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Analysis of recent measurements of striking changes in the rate of ortho-para conversion of solid
H, up to 58 GPa shows that the conversion mechanism must differ from that at ambient pressure. A
new conversion mechanism is identified in which the emerging excitations are coupled to the converting
molecules via electric quadrupole-quadrupole rather than nuclear spin-spin interactions. The latter only
initiates conversion while the coupling enhancement associated with the new mechanism is ensured by
high compression and a gap closing, with the conversion energy diminishing strongly with increasing

pressure.
PACS numbers: 62.50.+p, 63.20.Ls, 78.30.Ly

The constraints of quantum mechanics link the possible
rotational states of the hydrogen molecule to the total of
its nuclear spins, leading to two species, ortho with paral-
lel nuclear spins and para with opposite spins. Such a
seemingly insignificant difference imparts major differ-
ences in the solid-state properties of the material and may
be considered one of the most striking macroscopic mani-
festations of the microscopic laws of quantum mechanics.
Characterization of the ortho-para state, and conversion
between species, has become an especially important is-
sue for understanding recently observed transformations
in solid hydrogen at very high pressure. Ortho-para con-
version in solid hydrogen at ambient pressure is mainly
due to the magnetic dipole-dipole interaction between the
nuclei of two neighboring ortho-molecules [1], with the
energy released carried away by phonons [1-3]. With
increasing pressure the conversion rate initially follows
the density of phonon states and then decreases [4—7],
in line with theoretical prediction [3]. Recent conversion
rate measurements at higher pressures show, however, that
this decrease, after reaching a minimum at a pressure of
~2.5 GPa, changes over to a steep and ever accelerat-
ing growth to the maximum pressure of the measurements
(58 GPa) [8—10]. These remarkable observations have not
been explained.

Given the conversion-initiating interaction, when choos-
ing a conversion mechanism capable of yielding the high
rates measured experimentally one must find an excitation
which satisfies the following conditions: a strong coupling
to the conversion process, energetic feasibility (conserva-
tion law), and a sufficient density of states in the proper
energy region. There are several promising channels, each
deserving detailed consideration. Some of these channels,
though essentially insignificant or even inoperative at zero
pressure, contain factors that at high compressions out-
weigh the unfavorable factors. We suggest a new con-
version enhancement mechanism, based on the idea of an
intermediate state.

The rate of ortho-para (o-p) conversion obeys the
equation
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—c2de/dt = d(¢™ Y /dt = K, (1)

where c is the ortho-fraction; this equation takes into ac-
count the simple fact that two ortho-neighbors are needed
for one of them to convert. Figure 1 shows measured in-
verse ortho-fractions versus time for several pressures. If
the conversion rate K were a pressure-dependent constant,
the data would fall on straight lines. One can see that de-
viations from linearity are substantial, especially at higher
pressures, implying that K is a strong function of ¢, which
can be due to deviations from randomness [10]. But even
assuming no diffusion, the very large total slowdown ef-
fect implies mechanisms that differ from those considered
previously [2,3].

We consider first J/ = 2 rotons and phonons as energy
sinks. The J = 2 roton is too high for the conversion en-
ergy to bridge the gap at pressures below 60 GPa (Fig. 2).
One cannot expect the same strong softening predicted for
J = 2 excitations in pure parahydrogen [11,12] because in
ortho-rich mixtures the number of nearest para-neighbors
is insufficient for the J = 2 wave function to become de-
localized. The phonon density of states brings [3] to the
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FIG. 1. The inverse ortho-concentration vs time for a few rep-

resentative pressures. The actual conversion is slower even with-
out diffusion (adapted from [10]).
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FIG. 2. Energy scheme of conversion transitions involving
J =1 and J = 2 excitations with varying EQQ interaction. B
is the rotational constant. The conversion energy released is
from the ground state (thick line) of the converting molecule
into the empty states (filled area) of the energy receiving
molecule. At I' = 3.7 the libronlike excitations (L) are too
weak and the J = 2 roton (R) is too strong to accommodate
the conversion energy. At a critical I' (large circle) the energy
span of the excited molecule is wide enough to take up the
conversion energy.

conversion probability the factor 1/0, where 0 is the De-
bye temperature. Since the square of the respective cou-
pling constant is the ratio of the kinetic energy of quantum
confinement Ag = /i2/2MR? (R being the spacing, and
M, the molecular mass) to the typical phonon energy O,
every emerging phonon brings another factor Ay/®. Since
0O is a much stronger function of the molar density ratio
& = p(P)/p(0) than R? o £2/3, the phonon related chan-
nels are seriously handicapped. Thus, both phonons and
J = 2rotons are ineffective. We also disregard the double-
conversion mechanism because the respective conversion
energy is twice as large as in the single-conversion act,
which precludes fulfillment of the energy conservation law
up to 100 GPa.

We now consider excitations within the / = 1 manifold.
In a disordered hcp system every molecule is in a molecu-
lar field, which varies from site to site and with time. At
sufficiently low temperatures, all molecules are in their dif-
ferent ground states; the other two states are excitations,
which are local in the molecular field approximation and
spread over the neighbors when the off-diagonal terms are
taken into account. These delocalized excitations are short
ranged but the overall energy spectrum of these excita-
tions has much in common with the libron spectrum of the
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Pa3 array, as far as its span and, to a lesser extent, dis-
tribution are concerned. This span, which can be deduced
from inelastic neutron scattering [13] or NMR [14] data,
is slightly less than the sum of the libron gap and band.
The conversion energy (i.e., the average energy difference
between the lowest J = 1 state of a molecule and the cor-
responding J = 0 state of the same molecule) decreases
with increasing electric quadrupole-quadrupole (EQQ) in-
teraction. At ambient pressure, librons have insufficient
energy (about 20 K) to accommodate the relatively large
conversion energy. However, this is not true at high pres-
sures (Fig. 2).

The conversion promoting Hamiltonian Hg, is the mag-
netic dipole interaction energy between the nuclear spins
of ortho-neighbors. The only path considered so far was
that in which the Hamiltonian H,, starts conversion and
produces excitations. Another path, inactive at ambient
pressure because of the energy conservation law, is that in
which Hg serves only to initiate conversion in the chosen
molecule at site 0 and not to create excitations. In line with
the above reasonings and based on detailed analysis [15]
we chose the respective phononless term from the Hamil-
tonian Hg in the form

~

h = —12v14 u3d/2R*{K ® I'}; - {C1(W) ® C3(n)}).
)

Here K=S. —S_ and I' =S/, + S_ (primed and
nonprimed quantities relate to different molecules), S+ are
the nuclear spins of the atoms in those molecules, wg is
the proton magnetic moment, w describes the orientation
of the converting molecule, R and n are, respectively, the
intermoleculer distance and its unit radius vector, and we
use Rcah’s harmonics and the commonly accepted nota-
tion for direct and scalar products of irreducible tensors.
The Hamiltonian H, produces an intermediate state with
molecule 0 in the J = 0 state and its surrounding still in
the same state as before the conversion act. This is not an
equilibrium state; the coupling between the translational
and rotational degrees of freedom tends to relax both the
molecular positions and quadrupole directions to a new
equilibrium, causing new excitations to be created. The
coupling is explicitly contained in the EQQ Hamiltonian.
In line with the general idea of Berlinsky and Harris
[16], the EQQ Hamiltonian of the intermediate state with
molecule 0 in the J = 0 state can be restructured as

Hoo™ = Hop — 3. cihgp = Ho + Vo  (3)
J

Here c; is the ortho-occupancy of site j. The Hamiltonian

HQ(% with molecule O still in the J = 1 state serves as
the unperturbed one. The second term denotes lack of the
EQQ interaction between molecule 0 and all other ortho-
molecules after conversion. The perturbation Vy can be
represented as
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VQ = —Z 01(25/6)F\/%§5/3
J
X [{Ca(wo) ® Co(w))}s - Ca(ng;)],  (4)

where I' = (6/25) (eQ)*/R? is the EQQ parameter and
ny; is the unit vector between molecules 0 and j. As shown
by recent experiments [17], I grows with compression as
R, unlike the splitting of the J = 2 Raman line [18]
where the crystal fields play a decisive role at high pres-
sures. It can be shown that the asymptotic form of the
EQQ interaction at pressures below 70 GPa is applicable
better than to within 10% [19].

Now, the matrix element in the general expression for
conversion probability takes the form

v =S <f|VQ|(ls)><(ls)|Hss|l>,
(is) E(is)

where the summation runs over possible intermediate
states with the energies E(;;). In pure ordered o-H; the
intermediate state is unique for all the molecules and its
energy is the pressure-dependent conversion energy E.,
which is equal to the zero-pressure conversion energy
minus the libron gap. In disordered (hcp) o-p mixtures
the intermediate energies are distributed over a certain
range [13], even at T = 0 K. Simplifying, we assume
that at 7 = 0 K an o-p mixture can also be characterized
by a unique energy, which depends both on pressure and
ortho-fraction. The conversion probability is now

W(10) = Ezw

(&)

ﬁka

X > Piis)Al)PS(E. — wka),  (6)
i

where Kk, a denote, respectively, the wave and mode num-
bers of the emerging libron and wy, is its dispersion law.

Equation (6) clearly shows how the role of the interme-
diate state changes with pressure. At zero pressure this
channel is inactive since E. is much larger than the typical
libron energy of roughly 15I". But as & increases, the
former decreases while the latter grows so that this chan-
nel opens up at a certain pressure. Being a square of
the ratio of the EQQ interaction to the conversion energy
E., the relevant coupling constant scales as fs/ 3/[Eco —
15Ty &5, The efficiency of this channel increases very
fast not only due to the large exponent of £'3/3 but also
due to the closing conversion gap. At a critical £, the line
[E.o — 15T0&5/3] crosses the ¢ axis; i.e., the gap closes
and the coupling diverges. In fact, this does not happen
because even at smaller ¢ this line will leave the region of
energies where the libron states are mainly concentrated
and this channel will again become ineffective. Thus,
this channel operates within a certain range of ¢, above
which the rate is expected to drop abruptly to values that
are ensured by other, less efficient (e.g., phonon-mediated)
channels.

The matrix element ((is)|k|i) can be easily calculated
as for the direct phonon-promoted mechanism [2,15]. The
conversion probability becomes

d \*T
(2—RO> E—2§‘3/3d>(s>. )

E.JT,T = Tz&%3, and

W(10) = A ”75

Here A = 6407 /9, ¢ =

D(e) = > [(kalVy (i) — o), (8)
ka

where the energies are normalized to I' = I'g&>/3. Thus,
the entire pressure dependence is shifted to .

Since any theory for the energy spectrum in disordered
(and even ordered) o-p mixtures is lacking, we construct
a semiquantitative theory, considering first the case of the
orientationally ordered phase of pure 0-H,, and then intro-
duce corrections. For ordered o-H;, we express Co(w j) in
Eq. (4) through creation operators [20] to get finally

Do) =125 S S ¥y () exlik - (i = )]
kA jj!
X [Vaak) + V5, (k)]

X [Van(k) + Van(k)]o[e — wa(k)]. (9

This expression can be evaluated only numerically. A
rough estimate, the accuracy of which is difficult to as-
sess, of the magnitude of ® can be obtained by taking the
dispersion law for all modes to be the same and making
use of available numerical calculations [16]. By definition,
the conversion rate K is 12W(1,0), which gives

r 5/3
052 go(e). (10)

c

K(1,0) = 7.21£%/3

We now calculate how E. depends on ¢ and the lower
boundary of & for the mechanism to be operative. By def-
inition, E. is the difference between the conversion en-
ergy in the gas, E.o = 2B = 170.5 K, and the energy per
J = 1 molecule in the ground state. Using values deduced
from measurements [21] (in particular, the libron frequen-
cies obtained by Raman scattering at ambient pressure
[22]), we find that the mechanism works from &y = 3.2 to
¢ = 4.9 (Fig. 2).

Going from fcc to hep results in a narrower spread of
states within the / = 1 manifold. As can be inferred from
inelastic neutron scattering results [13], for ortho-fractions
of ~75% the bottom level in hcp is shifted upward by
about 1.5 K. This gives &g = 3.7 and &, = 7.2; i.e., the
mechanism is shifted to larger compressions. Another im-
portant feature is that the excited states are expected to
occupy a broader interval, which brings about a rarified
density of states but makes the channel operative over a
wider stretch of ¢ values. The effect of para-molecules is
the evident depletion of the libron spectrum, roughly pro-
portional to (1 — ¢). At £ between 5.5 and 6 the rate starts
to diminish and terminates at 7.2. The rates calculated by
this approach are shown in Fig. 3 for pure 0-H;, and for a
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FIG. 3. The conversion rate vs reduced density at high com-
pression. The points are from [8,10] (solid circles) and [9]
(empty squares). The open circles are earlier data (see [8,10])
and the shaded area shows the theory from [3]. The dashed line
is theory for the orientationally ordered pure o-H, phase, the
solid curve, for (hcp) normal H;; the dotted lines indicate nomi-
nal divergence. Inset: Low density region.

normal (75% ortho) hcp mixture. Other new channels (a
total of 14) contribute for ¢ from about 2.5 to 6 but do not
lead to an abrupt increase [15].

In conclusion, analysis of conversion rate data reveals
a mechanism that differs from that employed to explain
low-pressure data. The steep increase in conversion rates
at high pressures can be explained by a conversion channel
that involves an intermediate state in which new excita-
tions are created due to the EQQ coupling between ro-
tational momenta. The enhancement may be ascribed to
a gap closing that arises when the EQQ interaction be-
comes sufficient to substantially diminish the conversion
energy released because of the lowering of the ground-state
level of the ortho-molecule suffering conversion. This
concentration-sensitive channel comes into play at com-
pressions ¢ between 3 and 4 and ceases to operate at
higher values (¢ = 6 and 7), depending on the ortho-
concentration. Thus, this theory predicts a significant re-
duction in the conversion rate at >80 GPa; extending the
measurements to higher pressure will thus provide a criti-
cal test of the present theory.

We thank A. B. Harris, H. K. Mao, A.F. Goncharov, and
J.H. Eggert for useful discussions and NSF for support
(Grants No. DMR-9624050 and No. DMR-9972750).

5598

*Permanent address: Verkin Institute for Low Tempera-
ture Physics and Engineering, 47 Lenin Avenue, Kharkov
310164, Ukraine.

[1] K. Motizuki and T. Nagamiya, J. Phys. Soc. Jpn. 11, 93
(1956).

[2] A.J. Berlinsky and W.N. Hardy, Phys. Rev. B 8, 5013
(1973).

[3] A.J. Berlinsky, Phys. Rev. B 12, 1482 (1975).

[4] G. Ahlers, J. Chem. Phys. 40, 3123 (1964).

[5] P. Pedroni, H. Meyer, F. Weinhaus, and D. Haase, Solid
State Commun. 14, 279 (1974).

[6] I.F. Silvera, P.J. Berkhout, and L.M. van Aernsbergen,
J. Low Temp. Phys. 35, 611 (1979).

[7] A. Driessen, E. van der Poll, and I. F. Silvera, Phys. Rev.
B 30, 2517 (1984).

[8] R.J. Hemley, A.F. Goncharov, H. K. Mao, E. Karmon, and

J.H. Eggert, J. Low Temp. Phys. 110, 75 (1998).

[91 M.G. Pravica and I.F. Silvera, Phys. Rev. Lett. 81, 4180
(1998).

[10] J.H. Eggert, E. Karmon, R.J. Hemley, H.K. Mao, and
A.F. Goncharov, Proc. Natl. Acad. Sci. U.S.A. 96, 12269
(1999).

[11] A. Lagendijk and I.F. Silvera, Phys. Lett. 84A, 28 (1981).

[12] W.B.J.M. Janssen and A. van der Avoird, Phys. Rev. B
42, 838 (1990).

[13] H. Stein, H. Stiller, and R. Stockmeyer, J. Chem. Phys. 57,
1726 (1972).

[14] W.N. Hardy and J. A. Berlinsky, Phys. Rev. B 8, 4996
(1973).

[15] M. A. Strzhemechny et al. (to be published).

[16] A.J. Berlinsky and A.B. Harris, Phys. Rev. B 4, 2808
(1971).

[17] A.F. Goncharov, M. A. Strzhemechny, H. K. Mao, and R.J.
Hemley, Phys. Rev. B (to be published).

[18] P. Loubeyre, M. Jean-Louis, and I. F. Silvera, Phys. Rev. B
43, 10191 (1991).

[19] The use of the EQQ interaction is justified as follows. Over
the pressure range examined, the characteristic dimension
of the charge distribution of the molecule (derived from
Q = er?) is considerably less than the interatomic sepa-
ration R such that r/R < 0.25. As a result, the energy
of the hexadecupolar interaction does not exceed 8% of
the quadrupolar energy. Moreover, we are concerned with
matrix elements between J = 1 states and between J = 0
and J = 2 states, for which the hexadecupolar matrix ele-
ments are zero.

[20] J.C. Raich and R.D. Etters, Phys. Rev. 168, 425 (1968).

[21] C.E. Coll III and A.B. Harris, Phys. Rev. B 4, 2781
1971).

[22] W.N. Hardy, I.F. Silvera, and J.P. McTague, Phys. Rev.
Lett. 22, 297 (1969).



