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LOW—TEMPERATURE CLUSTERING OF o-
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The presented explanation
guantum crystals is based on an accurate analy
quaniurm difusion. The iransition between ditierent regim
palring trajectories. Later stages of clusiering may be influence

1, INTRODUGTION
Several years ago puzz
rgported o7 quantum diffusion of o»H2

ed a sharp drop I 8 palring time for o-H2
1. Since ali reasonable mechanisms

of guanium diffusion predict either an increasing pairing
time or, at least, & saturation at very low temperatures, the
tence of some new mechanism of

data (1) suggest an exis

guantum dittusion. However, the axistence of a new mechanism

at sush low temperatures does ot seem very plausible.
Nevertheless, the cata {1} can be jnterpreted on the

basis of some geometric considerations in the frames of known

mechanisms of quantum diffusion: the transition between

diffusion regimes is accompanied by changes in patterns of

difiusion  trajectories  with diferent characteristic Jangths.
Sometimes this leads fo a decreasing pairing time even if the
individual hopping rates are temperature independent oT

increase with the lowering temperature.
IRING OF o-H2 MOLECULES

oli as a classical one, is,
er, in the process of
1 of the time close to

ling experimental results (1) were
impurities in soiid p-

H2. NMR data reveay
molecules below 0.3K, Fig.

2. QGUANTUM DIFFUSION AND PA

The quantum giffusion, as w
by definition, a random walk, Howev
pairing, wo c>-H2 molecuies spend mMos

each other when the dominani shifts in their energy levels
{energy mismatches) on ihe different lattice sites are due to
their electric quadrupole-quadrupole interaction with gach
olhar, Since the hopping rates for guantum diffusion strongly
depend. on energy mismaiches (see.e.g..(z}-(S)), and the
mismatches change in a regular mmanner when the particies
approach each other, the guanium diftusion may lose fts
random character at small separations, And the diffusion
(pairing) irajectories do not resemble random walk anymaore.

Ditferent  hopping mechanisms resull 0 different
diffusion trajeciories, and the pairing trajectories  change
with a transition between diffusion mechanisms. There areé
three basic mechanisms of quantum ditfusion, and not all of

them favor random walks. The sffective hopping rates are
lation between ihe bare tunnelng

determined by the re
frequency ‘JD and energy mismatches $E between the adiacent

sites, and by the means to overcome these mismatches.
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H2 IMPURITIES IN p»H2 CRYSTALS

ndence of pairing time fo
in diffusion trajectories fo
es |s accompanied by changes in ¢
d by coherent diffusi

of anomalies in lemperaiure depe!
sis of differences
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r o-H. impuriles in p-H
¢ difiétent mechanisms c% .
haracteristic jengths of

on ot pairs and triads.

in the simplest case of negligible mismaiches JO > GE,

random diffusion with the diffusion

one observes & really
{a is the lattice constant, / Is the

coefficient D ~ Joai

mean free path, and h=1). Other mechanisms (with 5E >> Jo)

have eftective rates quacratic in J o

e most Important mechanisms of gquantum
th two-phonon processes when the
because of phonons taking care of an
ffective hopping rate is (4,5

One of tn
diffusion is associated wi
mistratches are overcome
energy balance. Then the e

J= JETUI(TE + 8E%), where T, = o(T/ee)’, o is ihe Debye

t is unknown, 0 <t <

temperature, index pis7org, and
pend on

1. 1f T{) »» SE, then the effective rate J does not de

5E, and the diffusion trajactary is random.

As soon as 8E << TG' J strongly depends on migmatches,
e direction of motion is perpendicular to
i this mechanism dominates, the
affective  pairing trajeclories are very long {much longer
than in the case of random walk), especially bacause the
interaction energy - and mismalches - very rapidly increase
with decrease in impurity geparation. It 18 possible 1o show
that the efiective pairing - time ioi this mechanism s

Ngut‘aE2 IJZT , where the jndex o is not universal and lies
max 0 0

between 1 and 3, SEm

and the most probabl
the energy gradient.

ax Is the maximal value of mismatch

(e.g.. the energy of EQQ interaction at the smallest pair
radius), and the offective path, N, is larger fnan an initial
particies separaticn, NO, {in h.c.p. lattice N = 2N0).

mismatches there s 2 possibility of one-

y balance I8 ensured by
ible, with

At larger
phonon Processes when the energ
emission of phonons. Then the mofion is lrevers

the hopping rate Jg(BElge}Sfe. 0.1 < ¢< 1. The frajectory is

directed almost along the energy gradient, is very shost, and

has practically no randomness.
As a result, both the hopping

pairing trajectory gepend on misma

rate and the length of the
tcnes. On the final stages
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of pairing, the situation Is clear: the potential refief and
the mismatches SE depend only on EQQ intaraction of the
pairing particles. Then the hopping rate and the trajectory
are determined only by the current palr radius, r. 8E =
8E(r), J = d(r).

At larger separations, the interactions with all other
impurities are equally important, and the values of 8E are
random fllling some energy interval E0 with the constant

density of states. Then it is possible to show that both the
unassisted tunneling through the “windows" of the bare width
JO and two-phonon processes averaged over the whole interval

E0 giva the same hopping rate J ~ JE!EO. and fead fo a random
diffusion while the one-phonen processes are negligible.
The probiem is to underetand the temperature dependence

of the palring times at 0.05K < T <.2K and o-H2 concentration

0.1% < X < 1% when the average distance between impurities is
ahout 4 « 5 lattice constards. At the distances less than 2 +
3 the mismatches are dus 1o the ineraction within the given
pair, and at larger separations the mismatches may be
considered as random. {Except for high goncentrations, x »
1%, rone of the above regimes can alone account for the whale
pairing process: the pairing corresponds {o A combination of
diferent regimes on different stages of pairing. At higher
concentrations when the whole pairing process takes place
with the mismatching caused by all other, randomly
distributed, impurities].  Definitely, most of the pairing
fime Is spent in overcoming the large mismatches at small
distances. The only thing which can happen at T < 0.3¥ is the

sransiiion from the fwo-phonon regime with J ~ JﬁTDJSEz to

the one-phonon mechanism, J ~ Jg(aaca}sle‘ if one does not

consider the pairing irajectory carefully enough, ihis
{rarisition resuits only in & disappearance of ihe temperature
dependence of the pairing time. The account of the diffusion
trajectories makes the results different,

All hopping rates discussed above confain one or more
unknown constants. The calculation of the pairing time by
means of simple numerical simulations of the diffusion
problem with all these constants as fitting parameters
provides an easy it 10 the experimental data because of the
large total number of parameters. The sifuation is even
worsa: the h.c.p. stucture of the lattice dictates the
doubling of the number of parameters. Therefore one may prefer
to reduce a number of unknown parameters by simplifying the
diffusion protlem. Two such approaches are desgribed beiow.

The first one invoives only the transition from the two-
phonon {0 the one-phonen regime with the drastic shorlening
of pairing trajectories. The set of unknown parameters is
reduced to only iwo: one describes the product of J with the
length, N, of the frajectory for the two-phanon regime, and
the second - the ratio of coefficlents £ and ¢ (curve 1 in
Fig. 1}. The first of these parameters is not very important
being respansible for the overall scale. The second ohe was
used to fit the position of maximum. The form of the curve

T 1||l!!

B

0.l o8 |
TEMPERATURE, X

was independent af parameters. This mean-field, or continual,
fisnit is not supposed to provide a very goad agreement with
the expsriment: it does not use netther the exact latiice ;
slructure important al small  pairs’ radii (low-temparature E
wing}, nor the randomness of mismatchas tesponsible for the !
high-temparature wing of the curve.

The sacond approach is more accurate describing the
diffusion In hexagonal lattice at small pairs’ radi in
combination with an approximate description of behavior at
larger radii. The fitting parameters J and &/ gave the
location of the maximum. An additional parameter described
the ratic of jumps made at small and large separations (curve
2 in Fig. 1 corresponds to the case when nearly all time is
spent & small separatiens, cuive 3 . to the opposite case);
the low-temperature side of the curve is independent of this
parameter. One may improve the agreement with experment, but
the price would be the introduction of additional parameters:
on the low-emperalure side one should use the exact
daseription of jumps including the second sublatiice, and to
increase the range of exact descriplion (some admixture of
the low-temperature wing of curve 1); on the high-temperature
side, the improvement demands a better description of
transition from random towards reguiar mismatches.

The iack of concentration dependence also gets a simple
axplanation. K

3, SUMMARY

The large drop in the pairing time for ortho-impuritie
is due not only to changes in diftusion mechanisms, but &
to a large difference in lengths and forms of diffusia
trajectories associated with these 'mechanisms, The ™moS
imporant diffugion prablem corresponds to the two-phor
machanism of quantum diffusion. The fit to the gxperime
data may ba achieved by an accurate analysis of transtt
between the regimes with random and determinate rnismalch
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