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Evidence from x-ray diffraction of orientational ordering in phase III of solid hydrogen
at pressures up to 183 GPa
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X-ray powder-diffraction experiments on solid hydrogen are performed at pressures up to 183 GPa and low
temperature of 100 K. A transition into phase III is confirmed by in situ Raman-scattering measurements. Two
diffraction peaks corresponding to the 100 and 101 lines of the hcp structure are observed above the II-I1I
phase-transition pressure of 160 GPa, indicating that the hydrogen molecules in phases II and III are still in the
vicinity of the hcp lattice point up to 183 GPa. Assuming a hexagonal structure for these phases, the lattice
parameter, ¢ decreases by 1.5% at the II-III phase transition. The behavior is consistent with a theoretically
proposed feature of classical orientational ordering of rotating hydrogen molecules for phase II1.
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Optical studies have shown that solid hydrogen exhibits
three crystalline phases, I, II, and III.' Phase I is a low pres-
sure orientationally disordered phase that crystallizes into an
hep structure.? At cryogenic temperature, solid hydrogen suc-
cessively transforms from phase I, via intermediate phase II,
into phase III at around 160 GPa.? Phase III is considered to
be an orientationally ordered phase due to the property of
strong absorption of an IR-active vibron.*® The transition
from phase II to III is characterized by a large discontinuous
drop in the Raman vibron frequency,’ which shows a minor
change at the transition from phase I to II.! From such opti-
cal behavior, the II-III phase transition has been considered
to be the transition from the ordering of angular-moment
states of hydrogen molecules to a classical orientational or-
dering of rotating hydrogen molecules and a larger change in
the crystal structure has been expected. However, structural
studies on phases II and III using diffraction techniques are
severely restricted because of the low x-ray scattering effi-
ciency of hydrogen and the small size of the sample at high
pressure.

Up to now, two experimental studies to clarify the crys-
tallographic structure of phase II have been reported.®’ In
those experiments n-D, was used as the sample because of
its low-transition pressure into phase II. We have performed
x-ray powder-diffraction experiments for phase II and suc-
ceeded to obtain three diffraction lines. They are assigned to
an hcp structure. We, thus, conclude that the center of each
molecule is still on the hep lattice point in phase I1.° Gon-
charenko and Loubeyre’ have performed neutron and x-ray
diffraction experiments also for phase II of solid deuterium.
They reported that an incommensurate peak appeared repro-
ducibly at the I-II phase transition and proposed the structure
of a unit cell with P-3 symmetry for phase II.

The ordered phase of molecular solid hydrogen is ex-
pected to become metallic at high pressure. Ashcroft and
Johnson® have predicted that solid hydrogen becomes a mo-
lecular metal before breakdown to a monatomic solid under
pressure. Up to now, many structures are proposed for the
ordered phase, such as Cmca (Refs. 8 and 9) and C2/c.'%!!
The proposed structures basically differ in the orientation of
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molecules in a unit cell. However, the structure of phase III
still remains unidentified. In this Rapid Communication, we
present the results of x-ray powder-diffraction experiments
of solid hydrogen at pressures up to 183 GPa and discuss the
details of the II-III phase transition from the view point of
the crystal structure.

Merrill-Bassett diamond-anvil cells (MBC) were used to
generate high pressure. n-H, was loaded in the high-pressure
cell using a gas-loading system operated at 180 MPa.!> X-ray
diffraction experiments at high pressure and low temperature
were conducted by an angle dispersive method using a
monochromatic synchrotron-radiation (SR) source (30 keV)
and a cryogenic system on the BL10XU station at
SPring-8.!3 After the MBC was cooled down to 100 K in the
cryostat, the pressure was increased. A compound refractive
lenses made from glassy carbon and SU8 polymer were used
to focus light on the sample to overcome the low-scattering
efficiency. Diffraction patterns were recorded on an image
plate detector. High-pressure powder x-ray diffraction mea-
surements above 100 GPa were performed for six runs of
experiments. In the diffraction experiments, we performed in
situ measurements of vibron frequencies of hydrogen to
monitor the transition into phase III. The 002 diffraction line
of the hcp lattice was usually missing because of strong pre-
ferred orientation and weak intensity. In one run, however,
the 002 diffraction line was observed at 103 and 120 GPa.
Then, the estimated errors of the lattice parameters, a and ¢
from the 100, 002, and 101 diffraction lines were within
*0.015%. In two runs using diamond anvils with a culet size
of 120 um diameter, the diffraction data for phase III were
obtained at pressures up to 183 GPa.

Raman spectra were collected using a micro-optical spec-
troscopic system installed on the beamline. The excitation
source was a 532 nm diode laser. A diamond Raman gauge
calibrated at room temperature'* was used to estimate pres-
sures above 30 GPa at low temperature while neglecting the
temperature effect. The temperature was measured with Si-
diode resistance thermometers attached with a cell body. The
obtained diffraction images were analyzed using the integra-
tion software FIT2D.!
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FIG. 1. (Color online) (a) Representative diffraction image of
phase I of solid hydrogen recorded at 82 GPa and 100 K. The image
shows a texture because of the preferred orientation of the powder
sample and the Debye rings are defective. The texture maintained in
phase III. This indicates a nonreconstructive mechanism for the
transitions to phases II and III. (b) Typical x-ray powder-diffraction
pattern of high-pressure phase III at 174 GPa. Two diffraction lines
from the hydrogen sample are clearly observed. Lines labeled “Re”
correspond to those from the rhenium metal gasket. Because the
background due to Compton scattering x-ray from the diamond an-
vils was very strong and the intensity ratios of signal to background
for the 100 and 101 lines were around 1/250 and 1/300, respec-
tively, the background was numerically subtracted in the profile.
Inset shows a part of the diffraction image at 174 GPa.

The diffraction images of solid hydrogen most commonly
showed a texture because of the preferred orientation of the
powder sample. The typical image shown in Fig. 1(a) corre-
sponds to phase I of hcp at 82 GPa. The 100 and 101 reflec-
tions are clearly recorded and the 002 reflection is missing.
The texture suggests that the hcp sample has a preferred
orientation to the ¢ axis. Namely, the ¢ axis is directed along
the direction of the incident x-ray beam, that is, the axial
direction of the MBC. From the image it is found that the
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FIG. 2. (Color online) Pressure evolution of d values of diffrac-
tion lines from hydrogen detected in six experimental runs at 100 K.
Different symbols represent the different runs. The lines corre-
sponded to the 100 and 101 reflections of the hcp structure. Those
of the 002 reflection observed at 103 and 120 GPa are also plotted.

dispersion of the orientation axis is larger than *8°. The
Debye rings are defective and composed of six equivalent
arcs of about 23°. This also suggests that the sample has a
preferred orientation in the ¢ plane of the hcp structure. With
increasing pressure, two reflections corresponding to the hcp
structure and their texture were maintained in phases II and
III. The observation suggests a nonreconstructive mechanism
for these phase transitions.'® The sample condition also per-
mits us to discuss the orthorhombic or monoclinic lattice
distortion in phase III proposed by theoretical studies.

A representative diffraction image and its one-
dimensional profile in phase III obtained at 174 GPa and 100
K are shown in Fig. 1(b). The two diffraction lines from the
hydrogen sample are sharp and the full width at half maxi-
mum is typically 0.13° though their intensities are weak
compared with those from a Re metal gasket. The two lines
correspond to the 100 and 101 reflections of the hcp structure
of phase I. No diffraction peak other than the hcp structure
was newly observed at pressures up to 183 GPa within the
present experimental resolution. Furthermore, no splitting of
diffraction peaks was detected. These results indicate that the
orthorhombic or monoclinic lattice distortion is much
smaller than those proposed theoretically,'! and we can ap-
proximately consider the crystal structures of phases II and
IIT as the hcp one.

At least the two reflection lines from solid hydrogen were
detected in all six experimental runs. The collected d values
are shown in Fig. 2; different symbols represent the different
runs. The lines corresponded to the 100 and 101 lines of the
hep structure. The d values of these lines decrease continu-
ously with increasing pressure, ignoring the slight scattering
from run to run. In two experimental runs, diffraction pat-
terns were successfully collected across the II-III phase
boundary. In the figure, the broken lines represent the region
in which Raman-active vibron lines of phases II and III co-
exist. The line width and relative intensity of the reflection
peaks remained almost constant at the transition within the
experimental accuracy. Thus, we can conclude that there is
no major discontinuity of d values at the II-III transition.
These experimental results suggest that the hydrogen mol-
ecules in phases II and III are still near the hcp lattice point
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FIG. 3. (Color online) Pressure dependence of Raman-active
vibron frequencies at pressures up to 175 GPa at 100 K. The Raman
signal from phase IlII clearly appears at 156 GPa and the signal from
phase II disappears at 166 GPa. Phases II and III coexisted at pres-
sures between 155 and 166 GPa, and vibron frequency decreased by
about 80 cm™! at the II-IIT phase transition. The present results are
consistent with those of a previous report shown by a broken line
(Ref. 18).

and, thus, the crystal structures of phases II and III are ex-
pected to be hexagonal or slightly distorted hexagonal ones
in the pressure range of the present experiments.

As mentioned earlier, the structure of phase III has theo-
retically been considered to be a superlattice of hcp phase I
with six hydrogen molecules in the primitive cell'! because a
large number of molecular vibration modes (not less than 13)
has been reported for phase III from Raman scattering and IR
absorption experiments.!”!® The structure is undoubtedly not
hcp. But in this study no superlattice reflection was detected
due to low signal-to-noise ratio. Therefore, we could not say
more about the crystal symmetry. However, the structures of
phases II and III can be approximated by a hexagonal struc-
ture in the presently studied pressure range. Accordingly, we
can disclose the crystallographic aspect of the II-III transition
since the transition was obviously monitored in situ by
Raman-scattering measurements.

Figure 3 shows the results of Raman-scattering measure-
ments to monitor the transition: Raman spectra and the pres-
sure dependence of vibron frequencies at pressures up to 175
GPa at 100 K. The Raman signal from phase III clearly
appears at 156 GPa and the signal from phase II disappears
at 166 GPa. Thus, the vibron lines of phases II and III coex-
isted at pressures between 155 GPa and 166 GPa, and vibron
frequency decreased by about 80 cm™' at the II-III transi-
tion. The coexistence may come from pressure gradients in
the samples. The present results are consistent with previous
papers. 318

Assuming a hexagonal structure for phases II and III, the
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FIG. 4. (Color online) (a) Pressure dependences of lattice pa-
rameters a and ¢, and ¢/a ratio, which are determined by assuming
an hep structure for phases II and III. @ and ¢ were normalized with
the values, 1.977 A and 3.133 A, respectively, at 73 GPa. Vertical
broken lines represent the region in which phases II and III coexist.
The lattice parameter ¢, decreases abruptly by 1.5% at the II-III
phase transition. In contrast, the decreasing rate of a turns a little
slower at the transition. The c¢/a ratio also decreases to 1.55-1.56 at
the transition. (b) Pressure dependence of the molar volume. The
solid line corresponds to the result of a least-squares fit of the equa-
tion of state by Vinet (Ref. 19) to the data for phase I, where the
bulk modulus K(=0.275(6) GPa and its pressure derivative K
=0.639(3) with the molar volume V,=23.0 cm?/mol at 0.1 MPa
and low temperature. Dashed lines are guides for the eyes. The
volume reduction, AV, in the II-III transition was estimated to be
around 1% or less.

lattice parameters, a and c, and the c¢/a ratio were estimated
from two diffraction peaks. The pressure dependence of a
and ¢, which are normalized with the values 1.977 A and
3.133 A, respectively, at 73 GPa, are plotted as a function of
pressure in Fig. 4(a). The lattice parameter, ¢ decreases by
1.5% at the II-III phase transition. In contrast, the decreasing
rate of a turns a little slower at the transition. The conflicting
behavior of the lattice parameters may result in an insensible
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change in the pressure dependence of the d value of the 101
reflection. The decrease in ¢ suggests a first-order transition
and is responsible for the discontinuous decrease in fre-
quency of the Raman-active vibron? and also for the great
increase in intensity of infrared absorption.* As a result, the
c/a ratio decreases to 1.55-1.56 at the transition. Consider-
ing the hydrogen molecule has an ellipsoidal shape and each
molecular axis is ordered to be perpendicular to the ¢ axis of
the hcp structure, the lattice parameter, ¢ should contract.
The decrease in the c/a ratio in the phase III was first pre-
dicted by Ashcroft.® The theoretical calculation by Kitamura
et al.? also indicated that the c/a ratio decreases from 1.583
in phase II (ordering of angular-moment states) at 130 GPa
to 1.575 in phase III (classical orientational ordering of ro-
tating hydrogen molecules) at 180 GPa because of an in-
crease in the angle between the ¢ axis and the molecular axis.
The predicted behavior of the c/a ratio is consistent with our
results. Therefore, the structural behavior supports a classical
feature of the orientational order of rotating hydrogen mol-
ecules for phase II1.539

The transition boundary between phases I and II at 100 K
is reported to be around 130 GPa.' The present result of the
I-1I phase transition was consistent with our previous result.’
In the case of n-D,, Goncharenko and Loubeyre have re-
ported that the d values continuously decrease at the I-II
phase transition with increasing pressure at constant tem-
perature. The d value of the 002 peak, however, increases in
the temperature cycle at constant pressure, and hence, the
c¢/a ratio increases by about 0.1% at the transition.” The I-II
phase transition is considered to be induced by a change in
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the quantum rotational state of molecules. Though the rota-
tional states of n-H, and n-D, differ, similar behavior is ob-
served. However, the present data do not show discontinuous
change in the dependence of the c¢/a ratio within the present
experimental resolution.

Figure 4(b) shows the pressure dependence of the molar
volume calculated from the lattice constants. The depen-
dence shows an anomaly at the II-III phase transition. From
the result, the volume reduction, AV, of the transition was
estimated to be 1% or less. The volume of the phase III is
2.33 cm?/mol just after the transition and tends to show a
larger decrease with increasing pressure. The tendency may
result from an advance of the orientational ordering with
pressure.

In conclusion, in this study, we observed diffraction im-
ages from solid hydrogen at pressures up to 183 GPa by the
powder x-ray diffraction technique using a third-generation
SR source and presented the structural information about the
II-IIT phase transition in terms of a crystallography; (i) the
II-1IT transition was nonreconstructive one, (ii) the hydrogen
molecules in phases II and III were still in the vicinity of the
hep lattice point at pressure up to 183 GPa, (iii) the lattice
parameter, ¢ decreased by 1.5% at the II-III transition, and
(iv) the molar volume of the phase III was 2.33 cm?/mol
just after the transition. These results will provide important
information for determining the crystal structure of dense
hydrogen.
under
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