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Noncolinear spin polarization from frustrated antiferromagnetism: A possible scenario
for molecular oxygen at high pressure
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We perform density-functional calculations of the magnetic properties of a simplified structure aimed at
capturing some of the features of the elusévphase of molecular oxygen at high pressure. Starting with the
S phase—which is a quasi-two-dimensional distorted triangular arrangement of antiferromagnetically ordered
molecules—pressure could decrease i@ ratio in the basal planes pushing it toward the ideal triangular
value of 143, thus increasing magnetic frustration. We conjecture that when frustration takes over, the
magnetic order may turn into a 120° planar spin-spiral structure inside giese, until at higher pressures
band-overlap metallization suppresses magnetization ig fitease. This conjecture is substantiated by calcu-
lations that also represent the attempt to apply state-of-the-art pseudopotential techniques to the magnetic
properties of a frustrated antiferromagnet.

[. INTRODUCTION structure(such as, notably, that on the relative orientation of
. . . . different quantization axes within different atomic spheres
Most magnetlc_ mat_erlal_s are _c_haracterl_zed by a_tomlc MOzan DFT calculations display their full predictive power.
ments(or electronlc SpIns, n an |t|nera_nt p|ptl)raﬂl aligned, . In this paper we present a fully unconstrained calculation
parallel or antiparallel, to the same direction everywhere iny o magnetic structure of a topologically frustrated anti-
space. A number of notable exceptions to this rule exist, iferromagnet, following an approach whose bases are concep-
which the direction of the magnetization varies from point totually similar to that of Ref. 3. The system we choose to
point in space. Such exceptions include, e.g., spin spirals igtudy is a layered triangular arrangement of oxygen mol-
the lanthanides and the complex structures occurring in toecules aimed at capturing some of the features of the hitherto
pologically frustrated antiferromagnets. ill-characterizede phase of molecular oxygen at high pres-
Density-functional theoryDFT) calculations of noncolin-  sure.
ear magnetic structures have been available for more than a
decadé..Most of these stgdies, howevgr, rely on some kind Il. OXYGEN AT HIGH PRESSURE
of atomic-sphere approximatio(ASA) in which different
spin quantization axes are chosen within different spheres. In the gas phase, the ground state of then@lecule is a
The stable magnetic structure is then determia@asteriori  triplet, as required by Hund’s rule. In solid, and Mott-
as the one that minimizes the total energy with respect to thelubbard insulating, @ at low temperature and moderate
directions of the quantization axes chosen as inputs of thpressure, weak electron hopping gives rise to antiferromag-
calculation. Although spin colinearity may be broken evennetic intermolecular superexchange, whose magnitude rises
within individual atoms by, e.g., spin-orbit effectshe con-  considerably with pressufe, from the zero-pressure value
cept that the same direction of magnetization is associatedf 5 meV (Ref. 6 to hundreds of meV at tens of GP&he
with each atom is physically well motivated, and it has beerrelevant pre-1990 work on high-pressure phases and magne-
recently confirmed by calculations on iron clusters per-tism of oxygen is reviewed by Freim&mntiferromagnetic
formed without requiring ASA.Nevertheless, going beyond order is realized in the insulating low-temperature crystalline
the ASA treatment of magnetic noncolinearity is important,phasea-0,,° which is stable up te=1 GPa. With tempera-
because only releasing all prior constraints on the magnetiture this converts t@-O,, which is magnetically disordered.
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At low temperature but increasing pressure one obtains, iaf the e-O, spin structure is available. Spectroscopic dita,
the range XP<8 GPa another phase}-O,. Even if indicate that intermolecular coupling increases dramatically
strictly speaking a direct proof of magnetic orderdfO, is  ypon thes-O,— e-O, transition. The progressive growth of
still lacking, there is widespread belief, also supported byne optical absorption peak intensity close to 2.4'8nd
calculations'® that molecules are still magnetic, and that or- the appearance ia-O, of novel features at 1.6 eV, likely due
dering is again colinear antiferromagnetic. Molecules iny, \yeax spin-forbidden triplet-singlet transitions, progres-
6-O, are arranged in layers, with the molecular axis ”0rma|sively allowed by increased magnetic coupling, are only in-

f/f/)hit:r? isla;irﬁ 2?3 d?riglr?nua};rauﬁﬂ%f;nfaqito'gf'gsojfghnl)aye&irect hints. Because we lack reliable data for the precise
9 guar, = molecular structure o&-O,, our calculations will be based

substantially larger than the ideal triangular value of3l/ on assuming a crude model structure, with only two mol-

%0'577' In_analo_gy_ with many other similar systemg, I 'Secules per cell. Owing to this deliberate oversimplification
precisely this deviation of the planar structure from triangu- e will not be able t id listic d ot fi
larity that makes antiferromagnetic spin order possible inve W € able fo provide a realistc description ot im-

5-0,, by removing frustratiof:I* This conjecture is further POMant properties such as the IR activity. Nonetheless, we
supported by the observation that j8-O,—obtained by will be a'lble.to §how that spiral antlferromagngtlsm can in-
heating eithers-O, or a-O,—and where magnetic order is d€€d arise in high-pressure oxygen, by studying our model
thermally lifted, the ideal triangular structure is recovered.Structure byab initio LSD calculations, when the possibility
At much higher pressure®>96 GPa'2 a new molecular, of nongollnear magnetic order is allowed_ for. o
metallic structur&®* state is reached;-O,. For this state, Taking advantage of the above mentioned similarity be-
which is believed to be nonmagnetic, we previously opti-tweene-O, andZ-O,, we can use the structure O, as the
mized a structur€ whoseb/a ratio is 0.58, again close to starting point for a crude guess of the structure to be used to
perfectly triangular. Hence, there appears to be a close cotimic thee-O, phase. The-O, crystal structure obtained in
nection between structural elongation in the planes, causingthe simulation of Ref. 10 was monoclini€@/m), distortion
deviation from triangularity, and colinear magnetic order. of a base-centered orthorhombi€Zmm) unit cell, with two

Sandwiched betweers-O, and {-O, (i.e., for 8<P molecules per primitive unit cell. The layered structaséth
<96 GPa) there is yet another, much more elusive and inmolecules oriented perpendicular to the planesmmon to
triguing phase, namelye-0,.1® Optical datd® indicate that most phases of Dappears to be conserved §rRO,. Com-
e-O, is still insulating, and also suggest indirectly that it is paring the structure of-O, with that of 5-O, (Ref. 17 we
probably still magnetic, likes-O,, and unlikel-O,. X-ray ~ note two major differences. First, the relative stacking of
diffraction suggests a sizable~8%) volume change be- molecular planes differs because molecules in nearby planes
tweend-O, ande-O, at 10 GPa and room temperatdfegnd ~ are in abridge position in §-O,, and centered(hcp-like) in
only a minor one €0.3%) betweene-O, and -0, at 96  {-O,. Moreover, the in-plané/a ratio, 0.70 ins-O,,*" col-
GPa? indicating thate-O, may be structurally closefor lapses to 0.58 irf-O,, closer to the ideal triangular lattice
even isostructurd) to £-O, than to 5-O,. There are also value of 14/3~0.577. If thee-O,— {-O, transition were in-
other features 0é-O,, such as a high infraredR) activity,!® ~ deed nearly isostructural, then also théa ratio of e-O,
which further indicate a large unit cell, and which we shallwould be close, at least at pressures close to 96 GPa, to the
not concern ourselves with at this stage. triangular value.

Even without that complication, the relationship between We built our tentative model structure starting with the
insulating versus metallic behavior, magnetism versus nonstructure of{-O,, and modifying it so as to fit x-ray data for
magnetism, and stretched versus triangular planar structureO, at 16.6 GP&° With the monoclinic cell shown in Fig.
of the high-pressure phases of oxygen appears to be vefy characterized bya=4.46 A, b=2.69 A, c=6.61 A,
intriguing, and largely unexplained. In receti initio local-  and «=90.3°, we obtain a reasonable agreement of calcu-
spin-density(LSD) calculationt® we failed to retrieve an lated and experimental x-ray intensities for this structure as
e-O, phase, obtaining instead, unrealistically, a straightdisplayed in Fig. 2. With this unit cell the computational
5-0,— (-0,, insulator — metal transition. Our calculated effort would, however, still be rather heavy. In view of the
transition was accompanied by collapse of magnetism and averall uncertainties on the details of the structure and in
substantial triangularization, as mentioned above. Howevegrder to keep the model structure as simple as possible, we
the calculations did require antiferromagnetism, if present, tdurther selected a smaller monoclinic cell containing only
be strictly colinear, and thus strongly hindered by the topo- one independent plane of molecules, stacked fcc-like, instead
logical frustration arising in a triangular lattice. Noncolinear of hcp-like, whose in-plane lattice parameters are the above
magnetic structures for oxygen were speculated upon beforenes. The possibility that molecules may be tilted with re-
for oxygen®®put not in connection withe-0,. spect to the perpendicular to the planes has been ignored,

The aim of this work is to use density-functional methodsalthough it cannot be strictly excluded. We note, however,
to investigate the possibility that noncolinear spin orderingthat no tilting was found to be stable i+O,, even when
might occur in the high-pressure phase diagram of moleculaallowed by calculation&’ Moreover, the experimental vi-

O, at high pressure. Since not only volume but alsolihe  bron frequenc$! displays a monotonic increase with pres-
ratio appears to decrease with pressure, both spin frustratigure, possibly related to the calculaféthonotonic decrease
and antiferromagnetic couplings are expected to increasef the O, bond length with pressure, suggesting a pressure-
thereby. We argue that the region where noncolinear antifeinduced strengthening of the molecular bond. It is natural to
romagnetic order could be favored should fall inside theattribute this bond strengthening to the strong interplanar
€-0, phase. Unfortunately no direct experimental evidencecoupling resulting from the absence of tilting. In cases where
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smearing techniqué In this approach, which we nangen-
eralized local-spin-densityapproximation (GLSD), each
Kohn-Sham orbital is treated in full generality as a two-
component spinor. The local magnetization is then found
self-consistently by calculating the expectation values of
the Pauli spin matrices using these spinormsi(r)
=,uBEfi¢//iT(r) o (r). Here thef’s are the occupation num-
bers of the different electronic levels, thiés the correspond-

ing spinor Kohn-Sham orbitalsyg is the Bohr magneton,
ando=(oy,0y,0,) are the Pauli matrices. The spatial com-
ponents of the spinors are represented independently using a
plane-wave basis set. The local direction of the magnetiza-
tion is therefore unconstrained, unlike most present ap-
proaches to noncolinear magnetism where the direction of
the local quantization axis within different atomic spheres is
taken as an input quantity. The magnetization and charge
density are then found in the usual way by self-consistently
minimizing the total energy. In the presence of noncolinear
magnetism, the Kohn-Sham Hamiltonian takes the form

FIG. 1. Tentative structure fog-O,. Molecules(filled circles 1
lie perpendicular to the distorted hexagonal planes. Hes=| — §V2+Vext(r)+VH(r)+ch(r)) | +B,(1) o,
tilting is known to occur, such as inHand N, there is @
pressure-induced softening of the vibron: tilted molecules

angle, without altering the bond length. respectively] is the unit (2<2) matrix, andV, andB,. are
the exchange-correlation scalar potential amagnetic field

lll. GENERALIZED LOCAL SPIN-DENSITY respectively: Vie(1) = IEse(n, M)/ Ny, Bye(1)
APPROXIMATION = 9Eo(n,|M[)/dm|m—men. In the Hamiltonian(1), the last

term corresponds formally to an external magnetic field,

In order to substantiate our speculations, we decided tovhich stems from the magnetization dependence of the
apply to our model structure foe-O, a newly developed exchange-correlation energy. It is this term in the Hamil-
LSD methodk? capable of accounting for general, noncolin- tonian that mixes the up and down components of the spinors
ear magnetic structures. This method is similar to that preif the magnetization is not aligned with ttzeaxis.
sented in Ref. 3, the main improvement being represented by The self-consistent cycle is initialized with a magnetiza-
our ability to properly deal with infinite systems and Fermi- tion and charge density from a superposition of the atomic
surface sampling by using the special-point Gaussianeensities. The initial direction of the magnetization for every

molecule is chosen at random. These initial choices define
L i ' - T the HamiltonianHgg, Eg. (1). Once the corresponding
Kohn-Sham spinorsg) are calculated, they can be used to
obtain a new charge density and magnetization, and the cycle
is iterated to self-consistency.

In this GLSD formalism, spin-orbit coupling is neglected.
One consequence of this is that the direction of the magne-
tization is not coupled to the crystal lattice and the energy of
the system is therefore not affected by a global rotation of
the magnetization. This is why our GLSD calculations can-
not predict the global direction of the magnetization, but
only the relative orientation of the magnetization at different
points in space, and in particular the angle between the inte-
grated magnetic moments around different molecules. The
energy that is associated with a relative rotation of one mo-
N1V A VA VN T A A lecular moment with respect to another is small in compari-

® ° ® o[d " * * son with the energies associated with a change of the charge
eg] . . .
density or the absolute value of the magnetization. This

FIG. 2. Comparison of the calculated and measured structurmall energy scale gives rise to a slow convergence of the
factor fore-O, at 16.6 GPa. The calculated curve corresponds to thgelf-consistent cycle, and our GLSD calculations need gen-
C2/m monoclinic structure described in the text and depicted inerally more iterations than usual LSD calculations, where the
Fig. 1. direction of the magnetic moments is fixed.

S(k) [arb. units]
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TABLE I. The volume dependence of the band gap and the
magnetic moment per molecule from GC-GLSD calculations.

Volume Band gap Magnetic moment
(cm’/mol) (meV) (mg)
- 0 \ 12.1 200 1.52

XN 4\\/ 11.0 ~320 1.29
\/\/\//ﬁv 10.0 0.79
ZK/ ] 8.5 <0.01

of the molecular magnetic moment, as calculated for differ-

ent values of the molar volume. In this table the entry “gap”
FIG. 3. Band structure near the Fermi level, for the expandedndicates the energy difference between the states which are

e-0, structure ¥=13.35 cni/mol, the Fermi energy is set to 0 LUMO and HOMO in the insulating phase, which becomes
ev). negative when at higher pressures the conduction and the
valence bands start to overlap, and the system becomes semi-

IV. RESULTS metallic. With increasing pressure the metallic character in-
reases and the molecular magnetic moment decreases, until

. L e he conduction and valence bands lose their identity, and the
local-density approximatioNGC-LDA), within the plane- magnetic moment eventually vanishes. The values of the

wave pseudopotential method. The exchange and Corre.lati%agnetic moment reported in Table | were obtained by inte-
functionals were taken after Refs. 24 and 25, respectively rating the magnetization density inside the Voronoi polyhe-

while pseudopotentials were generated using the recipe bg
: . : - ron around the molecules. In Ref. 10, where the molecular
Troullier-Marting® with core radiirs=r,=0.74 A, and the N 8 W "

.. moments of colinead-O, were repor f the order of
p channel taken as the local reference. Nonlocal contribux oments of colineas-O, were reported to be of the order o

tions to the pseudopotential were treated using th 0.5ug, the density was integrated in a small sphere around
. P PO N9 MNGhe molecules. The difference between the reported moments
Kleinman-Bylander techniqu.Plane waves up to a kinetic-

energy cutoff of 90 Ry were include in the basis sets, ThdS due to this difference of the integration volume. When the

. me integration techni i r results ar ntiall
sums over the occupied states were performed by thaame tegration technique is used, our results are essentially

Gaussian-smearing special-point techniglesing a Gauss- e same as those in Ref. 10. The calculated triangular mag-
. . gsp P : asing netic structure is visually presented in Fig. 4.

ian broadeningr=0.54 eV. 125 specidt points were nec-

essary to achieve convergence in the sampling of the Bril-

louin zone. _ _ V. DISCUSSION
Since we deal at best with a reasonable tentative structure,
and in view of extremely demanding computer requirements, Our results suggest a possible scenario for the sequence of

our strategy has been to purposely avoid total-energy strustructural changes induced by increasing the applied pressure

tural optimizations, and to restrict to a rigid volume grid, to
&)

Band Energies [eV]
o

e 7

-2

-M T M K T A

Calculations were perfomed using a gradient-correcte

cover different pressure regimes. In order to accommodatq / 5 /

the proposed 120° spin-spiral structure, calculations werg
performed using a unit-cell containing three independent
molecules arranged in one plane.

We started by considering a strictly triangular structure
(with a b/a ratio of 1/\/§) and a volume of 12.1 cffmol,
which corresponds to a pressure of about 10 GPa. In thig
case, we found that constraining the magnetization to be
colinear—which is achieved using a conventional GC-LSD
approach—results in a nonmagnetic ground state. Howevel
as soon as we allowed the frustrating constraint of spin colin-
earity to be lifted(by using GC-GLSD, we found a mag-
netic ground state, which exhibits precisely the expected

120° spin-spiral geometry. Going next from the ideal trian-| .
gular structure withb/a=0.577, to our tentative model for

e-O,—which has ab/a ratio of 0.603—we found the same @

spin geometry. In Fig. 3 we report the resulting band struc-| - /@/ . -@ ‘

ture which displays an indirect band gap, corresponding to &
transition between a HOMO located along 1 line and a FIG. 4. Magnetization in the plane of the molecules, calculated
LUMO at the A point. Interestingly enough, neglecting any in -0, at a molar volume of 12.1 & The arrows indicate the
gradient corrections to the LDA density functional would direction and relative magnitude of the magnetization density, the
yield a semimetallic band structure, contrary to experimentainolecular positions are shown by filled dots. The magnetic moment
evidence. In Table | we report the values of the band gap anger molecule corresponds to 1/52.
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in solid O,. The 6 phase—which is well characterized and netic structure at the lowest pressuresl( Mbar), whereas
stable up to~8 GPa—is a stacking of planes where mol- it should definitely be nonmagnetic at high enough pressure.
ecules are arranged in a triangular lattice, and where &Vhether or not there exists a pressure range between the
strictly colinear antiferromagnetic order is stabilized by ainsulating, magnetie phase and the metallic nonmagnetic

strong planar distortion of the lattice, lifting frustratidht
With increasing pressure, thga ratio decreases, until frus-

phase where solid oxygen is metalind magnetic is another
matter which will require further investigation.

tration destabilizes the colinear antiferromagnetic order

when b/a approaches the ideal triangular value of/a/

Standard mean-field arguments suggest that when frustration

prevails, it is energetically more advantageous for the mo

lecular moments to arrange themselves in a 120° spin spiral;
We suggest that this kind of noncolinear rearrangemen

might be favored in high-pressure oxygen, before the mo
ments are eventually killed altogether in the ultrahigh pres
sure{ phase. The onset of noncolinear magnetic order coul
be one of the fingerprints of thé— e transition. Alterna-
tively, noncolinearity could arise softly far away from the
phase, and well inside the We should stress that we still
have too little information on the actual structure of the

phase to draw definite conclusions, and our study of a sim-

plified model for this structure only provides a qualitative
physical argument in support of the noncolinear scenario.

VI. CONCLUSIONS

In conclusion, in this paper we have presented the first
ully unconstrained DFT calculation of the noncolinear mag-
netic structure occurring in a topologically frustrated mo-
t . ?

lecular antiferromagnet. Our results, obtained for a model

f

structure mimicking features of the elusigephase of solid

gvgen at high pressure, suggest a possible scenario for the

Sequence of structural changes, driven by the interplay be-
tween in-plane lattice distortions and the magnetic structure.
The validation of our conjectures will require further experi-
mental as well as theoretical work.
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