between the tunneling atom and the
n
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fig- 15 The rate constant & for the tunneling reaction
H{D +D - H+D,, solid circles, open triangles: experimental
data; curves: calculations based upon different potential sur-

(%aces (after Ref. 43).
S
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t molecules. It was found that the average distance
H-HD was = 3 A.

Another interesting investigation is that of the
decay rate of H,™ anions [45]. In the reaction ac-
companying the decay, the anions change into elec-
tron bubbles, as represented by the equation

H,”+ HD - Hy+ HD + ep 010 - (D)

The ESR spectrum of electron bubbles has been
observed to become more intense while that of the
H," decreases. The decay rate constant has a rather
striking temperature dependence,as shown in
Fig. 16. Here solid (J = 0)H, has been irradiated
with x-rays. The measured decay rate constant can
be represented by a sum of two terms. The first is a
thermally-activated process above 5 K with an acti-
vation energy of AE/ky = 93 K, the same as in the
reaction given by Eq. (4). The second term is a
phonon scattering process in quantum diffusion.
The tendence of the decay rate constant towards
temperature independence below 3.2 K might indi-
cate quantum diffusion in the absence of phonon
scattering. The possibility has been raised [45] that
the origin of anion motion might be through reac-
tion with a tunneling impurity HD molecule. How-
ever another mechanism of anion hopping is given
by the conversion

(J =0)H,” +(/ =0)H, — (J = 0)H, + (/ = O)H," .
(®

Because of the light mass of the excess electron, and

the symmetry between the initial and final com-

pound, this conversion might occur by quantum
t
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lF ig. 16. The decay rate constant of H,™ anions in x-ray irradi-

ated solid (/ = 1)H, over the temperature range 2.7-6.6 K. The
solid curve shows a two term fit to the data, as explained in
Ghe text (after Ref. 45).
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tron. However information on the anion H,™ in
solid H,, is insufficient so far to permit more discus-
sion.

3. Conclusion

Much progress has been made in the past ten
years in the understanding of quantum diffusion
and tunneling phenomena in the solid hydrogens. It
is hoped that this review will stimulate further
investigations in several areas. Since the tunneling
study of HD, H and D atoms in solid hydrogen is a
very active subject of research at present, I restrict
myself to the topic of (/ = 1)H, quantum diffusion
through the resonant conversion process.

i) More and better NMR experiments are cer-
tainly needed with dilute mixtures below 0.1 K to
explore whether the clustering time T tends to a
constant value, as suggested by theory.

ii) Although the theory of single-particle cluster-
ing is already quite complex, it is hoped that still
further improvements can be made to bring theory
into better agreement with experiments and to clar-
ify the problem of the transient decay, which is
observed to be exponential during the whole process
and not only in the initial stages of clustering.

iii) The complicated time dependence of the
thermal resistivity after the quench to a final tem-
perature T, needs to be quantitatively explained as
a function of T. It would be interesting to find out
whether calorimetric experiments also show a com-
plex time dependence at temperatures below 0.5 K
after a temperature quench.

iv) There is also the intriguing question of what
happens to clustering at larger (J =1) concentra-
tions than a few %. Pressure experiments [12] at
constant volume, Py(f), suggest that as X(J =1)
increases, the clustering time decreases. Could
quantum diffusion play a role in the martensitic
transformation (from Pa3 cubic to hexagonal close
packed) that accompanies the orientational order—
disorder transition? The transformation, which is
observed for X(J = 1) > 0.55, has been known for
about thirty years and is very different for solid
H, and D, . The dynamics of the thermal cycling
and phase stability for this transition have been
recently reviewed [46]. While the effect of quan-
tum diffusion on the irreversible (/ = 1) - (J = 0)
conversion rate can be observed in various types of
experiments at low concentrations when clustering
has occured, it also appears that diffusion at inter-
mediate concentrations is still efficient in bringing
about a random distribution of the (J = 1)H,, in the
matrix as the conversion proceeds. It is difficult to
observe directly this diffusion from Py,(f) measure-
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ments, because the time dependence of P, from the
(/=1) > (J =0) conversion masks any molecular
rearrangement effect due to diffusion.

This short review has been restricted to the solid
hydrogens in three dimensions. The very interesting
subject of molecular motions in thin films of H, ,
HD and D, has received much attention, especially
over the past ten yeats, and a review on this topic
is certainly due. For the reader’s convenience I list
some of the recent works [48—51] where references
to previous research in this field are given.
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V. Appendix: The HD hopping frequency as
derived from T, measurements

First 1 review the data for the transverse relaxa-
tion time T, obtained at the University of Florida
(UF) and at Duke University (DU) under compa-
rable experimental conditions. This is followed by a
data analysis to obtain the HD tunneling frequency.

It might be noted that for the HD spins, the
statistical rigid-lattice NMR full width at half
maximum (FWHM) is given by Apypyy =
=63.4 X(J =1) (kHz) in Ref. 34. The numerical
coefficient is larger by a factor of about 3 than that
presented in Ref. 37, Eq. (7a), and which was
based on a model by Delrieu and Sullivan [27].
(This width was denoted by &/1 in Refs. 27 and
37.) The new value of Apypy, , which is larger
than the experimental one deduced from T, data,
indicates «motional narrowing» of the (Lorentzian)
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line, and signifies that HD tunneling is taking
place.

The data at UF were obtained with r.f. pulse
amplitudes giving a field of 15 G in the rotating
frame [34]. For a /2 pulse, this corresponds to a
pulse length of =4 pus. In the DU experi-
ments [37,38], pulse lengths for a /2 pulse were
between 11 and 100 ps and the T, results were
extrapolated to zero pulse length. The UF sample
concentrations were C(HD) =1.1% )
X(J =1)=2.1% and C(HD) = 1.1%, X(J =)1.8%.
Those of the DU sample IV were C(HD) =0.04%
and 0.55% < X < 1.3%, where X(J = 1) decreased
through conversion over the period of the experi-
ment. The data taken near T = 50 mK are shown in
Fig. 14,a. Because of the significant dependence of
T, on pulse length [37,38], the DU T, data near
X =1.3%, converted to 4 ps pulse length, would
have been respectively = (0.7 ms larger than for zero
pulse length, namely = 3.1 ms, which is comparable
with the data obtained at UF, namely 3.4 ms for
X(J =1)=2.1% and 4.6 ms for X(J =1) = 1.8%.

The next step, the calculation of the HD jump
frequency, has uncertainties which were discussed
previously [37]. The difficulty lies in the correct
choice of the rigid lattice second moment of the HD
line for low values of X(J = 1) and in the presence
of clustering. It is therefore interesting that for
short T0/2 pulses of 11 us or less, T, does not seem
to change significantly as clustering proceeds in
time (Fig. 4, in Ref. 38 and Fig. 4 in Ref. 34).

For the sake of comparing the data of UF and
DU in a consistent way, I use Eqs. (18), (28), and
(30) in the paper by Rall et al. [34].(Note: the «X»
in the denominator of Eq. (18) should be sup-
pressed [39].) The tunneling frequency J g is then
given by

4T, MDD )
= 9
et o
where the second moment M?D of the HD rigid
lattice NMR line is given by

3 CHD) 4p

HD _ 2
M, _gx(]:”-kgg

MLyx). (10

Here M?z is the second moment of the H, line. For
this quantity the high temperature limit value un-
der the assumption of random (J/ = 1)H,, distribu-
tion [[47] was taken,

M(X) = 90X (kHz)? . (1)
Inserting the respective values of X(J =1) and
C(HD) into the equations, the values of J g are
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obtained as shown in Fig. 14,b). There appears to
be no significant variation of J off with X(J =1) in
the DU experiment, but a discrepancy exists with
the results from the UF group which is diminished
if one takes into account the pulse length-depend-
ence of T, , as discussed above. The UF values for
Jofe » quoted here after clarifications by Sulli-
van [39], are lower than 1.34 kHz, reported in the
paper of Kisvarsanyi and Sullivan [35].
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