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that characteristic behavior similar to that
found here will also occur in a variety of other
problems in plasma physics.®
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We have studied samples of 98.5% 0-D, in a diamond anvil cell to pressures of 150
kbar at 5 K by means of Raman scattering. At 50—60 kbar the E4g phonon and roton
cross and hybridize. The coupling has been determined. The phase transition from the
symmetric ground state at low pressure to an orientationally ordered ground state, pre-
dicted to occur between 31 and 73 kbar, does not take place. A predicted hcp-fee struc-

tural phase transition is not observed.

In this Letter we present our results for the
first low-temperature, ultrahigh-pressure meas-
urements on one of the hydrogen isotopes, name-
ly deuterium. Sharma, Mao, and Bell! have re-
cently pressurized H, to 630 kbar (63 GPa); how-
ever, their work was at room temperature on
normal hydrogen. Here we demonstrate the im-
portance of low-temperature studies on a pure
ortho-para species for obtaining detailed infor-
mation of the properties of the solid molecular
hydrogens (H,,D,, etc.). Our measurements
provide new and unexpected results for the inter-
actions, the excitation spectrum, and the struc-
ture of solid molecular deuterium.

At zero pressure the molecules in solid para-
hydrogen (p-H,) and orthodeuterium (0-D,) are
in the spherically symmetric J =0 rotational
state and the lattice is hep (space group I, *).
The low-lying lattice excitations are phonons and
J =2 rotons.? As the density is increased, aniso-
tropic interactions lead to mixing of the higher

rotational states into the ground state.® At a suf-
ficiently high density the mixing of J =2 into the
J =0 single-molecule states becomes so severe
that the symmetry of the molecules will be bro-
ken and the ground state will be orientationally
ordered.*® In the broken-symmetry phase the
excitations will be librons®' 7 and phonons with a
characteristic spectrum. This phase has been
predicted to occur at pressures of 31 (Ref. 5)
and 73 (Ref. 4) kbar for 0-D, and 86 (Ref. 5) and
270 (Ref. 4) kbar for p-H,.2 The differences in
the predictions of the two theories evidently arise
from the use of different anisotropic-potential pa-
rameters. From our Raman spectra we see no
indication of the broken-symmetry phase transi-
tion up to 150 kbar. Since theories” which go be-
yond the mean-field theories of Refs. 4 and 5 do
not predict substantially different critical densi-
ties for the same potentials, we interpret this to
mean that the anisotropic interactions have a
weaker radial dependence than had been thought
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to be the case.

At pressures of 50-60 kbar a severe change
occurs in the spectrum as seen in Fig. 1. We
interpret this as a crossing and hybridization of
E,g roton and phonon modes. Except for this re-
gion the samples could always be prepared with
the characteristic three roton lines and the sin-
gle phonon line of the Dy,* space group (the spuri-
ous fourth roton branch in Fig. 1 is stress in-
duced). Thus we conclude that at low tempera-
tures up to 150 kbar the structure is hcp. Spec-
tra at higher temperatures are very broad and
more difficult to interpret. Our results provide
strong evidence to settle recent controversies
and speculations concerning structural hep-fcc
phase transitions in the hydrogens (H, and D,).
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FIG. 1. Pressure dependence of lattice excitations in
98.5% 0-D,. The dashed lines represent a fit to the Eyg
roton and phonon modes without interaction. The solid
line is a fit to Eq. (2) with CDE28=6 ecm™!, The accuracy
in the frequency determination of the modes is #1 cm
Note the scale changes on the vertical axis.
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Some years ago Cook et al.® observed an anomaly
in isobars of solid H, near the melting line. This
led Roder™ to speculate that a phase transition
had taken place. Manzelli, Udovidchenko, and
Esel’son'' studied the premelting region and ob-
served an anomaly in the compressibility and
claimed in this and later work that an hcp-fce
phase transition had taken place. Mills'? specu-
lated on the (p-T') phase diagram suggesting that
the hep-fee phase line would intersect the pres-
sure axis at p~1 kbar. Theoretically Brodyan-
skii, Freimand, and Krupskii'® had predicted
such a phase transition; Holian' predicted, in
analogy with his work on helium, that for D, the
hep-fec phase line intersects the p axis at about
9 kbar. Experimentally, Silvera, Driessen, and
de Waal'® could not reproduce any of the thermo-
dynamic anomalies and suggested that earlier
measurements may have suffered experimental
difficulties or were nonequilibrium phenomena
and that all of the speculations in the literature
were premature. Vindryaevskyi et al.'® have re-
cently used elastic-neutron-scattering techniques
to show that up to 5 kbar p-H, only exists in the
hep structure. Our results show that at low tem-
perature up to pressures of 150 kbar solid o-D,
has the hep structure.

Finally we address ourselves to the low-tem-
perature hcep-fce phase transition of Durana and
McTague."” This transition was proposed to in-
terpret the J =2 roton spectrum which developed
an extra line for p= 1 kbar. Although subsequent-
ly it has been believed to be a strain effect, this
has never been definitively established. We have
been able to obtain spectra with this extra line
(the low-frequency, low-pressure roton branch
labeled S in Fig. 1). By annealing of such a sam-
ple at high temperatures the extra line disap-
pears and a three-line roton spectrum is obtained
as in Fig. 2. We believe this to be the true equi-
librium state characteristic of an unstrained
crystal. We note that above p = 10 kbar, the fre-
quencies of the hep rotons were almost unchanged
when the fourth line was present. The remainder
of this Letter will be devoted to a description of
our experimental technique and the roton-phonon
crossing,.

Gas samples of 98.5% 0-D, were made by cata-
lyitc conversion on Apaché nickel silica at T=19
K. This concentration was determined from the
intensity ratios of the J=0-2 and J =13 transi-
tions.® High pressures were achieved with a
diamond anvil cell (DAC). The DAC is mounted
in a helium cryostat with optical windows and can
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lindrical hole in an Inconel X750 gasket; the ini-
66.5 kbar tial diameter was ~100 pm and thickness ~ 150
oK um. The sample was compressed in this cham-
\/“\ ber between two diamonds, along with a small
\.\\ﬁ ruby crystal which serves for pressure measure-
T T | : n ment.'® Pressure could be varied with a resolu-
tion of ~100 bars with a similar measuring ac-
curacy. Maximum pressures were determined by
the sudden disappearance of the gasket hole while
increasing the pressure. The pressure was rea-
o sonably hydrostatic in nature as determined by
W the ruby linewidth. Raman spectra were obtained
\\\ using a backsca;ttering geometry. Excitation was
from the 5145-A line of an argon-ion laser oper-
T T T T T ated at about 300 MW. Spectra were measured
20 70 -—zforoequenc)jgoshiff (czna_g) 170 with a Spex 1402 double monochromator. At low
temperatures typical peak counting rates were
FIG. 2. Typical Raman spectra for a laser power of 6x10° Hz with a resolution of ~2.5 cm™*. About
300 mW. The importance of low temperature is demon- 120 Spectra with frequency shifts up to 400 cm™*
strated by the two spectra at 25.9 kbar. were measured at about 100 pressures and sever-
al temperatures in three samples. Typical spec-
tra are shown in Fig. 2; a summary of our ob-

resolution — =

T= 5K gain: x1

Intensity (arbitrary units) —=

T= 79K gain: x3.3

be cooled by exchange gas or by direct immer- servations is shown in Fig. 1.
sion in liquid helium. Most measurements were To understand the excitation spectrum we begin
made at T= 5 K. The sample chamber was a cy- | with the Hamiltonian (suppressing internal vibra-
tion coordinates)
Ir Ptz 1 .. 2 1 . .
H= E_—”"ZL VI(Z,]) + Z)BI +§Z; VA@':]) ’ (1)
i 2M T i i

where the first and third terms are the molecular translatiorial and rotational kinetic energy, respec-
tively, and the second and fourth terms the isotropic and anisotropic parts of the intermolecular inter-
actions, with
167 1/2
V.(1,2) =<—5——) BRI Y 2w,) +Y,0(w,) ]+ 41 3 ej(Rlz)aqu) C22; 4 = p)Y, H(w,) . (2)

j=0,2,4

Here C(22j;u — 1) is a Clebsch-Gordan coeffi- |

cient, B(R) and €(R) are radial dependences, and part of Eq. (1), the roton Hamiltonian can be

a; are numerical coefficients which can be found written’ as
in Ref. 6. 7w M= Mp= A
= ZsRw, ;b O 4
The Hamiltonian for the roton-phonon problem Hy T Ork Sk Ok @)

can be written in the occupation number repre-
sentation as H phonon +HrowntHy,p, Where H,, is the
roton-phonon coupling. From the first part of
Eq. (1), one finds

At k=0 there are ten J =2 roton modes with a
mean energy of ~ 6B and split by V, (Ref. 2).
Five of these are Raman active and are usually
labeled by the projection quantum number m =0,

H, =_.Z hw % Mat Ma'ﬁ ) 3) +1, and + 2 (the energy is degenerate inxm, so
ky A that only three distinct lines are observed'®); we
which represents the phonons with construction shall label the modes by their corresponding ir-
operators a, » of branch A, energy ﬁw,;l;*, and reducible representation A, E,,, and Ey. A
wave vector kK. In the hep structure at k=0 the linear coupling term of the form

optical phonons can be labeled by their irreduci-
ble representation E,; for the Raman-active
transverse optical (TO) mode and B,; for the
longitudinal optical (LO) mode. From the second can be found by expanding V, [ Eq. (2)] in a Taylor

Hyp= 20 ciMap o3 +a3. 03 ) (5)
k, A
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series about the lattice displacement ﬁm. At
zero pressure the electric quadrupole-quadrupole
(EQQ) interaction, corresponding to j=4 inV,,

is dominant and mainly responsible for the roton
splittings. However, in the Taylor expansion this
term is less important as it yields a roton-pho-
non coupling which is nonlinear in the b, Mg [from
perturbation theory one can then derive an effec-
tive linear coupling, with ¢, *~I'?/B, where I'

(< B) is the EQQ coupling parameter]. The first
term in Eq. (2) is smaller than the EQQ term;
however, it grows rapidly with pressure and |

E_w,o"28 +w, "8

" 2

We determine c F2s as follows. An expression
for the E,; phonon was fitted to the low-%° and
high-pressure data without use of points in the
crossing region to provide w,, E2g yersus pres-
sure. This is represented by a broken line in
Fig. 1. Similarly, an expression for w,,*28 ver-
sus pressure was fitted to the E,; roton mode.
c,52% was taken to be density independent and
varied in Eq. (6) to provide the best fit to experi-
ment, yielding c®2¢6=6.,0+1.0 cm™* at the cross-
ing. The corresponding solutions to Eq. (6) are
plotted as the solid lines in Fig. 1.
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