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Coherent Anti-Stokes Raman Spectroscopy of Highly Compressed Solid Deuterium at 300 K:
Evidence for a New Phase and Implications for the Band Gap
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Coherent anti-Stokes Raman spectroscopy has been used to study deuterium at ambient temperature to
187 GPa, the highest pressure this technique has ever been applied. The pressure dependence of the v,
vibron line shape indicates that deuterium has a pgiee = 0.501 and peyeiron = 0.434 mol/cm? for a band
gap of 2wp = 4.66 eV. The extrapolation from the ambient pressure band gap yields a metallization
pressure of 460 GPa, confirming earlier measurements. Above 143 GPa, the Raman shift data provide
clear evidence for the presence of the ab initio predicted I’ phase of deuterium.
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Understanding the high-pressure properties of hydrogen
and its isotopes is of fundamental importance to condensed
matter physics [1-4] and planetary modeling [5]. Though
the simplest of molecules, due to its quantum nature, solid
H, has been predicted to give rise to many interesting
properties such as high-temperature superconductivity
[2]. A recent study found no evidence for a metallic phase
of solid hydrogen up to 320 GPa [6], but predicted a band
gap closure at 450 GPa on the basis of absorption mea-
surements on a sample that began to darken near 300 GPa.
Another study [7] claims that hydrogen is still transparent
at 342 GPa. These contradictory observations have been
suggested to be a result of diverging pressure calibrations
above 150 GPa [8]. Interestingly, electrical measurements
of shock-compressed fluid D, at 140 GPa and ~3000 K
show high conductivity [9]. In fact, the determination of
the band gap of H, with diamond-anvil cells (DACs) using
linear spectroscopies is challenging, if not limited, because
of the restrictions inherent with the diamond’s opacity [10]
and strain-induced fluorescence [11].

The high-pressure behavior of H, and D, has been
extensively explored, both computationally and experi-
mentally in recent years [12—24], yielding a wealth of
information at high pressures but typically limited to tem-
peratures below 150 K. Three phases of solid H, (and D)
have been identified: the symmetric phase (SP or phase I)
[13] with an isotropic rotational state, the broken symmetry
phase (BSP or phase II) [14] with orientational order of
molecules in the spherically symmetric even J states, and
the A phase (phase III) with dramatically enhanced IR
oscillator strength [15]. For D,, these three phases meet
at the I-II-1II triple point near 160 GPa and 130 K [16].
Recent evidence indicates that the orientational ordering
transition from phase I to II occurs with a small disconti-
nuity in specific volume [22]; however, the phase boundary
exhibits a strong isotope shift (28 GPa in 0-D,, 110 GPa in
p-H,, and 69 GPa in HD, near 5 K) [14,17,18], owing to
strong quantum effects. The phase II to III transition occurs
with a large discontinuous drop in the Raman vibron
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frequency, ~100 cm~! for D, at 77 K [15]. The Raman
shift discontinuity between phase II (I, or possibly I, above
the triple point) and III gradually decreases with increasing
temperature and eventually vanishes at the critical point
near 165 GPa and 150 K for H, [19], but for D, this occurs
at a much higher pressure and temperature [20]. There is
significant electron-phonon coupling at these pressures
[15], which can be interpreted as the result of a charge-
transfer (CT) pairing of molecules in phase I1I [21]. Recent
path-integral Monte Carlo simulations predict that for D,
phase I transforms to a new orientationally ordered phase I
above 145 GPa at ambient temperature [12].

Experimentally, optical spectroscopy at ultrahigh pres-
sures is difficult due to intense strain-induced diamond
fluorescence competing with a relatively weak Raman
signal from the sample as well as the diminishing lumines-
cence of the ruby pressure sensor. Hydrogen is highly
compressible, resulting in extremely small samples with
a significant change in optical band gap. Furthermore, the
absorption edge of diamond is moving down below 3 eV at
ultrahigh pressures [10] so that optical studies under these
conditions must compete against the narrowing transpar-
ency of the diamond window.

To overcome these limitations inherent with the dia-
mond’s opacity and strain-induced fluorescence, we have
employed a multiphoton method, coherent anti-Stokes
raman spectroscopy (CARS) [25]. CARS can be used to
probe energy states significantly above the diamond win-
dow cutoff. This method uses two laser pulses set at w , and
w, such that w -, is resonant with the molecular vibra-
tion under study. Broadband CARS simply uses a spec-
trally broad w,. The emission occurs at 2w ,-w,. The
presence of electronic states near 2w, will affect the
CARS line shape. Since the diamond can be transparent
to w,, (as well as 2wp-a)x), but not 2wp, this opens up the
possibility of studying samples at energies well above the
diamond cutoff. CARS also has the benefit of having no
background fluorescence, since the emission is blueshifted
from the excitation pulses. In this Letter, we present the
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accurate determination of the band gap at 2w, as well as  using Eq. (1).
the experimental evidence for a new phase (I') of D, ok
appearing above 143 GPa at 300 K. [ o] Z Iixj (0 — 0, + ) + oy 2
For experiments, D, gas (> 99.9% pure, ~0.2 GPa) “ U\ (0 -0, Fw) + T3

was loaded into a membrane DAC using a high-pressure
gas-loading device. Samples were initially ~30 um in
diameter at low pressures. Pressures were measured using
ruby luminescence [23] and/or the Raman shift of diamond
[26] with an error of no more than 3 GPa. Broadband
CARS spectra were obtained using a system that utilized
a mode-locked Q-switched Nd:YAG laser to generate a
frequency doubled pulse at 532 nm (120 ps) and a syn-
chronously pumped, spectrally broad, dye laser pulse from
625 to 645 nm (30 to 50 ps). The two pulses are overlapped
both spatially and temporally at the sample. Pulse energies
of less than 5 wJ were used to prevent diamond breakage.
The laser repetition rate is approximately 1 kHz, and the
CARS spectra were signal averaged for up to 30 min.

All CARS experiments yielded spectra with an ex-
tremely high signal to noise ratio and had essentially
zero luminescence background, as shown in Fig. 1.
Spectral line shape analyses [25] in the absence of any
significant inhomogeneous broadening can be performed
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FIG. 1 (color). Representative CARS spectra of D, demon-
strating the contribution of the third-order nonresonant polar-
izability to line shape: Left panel: D, vibron at 92 GPa and
300 K, showing a negligible contribution from x™. The dia-
monds represent the raw data after it has been normalized for dye
laser intensity. The best fit (red line) of the data to Eq. (1) yields
the spectral parameters v = 3046 cm ™!, Ipypm = 10.1 cm™!,
and x™/x"¢ = 0.0028. Right panel: D, vibron at 187 GPa and
300 K, clearly showing a significant asymmetric spectral line
shape. The best fit (red line) yields » = 2910.6 cm ™!, Tpypm =
27.3 cm™!, and y™/xP* = 0.086. For comparison, an equivalent
spectrum having x™ = 0 is also overlaid (green line.) The small
dips in the spectral data near 2720 and 2810 cm ™! are an artifact
arising from fitting the dye laser spectrum over such a large
region. Center panel: A schematic representation is diagrammed
for the two dominant, resonant and nonresonant, processes
contributing to the CARS spectral line shape. The corresponding
third-order polarizabilities are, respectively, y** and y™ from
Eq. (1).
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The subscripts s, as, and p refer to Stokes, anti-Stokes, and
pump frequencies, respectively. yP* and Y™ are the reso-
nant and nonresonant third-order polarizabilities. I'; is the
half-width at half-maximum intensity. The subscript j
refers to each vibrational mode. This formula yields the
energy, linewidth, and ratio of the third-order polarizabil-
ities of the resonant versus nonresonant contributions to the
CARS signal of the Raman active vibration. Fitting to this
formula yielded extremely accurate peak positions, line-
widths, and y ratios, as shown in Fig. 1 (red line).

CARS spectra contain both resonant and nonresonant
contributions, as evidenced in Eq. (1) and schematically
represented in the center panel of Fig. 1. The resonant
process [the second summation term of Eq. (1)] occurs
when the energy difference of the two colors (w, and w,)
coherently stimulate the molecular vibration at the beat
frequency. For this experiment w, is the frequency
doubled Nd:YAG, 532.07 nm. An additional photon of
w, can stimulate emission of the vibrationally excited
molecule at the sum frequency of w,, plus the vibrational
energy (w,-w,) in the short time before the coherently
excited molecule dephases. In the nonresonant process,
two photons of w,, are virtually absorbed while an addi-
tional photon at w, is created as emission along with a
photon at 2w ,-w,. For H, (or D,) at low pressure, there is
no electronic energy level near 2w, so the contribution
from the nonresonant process is almost negligible.
However, as the pressure is increased, the exciton and,
eventually, the direct band gap will approach 2w, thus
increasing the contribution from the nonresonant third-
order polarizability: y™. The enhancement of the nonreso-
nant term due to this pressure tuning is apparent in the line
shape analysis as demonstrated in Fig. 1.

To determine the density corresponding to a band gap of
2w, = 4.66 eV, a plot of "/ X" as a function of density
is presented in Fig. 2. Densities are calculated using a
previously obtained equation of state [22]. The shoulder
at lower density corresponds to the exciton. The optical
CARS approach that we have used is sensitive to any
energy level that is resonant with the virtual level accessed
by the pump beams. The optical CARS technique restricts
the probe to k space near the brillouin zone center, making
it more likely that we measure the exciton level rather than
the indirect gap. This first resonance in Fig. 2, at a density
of 0.434 mol/cm? (162 GPa), closely coincides with the
previously reported value [6,24] for a band gap energy of
4.66 eV. The second resonance, interpreted to be the
direct band gap, is projected to occur at a density of
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FIG. 2 (color). The ratio of third-order nonresonant to resonant
polarizabilities (}™/xP) plotted as a function of density when
2w, = 4.66 eV. The data are fit assuming a Gaussian line shape
for the direct band gap (blue dot-dash line) and exciton (red dot-
dash line) with equal linewidth, which was determined to be
0.033 mol/cm?. The sum of these two processes is in green. The
peak corresponding to the exciton is centered at 0.434 mol/cm?
(162 GPa) and the direct band gap at 0.501 mol/cm? (223 GPa).
From this fit, the intensity of the direct band gap peak is 40 times
that of the exciton peak. Inset: The band gap of D, measured in
the present study in comparison with some theoretically pre-
dicted band gap closures [27,28] (eGW: empirically corrected
band gaps, EXX: exact-exchange calculations) and those deter-
mined experimentally [6] by resonance Raman (X symbol) and
absorption spectroscopy (+ symbol.) The diamond window cut-
off is shown in green [10]. The direct band gap (blue line) and
exciton (red line) are extrapolated from the ambient pressure
values [24] through the corresponding 2w, = 4.66 €V point to
nearly the same density of 0.72 mol/cm?® or 460 GPa for
metallization.

0.501 mol/cm? (223 GPa) by assuming the resonance has
the same linewidth of 0.033 mol/cm? as the first resonance
in the Fig. 2 plot. A simple linear extrapolation of the direct
band gap and the exciton has them intersect near a metal-
lization density of ~0.72 mol/cm?, or 460 GPa. This is a
remarkable independent confirmation of the results from
an earlier study [6] using data obtained at pressures more
than 100 GPa below the absorption measurements.
Evidence for a new phase, derived from the pressure-
dependent vibron energy of D, using CARS, is apparent.
Figure 3(a) summarizes the pressure dependence of the
Raman shift of D, at 300 K by CARS in comparison with
that previously determined by classical Raman spectros-
copy at 77 K [14,18]. It shows that the vibron frequency at
300 K gradually shifts away from those of phase I and II at
77 K and approaches that of phase III at 77 K. Furthermore,
unlike the 77 K data, the data at 300 K reveal an abrupt
change in the rate of the pressure-dependent Raman shift
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FIG. 3 (color). (a) Pressure dependence of the Raman shift of
the D, vibron obtained from the present CARS experiments at
300 K (red circles), in comparison with those obtained by
ordinary Raman spectra at 77 K (blue lines) calculated from
Ref. [18]. Subscripts refer to temperature in Kelvins. The large
discontinuous change at 77 K is due to the transition from phase
II to III. A small change of the pressure-dependent shift rate
(dv/dP) at 143 GPa and 300 K is due to the transition from
phase I (SP) to phase I'. (b) The difference in Raman shift
between the D, vibrons measured at 77 K (Ref. [18]) and
300 K (this Letter) as a function of pressure. Changes in slope
occur at 62 and 143 GPa. The lines are fit using least linear
square of the data in each region. Below 62 GPa the slope is near
zero. The errors associated with the measurements are ~2% in
pressure and ~2 cm™! in Raman shift. The slopes above and
below 143 GPa are 0.193 and 0.448 cm™!/GPa, respectively.
Inset: Phase diagram of 0-D, adapted from Ref. [12]. The two
temperature paths (77 K in blue, 300 K in red) are diagrammed
for comparison. The observed slope change at 143 GPa occurs at
the onset of the phase I-to-I’ transition.

near 143 GPa, which is especially apparent in the differ-
ence plot in Fig. 3(b). At low pressures, the difference in
Raman shift is due to the temperature dependence of the
vibron in phase I, which appears to have virtually no
pressure dependence. The first deviation in slope occurs
at 62 GPa, due to the transition to the BSP phase at 77 K
[17]. The second deviation at 143 GPa, however, arises
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from a transition at 300 K, as it is compared to the BSP
phase at 77 K. In fact, the transition pressure of 143 GPa is
very close to the I-to-I’ transition pressure calculated for
pure o-D, [see the Fig. 3(b) inset] [12]. The spectral
linewidth, which generally increased with pressure, also
shows a dip in that trend at the transition pressure. The
increasingly larger difference above 143 GPa is not sur-
prising given the large discontinuity in Raman shift be-
tween phases II to III observed at 77 K. In fact, the Raman
shift of phase I’ at 187 GPa and 300 K, 2910 cm™!, is
nearly the same as that of phase III, 2900 cm™~!, at the
onset of the I to III transition near 186 GPa and 260 K [20]
This suggests that the phase III vibron has a much larger
temperature dependence than phase I. Therefore, the
present study supplies additional evidence that the transi-
tion observed above the critical point [20] at ~171 GPa is
from phase I' to III, rather than from phase I to III and,
combining the two results, the stability field of phase I at
300 K can now be bracketed between 143 and 200 GPa, as
shown in the inset of Fig. 3(b).

The present study offers evidence for a new phase (I') of
D, at pressures from 143 to 190 GPa at 300 K. The direct
band gap at these pressures is still large, >5 eV, so that the
I-I’ phase transition is not solely an orientational ordering
transition, as predicted by ab initio calculations [12].
Furthermore, it is likely that the extent of orientational
ordering in D, increases over a widening pressure range
with increasing temperature. Phase I’ is bounded below by
phase I, rotationally disordered states at the transition
pressure, 143 GPa, and then gradually orders to one having
a configuration of D, pairs which allow for CT states [21]
near 200 GPa, phase III. This implies that the suggested
critical point of D, near 165 GPa and 170 K is in fact a
triple point, as noted previously [20]. Thus the ordering
process in phase I' occurs over an increasingly larger
pressure range as the temperature is increased (i.e., classi-
cal ordering arising from AS), in contrast to a similar
ordering process of phase II which occurs over the larger
pressure range at the lower temperature (i.e., quantum
ordering). Therefore, this critical or triple point seems to
signify the temperature above which D, behaves more
classically.
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