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Synchrotron Infrared Spectroscopy to 0.15 eV of H2 and D2 at Megabar Pressures
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New synchrotron infrared absorption and reflectivity techniques have been developed to test predic
band overlap metallization in H2 and D2 above 150 GPa at various temperatures. Measurements on bot
isotopes to maximum pressures of 216 GPa show no evidence for Drude excitations in the midinfrar
to near-infrared spectrum. The most definitive are measurements on D2, which remains transparent
down to 0.15 eV at 170 GPa and 83 K. The results put new bounds on the optical conductivity an
possible band-gap closure at the 150-GPa transition. In addition to strong vibrational transitions, n
infrared absorption features are observed.

PACS numbers: 62.50.+p, 71.30.+h, 78.30.Am
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The possibility that solid molecular hydrogen w
transform to a metallic state prior to pressure-induced
sociation at megabar pressuress.100 GPad has been the
focus of experimental and theoretical study since the p
dictions of Ramaker, Kumar, and Harris [1] and Frie
and Ashcroft [2] of band-overlap metallization. With sy
tematic improvements in diamond-cell techniques, M
Bell, and Hemley [3] pressurized hydrogen to 147 G
and room temperature but found no evidence for me
lization. In 1988, Hemley and Mao [4] discovered a pha
transition in the molecular solid at 150 GPa and 77
and theoretical calculations by Barbeeet al. [5] suggested
that the new phase could be metallic. A large num
of subsequent calculations predicted significant chan
in electronic properties at these pressures, and on
the major theoretical problems was how to preserve
band gap to these pressures [6–8]. The spectroscopic
tures indicated that the transition involved orientation
and structural changes. In addition, the sample rema
transparent in the high-pressure phase to at least 250
[9]; at higher pressures there was evidence for abs
tion at visible wavelengths, results that provided the fi
experimental support for the theoretically predicted d
crease in the band gap with pressure and the band-ove
mechanism of metallization.

Optical experiments were subsequently designed
conducted specifically to test the theoretical predict
of metallization and to determine the transition pressu
Eggert, Goettel, and Silvera [10] measured the index
refraction to 70 GPa and on the basis of an extrapola
of a single-oscillator model for the index predicte
band-overlap metallization at 148 GPa from an appar
dielectric catastrophe. Direct measurements of the in
of refraction at these pressures revealed no dielec
catastrophe [11] but instead showed there is a decrea
energy of electronic transitions associated with the dir
gap, consistent with earlier observations to,300 GPa [9].
However, closure of the indirect gap was still possible.
fact, a large number of theoretical calculations predic
closure below 200 GPa (e.g., [2,5,7,8]).
0031-9007y96y76(10)y1667(4)$10.00
-

-

,
a
l-
e
,

r
es
of
e
a-

l
d

Pa
p-
t
-
lap

d

.
f
n

nt
x

ic
in
t

d

Searching for a Drude feature as direct evidence of m
allization by closure of the indirect gap started in 19
[12]. Because hydrogen remained transparent in the
ible region to at least 250 GPa [9], it was necessary
extend the measurements into the infrared region. T
constraints of possible Drude parameters have since
pended most upon the experimental progress of meas
ment capabilities to lower energy at high pressures. M
Hemley, and Hanfland [12] measured IR reflectivity
hydrogen at 177 GPa down to 0.5 eV and showed a s
tematic and reproducible increase at the low energy ra
of the spectrum. They demonstrated that the incre
could be modeled as a Drude edge with a plasma
quencyvp as high as 2.42 eV, suggesting metallization

However, when both absorption and reflectance ove
limited energy ranges.0.8 eVd were measured later [13]
the low absorbance contradicted the Drude model of h
vp. Eggertet al. [13] concluded that either the hydroge
above 150 GPa might not be metallic or it was metal
with a smallvp which could be tested at lower photo
energy (further into the infrared). Their absorption me
surements did not reach the energy range (0.8–0.5 eV
which the reflectivity increase was observed [9]. Hanflan
Hemley, and Mao [14] presented absorption measurem
down to 0.5 eV, and showed a systematic rise with incre
ing pressure; but the strength of the absorption was wea
than that predicted by the reflectivity with a largevp. It
was pointed out that if sample texture due to the anisotro
of the material, thin film effects, and diffraction were sig
nificant, the reflectance (measurement of an interface p
erty) and the absorption (which measures a bulk prope
might be uncoupled [14]. Alternative hypotheses [14] pr
posed to explain the observations included Drude abso
tion with a small vp, vibron excitation, and electronic
interband transitions. Meanwhile, motivated by consid
ations of Ashcroft [6], theoretical calculations by Kaxira
Broughton, and Hemley [15] revealed a new class of str
tures that are both more stable than those previously c
sidered and preserved the band gap to considerably hi
pressures than the 150-GPa transition.
© 1996 The American Physical Society 1667
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The problem has been the focus of several more re
studies. Theoretical calculations have been carried
which go beyond the local density approximation and
treat lower energy structures [16–18]. Although the
calculations generally find evidence for band over
above 200 GPa, the question has not been reso
because the crystal structure of phase III is not kno
in addition, most calculations do not include importa
dynamical effects. In a recent experimental study, C
Chen, and Silvera [19] presented absorption data d
to 0.37 eV, showing a “tantalizing rising absorption” th
they interpreted as supporting the possibility that phase
is metallic. They showed that Drude models withvp as
high as 0.95 eV in phase III (D2 at 194 GPa) were stil
consistent with the data. Due to the limited frequen
range, however, they concluded that all existing data w
inadequate to determine whether the phase III is meta
it would be necessary to extend measurements to
lower energy.

To test the hypotheses of a Drude feature with a sm
vp or interband transitions requires measurement ca
bilities to unprecedented low energy and high resoluti
Since 1992, the high-pressure synchrotron infrared te
nique has been successfully developed and used for v
tional spectroscopy of dense hydrogen to 0.5 eV [20–
We report here extended synchrotron infrared absorp
and reflectivity spectra to significantly lower energie
The measurements extend the energy range of prev
measurements [14,19] by over a factor of 2 and place
bounds on possible carrier density to 216 GPa.

A number of improvements in synchrotron techniq
were required for the present studies. This included
design and implementation of Cassegrain-type mirror
jectives with large working distance and sufficiently larg
angle aperture (0.25) for simultaneous absorption
reflectivity measurements over a broad range with 1
15 mm sample dimensions [23]. In addition, the stu
required careful analyses of data, which are complica
by several factors. First, unambiguous determination
broad absorption component requires accurate mea
ment of the baseline. This is not a problem for t
vibron features because they are narrow, but is imp
tant for broader electronic (or vibrational) excitation
A second (and related) problem is the determination
pressure- (and temperature-) induced changes in the
mond anvils. Examples of such effects in the visible sp
trum for natural diamonds at pressures above 150
have been documented [24]. These features could inc
both narrow or broad bands. Information on these effe
can be obtained by varying the type of diamond an
(e.g., type I or II) as well as by numerous control exp
iments with a variety of samples. Third, diffraction e
fects can attenuate the transmitted light as the wavele
approaches the dimensions of the sample. This co
bution was determined by using samples of varying s
and shape.
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FIG. 1. Infrared spectra of deuterium as a function of press
at 83 K. The sharp band near 0.4 eV is the vibron fundamen
and the higher frequency peaks are vibron combinations
overtone bands. The frequency range of the high two-phon
absorption of the diamond windows is hatched. Derivativeli
structure near 0.4 eV arises from the pressure-induced cha
in diamond three-phonon absorption.

Representative low-temperature spectra as a functio
pressure are shown in Fig. 1. The transition to phase
is easily observed by the onset of the strong vibron a
sorption near 3.1mm (0.4 eV). With type II diamonds and
KBr optics, we are able to measure the spectrum do
to 8.3 mm (0.15 eV or1200 cm21). With the extended
range, we are able to access an important new wind
of the spectrum below the two-phonon diamond anvil a
sorption. We find no evidence for Drude absorption
this region. The small increase at the longest waveleng
is suggestive; however, such changes can be modele
arising from diffraction effects due to decreasing samp
size as the wavelength approaches the sample dimens
Figure 2 compares the measurements at the highest p
sure with Drude model curves taken from the recent stu
of Cui, Chen, and Silvera [19], which were consistent wi
the laser measurements reported in that study. We find
the Drude behavior from models 4 and 5 is consistent w
the present direct measurements, but that of models 1
and 3 is not. The transmission observed to 0.15 eV pu
strong bound on possible carrier density; specifically, if t
phase is metallic at this pressure, the plasma frequencyvp

is less than 0.3 eV. However, we emphasize that the d
are equally well fit withvp  0 (i.e., no Drude feature).

A large number of experiments were performed to te
the reproducibility of the measurements. In addition,
is important to examine the temperature dependence
the spectra to test for the possibility of thermal excit
tions across the band gap, and to compare with the e
lier room temperature measurements, which were carr
out with conventional methods [13,14]. Figure 3 show
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FIG. 2. Synchrotron infrared absorption spectrum for de
terium in phase III compared with calculated Drude mod
curves. Curves 1–3 are those calculated by Cui, Chen,
Silvera [19], which fit their data but are inconsistent wi
the present direct measurements to lower energies (1:"vp 
0.55 eV, "yt  0.01 eV; 2: "vp  0.45 eV, "yt  0.1 eV;
3: "vp  0.32 eV, "yt  0.5 eV). Curves 4 and 5 represen
a family of models consistent with the new data and prov
upper bounds on possible carrier density (4:"vp  0.32 eV,
"yt  0.01 eV; 5: "vp  0.24 eV, "yt  0.01 eV). The
baseline offset between the measurement and models is
sociated with the mismatch in refractive index between d
mond and sample, and changes in multiphonon absorptio
diamond.

representative spectra for H2 between 167 and 212 GPa
and variable temperature from different experimen
With the orders of magnitude improvement of resoluti
and sensitivity made possible by the synchrotron te
nique, the absorption features associated with the vib
rotons, and phonon can be distinguished. The tempera
dependence of the vibron intensity at 167 GPa shows
the phase I-III boundary [25] was crossed with no me
surable broad band absorption at low energy (to 0.18 e
The spectra show some isotope-independent structur
the 0.3–0.5 eV range (Figs. 1 and 3), which is attribu
to the pressure and temperature dependence of third-o
diamond absorption from the anvils. The measureme
show that the previously observed structure in the abs
tion at 0.5–0.8 eV [14] arises from the vibrational tran
tions (as discussed in Ref. [14]).

Reflectivity spectra were also measured with the n
synchrotron technique. Figure 4 shows the reflectiv
and absorption measured in the vicinity of the vibr
for hydrogen. Reflectivity spectra show a dip shift
to higher energies with respect to the absorption pe
This structure is superimposed on interference frin
from 0.4 to 1.1 eV (not shown), which also indicat
no measurable broad band absorption. The spectru
modeled with dielectric function for hydrogen of the for
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FIG. 3. Absorption spectra of hydrogen above 150 GPa ov
a broad spectral range from different experiments. T
temperature dependence of the absorption is shown. T
transition from phase I to phase III occurs between 107 a
80 K. The absorption spectra shown in the lower pan
correspond to samples with different thicknesses. There
a dramatic rise in absorption near 0.41 eV for sample 3
201 GPa (absorbance.2 OD, which is not measurable).

´svd  ´ 1 fv
2
0ysv2

0 2 v2 2 ivg0d, where f is the
oscillator strength,v0 and g0 are the vibron frequency
and damping, and́  n2 is the high-frequency dielectric
constant. The model accurately reproduces the data
givesf  0.013 for the strong infrared vibron, consisten
with previous work [22]. The fact that the dip in
reflectivity is shifted to higher frequencies indicates th
the refractive index of hydrogen is larger than that
stressed diamond, a result that could not be determin
from previous measurements [14].

The above results are thus consistent with the theor
cal calculations predicting preservation of a band gap
to at least 200 GPa [15–17,26,27]. Many of these calc
lations now predict band overlap in the vicinity of 250
400 GPa. It has also been proposed that, within a ba
picture, overlap should occur, but the transition is pr
cluded by the existence of intermediate insulating sta
that are not treated in typical electronic structure calcu
tions. These include the formation of an excitonic insul
tor [28], states in which the electrons are localized by t
presence of disorder [28], and an intermediate ionic pha
[27,29]. It is therefore of interest also to look for spectro
scopic signatures of such states. A number of anomal
optical features have been observed that may be relev
to this issue. Experiments on H2, D2, and HD show the
appearance of an intense band system near 0.4 eV wi
variable onset pressure. An example from a H2 experi-
ment is shown in Fig. 3, where the intensity of the ban
increases abruptly near 200 GPa. The temperature dep
dence of the band was studied closely in experiments
1669
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FIG. 4. Absorption and reflectivity in the vicinity of th
strong vibron of hydrogen in phase III. The points a
the experimental data; the lines correspond to the diele
model calculated with the following parameters (see te
f  0.0134, vy2p  4396 cm21, g0  42 cm21; diamond
refractive index,nd  2.4; hydrogen refractive index,nH2.7;
and sample thickness,d  0.72 mm.

D2 and found to disappear at aTc of 200 K. This be-
havior is close to previously observed anomalous lo
frequency Raman bandss240 280 cm21d [30]; both sets
of features appear in the same pressure range and ex
the same critical temperature behavior. The lack of
isotope effect on the frequency demonstrates that the e
tation does not involve hydrogen or deuterium vibratio
although the infrared band is close to the diamond th
phonon absorption, its intensity is significantly high
This leads to the hypothesis that these features are
sociated with unusual behavior of the diamond-sample
terface or the bulk sample, perhaps a nonvibrational (
electronic) excitation. Understanding these phenom
as well as testing the theoretical predictions of band o
lap above 200 GPa, requires continued measuremen
higher pressures over a wide energy range.
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