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Ab initio calculation of optical-mode frequencies in compressed solid hydrogen
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Vibrational optical-mode frequencies have been calculated for some of the structures recently proposed by
theoretical and experimental studies of compressed solid hydrogen, by means of first principles band theoret-
ical treatments using the plane wave basis set, in the local density approxirtiddidn and the generalized
gradient approximatiofGGA) for the exchange-correlation energy. The results of the GGA are compared with
those of the LDA, and both results are compared with recent Raman scattering and infrared absorption
experiments. The possible structures of the compressed molecular solid hydrogen at megabar pressures have
been discussed in light of vibrational optical modes and their frequencies. The total energy is also calculated in
the GGA for some of the candidate structures in the molecular phase as well as those in the atomic phase. The
molecular phase persists over 400 GPa, which can result in the metallization prior to the molecular dissocia-
tion. The effects of the band gap closure on the frequencies are studied together with the effects of the GGA.
The GGA decreases the bond length and hence increases the vibron frequencies, by which the calculated
frequencies show excellent agreement with the experiments fo€the2, structure, while the phonon fre-
guencies are less affected by the GGA. The shorter bond length leads to wider band gaps. The GGA favors the
molecular phase more than the atomic phase. Our results of the frequencies suggestRlaRthstructure
is most probable in phase Il if the molecules are oriented there ar@irtte2, is in phase Il at pressures under
~200 GPal[S0163-18209)07721-9

I. INTRODUCTION In addition to experimental studies, a large number of
theoretical studies have appeared and predicted the molecu-

Since Wigner and Huntington predicted the pressure infar dissociation or the metallization in compressed hydrogen.
duced molecular dissociation of solid hydrogen and its reThe predicted pressures, however, are widely scattered: the
sulting metallic staté,such as alkaline metals, more than pressure of the metalization ranges over the region of 1-3
sixty years have passed. In the meantime high pressure techtbar and that of the dissociation over 3—6 MB&7?2 One
niques in the laboratories have advanced so much and thef the main reasons for the difficulty in the prediction may be
substance of celestial interests has changed into a target thife quantum effect8-2®expected in this lightest element and
experimental challenge in the laboratorfésThe possibility — another reason is the lack of the information of the structures
of high-temperature superconductivity has added interest tat megabar pressures. The crystal structures in both molecu-
this substancé® The possibility of metallization by the band lar and atomic phases are essential to the prediction of the
overlapping in the molecular phase before the molecular dispressure of possible metallization by the band overlapping in
sociation has also been predicted and studied intensively bhe molecular phase or the molecular dissociation and its
shock compressidras well as static compression using dia- resulting metallization at low temperatures.
mond anvil cell$ Raman and infraredR) experiments for the vibron@n-

A recent shock-compression experinmemeported de- tramolecular stretching modesnidlying phonon (transla-
crease in the resistivity of liquid deuterium and hydrogen, bytional modes of the molecular centgrand other low-lying
about four orders of magnitude, around 140 GE:0 GPa= phonon and libron'$'® (the motions of the molecular orien-

1 Mbay at the relatively low temperature of a few thousandtation) at megabar pressures provide important information
degrees. A similar experiment also reported the significanbn the structure and the molecular orientations in the mo-
deviation of the compressibility of liquid deuterium from lecular phase of compressed hydrogen. However, theoretical
that of the former theoretical prediction, which suggests thestudies of the vibrational modes are rather scarce in the mo-
increased molecular dissociation at elevated temperatures.lecular phase except for the vibrons. Some studies treated the

Although no evidence of metallization nor molecular dis- vibron frequencies based on thb initio calculations?*27:28
sociation has been confirmed so far by the static compressiaand others treated those based on the effective force con-
experiments at room and lower temperatures up tcstants or the effective pair interactions correctedabyinitio
~250 GP&*° new important experimental data have beencalculations:>2°
obtained and accumulatéd-'® The phase boundaries Cui, Chen, and Silvefd have made a group theoretical
among three phases in the solid hydrogen and deuteriumnalysis of IR and Raman active vibron and phonon modes
have been established experimentatly,and the lattice of for several structures proposed at megabar pressures. Re-
the molecular centers has been determined at room tempereently we have made aab initio calculation of the vibra-
ture to be hcp up to~-120 GPa by x-ray experimef.A  tional frequencies for the hcp structures in the molecular
recent Raman experiménthas reported the possibility of phase’® Further extensive theoretical studies on the vibra-
further rich phase diagram in ortho-para mixed crystals.  tional modes and their frequencies are needed to analyze the
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spectra and to determine the structures and molecular orien- In the construction of the symmetry coordinates, which
tations at megabar pressures. are obtained from the symmetry vectors calculated by the use
In this paper, we presemb initio calculations of the vi- of projection operator¥ we use the ambiguity of the defi-
brational frequencies based on the local density approximaiition of the symmetry coordinates and obtain tentatively
tion (LDA) and the generalized gradient approximationthose which correspond to the vibronic motion, the libra-
(GGA) for the exchange correlation energy. In Sec. Il wetional motion, the phononlike motion, and the uniform trans-
present the methods and in Sec. lll the results of the LDAation, so that we can specify the characteristics of the
calculations for the candidate structures at megabar presaodes. There remains the coupling among the tentative mo-
sures. In Sec. IV the effects of the band gap closure and thiions when some of the motions belong to the same repre-
effects of the GGA are studied. In Sec. V, after we calculatesentation, for which the diagonalization of the submatrix is
the total energies in the GGA for some structures of interestpeeded to obtain the normal modes. The symmetry coordi-
we discuss the possible structures, in light of the opticahates used in the calculation for tlamc2, structure were
mode frequencies with concluding remarks in Sec. VI. given in Ref. 30. For some other candidate structures we
obtained the symmetry coordinates using similar procedures
as those used for theme2;.
Il. METHODS OF CALCULATIONS To obtain the force matrix we first write the symmetry

. ia_ .
In the calculation of the force matrix, we use the frozen-coordinate asy®==,,Cia nalna, Wherei labels the repre-
phonon method and the Hellman-Feynman thedteamd ~ Sentation anc distinguishes the independent symmetry co-

use the bare Coulomb form of the atomic potential and th&rdinates belonging to the_ same irreducible representation
exchange-correlation potential of the form of Barth and®"dTn. denotes the Cartesian componenof the displace-

Hedir2in the band theoretical calculations. In this paper wemMent vectgr of the atom in the unit cell. Then we calculate

study frequencies at tHe point in the Brillouin zongBZz) in  the forcef, which means the Cartesian componertif the

the harmonic approximation. The vibrational frequencies aforce acting on the atonm when the displacement corre-

other wave vectors can be obtained through calculation§Ponding to the symmetry coordinal€ is generated in the

similar to those of thé& point by the use of supercells which Iatt|c_e. From the mcremgnts of the above quantities we can

contain several primitive cells in accordance with the periog@Ptain the force submatrix

defined by the wave vector. ) )
In the treatment of lattice dynamics, the frequencies at the i _ 9 E =E C. J°E

I' point can be calculated, in principle, from the dynamical aa’_aqiaﬁqia’ o a9

matrix obtained from the forces corresponding to any set of

linearly independent displacements of the atoms in the unit

cell. However, in the molecular crystals, especially in solid

hydrogen, characters of the modes differ from one another ) ]

somewhat; the frequencies of vibronic modes are muchvhereE is the total energy per unit cell. We note that

higher than those corresponding to phononlike and libra-

tional modes and some librational modes may be lower than 2 CianaCiral na=Oairar s 2)

the others. Further, in quantum or anharmonic crystals, some na ' ’ ’

low-lying modes may become unstable in the harmonic ap-

proximation, which may be stabilized by the higher order

terms when they are included by more sophisticated meth-

ods, for example, the self-consistent phonon treatrient. E CianaCian'a’=Onan’a’ 3

With these large differences of the frequencies in the mo- a

lecular crystals, it may be possible to treat the high-lyingas can be shown, for example, from the definition of the

modes separately from the low-lying modes. This treatmen§ymmetry coordinates in Table | of Ref. 30. The normal

leads to an easier analysis of the modes. coordinates and the frequencies of the vibrational modes are
We first analyze the displacements using group theory angptained through the diagonalization of the submatrices

obtain the symmetry coordinates corresponding to the iréyhose dimensions are much smaller than that of the total

ducible representation for the space grétipising the sym-  force matrix. The matrix elements corresponding to the uni-

metry coordinates, we can transform, in advance, the entirgyrm translations are trivial and the dimensions of the sub-
force matrix into the reduced form which consists of submamatrices containing the uniform translation can be reduced

trices on the diagonal. The matrix elements of the submatrifyrther.
ces are obtained by the use of the displacements correspond-

ing to the symmetry coordinates which belong to the same
irreducible representation. By this treatment, we can calcu-

late the frequencies of the modes belonging to an irreducible We set the energy cutoff,, of the plane-wave basis at
representation independently from other modes which be=-65 Ry in our band theoretical calculations at density
long to other irreducible representations. As will be shown=1.5 (P~120 GPa), for which the number of the plane
below, this treatment can reduce the computational efforts twave is around 128 N(N is the number of atoms in a unit
obtain frequencies corresponding to the modes of interestell). Here the density parametey is the radius of a sphere
They can also enhance the accuracy in the calculation of thehose volume is equal to the volume per electron in units of
matrix elements. Bohr radiusay. We fixed the number of the plane waves for

s—nZ Ciana( AFRIAGR), 1)

A. Computation
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all densities, so the energy cutdi,; changes at each den- 002t ' ' “
sity: E.~60 Ry at the lowest density we studied, [ (a) A, vibronic motion/
=16 (P~70 GPa), and E.,~75 Ry at r=14 (P p
~200 GPa). These values of the energy cutoff are proved to /
be sufficient by checking the results with increased energy  —~ ¢ ool o _
cutoff of 80 Ry atr=1.6. N v
For sufficiently converged wave functions in the band cal- é’ /
culation, we set the number of iteration for the self- e /
consistency at 6—-8 which is about 2 or 3 times as many as ¥ -0.02t ‘/ _
the number needed in the total energy calculations, because 2 _
the errors in the total energy are of second order in the errors o r=1.45
of the wave functions, as is guaranteed by the variational P (LDA)
principle for the total energy, while those in the forces are of -0.04 L~ , . L
first order. We sampled about 20080k points in the BZ, -0. 04 -0.02 0.00 0.02
which is proved to be sufficient in the present studies. We Aq’(ay)
checked the forces by comparing the Hellman-Feynman 0.14F : I :
forces with the derivatives of the total energy with respect to . . . 4
the displacements. 0. 12l (b) B, vibronic motion A
We optimized the bond length through total energy mini- g
mization in each structure and at each density. In the total ~_ 0.10 .
energy, we included energy correction which comes fromthe &
plane waves with energy larger than the energy cutoff. The > 0-08F 1
energy correction, for which we used a perturbational 5'3
treatment® gives a slightly shorter bond length. b~ 0.06r 1
In the evaluation of the force matrix, we set the amplitude - ]
of the symmetry coordinate within the harmonic region. We r =1 45
show in Fig. 1 the forces as functions of the symmetry co- 0.02} s O °
ordinates for the vibronic modes. We note that the harmonic (LDA)
regions of the forces are wider for the out-of-phase vibronic, 0.00 ' ' . ' '
librational, and phononlike modes than for the in-phase vi- 0.00 002 004 006 008 010
bronic mode, by about five times. The amplitudes we used in Aq’ (a,)

our calculation give the displacement of each atom around

0.001a, for the vibronic motion and around 0.0@ for the FIG. 1. Harmonic regions of the forces for vibronic motions in
phonon and librational motions. We have checked the rethe Cme2; structure. The forcé’ = — 9JE/3q" is plotted as a func-
maining anharmonicity by inverting the sign of all displace- tion of the vibron symmetry coordinag whereE is the energy
ments and recalculating the forces and the frequencies for theer unit cell. The broken lines are the tangents. The force oBthe
modes whose force have even order terms in the di5p|acgibronic motion is odd with respect to the sign change of the dis-
ments, or by changing the amplitudes of the disp|acememglacement. The linear region of the force for thevibronic motion

for the mode not haV|ng even order termS, dependlng upoﬁn'phase mOtIOhIS much narrower than that for tmz vibronic
the symmetry property of the moddk. motion (out-of-phase motion In the present study, we used an
amplitudeq’ of 0.002a, for both vibronic motions.

B. The GGA for the exchange correlation energy LDA band gap (indirect gap is closed. When the bond

Underestimation of the band gap is one of the well-knownl€ngth is set at 1.38, in the same structure, the LDA band
shortcomings in the electronic-structure calculation using th@ap increases to 0.45 Ry. The decrease of the bond length by
LDA. The GGA for the exchange correlation energy hasthe GGA and the .resultmg change of the. bands may change
been proposed to improve some shortcomings of the LpAhe forces, for which we need more studies of the effects of
results’® the GGA.

The effects of the GGA are not all clear when it is used in  Recently, simplified versions of the GGA have been pro-
the calculation for the simple diatomic molecules at highposed, and in our calculations we usedaéhe simplified version
pressure. It has, however, been reported that the GGA inRf the GGA given by Perdewetal™ for our spin-
proves the bond length of the isolated hydrogen mo|ecu|e_t'mpolar|zed_ case. We flrst_ study the vibrational frequenc_|es
although the GGA does not necessarily improve the bond? the LDA in the next section and in the subsequent section
length for other diatomic moleculé&The bond length of the We study the effects of the GGA on the band gaps and the
hydrogen molecule is an important quantity in the calculafrequencies together with the effect of the band gap closure.
tion of the vibrational frequencies, especially for the frequen-
cies of the vibronic modes.

The band gaps are also sensitive to the bond length, which
changes the pressure at which band gap closes. For example,
in the Cme2; structure which will be studied below, the
optimum bond length at,=1.45 is 1.427,, at which the

lll. LDA RESULTS FOR SOME OF CANDIDATE
STRUCTURES

Although the nature of the three phases in the compressed
molecular hydrogen'?are not all clear, the following specu-
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y A. The hcp structures

We study the hcp lattice of the molecular centers inten-
sively, changing the molecular orientation. We take the
Cme2; and them-hcp structures as the structure containing
two molecules in the primitive cell, and study tiRca2,

X structure which contains four molecules in the primitive cell.

1. The Cmc2 structure

Cmc2 Pca2 . ) . .
! ! This structure was first studied by Kaxiras, Broughton,

and Hemle§* in their total energy calculations. In the
Cme2, structure the indirect band gap in the LDA closes
= aroundr~1.45 (P~150 GPa). We show the pressure de-
pendences of the vibrational frequencies in Fig. 3. The pres-
>, / v sure dependences of the frequencies of the vibronic modes
" are in good agreement with the experiments, although the
frequencies themselves are somewhat lower than the experi-
. mental value$® The frequency of the mid-lying phonon
4 mode is also in good agreement with the experiments.
Cmca Pa3 For this structure we tried the following two types of cal-
FIG. 2. lllustration of the structures. Arrows indicate the direc- culations in the_ _treatment of the Fermi surface to check the
tion of molecular axes whose direction cosines with zhexis are result_s at densities where the ba”‘?' gaps are closed. The first
positive. TheCmc2, structure is obtained by setting the azimuthal IYP€ iS to use the same occupation of one-electron states
angle $=90° in the Pca2, structure. ThePca2, structure con- Pefore and after generating the displacements of the atoms,
tains four molecules, i.e., eight atoms in the primitive cell. TheWhich corresponds to ignoring the effects of the changes of
Cmcastructure is obtained by displacing one molecule along/the the Fermi surface. This type of calculation is used for the
direction in theCmc2, structure. By setting the polar angie  calculation of the forces throughout this paper. The second is
=0° in thePca2, or theCma2, structure than-hcp(P6;/mm¢  to use the tetrahedron method for thgoint sampling in the
structure is obtained. For tl@ma2,, thex andy axes are shown. calculation of the forces. The results are shown in Fig. 4 at
r«=1.45 (P~150 GPa) and;=1.40 (P~200 GPa). At
lative guess exists at low temperatures. rs=1.40, where the indirect band gap in the LDA is closed
In phase I(low pressure phagemolecules form a hcp With considerable overlapping, the in-phase vibron frequency
lattice and are in a quantum rotating state. In the region oby the second type calculation is lower by about 200”&m
higher pressure, i.e., in phase(droken symmetry phage than that of the first type, as is shown in Fig. 4. At
molecules are thought to be probably in states of some par 1.45 where the band overlapping is small in the LDA, the
tial orientational ordet® At pressures higher than around first and the second types of the calculation gave nearly same
150 GPa, i.e., in phase I(hydrogen A phasemolecules are values for both vibron frequencies. The frequencies of
considered to be in states of possible orientational order. phononlike modes, however, remains at nearly same values
The recent IR and Raman experiments have observebly both types of the calculation at both densities. When the
some of the vibronic modés!in hydrogen and deuterium in band gaps are open, the two methods are identical.
the three phases along with an IR active mode lying in We also checked the effects of the decrease/afwhich
1600-1900 cm? in hydrogen in phase Il which is most is observed in the experiments at low densities and at room
likely a phonon modé&.A very recent experiment has also temperature. The effects on the frequencies of the vibronic
observed low-lying phonon and librational modes in phase@nd the phononlike modes are rather small ééa=1.58
Il and Il for hydrogen®®1® (extrapolated value from the data in Ref. )1@t rq
Some structures have been proposed at high pressuresl.45 (P~150 GPa), as is shown in Fig. 4.
from experimental as well as theoretical studies. Experimen- We study then the normal modes in tBenc2, structure.
tal studie%2*°proposed the hcp to be the most probableln this structure, the vibronic, librational, and phononlike
lattice of the molecular centers, and many theoreticaimotions belong to the same representation as are shown in
studie$®??” supported hcp structures. One of the very re-Table I. At high densities the couplings among the motions
cent Raman experimentfshas proposed a possibility of the are expected to become strong. However, our results show
Pa3 structure in which molecular centers form the fcc lat-that the couplings between the vibronic motions and the pho-
tice, or theCmeca structure in which molecular centers de- non or the librational motions are weak and their mixing are
viate from the hcp lattice sites, in phase Il. Further, recensmall up to about-200 GPa, owing to the large difference
LDA calculations have also proposed the possibility of thein the diagonal elements of the force matrix, although those
displacement of the molecular centers from the hcp St&S.  will increase at further higher densities. The mixing of the
We study vibrational modes for the structures with thosdibrational motions with the phonon ones is large, as is ob-
lattices of the molecular centers assuming some patterns served from the normal coordinates given in Table Il in
the molecular orientation. In Fig. 2 we illustrate the struc-which we show the mixing among the motions.
tures we study in this paper. Characteristics of the symmetry Finally we note that some modes wil¥0in theCme2,
coordinates in those structures are listed in Table I. structure are unstable in the harmonic approximation. For
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TABLE |. Characteristics of the symmetry coordinates used in our calculations of the vibrational frequencied gbdim in the
Brillouin zone for thePca2,;, Cmc2,, Cmca m-hcp, andPa3 structures. Each symmetry coordinate is designated by the name of the
irreducible representation followed by its characteristics in the parentheses. Thedettels andt are the characteristics and denote the
vibronic, phonon, and librational motions, and the uniform translation, respectivelyd ©heb in the parentheses denotes the angle which
changes its value by the motion, ardy, or z the direction of the motion, anklz or yz the plane in which molecules move. The vibronic
motions in the first row are of in-phase and other vibronic motions are of out-of-phase. The letters R and | in the brackets indicate the Raman
and IR activities, respectively. Each symmetry coordinate in the same row transfers to that of other structure when one structure is
transformed into the other by changing the orientation of the molecules or by displacing the molecular centers, except for thBsS of the

Pca2, cme, Cmca mhcp? Pa3®
As(v) [RII  Ai(v) [RII Agv) [Rl  A,) [R] Ag(v) [R]
Al—0)  [RII A(1-6) [RI] Ayl-6) [R] Eu(l-y2 [R]
A(l—¢)  [RI] Eq(1) [R]
Ai(p—x)  [RI] Eq(1) [R]
Ai(p—y)  [RI] Aip—y) [RI] Bu(p—y) [ Exlp—y) [R]
As(t—2) Ay(t—2) Byy(t—2) Agy(t—2) Ty(v) [R]
Tg(v) [R]
As(v) [R] Ty(v) [R]
Al-6)  [R]
Al-¢) [Rl  Axl—-¢) [Rl By(l—-¢) [Rl Eu(l-x2 [R] Tg,”(l) [R] T<?2>(|) [R]
Ap—x)  [Rl  Axp—x) [R]  Ayp—x) Ex(p—x)  [R] T?”(I) [R] T?Z’(l) [R]
Ay p-y)  [RI] ™) Rl TR0 [R]
Ay p-2)  [R]
Au(p)
Ba(v) [R,1]
Bi(l1—6)  [R/] Eu(p)
Bil—-¢) [RI Byl—-¢) [RIl By(l—¢) [Rl Eqq(l—x2) Eu(p)
Bi(p-y) [R/]
Bi(p—2)  [R/] Ty(t—x)
Bi(t—x) B,(t—x) B, (t—x) Equ(t—x) Tu(t—y)
T,(t—2)
Ba(v) [R.1] B,(v) [R.1] BSg(v) [R] B1u(v)
Bo(1—6)  [RI] By(I—6) [RI] Ba(l—60) [R] Ey(l-y2) TO(p-x) [ TPp-x [
Bo(l-¢)  [R/] TOp-y) 011 T@(p-y) [
Ba(p—x)  [R)] TO(p-20 01 TPp-2 1]
Ba(p—2) [RI]  Bap—2) [RI] Ba(p—2) [I] Bylp—2)
B,(t—y) B,(t—y) Bou(t—y) Ep(t—y)

8 or them-hcp, doubly degenerate modes designateB Ry E,g, E;, andE,, have two independent symmetry coordinates, respectively.
bFor theP a3, two triply degenerate librational modes belonging to Therepresentation are distinguished by the supers¢tipand (2),

which is the same for the phonon modes belonging toltheepresentation. Each triply degenerate mode has three independent symmetry
coordinates.

example, the mode at a zone boundary point becomes utength in thePca2; but fixed the polar and azimuthal angles
stable, for which Mazin and Coh&nstudied the potential (6,¢) at (55°,43.5°), and calculated the frequencies. The
profile. They showed the highly anharmonic potential for thisoptimum bond length decreases with increasing pressure,
mode and the possible large fluctuations over the low potenwhich is shown in Table Ill.

tial barrier although the fluctuation studied by them is a co- The calculated vibron frequencies in the LDA do not
herent motion and needs to be studied nif€-*°If such  soften as much as the experiments show in phase Il with
large fluctuations of azimuthal librational motion occur, theincreasing pressure, which is shown in Fig. 3. The frequency
average structure can be t@anc2;. of the phononlike mode is close to the experiments.

2. The Pcaz2 structure 3. The mhcp structure

This structure is known as the structure which has the We study then then-hcp structur® by setting the polar
lowest energy in the hcp lattices when the intermoleculamangle #=0 °, using the same symmetry coordinates as those
interaction is assumed to be electric quadrupole-quadrupol®er the Cmc2;. In this structure, the LDA band gap closes at
(EQQ one?® In this structure, molecules keep away with considerably low densityr¢ larger than~1.60. For this
each other orientationally from the neighboring molecules tcstructure, we made the same calculations as those for the
a higher degree than tf@mc2,, and hence the band gap in Cmc2;. A remarkable point in this structure is that the vi-
the LDA persists to~190 GPa. We optimized the bond bron frequencies are considerably lower than those of other
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FIG. 3. Pressure dependences of the frequencies of vibrational modes in the LDA for the structures with hcp lattice of the molecular
centers. The marks show our data points and lines connecting those points are guides to the eye.(Theaad(p) denote the vibronic,
librational, and phononlike modes, respectively. Experimental data are taken from ReH§ for IR(p)-2 and from Refs. 2 and 5-p
mixed H,) for the others. The vertical broken lines show the boundaries of the phases |, II, and Ill for hydrogen taken from Refs. 2 and 54.

structures with hcp lattice studied here although the frequen-
cies of the phononlike modes are close to those of the other
structures, as is shown in Fig. 3.

B. Layered structures 5000
Recent theoretical studies reported that structures in C A (V)
which the molecular centers deviate from the hcp lattice sites 4990 ¢ B, (v)
have lower energies than those of the hcp. Edwatds >3 F B, (p)
studied theCmca structure and showed that the energy of 4000 [~ o—_ o ¢/a=1.58

the Cmcastructure becomes lower than that of Benc2; ] s tetrahedron

with molecules sitting at the hcp lattice site -at ninefold T2 3500 [
compression. E r 1 )

We observe that thé>ca2; structure changes into the £ 3000 - ] Experiments
Cmc2, structure at the special value of the azimuthal angle LTI II g e Raman (v)
¢=90° as shown in Fig. 2. Also thémc2, structure per- 2000 :
mits the displacement of one of the two molecules in the unit :
cell in a direction. TheCma2; transforms into th&€mcaat 1500 _/
some value of the displacement, which can be seen in Fig. 2. : 1

We study theCmc2, structure by displacing the molecule 1000 Lt vy
on the line from the hcp site to t@mcasite. In Fig. 5 we 50 100 150 200
show the total energy and some of the vibrational frequen- Pressure (GPa)

cies, as a function of the displacement. The energy minimum

. . FIG. 4. Checking the results of the calculation for ienc2
in the LDA lies near th&€mca In theCmcastructure band n9 . wat !

. ) structure. The frequencies connected by the solid lines are calcu-
gaps close at considerably low densityJarger than~1.60, lated by the method of using the same occupation of one-electron

for the optimum bond length. . states before and after generating the displacements of the atoms.
We calculated the frequency of tkiamcaat the optimum  (see the text in Sec. 11l A 1.The results are checked by the tetra-

bond length for fixed polar angle of 60° at each densityhedron methods of thk-point sampling in the calculation of the

which is shown in Fig. 6. The calculated vibron frequenciesforces atr=1.40 (P~200 GPa) and'=1.45 (P~150 GPa).

are much lower than the experimental values, as is expecterhe effects of change of the#a value of the hcp are also examined

from the closed band gaps. The frequency of the midlyingatr,=1.45 (P~150 GPa) with data points in the same figure.
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TABLE II. Mixing among the vibronic, phonon, and librational hep Cmca
motions in theCme2, structure. The normal coordinate$ are T Tl
decomposed into the symmetry coordinatg8,used in our calcu- 4500 |- (LDA) r =1.45 ]
lations, asq®=3,,¢;»,q"’, with =,c2=1. The amplitudeg; , is ° —o— A (v)
obtained by diagonalizing the dynamical matrix. Here the notations 4000 \ —A— 32 V) 1
C,, Cr, z.;mdcp are gsed for this structure in place oflld:]g tg shpw [e —=— B (p)
t_he motions explicitly, where_, |, andp denote the vibronic, Ilbn_a- o 3500 _\‘\ 2 1
tional, and phonon, respectively. The calculations are done in the g i . 1
LDA. ~ . \ \

£ 3000 F T4
Frequency ﬂ'
rs hv(cm™?) c, C Cp 2000 j/
A; modes 1500 [
1.40 601 0.05570 0.71855 0.69324
847 0.02116 —0.69501 0.71869 ~1.0845
3441 0.99822 —0.02536 —0.05392 5 i
_8 -1. 0846
1.50 632 0.01628 0.91291 0.40783 \: 1. 0847
835 0.02075 —0.40811 0.91270 4 X
3860 0.99965 —0.00640 —0.02559 g ~1-0848
B, modes E -
1.40 1305 0.07206 0.99706 —0.02606 S —1.0849
1924 0.00120 0.02604 0.99966 i
4060 0.99740 —0.07207 0.00068 -lesop o oo e
0.0 0.2 0.4 0.6 0.8 1.0
1.50 1102 0.04279 0.99854 —0.03294 .
1621 000083 —0.03300  — 099946 Displacement of the molecule
4265 0.99908 —0.04274 0.00224

FIG. 5. Total energy and some frequencies in the LDA as func-
tions of the displacement of the molecular center along/theis in

] ) ) the Cma2; structure. The bond lengths are optimized but the mo-
phononlike mode in this structure, where the molecular cenrecylar orientation is fixed a#=60°, in the calculations. The dis-

ters are displaced considerably from the hcp sites, is a littlgance from the center of the triangle in the hexagonal plane to the
higher than those of the hcp structures. These results of th@id-point of the base line of the triangle is normalized to unity.

frequencies exclude the possibility of tamcain phase Il ) . ) o
and in phase Il at pressures lower thai200 GPa. There exist four vibronic modes in this structure, and out-

of-phase modes are triply degenerate, as is shown in Table I.
The pressure dependences of the vibron frequencies calcu-

C. The fcc structures lated in the LDA are somewhat different from the experi-

In the very recent Raman experiment on pure paraments, eSDECia"y in pha_se ”l, which are shown in Flg 6

hydrogen at megabar pressures, Gonchatcal 1® proposed The frequency of the r_nldlymg phonon mode, however, is

the possibility of thePa3 structure in phase Il from the Very close to the experimental value.

observation that the Raman phonon line disappears there. In
this structure too, molecular orientations are such that they
keep away with each other from the neighboring molecules
to a high degree, similar to tHeca2, of the hcp lattice, and We study, in this section, the effects of the band gap
the band gap persists to over200 GPa. closure on the bond length and the vibrational frequencies

IV. EFFECTS OF THE BAND GAP CLOSURE
AND THOSE OF THE GGA

TABLE Ill. Comparison of the optimum bond lengthg,, in the LDA with those in the GGA. For thé mc2,, the optimum molecular
orientationé is also shown. The molecular orientation is fixed ét®) = (55 °,43.5 °) in thePca2, and atd=60 ° in theCmca The bond
lengthR,, is in units of Bohr radiug, and the polar anglé is in degrees. The asterisk on the figureRRgfshow that the band gap is closed
at that value.

LDA GGA
cme2; Pca2,; Cmca mhcp Pa3 cCme, Pca2,; Cmca
1.40 1.447 47.3 1412 1.54% 1.500¢ 1.390 1.383 52.0 1.372 1.480
1.45 1.427 48.8 1.415 1.529 1510 1.401 1.382 51.2 1.376 1.467
1.50 1.427 48.6 1.421 1517 1.48T 1.410 1.385 50.2 1.379 1.455

1.60 1.434 48.0 1.432 1.485 1.448 1.426 1.391 49.5 1.387 1.497
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5000 [ m-hep
Pa3
- (LDA) ] 1.0~
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4000 [ - ] u 0.0
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FIG. 6. The LDA results of the pressure dependences of the
frequencies forPa3 and Cmca structures. In thePa3 structure
molecular centers form the fcc lattice. The meaning of the symbols
and letters designating the lines are same as those explained in
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0.0
and effects of the GGA on the band gaps and the frequencies, & 0.5
. L .
for some of the structures studied above. ]
-1.04
A. Effects of the band gap closure D Tr ey 1 7Z(AT S @©Y

The band gaps in the LD_A close at considerably low pres- FIG. 7. Changes of the band structures in the GGA among the
sures, lower than 60 GPa, in thehcp andCmcastructures, Cme,, Cmca andm-hcp structures at.= 1.6. The base centered

while in the Cmc2, structure with molecules at hcp lattice orthorhombic unit cell containing two molecules is used for all
sites, the gap closes at150 GPa, and inthBca2; and the  stryctures in plotting the band structures with the same axes as that
Pa3 structure band gaps persist to over 190 GPa, as Washown for theCme2, in Fig. 2. The bond length is set at 1.49
studied in the previous section. Those results show that th@yr all structures and molecular orientation is setat60 ° for the
band gaps persist to higher pressures in such structures as thg2, andCmcastructures. Then-hcp structure is obtained from
molecules orient to keep their atoms away from those in thehe Cme2, by setting the molecular orientation along thaxis and
neighboring molecules than in such structures as to keeghe Cmca by displacing the molecular centésee the tejt The
their atoms close. The GGA gives the similar results. In FigLDA results are similar to those shown here but the density corre-
7 we show the GGA electronic band structures of@tec2;  sponding to the same band gap is lower than that of the GGA.
comparing with those of therhcp and theCmca by which
we show examples of changes in the band shapes when tigres, and our results of the frequencies for those structures
molecular orientation is changed or the displacement of thare free from the problem up t& 190 GPa. We note also
molecular centers occurs. that the band gaps possibly persist to further higher pressure
As was studied in the previous section, the structures withif the calculations are made beyond the GGA.
closed band gaps have considerably low vibronic frequen-
cies. The band gap closure seems to affect little on the fre-
guencies of the phononlike modes. We summarize in Table
Il the optimum bond length in the LDA for some of the  The indirect band gaps are sensitive to the bond length, as
structures and compared with those in the GGA. We observeras shown in the preceding subsection. The GGA affects the
that the bond lengths decrease with increasing pressure in th®nd lengths, and we study, in this subsection, its effects on
pressure region of open band gaps and they turn to increasee bond length and hence on the band gaps and the vibra-
when the band gaps are closed. Those results imply that th®nal frequencies. The GGA gives shorter bond lengths than
band gap closure is related with the bond length and hencine LDA, as is shown in Table Ill, and the wider band gap is
strongly related with the frequencies of the vibronic modesattributed to the shorter bond length by the GGA in addition
while it is related less with phononlike modes. to the tendency of the wider band gaps inherent to the GGA,
There remains a question of whether the band gap closur&s is shown in Table 1V. In the GGA, the vibron frequencies
originating from the shortcoming of the LDA may affect the shift upward due to the increased bond strength in the mol-
present results or not. However, as will be shown in theecule. However, the frequency shifts of phononlike modes
following subsection, in the GGA, the band gaps are open aire small. We recalculate the vibrational frequencies for the
least to~190 GPa for theCmc2,; and thePca2, struc- Cma24, thePca2,, and theCmcastructure in the GGA.

B. Effects of the GGA
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TABLE IV. Band gaps in themc2, structure ar,=1.45 cal-  cies between hydrogen and deuteri(multiplied by the2)
culated by the LDA and the GGA, in units el. The molecules sit  come from the anharmonicity, if the adiabatic approximation
on the hep site with the orientatiof=55°. is valid for both bydrogen and deuterium.

It can be thought that our frequencies of harmonic ap-

Point LDA GGA proximation should come over the deuterium values obtained
(a) Bond length 1.4, above, because the anharmonicity is larger in the hydrogen

[N 7.028 7.283 than in the deuterium. If we consider the effects of the an-

ToT 4.048 4.232 harmonic terms, our results are thought to be in good agree-

indirect —0.513 0.172 ment with those of the experiments rather in phase Ill, which
(b) Bond length 1.3%, may suggest the possibility of ttf@mc2, structure in phase

ror 7.433 7.711 .

ToT 4.609 4.828

indirecf 0.447 0.796 2. The PcaZ2 structure—in the GGA

aThe difference between tHe and the top of the'-Y. The vibron frequencies shift upward by the GGA, as is

shown in Fig. 8, and the frequencies become higher than the
experimental results in phase Ill. We point out that the cal-
culated frequency of the in-phase vibron mode is very close

In Fig. 8 we show the frequencies by the GGA calcula-to those of the experiments for deuterium in phase I, which
tions for this structure. The agreement of the pressure depefs similar to theCmc2, in phase II1.

dences of the frequencies with those of the experiments The LDA bond length 1.418, atr¢=1.45 in this struc-

seems to be excellent for the vibron modes of the hydrogefyre reduces to 1.374, in the GGA, which are very close to

in phase II. 1.373a, (at P= 150 GPaof Kohanoffet al?>’ We note here
Here we briefly mention the effects of the anharmonicthat our GGA results of vibron frequencies in this structure,

terms. Generally anharmonic terms give rise to the couplingyowever, decrease at pressures higher thatD0 GPa,

of the modes obtained in the harmonic approximation at thgyhich is in contradiction to the Kohanot al. raw data of

I' point with all modes in the Brillouin zon¥. Kohanoffet  the frequencié® showing increase with pressure. We used a

al*’ studied the effects on the vibrons phenomenologicallyhare Coulomb form of the atomic potential in our calcula-

by an analysis of the experimental values of the vibron freions while they used their pseudopotential. They also used

quencies. The experimental results show that the frequengye k.p method in the calculation of the electronic stef®s.
of the Raman vibron of hydrogen is lower than that of the

deuterium multiplied by the factor of2, and that the fre-

guency of IR vibron is similar to that of the Raman vibron
though the difference is smaller than the Raman vibfd#i, The calculated frequencies are also shown in Fig. 8. The
as is shown in Fig. 8. The differences of the vibron frequen~vibron frequencies are considerably lower than the experi-

1. The Cmc2 structure—in the GGA

3. The Cmcastructure—in the GGA

5000 ———— T T T T T T L S B B R B
4500 pras=s .
W000F Experiments :T:\." B \\:: T \ ‘\:\t ]
e Raman (v) Cmec2, 1 Pea2 i
~ 300f—— [R(Y)  —e— AWM T AW T e ]
R - IR()-1 +—a—B,() § —— BV [ Cmea e T
::; 3000 """ IR(-2 +=—B,) I —™ B (p-2) F——AW ]
L —-—-— Raman (v) D.x2'2 s & —a— B, (V) 7
2000’_ —————— - | R ( ) 2X :_ :_ o 3g ] :
v " ./I —=— B, (p)/./

SR SIS | S R
I R TP R

\'
\

1000

IS S S ! I ]

100 150 200 100 150 200 100 150
Pressure (GPa) Pressure (GPa) Pressure (GPa)

T
=

FIG. 8. Pressure dependences of the frequencies recalculated by the GGAG@antRe, Pca2,, andCmcastructures. The meanings
of the symbols and letters designating the lines are same as those explained in Fig. 3. In the figures, the experimental values for the vibron
frequencies of deuteriurtRefs. 11,48 multiplied by the factor/2 are shown. The boundary between the phases | and Il for deuterium lies
~30 GPa, and that between the phases Il and Il lies at nearly same préSmeefor example, Ref. 12.
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FIG. 9. Total energy in the GGA as a function of the displace-
ment of the molecular center along thexis in theCme2, struc-
ture. The structure is optimized in the similar condition as is used in
Fig. 5.

ments, even in the GGA. The frequencies of the midlying o5t 1
phonon modes are not affected by the GGA. 200 300 400 500 600 700
As we mentioned in the previous section, Bmc2; per- Pressure (GPa)
mits the displacement of one of the two molecules in the unit
cell. The GGA total energy of th€mc2; as a function of
the displacement of the molecular center differs somewh
from the LDA one. We show the results in Fig. 9. At
=1.45 the total energy is minimum at the intermediate poin
on the line from the hcp site to themcaone, while, atrg
=1.40, the minimum energy is near the value of the dis-at megabar pressures in the molecular phase. The increase is
placement corresponding to til&mcastructure*®44 much less in the atomic phase. The free energy difference
among structures are compared in Fig. 10.
In the GGA, the free energy curve of tiRca2, crosses
V. STRUCTURES OF SOLID HYDROGEN with that of Btin or Cs-IV at~350 GPa, while, in the LDA,
AT MEGABAR PRESSURES the curve of thePca2, crosses with that of8 tin at around

2 .
We studied in Secs. Il and IV the vibrational frequencies.~260 GP&” The recently calculate©mca structure is
Before we discuss the structures of the hydrogen in the mdowest at pressures from 200 to 450 GPa, which widens the

lecular phase from the view point of the vibrational frequen—p"':'ssu,[e {ﬁ”?fhg the st?blet mOIﬁCUI?{] phlase ?8 dea'
cies and their Raman and IR activities, we study the totaWe note tha mcastructure has the closed band gaps

oo : bove~50 GPa in the GGA.
energies in the GGA for some of the candidate structures of Our results of the total energy calculation show that the

low energy. Cmcastructure has lower energy than tRea2, at densi-
ties higher tharr¢=1.40 (P~200 GPa) though the results
A. Total energy consideration need further optimization with respect to the orientations of

We have studied the total energy before by the LDA ca)-the molecules for both structures. TBenc2, structure with
molecular centers displaced from the hcp sites has nearly

gltjcl)?rtmli(c):n gg;etgi'g —(t:lgmand éht?w Cs-l\(thstrutiFuré% Im Itr%?o same energy as that of th@mca structure atr =1.40,

P pared those with earlier calcuiations. ,, e, i shown in Fig. 9. We note that timc2, also may
The GGA changes the optimum bond length and the totaee g gptimization with respect to the molecular orientations.
energy, so it may ch_ange the stable region of each strl_Jctu_re. We have not included the zero-point energy of the proton
In order to check this, we recalculated the total energies inqtions in the total energy which is reported to be nearly the
the GGA for some of the low-energy structures. In the cal-same for the structures with same lattice of the molecular
culation, we optimized the bond length at each density focenter$?® The zero-point energy may change the transition
fixed molecular orientation of & ¢)=(55°,43.5°) in the pressures from a structure in the molecular phase to another
Pca2, and optimized the bond length fa&#t=60° in the  structure with different lattice of the molecular centers or to
Cmca The g-tin and Cs-IV structures in the atomic phase the monoatomic phase, which remains for future stutfiés.
are optimized at each density.

The total energy in the GGA decreases somewhat from B. Possible structures in the molecular phase

that in the LDA for both molecular and atomic phases. The at megabar pressures
decreases are larger for the structures in the molecular phase Let us study the possible structures at megabar pressures
than those for the atomic phase. The results of the GGArom the vibrational modes and their frequencies and the
increase the pressure of the equation of state by about 7—8 fétal energies.

FIG. 10. Gibbs free-energy differenc@sG= G — G giamond PE"

a:i;tom, calculated from the total energies in the GGA. The solid lines

represent the curves for the atomic phase and the broken lines for

{ahe molecular phase. The diamond structure is taken to be the ref-
rence.
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Our calculations are performed for structures in which thevibron is symmetry allowed. We note that the LDA energy
molecules are oriented in some patterns and we may not baf this structure is higher than those of the hcp structtfés.
able to compare the results with the experimental ones in the The vibron frequencies of thm-hcp and theCmca in
phases where the molecules are in the rotating state or in thehich the band gaps are closed at low densities, are consid-
states of large orientational fluctuations. However, we comerably lower than the experiments. The frequency of the pho-
pared the results with experiments there, in the previous seon mode in theCmcastructure is higher than that in the
tions for some modes. We think that our treatment can apstructures with hcp lattice of the molecular centers and is
proximately deal with the frequencies of the vibrons and thegnuch higher than the experiments. T@encastructure will
midlying phonons, which would not couple significantly be excluded at pressures lower thai200 GPa. However
with the librons owing to the large difference of the frequen-the total energy of th€ mcabecomes lower than that of the
cies. Pca2, structure at pressures higher thar?00 GPa and

The calculated frequencies of the out-of-phase vibronignay become lower than themc2, at further high densities,
modes are higher than the in-phase mode, for all structuregven if the full optimization of the displacement of the mo-
studied. The frequencies of the midlying phonon modes irecular centers and the molecular orientations are done in the
the structures with hcp molecular centers and in BeS8 Cma;.
structure are in good agreement with the experiments, while Last, we mention the low-lying librational modes. The
that in theCmeca structure, in which the molecules are not behavior of the pressure dependences of the calculated fre-
on the hcp lattice sites, is a little deviated. Those results arguencies for low-lying librational modes is somewhat differ-
common in both the GGA and the LDA. ent than those of the experiments as can be seen by the

The calculated vibron frequencies and their pressure desomparison of the results of ti@mc2, given in Fig. 3 with
pendences of thEma2, structure with molecules on the hcp the experiment$®1® Our frequencies for those modes de-
sites seem to be in good agreement with the experimentsfease slowly as the pressure is decreased, while the experi-
where both vibrons are IR active as well as Raman. If moregnental values of the frequencies decrease rapidly from the
than two symmetry allowed Raman or IR vibron lines arevalues in phase lll and almost vanish af7f0 GPa if the
really observed, th€ mc2, structure is ruled out. We note curves are extrapolated into phaséThis behavior may be
that recent experiments have reported possibility of moréhought to be related with the large orientational fluctuation
vibron line€165% The number of low-lying modes in this of the molecules, which cannot be treated by the present
structure is also smaller than that reported by théharmonic approximation, if the orientational order-disorder
experiment® transition occurs at the Il-lll phase boundary. The quantum

The vibron frequencies for theca2, are in good agree- fluctuation of the molecular orientation will be important
ment with the experiments in phase Il. The anharmonicityeven after the orientational order occurred.
may somewhat reduce the frequency in phase lll, as was
discussed in the previous section. In this structure, four Ra-
man active vibronic mode&one is in-phase and the other
three are out-of-phageand three IR active vibronic modes  The GGA for the exchange-correlation energy improves
(one is in-phase and the other two are out-of-phase ex-  the results of the LDA for the compressed hydrogen on two
pected as is shown in Table | with their frequencies in Fig. 3points. One is that it widens the band gap through the shorter
and more lines of low-lying modes than in tklamc2; are  bond length and through the effect of widening band gaps
also expected. The total energy of tRea2; structure is inherent to the GGA in the molecular phase and the other is
lowest of all hcp structures studied so far at pressures lowethat it improves the vibron frequencies though the mid-lying
than~200 GPa. phonon modes are not affected by the GGA.

In the Pa3 structures the calculated vibron frequencies do  Our calculation shows that the band gap closures affect
not soften at high pressures, especially in phase Ill, which ishe vibron frequencies considerably at megabar pressures.
similar to those of thé>ca2,, as is shown in Fig. 6. For this The band gap closure is sensitive to the bond length. The
structure we calculated the frequencies only in the LDA, sdrequencies of the phononlike modes are rather insensitive to
the vibron frequencies in the GGA will become higher thanthe molecular orientations.
those studied here. The band gaps in the LDA persist over According to our calculation in the harmonic approxima-
200 GPa in the?a3. As for the phononlike modes, the fre- tion the most probable structure in phase IlIdsnc2,, al-
guency of theT, mode is very close to the experiment. though we cannot rule out thBca2,; because the anhar-

The Pa3 structure, in which the molecules sit on the fcc monic terms may work to shift the vibron frequency towards
sites, has no IR active vibron, which contradicts the experithe experimental values. Theca2, is most probable in
mental results. Gonchareet al. proposed possibility of this phase II, if the molecules are in the orientational order in
structure in phase Il in view of the point that they could notphase Il. The total energies of tRea2, and theCma2, are
observe the Raman phonon théteOur results of the fre- close with each other at megabar pressures.
qguencies may not exclude the possibility of tha3 struc- Although vibrational frequencies for thPa3, another
ture in phase I, if the weak IR activity of the vibrons comes candidate structure, is compatible with the experimental re-
from strainst® The frequency of the midlying phonon mode sults in phase I, this structure has a total energy higher than
in the Pa3, which is IR active, is in good agreement with the the hcp structures in the pressure range of pha¥&h?2and
experiment in phase Ill but th®a3 structure will be ex- has no IR active vibron modes in the pure systems. However,
cluded in phase Ill because strong IR vibron is observed ira weak IR signal may be observed in the mixed system of the
the experiments, which suggests that the IR activity of theortho- and para-speci&r in the strained system, where the

VI. CONCLUSION AND REMARKS



13752 KAZUTAKA NAGAO, TOMOKI TAKEZAWA, AND HITOSE NAGARA PRB 59

present analysis of the activities cannot be applied. If théy the band overlapping in the same structure, for example,
Pa3 structure is realized in phase Il, the midlying phononin the Cmc2; with the displacement of the molecular cen-
mode can be observed in the IR experiménts. ters. The pressure at which the transformation occurs de-
Studies of the quantum fluctuation of the molecular ori-pends upon the structure in the molecular phase as well as
entation will be needed to know the behaviors of the low-that in the atomic phase and needs more study with full
lying librational modes. Our results show that the mixing of optimization of the molecular orientations and the bond
the librational motions with the phonon ones is large. So inengths simultaneously. The estimation of the band gap may
such studies the coupling of the librational motion with thealso be needed by the calculation beyond the G&A.
motions of the molecular centéfsshould be taken into ac-
count instead of studying the systems in which the molecular
centers are fixed at the lattice points and considering only the
orientational motions*>? The authors wish to acknowledge discussions with H.
Our present results suggest that the metalization occurs Miyagi. This work was supported in part by a Grant-in-Ade
pressure higher tharr 200 GPa but lower tharr450 GPa for the Scientific Research of the Japanese Ministry of Edu-
by the transformation from a structure with open band gap t@ation (No. 08304025 and the CREST JST. The computa-
a structure with closed band gaps in the molecular phase, fdions were done at the Institute of Laser Engineering, Osaka
example, transformation from th@mc2; to theCmca or  University.
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