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Quantum and Classical Orientational Ordering in Solid Hydrogen

I.1. Mazin,* Russell J. Hemley, A. F. Goncharov, Michael Hanflarathd Ho-kwang Mao

Geophysical Laboratory and Center for High-Pressure Research, Carnegie Institution of Washington,
5251 Broad Branch Rd., N.W., Washington, D.C. 20005-1305
(Received 14 May 1996

We present a unified view of orientational ordering in phases I, Il, and Il of solid hydrogen. Phases
Il and IIl are orientationally ordered, but the ordering objects in phase Il are angular momenta of rotating
molecules, whereas in phase Il the molecules order themselves. This concept provides a quantitative
explanation for the vibron softening, libron and roton spectra, and the increase of the vibron effective
charge in phase lll, as well as a framework for understanding the topology of the phase diagram and
ortho-para state at high pressure. The effective charge and the infrared and Raman vibron frequency
shifts are all linear in the order parameter in phase Ill. [S0031-9007(97)02385-5]

PACS numbers: 62.50.+p, 63.90.+t, 67.80.—s, 78.30.—j

In the last decade, a wealth of information about theordered phase is the lowest-energy configuration for clas-
phase diagram of hydrogen at high pressures has beaital quadrupoles [5].
collected. However, even a qualitative understanding of A different kind of orientational ordering occurs in
the phase transformations in the solid is not yet in handphase Il. In this case, solids consisting of spherically
Three phases are known in the experimentally accessiblymmetric moleculesy(-H; or o-D,) transform to ordered
range of pressures, which extend to 300 GPa and spdroken symmetry) phases at110 GPa in p-H, [3]
over an order of magnitude in compression (Fig. 1). Theor at ~28 GPa ino-D, [6] at T — 0 K (Fig. 1). This
high-temperature phase consists of a closed packed lattiteansition was interpreted as arising from increasing
of freely rotating and, on average, spherically symmetriantermolecular interaction that results in mixing of higher
molecules [1]. The two low-temperature phases havengular momenta (e.gJ = 2,4 for p-H;) into the
lower symmetry, which implies at least partial ordering ofground state molecular wave function and imparting a
the molecules [1-3]. The properties of the two phaseginite angular moment for the molecules [6]. The nonzero
are so distinct, however, that more general concepts thaangular momenta can then order, with molecular centers
mere crystallographic dissimilarities must be invoked toforming a lattice derived from hcp [1]. Even more
understand the origin of various phenomena they exhibitexotic ordering schemes may exist for normal &t D,
The most unusual features include a dramatic increadd]. We will refer to these low-pressure ordered phases
in the infrared (IR) activity of the main vibron, a strong collectively as phase Il. Here ortho-para distinctions are
vibron softening, an unconventional geometry of the phasealid in the sense that the wave function can be defined
boundaries, and drastic changes in rotational excitationfor individual molecules and is either even or odd.
[2—-4]. Here we show that these disparate observations can One expects that at still higher pressure intermolecular
be understood in terms of the concept of quantum versusteractions become so strong that all highiestates have
classical orientational ordering in the dense solid.

Hydrogen at low temperature and pressure forms the
only molecular quantum solid. As such, the excitations 250 F T T 1 L
of the freely rotating molecules in phase | can be de- HYDROGEN ]
scribed by the rotational quantum numbkr This con- 200
trasts with heavier molecular crystals, where molecular
rotation is substantially hindered even at low pressures
[5]. The properties of Kl and D, crystals greatly de-
pend on the ground state of the constituent molecules
(J = 0 or 1), which in turn is determined by their total
nuclear spin. Here we consider hydrogen solids having _
a substantial fraction of spherically symmetfi¢ = 0) 50 p
molecules (e.g., para-tbr ortho-Dy). Solids containing
a sufficiently high concentration of = 1 molecules, in- oL— Y .
cluding o-H,/p-D,, transform to a cubic phase (space 100 120 140 160 180 200
group Pa3) even at ambient pressures (e.g., 3.8 K) [5]. Pressure (GPa)
In this transition, the direction of angular momenta of in-fi5 1 phase diagram of hydrogen at megabar pressures

dividual molecules orientationally order. This transfor- optained from Raman and infrared measurements [1,2,12]. The
mation is driven by quadrupolar interactions, where theopen triangle and diamonds are from Ref. [3].
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the same weight; that is, the molecules behave classicallgre linear functions of a scalar order parameter, < 7
and can orientationally order as classical rotors. Such andg® « 5 [14]. Recent measurements of the Raman vi-
pressure-driven transformation between two kinds of oritbron in phase Il (for B) [15] showed that the temperature
entationally ordered states would be a transition betweedependence of the frequency shift (proportionahjocan
a quantum and a classical crystal. This would be uniquée described by a Maier-Saupe model, which characterizes
in relation to known quantum crystalline transitions (e.g.,the orientational ordering of classical rotors and initially
solid He) in the sense that the quantum-classical distincwas derived for liquid crystals. We show here that the
tion considered here is associated with rotational degreesame is true for the IR intensity and both IR and Raman
of freedom. As discussed above, spectroscopic changesdtifts [1,3] [Fig. 3(b)]. In contrast, the normalized order
the 1I-1ll transition near 150 GPa are significantly larger parameter in phase Il is qualitatively different, being much
than those due to orientational ordering at the I-1l boundsteeper as a function @f/T. (cf. Ref. [13]).
ary. Not surprisingly, the higher-pressure transition has 2. Magnitude of the effective charge\We now show
been the focus of considerable theoretical study recentlthat not only the temperature dependence pfbut
(e.g., [8—10]). We show that new and previously reportecalso the magnitude of* can be understood within
data, including the orientational order parameter, vibrorthe proposed framework. Previously, the origin of the
effective charge, changes in roton and libron spectra, gesibron intensity in phase Ill was examined from various
ometry of the phase diagram, and evolution of the orthoelectronic standpoints [8—10]. We note here that a
para state, point to the transition to phase Ill as being sucbondition for vibron IR activity is that the two atoms in a
a transformation. This provides a simple and transparenmholecule are crystallographically inequivalent [16]. If the
model for orientational ordering in phases I, I, and Illl.  molecules have nonzero quadrupole moments, a nonzero
1. Order parameters and infrared intensity\We first  electric field is then induced at the lattice sites, which
consider the increase in IR vibron absorption associateth turn polarizes the molecules and creates an effective
with passage into phases Il and Il (Fig. 2). At 167 GPadipole moment [17]. We have estimated the magnitude
and 85 K, the effective charge of the vibron ¢ =  of the effect for H by calculating the induced field in
0.032¢ [11]; it increases with pressure and reach®87¢  several well-studied quadrupolar lattices. The total field
at 230 GPa. In phase Il, in contragt: is <0.004e at is proportional to the quadrupole mome#t,= 8Q/a*,
140 GPa and the same temperature, whereas phase Iwerea is the lattice parameter. The component of the
characterized by a weak and broad disorder-induced barfetld along the H-H bondE, is 8;Q/a*. The values
[4,12,13]. The origin of these differences can be underfor 8 depend on the structure and orientation, but for a
stood from analysis of the temperature dependencg of large class of structures they are of order unity [18]. For
We find a striking correlation between the temperature dea static molecule in the zero-pressure sofid= 0.5 a.u.
pendence ofg*)? (integrated intensity) and v, the fre-  [5] and near the II-lll transitiornz is ~3.3 bohr. At the
guency shift with respect to its value at the transition pointequilibrium bond lengtiid = 1.5 boh the polarizability
(P.,T,.) for phase Ill, i.e.,(¢*)*> = Av? over the entire «| of the H, molecule is6.72 bohr 3 [19], which gives
P-T range investigated [Fig. 3(a)]. The observation ofan effective static chargg = aE/d = 0.025¢. To find
q* « Av can be interpreted to mean that both quantities
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the dynamic charge, we substituteby d(da/dd). From ' ' ' T T e
Ref. [19], we haveg, = 1.5¢, which givesg® = 0.06¢ 1000 | HZ
for the total effective charge, close to the experimental phase | phase i
value 0f0.03-0.04¢ [20]. oe IR

This result should be contrasted with the behavior of 800 F
the vibron in “quantum” phase Il. In this phase, the
narrow absorption peak appears on the shoulder of the
broad disorder-induced band (Fig. 2) [1,4]. This sharp
peak is a symmetry-allowed IR-active vibron and signals
the onset of orientational ordering of angular momenta.
The maximum intensity of this vibrofg* = 0.004¢) is
an order of magnitude smaller than that for phase lli
(e.g., at 165 GPa) at the same temperature [4,11]. Sever:
factors reduce the effective charge in phase Il comparec
to that in Ill: (&) In a pure quantum state in which
{J,M,;} = 1,1}, the expectation value o) is reduced 0
by a factor of(27 + 3)/I [21] with respect to that of a 0 40 80 120 160 200
static molecule, and (b) the polarizability perpendicular Pressure (GPa)
to the m0|eCl_J|ar _b_onds IS Sma!ler t.han that para_lllel. The: G, 4. Rotational and librational frequencies for phases |, Il,
smaller polarizability not only diminishes the static chargeand 111 of hydrogen (85 K)[1,4,11]. The IR data were obtained
by 40%, but also reduces the dynamic charge by a factdsy subtracting the vibron frequency from IR combination bands
of 3. Asaesul.th efecive chargo e teducad by 23 0 v It s s S
from the Chqnge Q) and 2_.2'5 from the polar|zab|l|ty. ghe dashedpline suggests “latent soft mode” behavior of the
change, giving a total reduction by a factor of 5-10, injj ons.
agreement with experiment.

3. Rotons and librons.-Fhe proposed picture further
implies that elementary excitations corresponding to thehe behavior of the higher frequency lattice mode, which
angular degrees of freedom in the system (rotons and Ishows at most a small discontinuity across the Il-Ill transi-
brons) must be very different in phases Il and Ill. In-tion[1]. These observations, together with the continuous
deed, IR and Raman data reveal a striking change in thesend discontinuous changes in the vibrons [15], are indica-
low-frequency excitations upon crossing the IlI-lll phasetive of a first-order, but nonreconstructive, mechanism for
boundary. Figure 4 shows rotational and librational modehe transition.
frequencies from new and earlier spectroscopic data up to 4. Geometry of the phase diagramThe geometry
230 GPa. No discontinuity is observed in the broad ro-of the phase boundaries near the I-ll-lll triple point
ton bands at the I-Il transition for normal,H110 GPa (Fig. 1) also fits the picture of a “quantum-classical” ori-
and 85 K). In contrast, the rotons disappear at the II-lllentational transition. Near the triple point, now estab-
transition and are replaced by new excitations in the samiéshed for H, and D [1,12,13,15], the I-ll boundary is
energy range. This change can be understood by comearly horizontal,dT./dP. < 0.4 K/GPa, while the II-
sidering the difference in libron spectra for quantum andll boundary is nearly vertical up te- 80 K, d7./dP. =
classically ordered phases. For the formérremains 30 K/GPa in H; this effect is even more pronounced
a good quantum number and the roton excitations chain D, [15]. Such a configuration is highly unusual for
acteristic of the disordered phase are supplemented ly crystallographic transition. One can use the Clapey-
M; — M, “libron” excitations of the ordered phase, as inron equation,AV/AS = dT./dP., to estimate the vol-
the Pa3 structure of ortho-rich K [5]. Likewise, phase ume change across each phase transition. Assuming an
Il consists ofrotating molecules with a similar set of ex- entropy change\S = 0.2R/mole (Ref. [5], p. 238), we
citations. In contrast, the molecules in phase Il behavestimateAV at the I-Il transition to be).0007cm®/mol.
as classical objects (as in solig)NandJ is no longer a An analogous calculation for the I, 1I-lll transition gives
good quantum number. The elementary excitations ass@bout 0.05 cm’®/mol. Indeed, one should expect large
ciated with rotational degrees of freedom are neither  changes in intermolecular forces for the latter because of
J' rotons norM; — M/ transitions but are anharmonic modifications in quadrupole-quadrupole interactions [1].
classical librons, quantized angular oscillations about th&his effect can be estimated for static molecules from the
equilibrium orientation in which full rotation is strongly electrostatic energy of quadrupolar close-packed lattices,
hindered. Moreover, the phase Il librons harden dramati/ = 1.5xQ?/a’, k = 7 [5]. Differentiating this with re-
cally with pressure and extrapolate to zero about 70 GPspect to volume, we calculate an “electrostatic” pressure
below the transition (Fig. 4). This strong pressure depenef about 8 GPa, which give8.05 cm®/mol at 150 GPa
dence is expected for librons and can be contrasted witf23]. Note that the quadrupolar energy is reduced by a
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factor of 4/25 [5] for rotatingJ = 1 molecules; this is  [8] R.J. Hemley, Z.G. Soos, M. Hanfland and H.K. Mao,
consistent with the much smaller volume change at the  Nature (London)3869, 384 (1994).
I-1l transition. [9] B. Edwards, N.W. Ashcroft, and T. Lenosky, Europhys.

5. Ortho-para state.—Fhe “quantum-classical” transi- Lett. 34, 519 (1996); B. Edwards and N.W. Ashcroft (to
tion associated with phase Ill has important implications10 S’esp“_ﬁ’_“Shed)a 5. Kiua N Londo@78 595
for the evolution of ortho-para states as a function ofit0l J.S. Tse and D.D. Klug, Nature (Londor§78

oo ol (1995).

pressure. There is evidence for ortho-para distinguish

- . . 11] R.J. Hemley, I.1. Mazin, A.F. Goncharov, H.K. Mao,
bility under moderate pressures, but its persistence to the Europhys. Lett. (to be published).

megabar range has been a subject of debate [1]. Thgs) R J. Hemley and H.K. Mao, ifElementary Processes
above analysis naturally leads to the conclusion that the ~ in Dense Plasmasedited by S. Ichimaru and S. Ogata
wave function of the crystal in phase Il can no longer (Addison-Welsey, Reading, MA, 1995), p. 269.

be factored into individual molecular wave functions, so[13] L. Cui, N.H. Chen, and I.F. Silvera, Phys. Rev. 3,
single-molecule ortho-para distinguishability is lost. In 14987 (1995).

contrast, despite the mixing of states in phase I, the [14] We note that the orientational order parameter is_not a
notion of parity of the wave function of nuclei in an in- scalar, but a tensom,s = (3rarg — ap), Wherer is
dividual molecule is valid. This is supported by recent  the direction of the molecular bondy,s has five inde-
measurements for D in phases | and Il significant dif- pendent components given by three Euler angles, its mag-
ferences in IR and Raman bands are observed for samples nitude, and its asymmetry. Only if the average orientation
starting out as pure ortho versus normal [7]; in phase Ill, is temperature independent (or weakly dependent) and the

: ! . . asymmetry of the order parameter is negligible can it be
however, the number and frequencies are identical and in-  reqyced to a one-component order parameter, as observed

dependent of sample history [12,13]. experimentally. The connection between the scalar order
In conclusion, we suggest that orientational ordering  parameter, vibron softening, and IR activity is also exam-

in the high-pressure molecular phase of hydrogen (phase ined in Refs. [3,13].

Il) is qualitatively different from that observed at lower [15] A.F. Goncharowet al., Phys. Rev. Lett75, 2514 (1995).

pressures (phases | and Il). The molecules in phase Ill ald6] R. Zallen, R.M. Martin, and V. Natoli, Phys. Rev. 49,

orientationally ordered in the sense that the time average 7032 (1994). _ o _

of the molecular bond direction is nonzero, whereas ifl7] The quadrupole-quadrupole interaction rist the main

phase Il the ordering objects are axes of quantization factor driving orientational ordering in phase Il (e.g.,

of angular momentum. This concept provides a natural Ref. [9,22]). Nevertheless, as long as molecue

X L . S ordered, their quadrupole moments can play an essential
explanation for the striking IR vibron activity and other role in vibror: IIguaCti\l;li?y. pay '

properties of phase Ill. Further quantitative treatmenyig) For example, in the “herringbone” structure proposed by
should take into account detailed structural changes at = E. Kaxiraset al.[Phys. Rev. Lett.67, 1138 (1991)],
these transitions and such effects as zero-point motion  g’s depend on the tilting angleé. At 6 =0, (8, 8)) =
(e.g., Ref. [9)]). 0, but até = 90°, (B, B)) = (1.3,0.66); in the equilib-
We thank M. Li and J. F. Shu for assistance and N.W.  rium structure# = 54° and (B3, B) = (0.85,0.34). In
Ashcroft and J. H. Eggert for comments. This work was  the Pca2, structure [22],(B,B)) depend on the ori-
supported by the NSF and NASA. entational angleq#, ¢) and vary from zero a#¥ =0
to (1.35,1.35) at(#, ) = (90°,90°). At equilibrium,
(6, ¢) = (62°,50°) [22], (B, By) = (0.3,0); even atT =
0 K, however, zero-point motion forces the average
*Present address: NRL, Washington, DC 20375. orientation to be(d, ¢) = (62°,90°), where (8, 8)) =
TPresent address: ESRF, BP 220, 38043 Grenoble, France.  (1.05,0.95).
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