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Low-frequency Raman spectroscopy of deuterium to megabar pressures at 77-295 K
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Rotational and lattice phonon excitations in the Raman spectrum of solid molecular deuterium have
been measured from 1.8 GPa to -200 GPa at 77-295 K to study pressure-induced changes in structural
and dynamical properties of the dense solid. Continuous and discontinuous changes in three distinct
pressure ranges are observed. At lower pressures ((30GPa), there is a gradual increase in the linewidth
of the So(0) band, together with gradually decreasing resolution of the higher-energy So(1) and So(2)
features. At intermediate pressures (60—100 GPa), a change in the pressure dependence and linewidth of
So(0), and a linewidth and intensity decrease in the E2~ phonon band occur. This is interpreted as evi-
dence for a phase transformation in the molecular solid beginning at -65 GPa (77 K). At the highest
pressures (-160 GPa), abrupt changes in the low-frequency excitations suggest either an expansion of
the molecular bond or a change in ordering at the vibron discontinuity. Evidence from the low-
frequency spectra for interaction between the deuterium sample and diamond anvil is also examined.

I. INTRODUCTION

Identifying and detailing the high-pressure transforma-
tions in hydrogen and its isotopes are crucial for under-
standing its evolution to high-density semiconducting
and metallic forms, including eventual nonmolecular
ground states predicted at very high pressures. ' Raman
measurements of the high-frequency intramolecular vi-
brational mode (vibron) indicate that molecular hydrogen
remains stable to at least -250 GPa but undergoes a
phase transition at 150 Gpa (77 K). At low pressures
the hydrogen isotopes form insulating molecular solids
with molecules in states of complete rotational disorder
over a wide temperature range. With increasing pres-
sure, the rotational motion of the molecules is expected
to become more restricted, ultimately leading to orienta-
tional ordering. In addition, crystallographic or structur-
al transitions are possible, including both distortions of
the low-density structures and discontinuous (first-order)
transitions to new structures with large-scale changes in
the underlying lattice symmetry. Theoretical calcula-
tions indicate that both the state of orientational order
and the crystal structure of the high-pressure solids have
a significant effect on the electronic properties, including
the transition pressure of the predicted pressure-induced
metallization within the molecular solid (e.g. , by band-
gap closure). Thus, experimental structural informa-
tion is essential for evaluating proposed mechanisms of
metallization and related electronic transitions.

The low-frequency Raman spectrum of the solid nor-
mal hydrogen is characterized by rotational bands [e.g. ,
So(J) corresponding to the J+2+—J excitations in the
free molecule for U =0], as well as lattice phonons charac-
teristic of the rotationally disordered hexagonal close-
packed structure. The pressure dependence of these ex-
citations provides information on phase transformations,
in particular, on changes in rotational ordering and con-

straints on the crystal structure. Since high-pressure Ra-
man studies are now possible well into the megabar range
() 100 Cxpa), these measurements complement direct
structural studies possible at lower pressures using
diffraction techniques. ' Currently, x-ray-diffraction
measurements have been carried out to 48 and 42 GPa
for hydrogen and deuterium, respectively. ' ' Previous-
ly, we reported measurements of the evolution of the
low-frequency rotational bands and a lattice phonon of
hydrogen to 162 GPa at 77—295 K. ' Over this pressure
interval the rotational bands broaden but persist and the
lattice phonon, which correlates with the E2g optical
phonon of the hexagonal close-packed structure, shifts
continuously. The continuity of the low-frequency bands
as a function of pressure indicates that an underlying
hexagonal structure persists above 150 GPa. However,
new features in the low-frequency spectra are observed at
higher pressures. '

Similar measurements for deuterium in the megabar
range have not been reported. Measurements on this iso-
tope have been limited to below 54 GPa for the rotational
bands and to below 20 GPa for the lattice phonon. ' '
Examination of these excitations in deuterium in the
higher-pressure range is particularly important for fur-
thering our understanding of isotope effects documented
for hydrogen at high densities. Orientational ordering is
energetically favored in the heavier isotope as a result of
its smaller rotational constant [BD =29.9 cm ' versus

BH =59.3 cm ' in the gas phase, where 8 =h/(4') cI,
2

and I is the rotational moment of inertia' ], which results
in stronger mixing of free-molecule rotational states in
the condensed phases. Isotope effects are also observed in
the pressure dependence of the molecular vibron; the
pressure shift is significantly stronger in hydrogen than in
deuterium. ' ' In addition, a distinct isotope effect is ob-
served in the pressure of the low-temperature 150-GPa
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phase transition (higher in deuterium). ' It is of in-
terest to determine whether or not these differences are
associated with structural differences between the two
isotopes.

We report here measurements of the rotational and
lattice-phonon Raman excitations of solid molecular deu-
terium to pressures close to 200 GPa using diamond-anvil
cells. Spectra are measured at both 77 and 295 K. We
give close attention to evidence for structural transforma-
tions and information on the crystal structure of the solid
under these conditions. We compare the results with
data obtained from measurements of the vibron and opti-
cal spectra at these pressures, previous low-frequency Ra-
man measurements on D2 (at lower pressures and temper-
atures), and theoretical calculations.

II. EXPERIMENTAL PROCEDURES

Samples were loaded at room temperature in a
modified Mao-Bell diamond-anvil cell with composite
rhenium/T301 stainless-steel gaskets. Eight separate ex-
periments were performed on deuterium carried out over
different pressure ranges from 1.8 to 200 GPa and tem-
peratures of 77-150 K and at 295 K. Experimental de-
tails for each run are listed in Table I. The basic design of
the optical system has been described previously. ' An
argon-ion laser was focused with a 20-mm lens at
135—145' to the collection lens, which consisted of a 15-
mm working distance Leitz UT-40 microscope objective.
Low-temperature spectra were measured on samples
cooled using two different cryostats. The highest-
pressure studies were carried out using a windowless cry-
ostat with the same optical system (experiments 1 —4). '

In this system the entire diamond cell is immersed in
liquid nitrogen to the level of the samples. Because no
window was placed above the upper diamond, the micro-
scope objective could be located within the counter bore
of the cooled diamond cell, as in room- (and higher) tem-
perature measurements. The temperature was monitored
with thermocouples mounted on both the upper and
lower diamonds. In these experiments, the temperature
was varied by adjusting the level of the liquid nitrogen or
by resistance heating. This system was used for all experi-
ments carried out above 40 GPa. Additional experiments
were also carried out with diamond cells mounted in a
custom-built liquid-nitrogen Aow cryostat with a single
window (experiments 5 and 6). Again, 135—145' excita-
tion was used. The scattered light was collected with a
longer working distance objective. Relative to the win-
dowless cryostat, this system gives lower spatial resolu-
tion but higher mechanical and thermal stability. The
latter was used in the present experiments on larger sam-
ples studied to maximum pressures of 40 GPa. Room-
temperature measurements to 170 GPa were performed
with a cell located outside of the cryostat (experiments 7
and 8).

All Raman spectra were collected using a triple spec-
trograph (Spex Triplemate, model 1877). For the
higher-pressure measurements, a 1024-channel (25 mm)
intensified diode-array detector (Princeton Instruments
IRY) was used. Both 1152X298 pixel and 1024X 1024
l-N2 cooled CCD's (Princeton Instruments) were em-
ployed as detectors in the later experiments with the fiow
cryostat. In both systems the optical system was
configured so that the signal from the sample could be
directed with kinematically mounted mirrors to addition-

TABLE I. Summary of experiments on deuterium.

Cylinder anvil" Piston anvil"
Exp. 0 0
no. T (K)' P „(GPa) A (pm) B (pm) (deg) 3 (pm) B (pm) (deg)

Sample diameter
(pm)'

77-150
77-150
77—150
77—150

77
77

295
295

120
200
120
150
36
33

155
129

559
508
497
484
600
480
495
287

146
52
74
69

102
50

10
8

564
498
492
495
600
665
490
270

144
103
54
49

50
48

7
10

60-40
40-30
35-25
30-20

300-200
300-200

30-20
30-20

'Samples were loaded at room temperature (295 K). In each case, Raman spectra were measured prior
to cooling.
"Dimensions for the tips of beveled anvils (e.g. , Ref. 24): 2 =culet diameter, B =diameter of the cen-
tral Bat, 0=bevel angle. Flat culet (unbeveled) diamonds were used in experiments 5 and 6. In the
latter experiments the culets had a slight elliptical shape (by up to 10%), and the mean value of the di-
arneter is listed.
'Approximate sample diameter during the coarse of the experiment. The first number for the diameter
is the size of the hole drilled in the gasket, the second is the approximate diameter of the sample at
high pressure. In the experiments carried out with beveled diamonds (experiments 1 —4, 7, and 8) the
sample thickness varied approximately from 5 to 2 pm. In contrast, in the experiments carried out with
Aat culet diamonds (experiments 5 and 6) the thickness changed from 35 to 25 pm. The sample thick-
ness was estimated from white-light interference fringes.
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al spectrographs for other measurements. This facilitated
rapid measurements without changing position of the
sample, laser, or moving the gratings and optics of the
triple spectrograph. The pressure was determined using
a 0.18-m spectrograph (Jarrell-Ash) also equipped with
an intensified diode-array detector (17-mm, 700-channel
Princeton Instruments). In some experiments, a third
spectrograph (0.64-m Jobin Yvon) with a diode array was
employed for measurements on the higher-frequency vib-
ron. All of the reported spectra were periodically
checked using a different laser-excitation frequency to en-
sure that they were true Raman spectra.

III. RESULTS

The evolution of the low-frequency Raman spectrum
of deuterium from 1.8 to 177 GPa at 77 K is shown in
Fig. l. A gradual broadening of the low-frequency So(0),
S~(1), and So(2) bands is observed below 30 GPa. The
spectra are dominated by the relatively strong So(0) tran-
sition, which persists to very high pressures. In addition,
a weaker, sharper, and strongly pressure-dependent band
is observed up to —100 GPa. This band, which is con-
tinuous with earlier measurements of the E2 lattice pho-
non, weakens [with respect to the So(0) signal] gradually
with increasing pressure above 100 GPa, and diamond
fluorescence tends to increase at these pressures. The
phonon could not be measured above 100 GPa, although
the low-frequency extension of the So(0) band is readily
apparent. With increasing pressures above —140 GPa at
77 K the 1ow-frequency band is obscured somewhat by
increasing diamond fluorescence but is observed up to
and through the high-pressure phase transition at —165
GPa.

The pressure dependence of the mode frequencies mea-
sured at 77 K is given in Fig. 2. The results of the six
different experiments carried out at this temperature are

denoted by different symbols to underscore the reprodu-
cibility of the results. We also compare the pressure shift
of the high-frequency Raman-active vibron, including the
discontinuity associated with the phase transition at
160—170 GPa. ' The So(0) band has a frequency
v= 180 cm ' for the isolated molecule in the gas phase,
increasing at 200 cm ' at 10 GPa. At pressures where
the So(1) and Sz(2) frequencies are not plotted in the
figure, the peaks had broadened to form a diffuse tail on
the lower-frequency bands and no unique fit for the peak
position was possible. The frequency of the band corre-
lating with So(0) at low pressure increases nearly mono-
tonically with pressure to —160 GPa. A discontinuous
change in the Raman shift of the low-frequency mode is
observed at pressures near the vibron discontinuity. In
addition, a break in the slope of the pressure shift is ob-
served near 65 GPa. The large pressure shift of the Ez
phonon is clearly evident. The phonon frequency in-
creases strongly with pressure with no observable discon-
tinuities to 100 GPa, other than the previously docu-
mented mixing with the E2 component of So(0). '
Above —100 GPa, the phonon could not be measured.

The results of the chi-squared analysis for the fre-
quency shifts and linewidths shown in Fig. 1 are given as
a function of pressure in Fig. 3. There appears to be a
break in the pressure shift of the So(0) band frequency at
65 GPa [Fig. 3(a)). The half-width increases monotoni-
cally with pressure (from 30 cm ' at 10 GPa to -100
cm ' at 65 GPa) but then decreases to about 50 cm ' at
100 GPa [Fig. 3(b)]. The half-width of the Ezz phonon
increases from & 5 to -20 cm ' at 65 GPa and then de-
creases [Fig. 3(c)]. At pressures from 100 to 160 GPa, the
linewidth of the low-frequency band remained nearly
constant (half-width -50 cm ' at 77 K). In addition, we
note that the intensity of the phonon decreases markedly
between 65 and —100 GPa [Fig. 3(d)]. All of these

200

~~)121.9 GPai ~

i99.1 GPai

'~181 4 Gpal'

i 65.6 GPB(.

~ '~ (52.1 GPB)'

[42.1 Gpal

I I

400 600
Frequency (cm )

-1

l» 2 GPBI

(20.5 GPai

F10.7 GPat

I1.8 GPai
I I I

800 1000 200

77 GPBi

75 GPaI

71 GPBI'

68 GPai

65 GPai

62 GPai

58 GPQI

45 GPaI

22 GPBI

I I I l

400 600 800 1000 1200
Frequency (cm )

FIG. 1. Representative low-frequency Ra-
man spectra of deuterium from 1.8 to 177 GPa
at -77 K. Low-pressure spectra were mea-
sured with an I-N2 cooled CCD detector (ex-
periments 5 and 6); higher-pressure spectra
were recorded using an intensified diode array
(experiments 1 and 2). Laser excitation at
514.5 nm was used. The solid lines are fits to
the spectra (Ref. 26). The circles and squares
denote the So(0) and E2g phonon bands. Note
the abrupt shift in the lowest frequency peak
between 162 and 165 CyPa (experiment 1). In
other experiments the shift occurred at lower
pressures [(150 GPa, i.e., below the pressure
of the vibron discontinuity (Ref. 16)], as indi-
cated in Fig. 2 (experiments 4 and 5). A broad
feature that appears once the material has
transformed to the high-pressure phase is
marked with the solid diamond. The peak
identified with the triangle is associated with
the diamond anvil.



RUSSELL J. HEMLEY, JON H. EGGERT, AND HO-K.~ANG MAO

C3

@-2800

is a Raman feature of the diamond following either
structural transformation or plastic deformation of the
anvil. Both of these transitions have been observed in
high-pressure control experiments not involving hydro-
gen or deuterium.
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FIG. 2. Pressure dependence of the principal Raman excita-
tions of deuterium at 77 K. The vibron data are from Refs. 21
and 25. The dashed lines show the So(1) and So(2) positions
calculated from the pressure shift of S0(0) assuming free rota-
tion. The square-dot symbols for the data above 160 GPa corre-
spond to the lowest-frequency peaks shown in Fig. 1. The posi-
tions of the additional higher-frequency bands at these pressures
are indicated by the plus-squares.

trends were observed in at least two different experi-
ments, as indicated in the figure.

Selected spectra measured as a function of pressure at
295 K are shown in Fig. 4. These spectra are weak, with
multiple peaks associated with the So(0) So(1) So(&),
So(3), and So(4) transitions. The intensity is distributed
over a wider manifold of rotational bands relative to hy-
drogen as a result of the lower rotational constant (and
hence greater population of higher J states) in the lighter
isotope. Figure 4 also compares spectra measured near
135 GPa at 77 and 295 K. Both the 77- and 295-K spec-
tra exhibit a low-frequency band at -300 cm '. The
band has a significantly larger linewidth at room temper-
ature.

Significant spectral changes are observed at 150—160
GPa and 77 K. A discontinuous decrease in frequency is
observed near the low-frequency band near the pressure
interval of the vibron discontinuity (Figs. 1 and 2). In ad-
dition, new peaks develop at higher pressure. The spatial
dependence of the spectrum within the sample at —170
GPa is shown in Fig. 5. The shape of the low-frequency
band does not depend strongly on position, even when
the excitation is largely on the gasket area; this suggests
that the band is diamond related, although deuterium
trapped at the gasket-diamond interface or diffused into
the diamond may be required. The increased intensity at
b,v)600 cm ' (relative to the laser line, vL =19435
cm ') arises from fluorescence and Raman scattering
from the stressed diamond. The band at —1400 cm

IV. DISCUSSION
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FIG. 3. Pressure dependence of the (a) S0(0) frequency, (b)
S0(0) half-width (H%"HM), (c) lattice-phonon half-width, (d)
relative area of the lattice phonon. The drawn lines are intend-
ed to serve as a guide to the eye. The initial decrease in the in-
tensity of the phonon shown in (d) arises from mixing with the
S&(0) (Refs. 18 and 31). The subsequent increase at 30 GPa was
reproducible but is not understood. Above 100 GPa, the rela-
tive area was estimated to be & 0.002.

These results provide evidence for both continuous and
discontinuous changes in structural and dynamical prop-
erties of deuterium with increasing pressure from 1.8 to
-200 GPa. In common with our previous reports on
dense hydrogen, each of these changes was observed in
measurements performed in separate samples and pairs of
diamonds (e.g., Ref. 14). We now discuss these changes
in further detail. In particular, we examine the evidence
these data provide for a new transition in dense deuteri-
um. We compare the results with previous low-pressure
data for deuterium, high-pressure spectra for hydrogen,
and relevant theoretical calculations.
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A. Lower-pressure spectra

The key change at low pressures (to 30 GPa) is the
broadening and pressure shift of the low-frequency bands.
The frequencies of the So(0), So(1), and So(2) bands as-
suming a free-rotation model are 68, 10', and 148, re-
spectively (ignoring crystal-field efFects). The frequency

FICx. 4. Selected Raman spectra of deuterium as a function of
pressure from 10.4 to 138 GPa at 295 K. A spectrum at 130
GPa and 77 K is also compared.

of the So(0) band increases from 180 to -300 cm ', if
this were due to a drop in I driven by a contracting in-
tramolecular bond then the So(1) and So(2) frequencies
would shift as shown in Fig. 2. Indeed, the pressure
dependence of the higher bands predicted from this
analysis fits the data reasonably well [to —50 GPa for
So(1) and to -30 GPa for So(2)]. Assuming r-v
for the bond length and rotational band frequency, the
measured pressure shift implies a contraction of the bond
by 6%%uo to 30 GPa and by 11%%uo to 50 GPa. This may be
compared with a bond compression of 3% in solid Hz
calculated by Loubeyre, Jean-Louis, and Silvera from
lower-pressure roton data for this isotope.

The above analysis, however, ignores the effect of a
growing crystal field, which should increase with increas-
ing density even if J remains a good quantum number.
Indeed, the gradual broadening of the So(0) band could
reQect a growing crystal-field interaction which causes
the magnetic sublevels of the So(J) band ( —J~mz J)
to be split by the hcp crystal field. Detailed calculations
of the crystal-field contribution to the spectrum are in
progress and will be presented elsewhere. A gradual
molecular orientational ordering could also give rise to
these changes; the rotational bands must then be associat-
ed with increasingly restricted motion. The shift may be
due to either crystal-field perturbations or a gradual
structural or rotational ordering transformation in the
molecular solid. Unfortunately, the current data do not
provide a way to distinguish further between these two
(possibly related) effects. Despite this uncertainty, it is
important to note that the phonon remains clearly
identified. The presence of the optical phonon, and its
continuity over this pressure range, indicates that the
solid maintains an underlying lattice structure close to
hexagonal close packed. For example, this rules out a
complete transition to an fcc-based structure (at least to
—100 GPa), in which case symmetry considerations pre-
clude a Raman-active phonon.
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FIG. 5. Spatial dependence of the spectra within a sample at
& 170 GPa. An intense feature at a Raman shift of 800 cm
appears at the center of the diamond culet. This is the region of
the highest pressure (stress) of the anvil.

B. Phase transition at 6S GPa

The changes in the spectra between 60 and 100 GPa
described above, a kink in the So(0) frequency, a decrease
in the half-width of the So(0) and the phonon bands, and
the gradual weakening and disappearance of the phonon,
suggest a phase transition in this pressure range. The
breadth of the transition, -35 GPa, is significantly larger
than pressure gradients in the cell. Moreover, similar re-
sults were obtained in different runs (e.g., experiments 1

and 2).
The changes in the low-frequency rotational band

could be caused by a change in the orientational order
and/or a change in the crystal structure. Although there
is a break in the pressure shift of the low-frequency mode,
the continuity of the band at both low and high pressure
indicates that the change is not an abrupt transition. It is
possible that the molecules gradually order over a wide
pressure range, possibly associated with lattice disorder
due to ortho-para states of deuterium (70—30% mixture
at 77 K at equilibrium). Alternatively, the transition may
represent sluggish structural transition (e.g., hcp to fcc)
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with or without orientational ordering. If so, the breadth
of the transition could represent the formation of mixed
or intermediate hexagonal-cubic close packing, similar to
what has been observed in the fcc-hcp transition in xenon
(in the latter, hcp is the high-pressure phase).

The measured changes in the phonon band allow the
possibility of a change of crystal symmetry above 100
GPa. A crystal structure with the molecular center of
mass located in sites with inversion symmetry (e.g. , fcc or
bcc) lacks a Raman-active phonon. The decreasing inten-
sity of the phonon band above 60 GPa would thus be
consistent with a gradual transition to such a structure
(from hcp). The structure observed for ordered hydrogen
isotopes with high J= 1 content at low densities, ' which
is based on an fcc lattice with molecular axes aligned
along body diagonals and the space group I'a3, is such a
structure. The loss of the phonon signal offers no con-
straints on the state of orientational order, but does sug-
gest that a structural transition may be involved. It is
clear that loss of a weak signal is not sufficient criterion
for establishing evidence for a phase transition; however,
as shown in Fig. 3(c), the phonon becomes sharper above
-60 GPa and hence should have been easier to detect.
Likewise the diamond fluorescence at 100 GPa is
sufficiently low that the signal-to-noise ratio is still fairly
high. We believe that the correspondence between the
changes in the rotational and the phonon bands (Fig. 3),
coupled with the excellent reproducibility in the two
high-pressure runs in which the highest signal-to-noise
ratio was obtained (experiments 1 and 2), lend credence
to the hypothesis that the loss of phonon signal is due to
a structural phase transition.

It is now useful to consider the relationship between
the phase transition identified here at 65—100 GPa and
77 K to that reported previously at lower pressure and
temperatures for ortho-D2. ' Silvera and Wijngaarden'
studied the Raman spectrum of orthodeuterium (pure
J =0) at 5 K to 54 GPa. They reported the observation
above 28 GPa of a broadened low-frequency doublet at
about 170 and 230 cm ', which they interpreted as aris-
ing from an ordering-type transition (broken-symmetry
transition) in the J =0 molecules. It is possible that the
65-GPa transition at 77 K represents a continuation of a
similar phase line. The gradual narrowing of our rota-
tional band is qualitatively similar to the splitting (and
narrowing) of one of the branches of the doublet observed
by Silvera and Wijngaarden. This interpretation implies
that crystal-field or other effects have shifted the low-
frequency branch of the doublet out of our field of view.
Preliminary crystal-field calculations suggest that this
may be consistent with our data. We note that due to
differences in the ortho-para content of our samples and
that of Silvera and Wijngaarden (co=0.7 and 1.0, respec-
tively) the phase transitions are not rigorously connected
but rather may be members of a family of similar transi-
tions (including the ambient-pressure ordering transitions
for high J =1 concentrations) for each ortho-para con-
centration. As mentioned above, the existence of J=O
and 1 molecules in samples at 77 K may contribute to the
gradual nature of the transition.

Silvera and Wijngaarden' were unable to measure the

optical phonon above the transition, and they proposed
that the high-pressure phase had cubic I'a3 structure.
This would also be consistent with our lack of a measur-
able phonon above 100 GPa. Silvera and Wijngaarden
also observed a discontinuity in the Raman vibron with
increasing pressure (at 3 cm ' at 10 K, decreasing to —1

cm at 50 K). No such vibron discontinuity ( ) 1 —2
cm ') has yet been observed over the temperature range
of this study (77-295 K) below the major phase transition
at 165 GPa. ' The gradual nature of our spectral
changes, however, may preclude such an observation.
The room-temperature spectra, in principle, provide an
additional point on the proposed phase lines. Indeed, the
low-frequency band in the 295-K spectra becomes better
resolved at —100 GPa, but the change is relatively small
and we cannot make an unambiguous identification of
spectral changes. We attribute the broadening of the
low-frequency band at higher temperature to increased
rotational disorder and the effects of rotational averaging
and will be examined in detail elsewhere. '

C. Comparison with hydrogen

A representative low-frequency Raman spectrum of
deuterium at 99 GPa is compared with that measured for
hydrogen at a similar pressure in Fig. 6. The persistence
of the So(0) and So(1) bands to 100 GPa in hydrogen was
interpreted as an indication of free (or nearly free) rota-

200 400 600
I

800 1000 1200

Frequency (cm-&)

FIG. 6. Examples of low-frequency Raman spectra of hydro-
gen and deuterium at 77 K. The two broadened low-frequency
bands observed in H& correlate with the So(0) and So(1) rota-
tional transitions (Ref. 15). The optical phonons observed in
both isotopes are indicated.
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tion of the molecules to these pressures. ' Notably, there
is also a splitting of the So(0) band in hydrogen, which
was observed to begin at about 30 GPa (77 K). ' In con-
trast, the first peak in the deuterium shows no obvious
substructure.

Further evidence for different behavior of the two iso-
topes under these conditions is obtained by comparison
of the phonon frequencies. The volume dependence of the
optical phonon frequency for the two isotopes, from am-
bient pressure to our highest pressures at 77 K, is shown
in Fig. 7. We use the x-ray-diffraction equation of state"
for the high-pressure data ( V & 9 cm /mol) and the tabu-
lated volumes for the low-pressure data ( V ) 10
cm /mol). The D2 curve reproduces the results ob-
tained by Wijngaarden, Goldman, and Silvera' (using
the new equation of state) and Berkhout and Silvera at
lower pressures, as noted previously for H2. ' The log-
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FIG. 7 (a) Volume dependence of the optical phonon for H2
and D2. circles, present work; squares, Hemley et al. (Ref. 15);
circles, Wijngaarden et al. (Ref. 18); diamonds, Berkhout and
Silvera (Ref. 32). The volume was calculated from the pressure
using the experimental equation of state determined to 42 GPa
at room temperature (Refs. 9, 11, and 14). The dotted line shows
the frequencies expected for D2 on the basis of the measure-
ments for H2 in the harmonic approximation. The data of
Wijngaarden et al. (Ref. 18) have been corrected using the
newer equation of state (Refs. 11 and 14). (b) The ratio of the
frequencies as a function of volume.

log plot of phonon frequencies shown in Fig. 7(a) clearly
shows that In(v)-In( V) is supralinear. We fit all of the
data, without weighting, to the quadratic functions

H2. In(v)=7. 457 —0.3501n( V) —0.285 ln( V)

D2.. In(v) =7.301—0.489 1n( V) —0.258 ln( V)

shown by the solid lines in Fig. 7(a). Using a cubic poly-
nomial did not improve the fit. The mode-Gruneisen pa-
rameter, y = —8 In(v)/8 ln( V) shown for both hydrogen
and deuterium in the inset of Fig. 7(a), drops by a factor
of 2 for both isotopes.

At low compression, the frequencies of the modes
differ by a factor of 2 ' as a result of the differences in
masses [i.e., (mH /mD )'~ ], as expected if the modes are

2 2

harmonic and the crystal structure and volume are iden-
tical for the two isotopes. In Fig. 7(a), we have plotted
the fit to hydrogen divided by 2' as a dashed line. It is
evident that this relationship does not hold at high
compression: the D2 curve is higher than that expected
on the basis of the measurements for H2. Figure 7(b)
shows the ratio vH /vD, where vH is interpolated from

2 2' 2

the above fit to all data. The frequency ratio falls from
the harmonic value of 1.41 at 18 cm jmol to about 1.32
at 3 cm /mol. This decrease may be due to an anhar-
monic perturbation in the intermolecular potential which
would affect the frequency ratio more strongly as the fre-
quencies increase, sampling higher-energy regions of the
potential.

Alternatively, if we assume harmonic potentials, the
frequency ratio may reAect a structural difference or
difference in ordering between hydrogen and deuterium,
since orientational ordering should result in a more
efficient packing of the molecules relative to the rotation-
ally disordered state. Since the frequency of the phonon is
a strong function of vo1ume, the offset indicates that the
molar volume of deuterium (which might be partially or-
dered) is lower than that of hydrogen (which might not
be ordered) at the same pressures. It is important to note
that the low-pressure data of Berkhout and Silvera were
measured at 4.2 K, the intermediate-pressure data of
Wijngaarden, Goldman, and Silvera' were taken at 5 K,
and all of our data used in this analysis were measured at
77 K. Our data were taken for D2 in a nominally disor-
dered state. The available diffraction data provide some
evidence for a lower volume in D2 even at room tempera-
ture (-2% at 30 GPa), ' so it is possible that effects of
partial rotational ordering or small structural distortions
from hcp are present at room temperature. If the volume
difference at 77 K persists to higher pressure () 150
GPa), it may contribute to the isotope effect on the pres-
sure of the high-pressure phase transition (i.e., the low-
pressure phase is stabilized to higher pressures in the
heavier isotope).

In hydrogen a sharp Raman band continuous with the
E2 phonon at lower pressure was tracked to pressures
above 150 GPa. ' This observation suggests that the un-
derlying hexagonal structure persists into this pressure
range (at -77 K) for this isotope (and ortho-para state).
However, the intensity of the E2g phonon for hydrogen
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also decreases at a pressure of 100 GPa (though it could
be measured). Evidence for additional phonon structure
in the low-frequency spectra of hydrogen above 100 GPa
was also reported, though the signal-to-noise ratio for
these features was low because the bands are weak and
because of stress-induced diamond Auorescence. ' We
emphasize that loss of spectral bands above 100 GPa
alone should not, in general, be taken as evidence for a
transition because these Raman bands become increasing-
ly difticult to measure as a result of the diamond Quores-
cence (see Ref. 33); positive evidence is required to estab-
lish the existence of a phase transformation. Notably, in-
frared spectra of hydrogen show continuity of the
phonon-vibron combination bands over these pressure
ranges at both 295 K (Ref. 34) and liquid-nitrogen tem-
perature. However, a new vibron infrared absorption
band has been observed near 110 GPa (77 K), which
has been identified as a new phase transition in this iso-
tope. It would be useful to extend these infrared mea-
surements to deuterium to examine the infrared signature
of the transition observed in the present study of deuteri-
um.

D. Comparison with theoretical calculations

A number of calculations of the transition pressure for
orientational ordering in the hydrogen isotopes have been
performed, particularly for the pure systems (J =0 and 1

solids at zero temperature). The early calculations were
performed assuming the ordered phase has cubic Pa3
structure (e.g. , Refs. 36—39). The persistence of the hcp
structure to pressures of at least —100 GPa for both iso-
topes is consistent with the results of recent theoretical
calculations which indicate that structures based on hcp
are stable relative to cubic (e.g, Pa 3) at high densi-
ties. ' ' Kaxiras, Broughton, and Hemley have per-
formed an extensive series of calculations of different
molecular ordering schemes within hcp. A new class of
oriented hexagonal structures based on a herringbone-
type configuration has been found to be energetically
favored and to have larger band gaps than those of the
structures assumed in previous work. Whether or not the
65 —100 GPa transition identified here may be similar to
such a structure remains to be investigated. This assign-
ment is consistent with the experimental evidence for a
band gap (insulating state) to high pressures (i.e., to at
least —150 GPa), which is one of the key problems with
previously proposed ordered hexagonal structures (see
Refs. 4 and 7). Recent theoretical work by Surh, Barbee,
and Mailhiot also points to the possibility of a transi-
tion of this general type in D2 occurring at these pres-
sures.

Runge et al. have suggested on the basis of path-
integral Monte Carlo calculations that ortho-D2 orders
into the fcc lattice (whereas para-H2 orders in hcp), with
a transition to hcp at some higher pressures. Our results
demonstrate that ordering in D2 does not occur on the
fcc lattice over the temperature interval of 77—295 K and
at 10 to at least 100 GPa. Further work is required to
determine the P-T stability field of the phases as function
of pressure, temperature, and ortho-para concentration.

Specifically, the phase relations at both low temperatures
((77 K) and low pressures (down to 0.5 GPa) and at
very high pressures (above 50 GPa) need to be studied in
more detail. Determination of the crystal structures of
the phases should be possible by low-temperature single-
crystal x-ray-diffraction techniques.

K. 150-GPa phase transition

The high-pressure phase transition associated with the
high-frequency vibron discontinuity is now well estab-
lished in both hydrogen and deuterium at 150—165
GPa. ' ' ' A notable feature of the present study js the
coincidence between the frequency shift of the low-
frequency band at the pressure of this transformation
(most accurately determined in experiment 1). We first
consider the hypothesis that this feature arises from an
excitation in bulk deuterium. If one assumes that the
band is continuous with a low-pressure So(0) peak and is
thus indicative of the persistence of rotational disorder in
the high-pressure phase, the frequency drop suggests an
expansion of the bond of —10%. This shift may be com-
pared with the decrease in vibron frequency across the
transition (3.5% for D2), ' both of which are consistent
with bond weakening at the phase transition. ' ' Addi-
tional features appear in the spectra above 160 GPa (Figs.
1 and 2). It is compelling to ascribe these peaks to new
Raman bands associated with structural or ordering tran-
sitions at higher pressures (i.e., phonon or librational ex-
citations).

If the spectral features described above are associated
with the high-pressure phase of deuterium, however, we
must postulate that the additional low-frequency bands at
200 —300 cm ' that appear below the phase transforma-
tion (Fig. 2) are associated with other phenomena. Re-
cently, we showed that an intense band at 250 cm ' ap-
pears in samples of H2 and D2 at pressures above 150
GPa but in some cases below the vibron discontinuity. '

This band may be attributed to a pressure-induced
diamond-hydrogen interaction, a new phase of carbon
(perhaps also induced by the presence of hydrogen), or to
a new nonvibrational excitation. ' Examination of the
spectra measured to date suggests that there could be two
distinct bands in this region, one associated with a rota-
tional (or librational) excitation in bulk D2 and the
stronger feature associated with other phenomena and
appearing before the vibron discontinuity. ' The latter
appears to be a precursor to diamond fluorescence and
eventual anvil failure at higher pressures. Indeed, an ad-
ditional complication to arriving at a unique interpreta-
tion of these results is both the broadband and sharp
fluorescence features in the spectra that appear at the
highest pressures (e.g., Figs. 1 and 5). ' The measure-
ments of the Raman spectra as a function of spatial posi-
tion on the sample and gasket at the highest pressures
(170—200 GPa; e.g., Fig. 5) indicate that additional exci-
tations that do not arise from bulk D2 contribute to the
spectra. ' Further characterization of these features is
essential for interpreting the spectra of hydrogen and
deuterium at these pressures and for examining addition-
al pressure-induced transformations above 150 GPa.
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V. CONCLUSIONS

Low-frequency Raman measurements of molecular
deuterium provide evidence for changes in the solid in
three distinct pressure ranges (at 77 K). At low pressures
( (30 GPa), the width of the So(0) band increases togeth-
er with a decrease in the intensity of the So(1) and So(2)
bands. At intermediate high pressures (60—100 GPa) we
observed a cusp in the pressure dependence of the So(0)
frequency, a decrease in the width of the So(0) and E2g
phonon bands, and a decrease in the intensity of the E2
phonon. This is interpreted as evidence for a structural
and/or orientational phase transition in the molecular
solid. The behavior of Hz and D2 at megabar pressures
and comparable temperatures differs: the two systems
may exhibit different states of order under these condi-
tions, an effect that could be associated with differences
in the effective ortho-para state of the samples. At the

highest pressures in the vicinity of the vibron discontinui-
ty () 160 GPa), abrupt changes in the low-frequency
band are also documented. These may be interpreted as
arising from expansion of the molecular bond, consistent
with the drop in the vibron frequency, or a change in
orientational order, across the transition. There is also
evidence for other transformations, including pressure-
induced interactions between diamond and the deuterium
samples in the high-pressure phase.

ACKNOWLEDGMENTS

We thank J. F. Shu for help with these experiments
and M. HanAand and W. Vos for useful discussions. This
work was supported by NSF (DMR-8912226 and EAR-
8904080) and NASA (NAGW-1722). The Center for
High Pressure Research is an NSF Science and Technolo-
gy Center.

H. K. Mao and R. J. Hemley, Am. Sci. 80, 234 (1992).
R. J. Hemley and H. K. Mao, Phys. Rev. Lett. 61, 857 (1988).

3J. van Kranendonk, Solid Hydrogen (Plenum, New York,
1983), p. 306.

4N. W. Ashcroft, in Molecular Solids Under High Pressure, edit-
ed by R. Pucci and G. Piccitto (Elsevier, Amsterdam, 1991),
p. 201.

5A. Garcia, T. W. Barbee, M. L. Cohen, and I. F. Silvera, Euro-
phys. Lett. 13, 355 (1990).

H Chacham and S. G. Louie, Phys. Rev. Lett. 66, 64 (1991).
E. Kaxiras, J. Broughton, and R. J. Hemley, Phys. Rev. Lett.

67, 1138 (1991).
8R. J. Hemley and H. K. Mao, Science 249, 391 (1990).
H. K. Mao, A. P. Jephcoat, R. J. Hemley, L. W. Finger, C. S.

Zha, R. M. Hazen, and D. E. Cox, Science 239, 1131 (1988).
V. P. Glazkov, S. P. Besedin, I. N. Goncharenko, A. V. Irodo-
va, I. N. Makarenko, V. A. Somenkov, S. M. Stishov, and S.
S. Shilsteyn, Pis'ma Zh. Eksp. Teor. Fiz. 47, 569 (1988) [JETP
Lett. 47, 661 (1988)].

' R. J. Hemley, H. K. Mao, L. W. Finger, A. P. Jephcoat, R. M.
Hazen, and C. S. Zha, Phys. Rev. B 42, 6458 (1990).
R. J. Hemley, H. K. Mao, J. Z. Hu, and L. W. Finger, Eos
Trans. Am. Geophys. Union 71, 1620 (1990).

' L. W. Finger, H. K. Mao, R. J. Hemley, and J. Z. Hu, Bull.
Am. Phys. Soc. 36, 529 (1991).

~~R. J. Hemley and H. K. Mao, in Shock Compression of Con
densed Matter-1991, edited by S. C. Schmidt, R. D. Dick, J.
W. Forbes, and D. G. Tasker (Elsevier, New York, 1992), p.
27.

~5R. J. Hemley, H. K. Mao, and J. F. Shu, Phys. Rev. Lett. 65,
2670 (1990).

~ R. J. Hemley and H. K. Mao, Phys. Lett. A 163, 429 (1992).
I. F. Silvera and R. J. Wijngaarden, Phys. Rev. Lett. 47, 39
(1981).
R. J. Wijngaarden, V. V. Goldman, and I. F. Silvera, Phys.
Rev. B 27, 5084 (1983).
I. F. Silvera, Rev. Mod. Phys. 52, 393 (1980).

2oH. K. Mao, P. M. Bell, and R. J. Hemley, Phys. Rev. Lett. 55,
99 (1985).

2 R. J. Hemley, H. K. Mao, and M. Hanfland, in Molecular Sys-

tems Under High Pressure, edited by R. Pucci and G. Piccitto
(Elsevier, Amsterdam, 1991),p. 223.
R. J. Hemley and H. K. Mao, Phys. Rev. Lett. 63, 1393 (1989).

2 R. J. Hemley, P. M. Bell, and H. K. Mao, Science 237, 605
{1987).

24H. K. Mao, in Simple Molecular Systems at Very High Densi-
ty, edited by A. Polian, P. Loubeyre, and N. Boccara (Ple-
num, New York, 1989), p. 221.

25R. J. Hemley, M. Hanfland, and H. K. Mao (unpublished).
For this analysis, we used a summation of pseudo-Voight
functions (Lorentzian and Gaussian peaks of variable area)
for the rotational bands and a Gaussian for the phonon.
When the So(1) band evolved to form a broad shoulder on
the stronger So{0),we then replaced the sum of Voight func-
tions with a single asymmetric Voight function with different
widths above and below vp.

27H. K. Mao and R. J. Hemley, Nature 351, 721 (1991).
P. Loubeyre, M. Jean-Louis„and I. F. Silvera, Phys. Rev. B
43, 10 191 (1991).
R. J. Hemley and H. K. Mao, Annu. Rep. Dir. Geophys. Lab.
1990, 141 (1991).

A. P. Jephcoat, H. K. Mao, L. W. Finger, D. E. Cox, R. J.
Hemley, and C. S. Zha, Phys. Rev. Lett. 59, 2670 (1987).
J. H. Eggert, R. J. Hemley, and H. K. Mao {unpublished).
P. J. Berkhout and I. F. Silvera, J. Low Temp. Phys. 36, 231
(1979).
H. K. Mao and R. J. Hemley, Science 244, 1462 (1989).

"H. Hanfland, R. J. Hemley, H. K. Mao, and G. P. Williams,
Phys. Rev. Lett. 69, 1129 (1992).

35M. Hanfland, R. J. Hemley, and H. K. Mao, Phys. Rev. Lett.
70, 3760 (1993).
J. Felsteiner and Z. Friedman, Phys. Rev. B 8, 3996 (1973).
W. England, J. C. Raich, and R. D. Etters, J. Low Temp.
Phys. 22, 213 (1976).

8A. Lagendijk and I. F. Silvera, Phys. Lett. 84A, 28 (1981).
W. B. L. M. Janssen and A. van der Avoird, Phys. Rev. B 42,
838 (1990)~

S. Raynor, J. Chem. Phys. 87, 2795 {1987).
T. W. Barbee, A. Garcia, M. L. Cohen, and J. L. Martins,
Phys. Rev. Lett. 62, 1150 (1989).



5788 RUSSELL J. HEMLEY, JON H. EGGERT, AND HO-KWANG MAO

H. Nagara and T. Nakamura, Phys. Rev. Lett. 6&, 2468 (1992).
M. P. Surh, T. W. Barbee, and C. Mailhiot, Phys. Rev. Lett.
70, 4090 (1993).
K. J. Runge, M. P. Surh, C. Mailhiot, and E. L. Pollock, Phys.
Rev. Lett. 69, 3527 (1993);70, 2974(E) (1993).

45P. Loubeyre, R. LeToullec, J. P. Pinceaux, H. K. Mao, J. Hu,
and R. J. Hemley (unpublished).

46H. E. Lorenzana, I. F. Silvera, and K. A. Goettel, Phys. Rev.
Lett. 63, 2080 (1989).


