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Pressure-Induced Magnetic Collapse and Metallization of Molecular Oxygen: Th&-O, Phase
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The behavior of solid oxygen in the pressure range between 5-116 GPa studiedbwiitiitio
simulations, shows a spontaneous phase transformation from the antiferromagnetic insid&@ing
phase to a honmagnetic, metallic molecular phase. The calculated static structure factor of this phase
is in excellent agreement with x-ray diffraction data in the metafi®, phase above 96 GPa. We
thus propose tha-O, should be base centered monoclinic with space gi@2pn and four molecules
per cell, suggesting a reindexing of the experimental diffraction peaks. Physical constraints on the
intermediate-pressure-O, phase are also obtained. [S0031-9007(98)06326-1]

PACS numbers: 71.15.Pd, 62.50.+p, 71.30.+h, 75.50.Ee

The high-pressure behavior of simple molecular sysnot determined). Optical absorption [2] é30, indicates
tems (H, N, I, and Q) has recently attracted special a shrinking gap, and indirectly suggests that a magnetic
interest, as it can shed light on fundamental aspects of thmoment might still be present, but the ordering is un-
pressure effects on chemical bonding (molecular dissocilear. Finally, at a pressure of 96 GRaQ, transforms
ation, metallization, etc.), and is how amenable to studyo the metallic phas&-O, [5]. The similarity between
with high brilliance x-ray synchrotron sources. Among the x-ray diffraction profiles o&-O, and of{-O,, and the
the simple molecular systems studied so far, solid oxygesmall volume changéAV /V ~ 1.4%), suggests thaé-
has the unique property of retaining molecular magnetisn®, — -O, might be a weak isostructural transformation
up to relatively high pressures. The ground state of thg5], with minor lattice changes. By contrast, near-infrared
free O molecule has two unpaired electrons in the dou-reflectivity [6], Raman [7], and, more recently, evidence
bly degenerater* level, requiring by Hund's rule a spin-1 for metallic conduction and even for superconductivity [8]
32g ground state. Magnetism persists in the condensethdicate that the transition is accompanied by major elec-
phases of @ and complicates considerably its phase diatronic changes. Metallization of Oat high density has
gram. Solid oxygen is expected to be an antiferromagrecently been discussed theoretically [9], based, however,
netic Mott-Hubbard insulator at low pressures, becausen a rather unrealistic rescaling of the zero-pressuf@,
of the strong intramolecular Coulomb repulsiéf ~  structure, with no attempt to obtain the new structure.

10 eV) within the* state. Magnetism in the low-pressure We have undertakeab initio deformable-cell molecu-
phasesa, B, and y can thus be phenomenologically lar dynamics (MD) simulations [10], proven to be ef-
modeled by simply adding a Heisenberg-type interactiorfective in the study of structural transformations among
between neighboring molecules [1]. With increasing preserystalline phases in a variety of systems [11]. General
sure, however, electron hopping and band formation wildetails on the method can be found elsewhere [10]. In
finally lead to a nonmagnetic metallic state, a transition exerder to deal with magnetism in oxygen, we have ex-
pected when the bandwidth is of the orderlof tended the calculations to include spin within the local

Experimentally, solid @ has been studied up to a pres- spin density approximation (LSDA). Strongly correlated
sure of 130 GPa. The monoclinie-O, phase (space systems, such as Mott-Hubbard insulators, are not gener-
group C2/m) at low pressures and temperatures is, aslly tractable in this approximation, where the insulating
discussed, an insulating (collinear) antiferromagnet. Agap is strictly tied to magnetic long range order. This in-
about 3 GPa,a-O, transforms to orthorhombi®-O, adequacy is expected to be much less serious at very high
(space groupFmmm), also insulating and also believed pressures, where band behavior should eventually apply.
to be antiferromagnetic [2], although by indirect evidence Recently, LSDA has been used to describe the magnetic
The stability range 065-0, extends up to nearly 10 GPa, collapse of transition metal oxides (also Mott-Hubbard in-
where it transforms into a third insulating phage(,,  sulators in normal conditions) at very high pressures [12].
with a sizeable decrease in volumeW/V ~ 6% at the We used LSDA with Becke-Perdew gradient corrections
transition). X-ray diffraction [3] has suggested that [13], a fully nonlocal [14] pseudopotential [15], and a
O, could be monoclinic (space grouf2/m) with eight  plane wave cutoff of 80 Ry.
molecules per cell, but an orthorhombic unit cell with We first studied the isolated,®nolecule, and found the
four molecules has also been proposed [4] (in either caseprrect32g ground state, with a very good bond length
the relative positions of the molecules in the cell wereof 2.30 a.u. (expt. 2.29 a.u.). Omitting-O,, which is
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well understood (and whose low density would imply anexcitation energy is reduced from 7 eV in the molecule to
extremely large basis set), our MD simulations of solid4 eV in 6-O,. We find it further decreasing with pressure,
oxygen were carried out starting from tideO, phase at with a rate of about 0.13 eA\GPa. This compares quite
a pressure of 7 GPa. We used an orthorhombic simuwell with the redshift for increasing pressures of the
lation box with eight molecules, a time step of 0.24 fs,ultraviolet broadband observedaO, ande-O, by Nicol
andI" point sampling of the Brillouin zone. Further re- and Syassen [2] of about 0.15 g@Pa.
finement ofk-point sampling, necessary for a quantita- From this stable5-O, state we increased the pressure
tive description of the unknown final phases, is carriedat a rate of about 30 GPps for other 3.5 ps, as shown in
out subsequently, as described further below. The syd-ig. 2. Atabout 12 GPa, an abrupt collapse of the magne-
tem was initially equilibrated at 200 K and 7 GPa for atization occurred (see Fig. 2), followed by a gradual struc-
period of 2 ps. In agreement with experiment, 4,  tural transformation into a new orthorhombic phase. The
phase was found to be stable in this regime. The stablebserved transition path had both intraplanar and inter-
state is antiferromagnetic, with the collinear spin structureplanar components. An interplanar sliding led molecules
shown in Fig. 1(a), and a sublattice magnetization (Fig. 2pelonging to different planes into a distorted hcp configu-
of about0.5u,/molecule at 200 K (thg = 0 value was ration [Figs. 1(c) and 1(d)]. This new geometry optimizes
only slightly higher). A very similar collinear antiferro- the packing of molecules at high pressures and appears to
magnetic order is known fo-O,. The magnetic order reflect the increasing role of interplanar interactions with
of both @ and §-O, can be interpreted as the result of pressure. The intraplanar displacement was more com-
competition between elastic forces, favoring an in-planelex. It finally led to a molecular arrangement [Fig. 1(d)]
triangular lattice of molecules (ratio of the in-plane lat- very similar to the initial one [Fig. 1(a)], however, with an
tice parameters i$/a = 0.577), and antiferromagnetic important rescaling of the andb axes. By analyzing the
exchange/, frustrated in that lattice. Partial removal of structure factor, we found it characterized by the emer-
frustrations is obtained by increasig a, whose value gence of a new (201) peak, absent in t€,. In Fig. 2
in -0, is in fact 0.64. For5-O, we getb/a ~ 0.8 at  we show the behavior, during the simulation, of the inten-
10 GPa, the rapid increase #fwith pressure causing a sity of the (201) peak of the nonmagnetic high-pressure
larger deviation from 0.577. We also obtain the elec-orthorhombic phase. By comparison with the sublattice
tronic structure of6-O, at 10 GPa, [Fig. 3(a)]. Bands magnetization, we see that the magnetic collapse is fast,
are weakly dispersive, with molecular levels still clearly and precedes the structural transformation, which is slow.
identifiable. As is well known, LSDA always underes- Thus, the structural transition seems to be driven by mag-
timates the insulating gap, which is in this casé eV, netic collapse and metallization. Because of this, the new
to be compared with the experimental optical valuephase obtained is very likely related to thi€D,, and the
2.2 eV [2]. The bands are split by magnetic exchange, asimulation appears to have skipped the intermediaf®.
levels are in the free molecule. The— 7" (interband) While for a proper description of the approach to mag-
netic collapse in the-O, phase an accurate description
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FIG. 1. (a) Side view of the conventional unit cell of tide

O, phase. (b) Top view of thé-O, phase; arrows represent FIG. 2. Upper panel: pressure variation during the simulation.
spins structure found in the simulations. (c) Side view of theLower panel: behavior of the magnetization (solid line) and
conventional unit cell of thg-O, phase. (d) Top view of the of the intensity of the (201) peak (dashed line) along the
/-0, phase as found in the simulation. Black and white circlessimulation. Magnetic collapse occurs at 2 ps, followed by a
denote O atoms in adjacent planes. slow lattice rearrangement.

5161



VOLUME 80, NUMBER 23 PHYSICAL REVIEW LETTERS 8 UNE 1998

\x@
by
i

. ——F \ﬁ
—— S L _
= D 4 O0F P &/ 120
—~ - - - -
- 1 * B [~ EF
% . Z 7 Z Mg E S T 1 10
_ § = Va
= =] I
- 1 N\ 0
A 10 —= ]
g i ] [
s L : 110
Q -20 7 )
i i 3 20

OZCYFZTUA I'Zz TY TI' SRYZ

FIG. 3. Band structure of (refined)-O, at 10 GPa (a) and-O, at 116 GPa (b). The band gap of antiferromagnéti®, is
dashed; paramagneticO, is fully metallic. Their respective Brillouin zones are shown in the insets.

of this phase is required (a point to be discussed later), waging, and confirms that the nonmagnetic phase found
can nonetheless proceed to a full characterization of they simulation should be identified with the observed
/-0,. In order to extract accurate predictions #¥0,, (-O, phase. The agreement with the experimental data
we must refine the simulation results, which are affectedmproves further by adding a tiny (up to 4%) mono-
by approximations, particularly th€ point sampling of clinic distortion to our calculated orthorhombic cell (see
electronic wave functions, which is too poor for such aTable I). Comparison with the x-ray diffraction data of
small simulation cell. Akahamaet al. [5] at 116 GPa is shown in Fig. 4. The
We then carried out an independent and very accumonoclinic cell of space group2/m previously proposed
rate optimization of the electronic and crystal structureddy Akahamaet al. [5] is no longer satisfactory, once the
of the found novel high-pressure metallic Phase. This calculated internal structure of the molecules is taken
was done by increasing the number jofpoints to 216 into account. With that cell, we tried different molecular
in the full Brillouin zone. For completeness we also didarrangements, requiring for the internal structure the same
the same for the insulating-O,. After k-point sampling local coordination of molecules which we calculated
refinement, we find for6-O, at 10 GPa a cell volume to be optimal (in particular, preserving the absence of
of 12.61 cm’/mole, against0.89 cm’/mole for I' point tilting). We systematically found in this way a structure
only (expt.12.55 cn?®/mole/mole). The critical pressure factor dramatically different from the experimental one.
at which magnetic collapse set in is unaffected by theMoreover, the discrepancies remain even when tilting
refinement. The refined structure, shown in Figs. 1(cpf molecules within the cell (compatible with th&/m
and 1(d), possesses a base-centered orthorhombic strepace group) is allowed. Our new base-centered mono-
ture, with four molecules in the conventional unit cell. Its clinic cell hasC2/m symmetry and only four molecules
space group i€2mm, and the layered structure typical of per unit cell. With our proposed structure, the assignment
solid O, is preserved. Molecules are still aligned perpen-

d'CU'?‘r to nearly triangular molgc_ular_ planes, aswiO, . TABLE I. Lattice parameters of-O, at 116 GPa. The unit
and in6-0,. The absence of tilting in the nonmagnetic ce|| js monoclinic, and contains four molecules with bond
phase confirms previous speculations that quadrupolar inength 2.26 A (2.292 A for the5-O, at 10 GPa). Calculated
teractions in oxygen are negligible [1], but contradicts the(Calc.) values refer to our results, while distorted (Dist.) values
earlier hypothesis [16] that tilting is hindered by magneticrefer to the distortion required to match experimental data.
interactions. _ a (R) b (R) c () a

Similarity of the static form factor calculated for the — : 3.56 218 597 90.5°
nonmagnetic phase at 96 GPa, with the experimental da ISt y y y .

. alc. 3.62 2.10 6.11 90

of Akahamaet al.[5] at the same pressure, is encour-
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the e-O, x-ray diffraction data with our proposed mon-

oclinic cell, we find an in-plané /a ratio of 0.61, that

is much closer to the “triangular” value ia-O, than it

110 was iné-0,. We might thus speculate that collinear an-

tiferromagnetism is, ine-O,, strongly frustrated by the

C triangular in-plane structure. In a triangular Heisenberg

— EXPT. lattice, the ground state has a different magnetic long

[ (Ref. 5) range order, based on three sublattices with moments at

. VIV 1P /\ I 120°, a noncollinear spin configuration. By construction,
10 15 =0 noncollinear spin configurations are not allowed by our

present LSDA calculations. We plan to verify in the near

future whether inclusion of noncollinearity could possibly

explaine-O,, as we now conjecture, or not.

In conclusion, we have obtained fresh theoretical
| | | | | insight into the high-pressure phases of solig. Oln
e particular, we present the first qualitative and quantitative
<0 40 60 80 100 120 proposal for the structure and the electronic properties
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FIG. 4. Relative volume (referred to the molar volume of 96 GPa. . ) .
gas-liquid-solid triple point at 54 Ky, = 24.21 cn’) versus We greatly benefited from collaborations and discus-

pressure as obtained from owrpoint converged calculation sions with C. Cavazzoni, P. Focher, and M. Parrinello.
for 6-O, and ¢-O,. Open circles, solid circles, squares, andWork at SISSA was partly supported by INFM, PRA

triangles concern data of Akahare al.[5] relative to 8-
0,, 6-0,, €-0,, and /-0,, respectively. Inset: static structure HTSC, and by MURST, through COFIN 97.

factor of £-O, at 116 GPa, with our new peak assignment,
compared to the experimental data of Akahaghal. [5].
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