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Noncollinear magnetism in liquid oxygen: A first-principles molecular dynamics study
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We perform first-principles molecular dynamics of liquid oxygen in which the magnetic structure evolves
according to a generalized density-functional scheme allowing for noncollinear spin configurations. We inves-
tigate both structural correlations between the orientations of the molecular axes and magnetic correlations
between the orientations of the molecular magnetic moments, demonstrating a clear relation between the local
molecular configuration and the relative magnetic arrangement. The nuclear structure factor obtained from the
simulation is found to agree well with the experimental one. The calculated magnetic structure factor shows
antiferromagnetic correlations between molecules in the first shell, in accord with spin-polarized neutron
scattering measurements. We observe the formation of dynamically coupled molecules, knoywmés,@n
which the molecular moments are aligned in an antiferromagnetic fashion. An analysis based on the life time
of such units, revealed that in most cases theu@its occur as transient configurations during collisions.
However, we also observed a small fraction of @its surviving for relatively long periods. To account for
electronic excitations which are missed in our density-functional scheme, we complement our description with
a mean field model for the thermal fluctuations of the magnetic structure. The combined scheme is found to
improve the description of the magnetic neutron structure factor and allows us to study the dependence of the
magnetic susceptibility on temperature.
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I. INTRODUCTION ity closely obeying a Curie-Weiss la\#'4 This law typically
describes magnetic systems of localized spins which interact

The magnetic moment carried by the oxygen molecule i®nly weakly with each other. The experimental data on liquid
at the origin of many peculiar magnetic properties in bothoxygen indicate that this interaction is antiferromagnetic.
gaseous and condensed phases of oxygen. The low tempera-However, a more careful analysis shows that the tempera-
ture crystal phaseghe «, B, and y-phases are known to  ture dependence of the magnetic suscept_lblllty .of liquid oxy-
show antiferromagnetic correlatiohsHigh-pressure phases 9en cannot fully be described by a Curie-Weiss tavhe
have also been studied in connection with metallizationdeviations result in a temperature dependent Weiss tempera-
structural phase transition, and magnetisfUnlike for ture, which could be explained by the formation of nonpara-

crystalline phases, the lack of long-range order in gaseou%""gne“C gngoninttﬁ n thelllqulld. Th(ledunpawled_ electrons in
and liquid phases prevents a direct analysis of the structur%l{ﬁ 3\;2;?0 fh?)seoof ;nﬂgreﬁzgrk?)?umofeocuég dee;in diarl1 gef[gu'
and magnetic properties. In particular, little is known so far imerization'® The dimerization of molecules in the liquid
about the way that different structural arrangements affe

he local A h disordered f : as postulated by Lewi$ when analyzing the magnetic
the local magnetism in such disordered forms of oxygen. susceptibility*® Lewis modeled liquid oxygen as a mixture

Extensive neutron diffraction experiments were carried; 0, and Q, molecular units, treating them as paramagnetic
out on liquid oxygen for characterizing the structural jpnq magnetically-saturated components, respectively.
properties:'® Henshaw was the first to obtain a neutron  The first definite evidence for the occurrence of IBol-
structure factor but was unable to Separate out the ma.gnet&l“es was provided by Long and Ewing' who found a rela-
and nuclear componeritszurthermore, the measured range tively sharp absorption line on a broad collision-induced vi-
of transferred momenta was insufficient for an accurate debrational band in the infrared spectra of gaseous oxygen.
scription in real space. Clarket al. extended the measured Since the absorption coefficient in this band varies propor-
range of transferred momenta using a pulsed neutrotionally to the square of the pressure, both features could be
source!! The resulting radial distribution function shows assigned to the dimerization of oxygen molecdfedwo
both intra- and intermolecular correlations. Using a spin-kinds of dimerization were postulated, namely, the formation
polarized neutron scattering technique, Deramaial. could  of long-living bound molecules and transient pairs of mol-
separate out the magnetic component, revealing strong shogcules formed during collisiol In their interpretation of the
range antiferromagnetic correlatioffs. infrared and optical absorption spectra, Long and Ewing also

In its ground state, the oxygen molecule is in a triplet spinsuggested a floppy structure for thg @olecule, intermedi-
State(sig), corresponding to two unpaired electrons, coupledate between the extreme cases of freely rotating and rigidly
ferromagnetically according to Hund’s rule. Liquid oxygen locked dimerg® In a later investigation of gaseous oxygen
shows paramagnetic properties, with a magnetic susceptibiby quantum interference scattering, Aquilasti al. further
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analyzed the rotational and vibrational fine-structure of Il. THEORY FOR NONCOLLINEAR MAGNETIC
dimerized molecule® This investigation gave access to the STRUCTURES
binding energy of the @molecule and showed its depen-

dence on the relative structural arrangement of .the two iinear magnetic structures within electronic-structure calcu-
gen molecules. A rectangular arrangem@htype), in which lations based on plane-wave basis sets and
the molecular axes of the two molecules are parallel, Cmre'seudopotential%z In particular, the scheme is combined
sponding to a singlet spin state, was found to be the mosfit, molecular dynamics through the Car-Parrinello
stable form of the @molecule. At variance with this detailed 5rmulation3!

characterization of gaseous oxygen, the formation of oxygen The noncollinear magnetic structure is represented by a
dlmteS and their relatlv_e prOpertIeS in the |IQUId state haVQ/ectoria| Spin densityr;n(r), which varies with position act-
remained far more elusive. ing as a local magnetization density. The theoretical formu-

Recently, we reported in a concise form onaminitio  |ation is based on the introduction of a bispinor wave func-
molecular dynamics investigation of liquid oxygen in which tjion ¥ for the Kohn-Sham orbital&34

both the atomic structure and the noncollinear magnetic
structure evolve without constrair$?We applied to liquid (¥
oxygen an electronic structure scheme which gives access to W= in)
the noncollinear magnetic structi#®ln this scheme, the di-
rection and the magnitude of the magnetization are allowesvhere the indexi specifies the orbital among the set of
to vary with position in real space. The treatment of theKohn-Sham orbital$¥;}. The electron density)(r), and the
noncollinear magnetic structure appears crucial for a magspin densitym(r), are found by expanding the density ma-
netic fluid like liquid oxygen. Indeed, in this liquid, the mol- trix, p, as follows:
ecules carry individual magnetic moments, which interact 1 N
with each other and may change their orientation during the  P(1) =3n(N)og+ 3[M(r)oy + my(r)oy + my(r)o,], (2)
diffusive motion. A particular interest in applying such a . .
scheme to liquid oxygen resides in the possibility of high-"here oo and oy (k=x,y,2) are the unit and the Pauli spin
lighting the local correlations between the magnetism andnatrices, respectively. The elements of the density matrix are
the structural arrangement of molecules. given by

The investigation of liquid oxygen follows an application oce.
of this generallzgd electronic-structure sgheme to small iron pap(r) = > {lﬂia(f)lﬂrg(f) +> anm(r)<ﬁln|‘//ia><¢iﬁ|:8:n>}!
clusters, where it was used for performing a simultaneous i nml
relaxation of the atomic and magnetic degrees of freetfom. 3)
The work on liquid oxygen extends the application of this
generalized scheme to molecular dynamics simqlaﬁ%ns. where the second term in parentheses corresponds to a local-
The ab initio treatment of the noncollinear magnetic struc-jzeq part of the electron density, which is peculiar to the
ture of an evolving fluid has remained a challenging task in,jtrasoft pseudopotential sche#®® For each aton, this
atomic scale theory, and most investigations still focus on thear augments the electron density using localized charge
magnetism of static configuratio%:3°In our work, the cal- density functionsQ! (r) and projector functiong'(r), cen-
culated magnetic correlation function shows a good agre€geq at the nuclear position of thh atom.

ment with results from elastic neutron scatterifig. _ In the local-axis representation, the spin density vector
The present work complements our previous study in tWOpoints along the axis and the density reads:
ways. First, we provide a comprehensive account of our

In this section, we describe a scheme for treating noncol-

1)

simulations on liquid oxygen, describing the underlying In(r) + 2m(r) 0
theory and giving a more complete analysis of our results. UpUT= (2 2 L L ) (4)
Second, we extend our previous study by a model theory for 0 zn(r) = zm(r)

magnetic excitations, which were not considered in our pre-

vious investigatiof® Inclusion of such excitations, brings Where

the calculated magnetic structure factor in much closer 2 5 2/ a1/

agreement with experiment, further supporting the overall m(r) = [M(r) + my(r) + my(r)] (5)
validity of our theory.

This paper is organized as follows: The generalize
electronic-structure theory for the description of the noncol- [ 6(1)/2 L2
linear magnetism is briefly exposed in Sec. Il. Section Il U[t9(r),¢(r)]:< e‘{’” co.s{ﬁ(r)/Z] e__¢>(> sin a(r)/2] )
contains details concerning the model system and the mo- -9 2sifo(r)i2] e codo(r)/2]
lecular dynamics simulation of liquid oxygen. Sections IV (6)
and V are devoted to the analyses of the atomic and magnetic
structures, respectively. The dynamical properties of the O
molecular unit are analyzed in Sec. VI. Our results are sum- sing=- Im p1> b= Repso 7)
marized in Sec. VII. lp1d lp1d

0and whereU(0, ¢) corresponds to the spin rotation matrix:
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occ.

. SE
Mytia == — + 2 AjSo¥ja = Eia (14)
b,

2 _
sin H:M, cosg= P P22 (8)
m m

We note that the matrix elemeps; is given by the complex
conjugate ofp;, and that four real numbers are needed to . ot
represent the density matrix at a given point in real space. MR =~ R Z A|,<‘I’| |‘I’J> =F, (15)

The present scheme does not impose any explicit condition !

on m(r), improving on earlier methods, in which atomic whereg,, andF, are the forces on the electronic and nuclear
spheres were used with a uniform direction of the magnetigegrees of freedom, respectively, and their explicit expres-

occ.

zation in each spheré:?’ o sions are given in Appendix A. We note that the two compo-
The Kohn-Sham energy of the system is given by nents of the spinor wave functions are only mixed by the
oce. force component deriving from the functional derivatives of
E [P IR = V.| - iv2, v, E,c with respect to the spin densities. This scheme provides
ol (Vi {RI1]= 2 (] - 3Vl ) the evolution of both the atomic trajectories and the spin
densitym(r).
f f n(r)n(r’)
Ir -
oce. I1l. SIMULATION
J Visa(r)n(r)dr + 2 (Wi Ve W) A. Model system and technical aspects

We modeled liquid oxygen using a periodic cubic cell of
+ Exdnm] + Ugn[{Ri}], (9)  side 11.4 A containing 32 independent molecules at the ex-

perimental density of 1.14 g/ci®® In our electronic-
structure scheme, we used plane-wave basis sets in conjunc-
tion with ultrasoft pseudopotentials to describe core-valence
interactions. Only the 4 states were included in the core,
while the other states were described explicitly. The plane-
VNL_(E |,3m>D(0)'<,8n|>tTo (10 Wwave basis sets are defined by energy cutoffs of 25 and
150 Ry for the electron wave functions and the electron den-

sity, respectively. The Brillouin zone of the simulation cell
The quantitiesgy(r), D'°!, Vi%(r), and Q\,,(r) characterize was sampled at thE point. In the construction of the ultra-
the ultrasoft pseudopotential and are obtained from calculasoft pseudopotential, we used two reference energies, both
tions for the isolated atori¥. for the 2 and 2 orbitals.

Following the molecular dynamics scheme proposed by The exchange and correlation energy was treated within
Car and Parrinelld! we construct a Lagrangian for both the the generalized gradient approximati€®GA) proposed by

whereR, represents the position ¢fh atom,Vi" the local
part of the pseudopotential, adl,, the ion-ion interaction

energy. The nonlocal part of the pseudopotentjal is given
by

nmi

electronic and atomic degrees of freedom: Perdew and WanPW91).2° In the calculation of the density
occ. gradient, we usedUpUT),, and(UppT)zz corresponding to
r= E m\wp |\I’.> il E M, R2 Eol{¥}IR,)] the diagonal elements of the density matrix in the local-axis

representation, and the resulting matrix for the exchange-
correlation ngential was regarded diagonal in the same
representatiof? In this treatment of the exchange-

+ 2 Aii(<\l’i|s4\1'i> =8, (11) correlation energy, variations of the density gradient result-

I ing from the spatial dependence @fr) and ¢(r) are disre-

wheremy, is the fictitious mas$! and M, the mass ofith  garded, andE,. only depends om(r) andm(r).*
atom. The last term in the Lagrangian corresponds to the With this setting for the electronic-structure calculations,
orthonormal constraint for the wave functions and is herewe reproduced well the properties of the isolated oxygen
accounted for through the Lagrange multiplieks. The  molecule. The ground state corresponds to the spin-polarized

occ.

overlap operator is given b$=S,0, and reads: state with a magnetization ofuz and shows a bond length
of 1.25 A, a vibrational frequency of 43.6 THz, and a bind-
S=1+2 ahdBBY, (120 ing energy of 5.84 eV, in fair agreement with the corre-

nml sponding experimental valuegl.21 A, 47.39 THz, and

Ppl2ev, respectively*? The energy gap in the Onolecule
between the highest occupied and the lowest unoccupied
states was found to be 2.4 eV. We define atomic magnetiza-

| | tions by integrating the spin density in atomic spheres with
Onm= f Qnp(r)dr. (13)  radii of 0.69 A and obtained a value of 0.8pQ for each
oxygen atom of the isolated Onolecule.
The equations of motion for the various degrees of free- It is well known that density functional calculations em-
dom are derived from the Euler-Lagrange equations: ploying the local density approximatio(LDA) generally

where d,,, corresponds to the integral of the augmente
charges:
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lead to overbinding. In the GGA, this effect is reduced only L @t
in part. Our calculation gives a binding energy for the iso- nor ' el
lated oxygen molecule which overestimates the experimental 90 e MMWW i
value by 14%. We also performed a calculation to evaluate 700 ‘ ‘ ‘ . . ‘ ‘ . B
the binding energy of the antiferromagnetic arrangement of T trénslag'ion o
two oxygen molecules in the gaseous phase. Adopting the _ MO [ wint fbuw a0 N e 0 v on b
. . < ] gy, (91 \“‘H R rU\”.‘" ol J,MMM’\ Al g, ol RN (T
rectangular geometry at the experimental distance of = 90 p”w‘ﬁ‘j\jﬂ'm,mfﬂ]’ LJ“'“U'\‘AJMW\N]«v S '”W“‘;"“'@WW W
3.56 A% we found a binding energy of 19 meV, larger than 5 70 ["! ‘ d ]
the experimental onél7.1 meV (Ref. 16 by 11%. £ _1 P 1‘4‘3) roraton 4 ? \‘u ——]
The molecular dynamics were started from an appropriate g 110 Dol “' J\‘b‘ A JM‘A \’"‘N'\‘ﬂ\ r‘\m w ot | u",' i ,}L\”j‘ "
initial atomic configuration, in which intermolecular vibra- < 90 w‘\,ﬁ,\'ﬂﬁﬂh‘mﬁ}igj"m/ﬂ'\'(*’\‘hﬂ"ﬂf*ﬁ,’(’w‘u’a'v*p“ﬁ"m'}tv‘ﬂ’*WW,’WL’Jﬁ"‘WL_
tions carried a random relative phase. The system first under- ot v PoT My
went a brief annealing cycle reaching temperatures of a few T H: m —_—y ‘ \ i 1
hundred Kelvin. Then, the temperature was fixedTat 110 '"MF\W?) V'brﬁmnm alli, "M"\‘MM" Mm
=90 K by switching on thermostafd At the temperature of 90 HHM(“H‘-WHW (‘r‘/b‘J\M’A,‘-\i‘v%w wn‘w‘r’\}\ﬁm‘v‘w‘u@\ﬂﬁv‘m‘%‘ﬂi‘ﬂh“nf-‘%www‘g\h
Tex liquid oxygen lies close to the experimental liquid-vapor 70 MUMMW U il n
hase boundar§? The system was allowed to thermalize for — : ‘ E——
g period of 5 p?The sgbsequent evolution of 14 ps was used 0 10000 20000 30000 40000

] . NS ti t f AL
for calculating the physical quantities in this paper. We used 'me (steps of Al

a fICtItIOUS mass Ofnq,ZZOO a.u. al’]d a t|me Step Of 0242 fS FIG. 1. Temperatures associated with (@ fu”’ (b) transla-

The computational cost of noncollinear magnetic structurional, (c) rotational, andd) vibrational atomic dynamics. For the
calculations exceeds that of nonspin-polarized calculationfitramolecular vibrations icd), the temperature results from a con-
by a factor which ranges between 10 and 20 depending ovolution which averages out fluctuations over a period of vibration.
details of the system. Although the relative cost depends ifThe horizontal lines indicate the imposed temperature of 90 K.
practice on a combination of factors, the most important one

results from the use of complex two-component spinor wavgnasses of the thermostats were taken to QeQ,=1
functions for every equtrotEq. (1)] rather than real single- w106 a.u. andQ,,=1x 10* a.u. These values were chosen
component wave functions for every couple of electrons agficiently large to avoid that the thermalization frequencies
in nonspin-polarized calculations. For instance, this differ-of the thermostats interfered with the atomic dynamics. In
ence leads to an increase of the computational load by gqgition, to prevent excitations of the electronic degrees of

factor of 32 in the calculation of the overlap matrix for the freedom, an electronic thermostat was applied according to
orthonormalization of the wave functions and by a factor ofihe following equationd?

8 in the construction of the electron density by fast Fourier
transformations. For our model system of liquid oxygen, we wm =&, my - )'(e[/,im (20)
obtained a global factor of about 13.

B. Thermostats and total energy Xe = 2(Eyinc = Exinco)/ Qe (21

In order to accelerate the instauration of an equilibriumwhere we used Qe=3x10? a.u. and Eyjnco=79 meV.
state, we separately controlled the temperature of the threEhrough these thermostats, the temperatures associated to
kinds of atomic motions, namely the translational, rotationalthe three kinds of atomic motions could be maintaine@cat
and vibrational motions. We thus introduced three Nosdluring the course of the simulation, as illustrated in Fig. 1.

thermostat$? defined by the Nosé variables,, X, andX,, In a proper Car-Parrinello dynamics, the Kohn-Sham en-
and obeying the following equations: ergy must not deviate significantly from the Born-
) Oppenheimer energy surface during the whole course of the
QX = 2(Ky — 29ukaTey), (16)  simulation®! Without discontinuing the evolution, we exam-

ined the excitation with respect to the Born-Oppenheimer

energy surface at several times during the simulation. We

found an average excitation energy of 4.8 m@a35 mHa,

. with a maximal deviation of 10.2 me\{0.75 mHa. These

QuoXv = 2(Kyp — 30vbkaTex) (18)  energies are typically about an order of magnitude smaller
han typical fluctuations of the Kohn-Sham enerdigg. 2).

dn terms of temperature, the observed deviations correspond

to ~1 K when compared to the typical fluctuatiofis5 K)

of the total atomic temperature.

Qrt)"(rt = 2(Krt - %grthTex) ’ (17)

wheregy, O, 0yp are the numbers of degrees of freedom an
K Kity Kyp are kinetic energies corresponding to each kin
of atomic motion. The atomic positions then follow the equa-
tion:

Ry =FIM, - %R - XR-XeRP,  (19) . Difusion
o ) To study the diffusion in our model system of liquid oxy-
whereR[', R[', and R}’b are velocities corresponding to the gen, we calculated the average mean square displacement
respective kinds of atomic motion. In the simulation, the(MSD) for atoms, given by
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g -1022.48 L Total En'ergy' ' ' ' ' ' "] al (a) x-component
3 -1022.49 MW\ 0 ff\ A n JWM AN AVM\[\
2 v AR TR o [ YAV ]
g -1022.50 42meV '45 34 102 '24 1 L i
X 0 10000 200(00 scgooc; 40000 — 4 [®)ycomponent ~ " " T "
time (steps of At o7
f 0 i U//\\/\/ o A/\ NA /\V //\rl\\A/[\VA\/A\/\//\
FIG. 2. Kohn-Sham energies in the molecular dynamics simula- S4r ]
tion. The numbers specify the deviatiofis meV) from the Born- 2 ( ) . t ) : ) : ) .
Oppenheimer energy surface. D 4 7\7&‘1"“)0”9" /\ ]
g 0 f\ YA /\/\/\’T /\/\ I f/\ A A {b\/\ /\\A f
1 c . _\/ L% v VV v/ \/ v VJ \'\/ ‘\f/_
MSD:_E <{Rl(t+t,)_Rl(t,)}2>t’a (22) L L 1 L L L L L L 1 i
N5 -.(d) madulus 3
4
0

where( )., indicates an average over initial time. Similarly,

one obtains the analogous quantity for the diffusion of the

centers of mass of the molecules. The diffusion shows stan-

dard liquidlike behavior, with both mean square displace- FIG. 4. Total magnetization of our model system of liquid oxy-

ments increasing linearly with timgig. 3). From the Ein-  gen:(a) x, (b) y, and(c) z components, an¢d) modulus.

stein relation, D=lim,_..(MSD)/6t, we estimate a self-

diffusion constanD of 2.3+0.2x 10°° cn?/s. This value is  ceptibility since the magnetization calculated in our simula-

very similar to the tracer diffusion coefficient 8ir (1.97  tion (Fig. 4 misses the contribution from electronic excita-

X 1075 c?/s) in liquid oxygen at 88 K&5 tions. In fact, at any time, our simulation reproduced the
system on the Born-Oppenheimer energy surfaceorre-

sponding to the instantaneous ground state of the electronic
D. Total magnetization system.

For a system with magnetic constituents, it is interesting As the total magnetization fluctuates, the individual mag-
to monitor the total magnetizatiod o in the unit cell. The Netic moments associated with the molecules rotate continu-
typical time evolution ofM,, is shown in Fig. 4, where we Ously covering all spatial directions in an essentially uniform
did not apply any artificial rotation during the course of Way (not shown. During such rotations, the modulus of the
the simulatiorf® Each component ol fluctuates around —atomic magnetizations shows very small fluctuations, indi-
zero. For the time average d¥l,, we obtained(M,,)  cating that.the spin of ea_lch oxygen njole_cule is well pre-
=(-0.03,-0.03,0.34in units of ug per cell. Other averages served during the simulation. The distribution of calculated
gave(|Mof)=3.1 g and(|Mo(2)=11.7 2. These averages moduli is shown in Fig. 5. The distribution shows a peak

are all much smaller than the corresponding values for é{vith aslight tail for small values. The tail_is explai_ned by the
hypothetical ferromagnetic alignment observation that the molecular electronic state is perturbed

The fluctuating total magnetization is consistent Withdurlng collisions, entailing a small reduction of the atomic

_ . . : .. magnetic momentcf. Fig. 21 below. We found a mean
Mie)=0, as appropr'late for a paramagnetic fluid. At finite value of 0.805ug, almost the same as for the isolated O
temperatures, a relation subsists between the average ﬂucufﬁblecule(o 800 15)

tion of the magnetization and the magnetic susceptibility.

20000 30000 40000

time (steps of At)

0 10000

However, our results cannot directly be connected to the sus- 120
18 100 t
/ .
16 // L oo}
1 4 Z 5 60
< % Z
— 10 7 B 40
2 8 e S
=
6 20
4 P 0 . ) . L 1 L
2 /4 0.76 0.78 0.80 0.82
o magnetic moment ( ug)

0 2 4 6 8 10 12 14 o . '
time (ps) FIG. 5. Distribution of atomic magnetic moments as found dur-

ing the simulation of liquid oxygen. We estimated atomic moments

FIG. 3. Evolution of the mean square displacem@igED) in by integrating the spin densities within atomic spheres with radii of

our model system of liquid oxygen, for atortthick) and for mo- ~ 0.69 A. For comparison, the atomic moments for the isolated mol-
lecular centersthin). ecule are 0.80Qug.
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2 [ 3
2_
1_
SEE (D M ALl
0 1 2 3 4 5 6 7 8 0 : : :
-t 2 3 4 5 6 7 8

r(A)

FIG. 6. Radial distribution functions for atomgy(r) (solid), FIG. 7. Radial distribution functiog.(r) for molecular centers.

compared with the experimentally derived functi@otted (Ref. . . ) . . .
11). The two thin curves correspond to a decomposition separatina-}{) r:en\e/?g;ﬂgilri?lgrinf)ﬁ);;:%gfydCI)Stances and their associated weights
-0,.

the contributions from the closest and farthest O atom in each
molecule.
The radial distribution function for molecular centers

Within the atomic regior(r,<0.69 A), the directions of ~9¢(r) (Fig. 7) shows two peaks at 3.8 and 6.8 A, separated by
the spin densitym(r) are almost parallel to the averaged a minimum at 5.3 A. '_rhe positions o_f the _Iatter two f_eatures
value, more than 99% of the grid points in the atomic spher&.Orresloond to. those iga(r), thereby implying that or'lenta-
being aligned within 1° with respect to the averaged magne'i!Onal qo_rrelatlons are sup_pressed beyond the location of the
tization. The averaged atomic magnetization for one oxygelflIrSt minimum. A comparison can be _drawn betwefﬂ; the
atom in a given molecule shows almost the same modulu tr:uc]:[.ure |r;]tr|1|e Iflqwdl anc: the_xt 'nhthT‘. sqhd przsgﬁm? '
and direction as that for the other oxygen atom in the sam 1e first shell of molecules in the iquidintil 5.3 A) con-
molecule. Maximum differences are 0.9 and 0.2° for tains 13.0 molecules, quite closg to the averag'ed number of
modulus and direction, respectively. Consequently, the indi-mOIeC“IeS(l:g'5 molecule);occumng up to the third shell n

v-O,. Furthermore, as shown in Fig. 7, the structural simi-

vidual oxygen molecule in the liquid essentially preserves’ 72- -
the magnetic properties of the isolated molecule. %tizlt%rls further supported by the overall shape of the distri-

IV. ATOMI TRUCTURE
OMIC STRUCTU B. Nuclear structure factor

A. Radial distribution functions The structure factoS(Q) is of interest because experi-

The radial distribution functiog(r) provides orientation- mentally accessible by neutron diffraction measurem¥nts.
ally averaged information about the structural arrangemeriVe calculated the structure factor as function of transferred
of the particles: momentumQ from the atomic configurations in our simula-

n(r) tion as follows:
_VYo
oN="7 (23 .

2

N
2 e IQR,
I

(24)

whereuv, is the volume per particle am{r)dr represents the
number of particles in the radial shell defined by the radii
andr +dr. Figures 6 and 7 show the radial distribution func-
tions of atoms and moleculeg,(r) andg.(r). Including in-
formation derived from the corners of the simulation ééll,

whereN is number of atoms an¢l) represents a time aver-
age. The resulting structure factor is characterized by a sharp
peak at about 2 A, a shoulder at 4 &, and a broader peak

. ) - . = at 6 A1 (Fig. 8. The comparison between theory and ex-
we investigated a radial range extending up ¥8L/2  neriment is overall very good, as shown in our previous
(~8 A), wherelL is the side of the cubic cell. In Fig. 6, the work 20

sharp peak at 1.24 A corresponds to the intramolecular struc- The structure factor is connected to the radial distribution
ture. The distribution beyond 2.3 A corresponds to intermo+nction g.(r) by Fourier transformation:

lecular correlations, showing peaks at about 3.6 and 6.8 A,

separated by a minimum at 5.3 A. All the main features in 4 [~ )

the calculated radial distribution function are also observed SQ=1 +6f PanPa(r)r siN(Qr)dr, (25

in the experimental function derived by Clarket al!! In 0

particular, the shoulder at about 4.1 A is observed in both thevherep,,, is the number density of atoms. This relation can
calculated and experimental curves. This feature arises froibe used to understand the origin of the peaks in the structure
second nearest atoms in neighboring molecules, as shown Ifgctor in terms of real-space correlations. The sharp peak in
the decomposition in Fig. 6. the structure factor results mainly from the diffraction due to
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TABLE I. Definition of four order parameters specifying the
alb relative orientation of two neighboring molecules. and 6, give
the polar angles between the respective molecular axes and the
direction connecting the molecular centegsis the dihedral angle
5 3t between the planes formed by the respective molecular axis and the
@ axis connecting the molecular centers. The last column gives the
2 b~ spherical averagqsg of the order parameters in the case of uncor-
related orientations.
Fs@) T g ] Type a P01, 02, ¢) Py
Oo T 2 s 4 3 1é - 7 PP H a Sir? 6, sir? 6, cog ¢ 0.222
QA X b Sir? 6, sir 6, sirfe 0.222
FIG. 8. Structure factor of liquid oxygesolid) compared to the T ¢ Sir? 61 COS’ 6+ COS 0 SifF 0 0.444
structure factoiS,cor(Q) derived in the approximation of uncorre- I d cos 6, cos 6, 0.111

lated orientationgdotted-dashedFor clarity, these structure factors
are shifted by +1. The structure fac8j,co(Q) is constructed from
F.(Q) (short-dashex] F,(Q) (dotted, andS.(Q) (long-dasheplac-  coherent part ané(Q) - F,(Q) with the incoherent part of
cording to Eq.(26). the scattering. For simple atomic liquidd— 0), the inco-
herent scattering part vanishes. For a molecular liquid, how-
atoms be|0nging to different molecules, at the Origin of the€Vver, there is an internal atomic structure in the molecules,
broad peak at 3.6 A ig,(r) (Fig. 6). The oscillation ing(Q) ~ Which gives rise to the ternfr,(Q)—F»(Q). The peak at
giving rise to the peak at 6 A arises from the intermolecu- 6 A™*in S(Q) demonstratively shows the incoherent diffrac-
lar correlation at 1.24 A ing,(r). Using relation(25), we  tion of the molecules. The derivation of the formulation for
could not so clearly identify the origin of the shoulder at uncorrelated orientations is shortly reviewed in Appendix B.
4 A~1in S(Q). We show below that this feature results from  In Fig. 8, we compare§,o(Q) with S(Q). In the calcu-
a specific structural arrangement involving two molecules ofation of §;,¢,(Q), we derivedS.(Q) from the molecular

the liquid. centers in the simulation, anB;(Q) and F,(Q) from the
bond length of the isolated molecule. TI8g,con(Q) is in
C. Approximation of uncorrelated molecular orientations good agreement with th&Q) for Q<2.5 A™' and for

To understand the structure 8fQ) in greater detail, we Q>5 AL In particular, it is interesting to focus on the peak

1 . . X )
considered the approximation by which the molecules in thefg 2 ':} , Which _r(isgltts ftrhom tr;]e flrstt pe"ﬂ( 'SC(Qf) an%_: i
liquid show statistically independent orientations. In this ap- erefore associated to the conerent scattering from ditieren

proximation, the structure factor becomniés: molecules. The good agreement betw&no(Q) andS(Q)
for this peak implies that this peak does not carry informa-
Sincorl@Q) = F1(Q) + Fo(Q)[S(Q) — 1], (26) tion on the relative orientations of neighboring molecules. In
the intermediate range between 2.5 and 3, Ahe S,ncon(Q)
differs significantly fromS(Q), indicating that the approxi-
2 mation of uncorrelated orientations is only partially valid in
(27) liquid oxygen. In particular, the shoulder at 4%Ain S(Q)
cannot be accounted for in this approximation.

where
N/2

E e—iQ'fi
i

2
S(Q) = N

1 .
F1(Q):§<‘ > e'oR

1=1,2

2 .
> =1+j,(Qd), (28) D. Order parameters for local structure

To further examine the short-range molecular correlations,
1 we defined four order parameteps describing the relative
F,(Q) = _‘< > e-iQ-R|>’2: 2jo(Qd/2)1?, (29) geometry of two moleculegf. Table ). In Fig. 9, we report
2|\ |z1,2 the order parameters as a function of distance between the
molecular centers, averaged over the configurations in our

jo(X) = sinx/x. (30)  simulation of liquid oxygen:
The structure facto&.(Q) in Eq. (27) is calculated from the 7]
molecular centers;, specifying the position of the center of 2 Pa(61,65,9) 81 = 1)
mass of théth molecule F,(Q) andF,(Q) are different mo- (pp? = i \ , (31)
lecular structure factors, both averaged over the molecular o 3
orientations. The parametdrrepresents the bond length of Pa : a(r = rij)

the molecule. Bond length fluctuations are neglected in this
approximation, but would in any event not affe®f,.o(Q) ~ wherer;;=|r;—rj|. As shown in Fig. 9, the short-range corre-
significantly (cf. Fig. 10. We identify F5(Q)S.(Q) with the lations between two molecules are governed by H-{ypet-
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A =
k=1
o [42]
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(o] o1
acAh

FIG. 10. Intra- and intermolecular contributions to the nuclear
structure factor. Upper panes(Q) (full curve) and the function

F -1 (dotted curve Lower panel: .
FIG. 9. Averaged order parameters as a function of distance Q=1 o P SneedQ)

between molecules. Their definition is given in the text. The ball <38 A
and stick models represent the geometry maximizing the respective 2/ "
order parameter. Shied Q) = N > cofQ Ry}
(13)
angulay configurations in which the molecular axes are par- o [ 38<rj<53 A
allel. This result indicates that the preferred correlations in N > codQ-Ry}
the liquid correspond to those found both experimentally and 9
theoretically in the gaseous phdSe. 5 [ ri=5:3 A
Inspired by the structure of soIi¢Qz,1v48 Brodyanskiiet +={ 3 codQ-R} ), (35)
al. suggested the formation of quasi-one-dimensional chains N

13)

in liquid oxygen? The short-range correlations found in

H-type geometries can be regarded as the basic unit of sughere the distances of 3.8 and 5.3 A were chosen to corre-
one-dimensional chains. Visual inspection of the moleculagpond with the first peak and the first minimumgr) (Fig.
trajectories rules out the formation of longer molecular7)' Figure 11 shows that the three components in(g8). all
chains in our simulatio”® However, our result cannot be contribute to the sharp peak at Z%Ain S,(Q). It also
definitive about the occurrence of longer chains in simula;nhears clearly that the sharpness of this peak results from a
tions with larger periodic cells or at lower temperatures.  emarkable cancellation between distance-dependent contri-
butions.

) ) It is also immediately clear from Fig. 11 that the peak at
In order to analyzé&(Q) in terms of intermolecular corre- 4 A1in S,(Q) results from the diffraction of molecular

lations, we decompose8(Q) as follows: pairs separated by less than 3.8 A. We further analyzed the

E. Interpretation of nuclear structure factor

S(Q) =1 + S Q) + See Q) (32
2 1#J(intra) 61
Swa(@=1\ 2 codQ-Ry}), (33) 5t
13)
4 L
2 (inten A3
Sne(Q =\ 2 codQ Ry} ), (34 < 38<rij<53
(13) 2o h oS
£ >
whergR|J=R|—F_zJ and the termsmra(Q)_ andSe(Q) _result w 1
from intra- and intermolecular correlations, respectively. The
term S2(Q) includes the effect of bond length fluctuations, 0 B
but, as shown in Fig. 10, agrees nonetheless very well with 1 E i
the corresponding quantify;(Q) -1, in which these fluctua-
_2 1 L L 1

tions are neglecte¢cf. Sec. IV Q. The intermolecular term
Snie Q), also shown in Fig. 10, is characterized by two main 1T 2 3 4 5 8
peaks at 2 and 4 &, which correspond to well recognizable

features in the tota®(Q) ,(F.'g' 8). . FIG. 11. Contributions to the intermolecular structure factor

To understand the origin of the peaksSp(Q) interms g (Q) distinguished on the basis of distar(cg) between scatter-
of real-space contributions, we distinguish contributions tang moleculesr;; < 3.8 A (upper brokep 3.8<r;;<5.3 A (middle
Shed Q) according to the distance between molecular cenbroken, r;;=5.3 A (lower broken. The full Sye(Q) is shown for
ters: comparison(solid).
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10 +
. (a) spin up in mol. 5
3
g
S 5 | A n
— Q
73]
g’ £ o0
£ %)
[72] § 5F
10 {b) spin down in mol.
-1 . 6 ¥
1 2 4 5 6 E (¢) liquid
Q(A") =
g 4
FIG. 12. Contributions to the intermolecular structure factor g
Shtel Q) resulting from molecules which are closer than 3.8 A, fur- ;)’
ther analyzed in terms of the order parametegs,p,, p., andpy, Q 2p
from top to bottom. o M
0 I

I . . . 2 20 -15 -0 -5 0 5
contribution resulting from pairs of molecules with energy (eV)
r;<3.8 A in terms of the order parametes:

<38 A FIG. 13. Electron eigenvalues f@a) spin majority andb) spin
ijj<s-

2 P61, 05, ¢) minority states of the isolated @nolecule in its ground state, com-
N % o0 cofQ Ry} /. (36)  pared to(c) the density of states of the liquid. For the liquid, the

density of states is derived from both Car-Parringtiotted and
From the resulting four structure factors in Fig. 12, it is fully relaxed eigenvaluegsolid). The energy levels were broadened
found that the H- and X-type geometries contribute to théNith a Gaussian fulnction with a width of 0.2 eV. The vertical line
peak at 4 A%, while the T- and I-type geometries give van- indicates the Fermi level.

ishing contributions to this peak. Hence, we are able to con-

clude that the shoulder appearing at 2'An the full S(Q),

which cannot be accounted for by the uncorrelated orienta- The DOS of the liquid corresponds well to the eigenval-
tion model, indicates a predominance of H- and X-type mo-ues of the isolated ©molecule. The condensation in the

lecular arrangements at distances smaller than 3.8 A. liquid state only associates a broadening to each eigenvalue.
This broadening results primarily from thermally induced in-
V. ELECTRONIC AND MAGNETIC STRUCTURES tramolecular vibrations, as revealed by electronic structure

calculations for @ molecules with different bond lengths.

This result is consistent with the observation that the largest
Since the model system of liquid,@emained close to the broadening is observed for the deepest energy levels, associ-

Born-Oppenheimer energy surface during the course of thated to thes-bonds of the & orbitals.

simulation, the electronic density of statd30S) of liquid The exchange splitting in the isolated @olecule gives

O, could be obtained from the Car-Parrinello eigenvaluesrise to an energy gap of 2.4 eV between occupied and unoc-

through diagonalization of the matrik; in Eqg. (14). Figure  cupied energy levels. In the liquid, this energy gap is pre-

13 gives the electronic DOS of liquid Qobtained as an served. We estimate a gap of 1.9 eV, only slightly reduced

average over an ensemble of configurations selected afith respect to that of the Omolecule. The reduction should

equally separated intervals of 156 time steps. be attributed to the broadening of the bands. In fact, the
We validated this procedure by considering the averagenergy difference between the centers of the highest occu-

DOS obtained for a limited set of configurations for which pied and lowest unoccupied bands is found to be 2.4 eV,

the electronic degrees of freedom were fully relagefdSec.  essentially unvaried with respect to the, @olecule. The

l1). The fully relaxed eigenvalues were found to differ by atpersistence of an energy gap in the liquid state is related with

most 16 meV from those derived from thg; matrices for  the occurrence of a well defined magnetic state for each mol-

the same configurations, and the overall DOS associated tcule. We note that our simulation indicates that the modulus

the occupied states is nearly indistinguishable from that obef the molecular magnetization was found to show only a

tained from an extensive average over Car-Parrinello eigenrery small spread around its average valbig. 5).

values(Fig. 13. This good agreement lends support to the

density of unoccupied electronic states of liquid derived

from the limited set of configurations for which the elec- B. Real space magnetic correlation

tronic structure was fully optimized. For comparison, we

also report in Fig. 13 the calculated eigenvalues for the iso- In order to study the magnetic structure, we introduce a

lated Q, molecule in its ground state. magnetic correlation function in real space:

A. Electronic density of states
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i
Z m; - m;8(r —ry;)
ij

cr = — (37)
M2<E ar _rij)>
ij

wherem; is the magnetic moment of théh molecule ange

the average magnetic moment. For the molecular magnetic
momentm;, we take the sum of the corresponding atomic
moments, introduced in Sec. Il D. The denominator in Eq.
(37) is proportional to the radial distribution of molecular
centersgq(r). The calculated correlation functiof(r) is
shown in Fig. 14(bottom panel At short distanceguntil

4.4 A), antiferromagnetic correlations prevail and grow with 3 4 5
decreasing distance until they appear to saturate in the range r (A

2.5-3.1 A. At larger distances, the correlations are first fer-

romagnetic between 4.4 A and 7 A, and then again antifer- FIG. 14. Magnetic correlation functiol©(r) (solid, lowest
romagnetic beyond 7 A. At the position of the first peak incurve and magnetic radial distribution functio®(r)g.(r) (other
g.(r) (r~3.8 A), antiferromagnetic correlations dominate. solid curves. The broken curves correspond to magnetic radial dis-
Ferromagnetic correlations set in only at distances corretributions functions weighted according to the order paramegtgrs
sponding to the tail of the first peak @a(r). In order to show  Pa: Po: Pc; @ndpq (see definition in teyt

the distribution of the magnetic correlations according to

their statistical weight, we also give in Fig. 14 the magneticsults of our simulation should be compared. The magnetic
radial distribution functiorC(r)g.(r). In this function, a peak structure factor(Q) is derived from the differential cross
corresponding to antiferromagnetic correlations occurs asection and is associated to the spin density of the
3.7 A, essentially at the same position as the first peak irlectronst?

A ]

6 7 8
)

(1)
To understand the relation between magnetic and struc- do =sl(Q), (39)
tural correlations, we weight the magnetic radial distribution dQ
function according to the order parameters
o 2 2
4 I(Q)=—<Udrm(r)eXp(—iQ-r) > (40)
2 m; - m;p,ar = ry) N
gy(r) = J A ——gc(r). (38)  where u3 is the square of the molecular magnetic moment
2.0 ands is the cross section of the isolated molecule:
MP, E ar—ryj)
L 5= 5S(S+1)(gus)?, (41

The resulting four functions are compared to the magnetic
radial distribution functiorC(r)g.(r) in Fig. 14. At the short- So=4.84X 1072(b/sr -,uzB). (42)

est.distgnce$2.5—3.1 A, where a saturated antiferromag- In Eq. (41), we took a spin angular momentus 1 (in units
neth alignment Was_observe_d &X(r), the H-type geometry of #) and ag-factorg=2, as appropriate for the oxygen mol-
dominates. As the distance increases, the X-, T-, and I-tyPEcyle.

geometries intervene sequentially. Ferromagnetic alignment \yia calculated the magnetic structure fad{@) using the

in the first neighbor shell is not favorable for any type of _ .. ; . : :
geometr andgcomes in at larger distances irregpgcptive Op|n densitym(r) associated to the valence wave functions in
geometrz type ur simulation, the contribution from core electrons being
The ferromagnetic alignment, observed in Fig. 14 for dis_giglr?zlzlg.bASaShr(z)VrTir:gn:Ig.e;I?,z:thi gig::éaf(gi) ;ig?a:lt
tances from 4.4 to 7.0 A, is unlikely to result from a direct 5 37 yap P ' g P
magnetic interaction because of the vanishingly small cou- Before addressing the comparison with experimental data,

pling calculated in Appendix C for such distances. More C L .
likely, the predominance of the antiferrromagnetic interac—c first interpret the origin of the features appearin¢(i@).

tion at short-range distancds=2.5-4.4 A causes ferro- To this end, it is particularly convenient to resort to an ap-

magnetic correlations between second nearest neighbors proxima}tion c_:f _uncorrelated orientations of molecular mo-
ments, in a similar way as for the nuclear structure factor in

Sec. IV C. The detailed derivation is given in Appendix B
and gives:

The magnetic structure factor has directly been measured UNCONT _
by spin-polarized neutron diffraction and therefore consti- I (Q =Fm(Q) + Fro QSr(Q) = 1], (43)
tutes an important experimental quantity with which the re-where

C. Magnetic structure factors
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FIG. 16. Comparison between the orientationally averaged mo-
lecular magnetic form factor,,; (solid) andF, (dasheyl calcu-
lated in this work and the corresponding form factgf§) (dashed-

FIG. 15. Comparison between the magnetic structure factorslotted and |(f)|? (dotted obtained by Kleine(Ref. 51).

1(Q) (solid) and 1Y"°"(Q) (dotted. Note thatl(Q) and 1Y"°"(Q)
barely differ from each other. Also shown are the structure factor of
molecular magnetic momeng,(Q) and the molecular form factors
Fo andFp.

Figure 15 shows the comparison betweHi®) and
[uncon@Q), along with the structure factorS,(Q), Fmu(Q),
and F,(Q), which composel“"°(Q). The approximated
[unconQ) is found to reproduce(Q) extremely well. This
2>’ (44) indicates that it is possible to reconstruct the full spin density
from the magnetic form factd®,(Q) and the orientations of
the molecular magnetizations. Moreover, the good agreement
_ 2,2 with [""€°"(Q) provides a basis for interpreting the main fea-
Fru(Q) = (u(Q o, (45 tures inl(Q). The prominent peak at 1.2°Aand the slight
2 2 dip at 2 At are seen to originate from the oscillating shape
Fro(Q) = Ku(QN) g (46)  of the magnetic structure fact@(Q). At large values of

_1 .
The structure factoiS,(Q) associated with the molecular Q (=3-8 A™), the fast decay oF(Q) caused(Q) to coin-
magnetic moments is connected to the magnetic radial di&ide With Fm(Q) [cf. Eq. (43)]. For vanishingQ, '2t IS seen
tribution functionC(r)g.(r) by Fourier transformatiof? from Eg. (40) that I(Q) |s.proport|onal t°<|Mtot|_> and is
therefore expected to vanish for a paramagnetic system. The
i ) finite value of (Q=0) in Fig. 15 only reflects a finite size
SH(Q=1 +6 PmolC(1)Ge(r)r sin(Qdr,  (47)  error associated with the finite duration of our simulation.

0 Our analysis shows that the main featured (@) relate
wherep,o is the number density of molecules. The orienta-with the magnetic structure fact®,(Q). It is therefore of
tionally averaged magnetic molecular form factéts; (Q) interest to associate the structure in the latter function to
andF»(Q) are known as Kleiner factof,and can be esti- real-space correlations. We decomp&¢Q) into different
mated from the Fourier transform(Q) of the spin density of contributions pertaining to different distances between mol-
the isolated @ molecule (cf. Appendix B. We note that, €cules:

2 .
— amiQr;
SHQ) = NM2< ‘ S me

under the additional approximation of spherical spin density rj<4.4 A
for the molecule, one deriveB,;(Q)=F,,(Q), which di- SHQ=1+— > m .mje_iQ'rij
rectly leads to the formula fol(Q) given by Deramaret Nu ij(i#])
al..’’? 1(Q) =F»(Q)S,(Q). However, we show below that 4.4r;<7.0 A
this additional approximation does not account correctly for + 2 E m: - m.e Qi
the behavior ol (Q) at large values o). Ne?\ 5650 b
The molecular form factor§,, and F,, calculated in C 70 A
this work, are compared in Fig. 16 with the corresponding 2 ) Lo
(|f[% and|(f)|2, originally derived by Kleiner from Mecklers’ + N2 ij%j) m; -mje ="/, (48)

ground-state electronic wave functi®hAlthough the overall
shape is found to agree quite well, our form factors are foundvhere the limits at 4.4 and 7.0 A were taken from the roots
to be slightly larger than Kleiner's ones at least for smallof C(r). The resulting contributions are shown in Fig. 17. It
values ofQ (Q<6 A1 for F,; andQ<4 A1 for F,). We  clearly appears that the dip at 2 Rresults from the short-
note that theQ values considered in Fig. 16 are sufficiently range antiferromagnetic correlatiofrs< 4.4 A). We verified
small to be well described within the pseudopotential framethat such a large dip is not formed when the sum is restricted
work adopted in our work. to very small distance$r <3.1 A), corresponding to satu-
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smaller than 1 Al and the height of the main peak. Gener-
ally, the behavior at smalD values may be sensitive to long
distance magnetic correlations, or thermal magnetic fluctua-
tions. We attribute this difference to the fact that the magne-
tization m(r) derived from the wave functions in our simu-
lations corresponds to the instantaneous electronic ground
state, thereby missing contributions to the magnetization due
to electronic excitations occurring at finite temperatwg
Sec. Il D). In the following section, we support this inter-
pretation by accounting for these neglected contributions
within a simplified scheme.

D. Thermal magnetic fluctuations

In our first-principles molecular dynamics simulation, the
system evolved on the Born-Oppenheimer energy surface,
thereby neglecting thermal electronic excitatiéh$o exam-

FIG. 17. Contributions to the magnetic structure facQ) e \yhether consideration of such excitations could affect the
-1 (solid) distinguished according to distance between molecules;

rj<4.4 A (dashegl 4.4<r;<7.0A (dashed-dotted and rj gﬁfmpari.soln between t_heory and exlperiment for tlf;e magnetilc
7.0 A (dotted. erential cross section, we deve oped a simpli |e_d _mode
scheme. We described magnetic excitations within the

rated antiferomagnetic correlations. From Fig. 17, it isHeisenberg model:
also seen that the peak at 1.2'Aresults from both the
antiferromagnetic (r<4.4 A) and ferromagnetic shells H= 2 Jijm; - mj, (49
(4.4<r<7R). n

The calculated (Q) is compared in Fig. 18 with experi- where the sum is performed on nearest neighbor pairsland
mental data from polarized neutron diffraction corresponds to the exchange interaction betweertthand
measurements. Overall, the agreement between theory andjth molecules. For every atomic configuration, we assumed
experiment is fairly good. The dip at 27Ain the calculated that the directions of magnetic momefits;} found in ourab
[(Q) reproduces the trend in the experimental data and thiitio molecular dynamics simulation correspond to the ori-
shoulder observed around 1—1.5"An the experiment cor- entations of the magnetic ground state. The Heisenberg
responds well to the main peak in the calculated result. FurHamiltonian then describes the thermal fluctuations with re-
thermore, the tail at large values @fvalues, which mainly spect to the ground-state magnetic structure. Assuming a
results from the molecular form factér,;, agrees well with  mean field approximation, the motion of each individual
the experimental data. This agreement lends support to oumagnetic moment is governed by an effective magnetic field
F.1, which showed significant differences with respect todetermined by the magnetic interactions with neighboring
Kleiner's (|f|?) for large Q values(Fig. 16). molecules. In this mean field approximation, £49) takes

Figure 18 also shows differences between the calculatethe form:
and the experimentd(Q). These concern the region f

H=- E h, cosé;, (50)

where 6, is the angle between the direction of the excited
magnetic momenin; and its ground-state orientation ahd

is proportional to the effective magnetic field acting on the
ith molecule. The model can be simplified further. In consid-
eration of the result in Fig. 5, we assumed rigid moduli for
the magnetic moments and replaced these moduli by their
average in the derivation of E¢50). To make possible a
practical calculation, we further neglected the dependence of
the effective magnetic field on the individual molecule. In
this way, our model contains a single free paraméateor-
responding to the average effective magnetic field acting on
FIG. 18. Differential cross sections of elastic neutron scatteringn® Molecules. We here used this energy scheme in a stochas-

calculated with(thick) and without(thin) the finite temperature cor- UC samplln_g procedu_re. _ _ _
rection, compared with the experimental result of Deraratial. For a given atomic configuration, we sampled magnetic
(data with error bais(Ref. 12. The thin dotted curve correspond to configurations at finite temperature using a Monte Carlo
the molecular form factosF,;(Q). Inset: Differential cross sections method and the Metropolis algorithm. This procedure is re-
at temperatures of 90 Kthick solid), 82 K (thin dasheyl 70.8 K peated for every atomic configuration retained from abr
(thin dotted, and 54 K(thin solid). initio molecular dynamics simulatiafone out of every 1000

do/dQ ( barns/sterad/mol )
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340 TABLE Il. Temperature dependence of the thermodynamic
5 quantities|(0), x(T), and ©=T/I1(0)-T. Experimental data from
2 320 Ref. 13 are given in parentheses.

@

[{e]

5 300 T (K) 1(0) x(T) (10°® emu/g 0 (K)
& 280 % N 1 54 0.504(0.533 293 (309 53.1(47.3

260 | x 3 ] 64.2 0.566(0.584 276 (285) 49.2(45.9

x 70.8 0.600(0.613 266 (271) 47.2(44.7)

Mo 77.4 0.633(0.641) 256 (260) 44.8(43.3

% 60 65 70 (K)75 80 8 90 90 0.687(0.687) 239(239 41.0(41.0

FIG. 19. Temperature dependence of the uniform magnetic sus- ) ) ) )
ceptibility: present theorycrossey experimental data from Ref. 13 tion in a paramagnetic system of localized spins. Assuming a
(diamonds, and Curie-Weiss law wit® =41 K (solid). The verti-  temperature-dependent Weiss temperatunes found that
cal lines indicate the boundaries of the liquid phase. the calculated susceptibilities are consistent vidttvarying

from 53 K atT=54 K to 41 K atT=90 K (Table II), show-

\ ; . 4
steps. The generated configurations were used for estimatin§'9 the same decreasing trend as the experimental tata.

; ; As shown in Fig. 19, the magnetic susceptibilities vs tem-
in Eq. (44), and consequently'™°"(Q) in Eqg. (43). In e L
tSrTi](sQ():alcuI?;lti(on) we fixed t?]e mgan ]Ei(gl)d pa?agnelzeat perature calculated within our simplified model scheme suc-

207 K2? so that the magnetic susceptibility derived from cessfully reprot_juce the experimgntally ob_served trend. How-

1(0) at,90 K reproduced the experimental vald@he result- ever, the variation of the theoretical data is less pronounced,
i " : 0

ing magnetic differential cross section is shown in Fig. 18 forunderesnmatmg the experimental data by at most 5%. We

a temperature oT=90 K. One notices that the account of note that this difference cannot be explained in terms of our

thermal magnetic excitations noticeably improves the Com_neglectmg the temperature dependence of the structure. In

parison with experiment, particularly at small valuesQf fact, the structure of the liquid at lower temperatures would

The theoretical peak at 1.2 Ais now broadened and the dip Iﬁ\é?ébthﬁm];g:matﬁ]g soljs?entltfi?)gi?m:\?gr?tlrﬁofgnfolg\]/lgrztﬁor':ﬁé
with respect to the molecular form factér,;;(Q) occurring y 9 P Y y ’

at 2 A1 suppressed achieve_d agreement does not represent a signiﬁcant improve-
. ment with respect to the agreemdr7 %) achieved by the
Under the assumption that thermal effects due to eIeC'Curie-Weiss law with a Weiss temperature chosen to repro-
tronic excitations dominate those associated to structural rey h ; tal t'b'l'tp e — P
arrangements, we studied the temperature dependence ofce the experimental susceptiblity & URg. 19.

[(Q) using the structural configurations from our simulation. The effective mean field acting on each_molecule was
. . . 'treated above as a free parameter. In Appendix C, we provide
Our Monte Carlo calculations show that, with decreasin

temperature, the main peak at 1.2%ecomes sharper and Y%n order-of-magnitude estimate of this value based on the

. ; first-principles calculation of interactions between two mol-
the value ofl (Q=0) decreaseg¢Fig. 18, inseL For a system . : :
. < . ! . ecules. This estimate gives a val =132 K, smaller b
of localized spins, the magnetic structure factot(@) in the cu’e S © ae gives uehef= 13 S or oy

LT _ 36% with respect to the adopted value lf{(207 K). The
thermodynamic limi{Q— 0) reads: good agreement as far as the order of magnitude is concerned

1(0) = 3kgTx(T)/S(S + 1)(gus)?, (51)  further supports the validity of the adopted model scheme.

Our procedure for estimatiniy., also revealed that this pa-

where kg is the Boltzmann constant angT) the uniform  rameter is sensitive to the amount of H-type correlations.
isothermal magnetic susceptibility at the temperafurlote ~ This observation might provide a clue for improving the
that magnetic interactions between molecular magnetic mamodeling of x(T) beyond the simple scheme introduced in
ments and their thermal fluctuations are includeg(m). In this work.
Fig. 19, we give the magnetic susceptibilities obtained within

our model scheme for temperatures corresponding to the lig- VI. DYNAMICAL PROPERTIES OF O , UNITS
uid phase. The results are also summarized in Table Il. The ) )
calculated susceptibilities were found to increase with de- A. Residence time

creasing temperature in accord with the trend in the experi- Although the diffusive behavior of liquid Qs trivial, the

mental datd® However, the variation in the theoretical data dynamics of the individual molecules is complicated by their

is not as pronounced as in the experiment. molecular form and their magnetic interactions. The occur-
It is convenient to interpret the magnetic susceptibilitiesrence of correlations in the nucleéBec. 1) and magnetic

in terms of the functional relation given by the Curie-Weissstructure factorgSec. V) of the liquid suggest that the mol-

law: x(T)=C/(T+0O), whereO is the Weiss temperature and ecules show a tendency toward the formation gfu@its.

C the Curie constant fixed at the theoretical value for nonin- To investigate the typical time scale associated to the for-

teracting moleculesC=N,,S(S+ 1)(gug)?/3Ks, N, being the  mation of Q, units, we turn to the scheme for estimating the

number of magnetic particles. The Weiss temperature geneaverage residence time introduced by Impeéal.>3 Assum-

ally represents the effective strength of the magnetic interadng a cutoff radius ofr;=3.1 A for defining colliding mol-
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FIG. 20. Direct residence timgistogram and time distribution f—g’, o
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whereP;;(t,,t)=1 when thath andjth molecules stay within FIG. 21. Structural parameters vs time for a pair of molecules

a radius ofr. between the time stefs andt,+t, and other- forming an Q unit. First panel: distance between molecules. Sec-
wise P;(t,,t)=0. The sum ovet, corresponds to sampling ©ond panel: angle#, and 6,. Third panel: angle, and angle(6y)
over a series of times in the simulation. Sint¢) is gener- between the orientations of_ the respective molecula_r magnetic mo-
ally found to decay exponentially)(t)=n(0)exp(-t/7), we ments. Fourth panel: magnitudes of the corresponding moments.
take its damping rate as definition of the average residence
time 7. The curve for logn(t) in Fig. 20 indicates that the closely on two occasions in Fig. 21: at10 ps and at
decay ofn(t) is indeed well represented by single exponent ~13 ps. On both occasions, the molecules assume an almost
up to times of about 0.6 ps. From the slope of fg), we ~ rectangular geometrys; = 6,=90° and¢=0) and their mo-
estimated a value of=0.16 ps. For comparison, we also 'ecular magnetic moments show an antiparallel alignment
evaluated the residence time directly by considering the timéfm=180°). During their approachment at10 ps, the two
during which a pair of molecules remained within a distancenelecules gently oscillate in antiphase around the rectangu-
determined byr.. Figure 20 also shows the distribution of lar geometry, suggesting that this configuration corresponds
such direct residence times. to a transient bonding state. Furthermore, the magnitudes of
To examine whether the residence time depends on th&® molecular magnetic momentg, and w;) decrease,
relative geometric orientation of the colliding molecules, wethereby implying that the electronic structure is subject to a
distinguished molecular pairs using the order parameters perturbing interaction .w.h|ch delocalizes the spin dgnsny
Focusing on pairs for whicp,>0.8, we calculated the cor- Over the Q unit. The similar decrease af; at 9.5 ps(Fig.
responding time distribution function,(t) and derived a 21, fourth panelcorresponds to a close interaction with an-
residence time of,=0.20 ps. This value ofy, does not other nearby molecule. We note that when the molecules
differ significantly from the residence time pertaining to theave moved away from each other, like for instance at
other colliding molecules, for which we foundy,, L1 PS, the antiferromagnetic alignment between their mag-
=0.11 ps. These results indicate that, although H-type geonfetic moments 6~ 180°) may persist even up to relatively
etries are dominant, the typical time scale of colliding mol-large distanceg~4 A). The second approachment-al3 ps

ecules does not strongly depend on their relative geometric@hows a relatively weaker coupling, with larger oscillations
arrangement. in the structural angles and a smaller reduction of magnetic
moments.

B. Dynamics of long-living O, units

As one can see from the histogram in Fig. 20, there are C. Discussion on the Q unit

several pairs of molecules forming,@omplexes which sur- In the simulation, the residence time for the most long-
vive for more than 0.6 ps. We illustrate the typical dynamicalliving pair of molecules is of 0.84 ps, five times longer than
behavior of such Qunits by reporting in Fig. 21 the time the average residence time for colliding molecules. As ob-
evolution of the structural parameters pertaining to a specifiserved in Fig. 21, a long residence time appears to be asso-
pair of molecules. The identified molecules approach veryiated with the formation of a quasistablg @nit. The num-
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ber of pairs with residence times larger than 0.6 ps, which4 ps. The evolving system was maintained on the Born-
we identify as long-living pairs, is found to correspond to 4% Oppenheimer energy surface through the use of thermostats
of all the colliding pairs(cf. Fig. 20. From our simulation, involving both nuclear and electronic degrees of freedom.
we estimated that on average every molecule spends 1.4% ®hree nuclear Nosé thermostats acting on translational, rota-
its time in a long-living pair. tional, and vibrational degrees of freedom were introduced to
Due to its linearly symmetric structure, an electric dipoleaccelerate the thermal equilibration. o
transition associated with the excitation of a vibrational = We studied the atomic structure of the liquid through ra-
mode is not allowed for the isolated,@olecule. Therefore, dial distribution functions, nuclear structure factors, and lo-

the feature observed in the absorption spectra in correspoff@! Order parameters sensitive to the geometry of molecular
dence of the vibrational frequency is most likely due toPairs. The atomic radial distribution function and the nuclear

dimerization®® In fact, the intermolecular interaction giving structure factor were found in good agreement with corre-

. . : sponding results derived from experiment. It was found that
rise to the Q unit breaks the linear symmetry and makes the he shoulder appearing in the main peak of the atomic radial

electric dipole transition allowed. Under the assumption th_a istribution is originated from second-nearest neighbor

the resulting transition probability is proportional to the 'Sl atomic correlations resulting from first-neighbor molecules.

dence time for every pair of colliding molecules, we estimatérpe cajculated nuclear structure factor reproduces all of the
that the contribution from long-living pairs amounts to 18% characteristic features observed in the experimental result.
of the total absorption coefficient. The fact that this value isthe main sharp peak at 2-Arepresents the coherent dif-
noticeably larger than estimated for the gaseous phasgaction of neighboring molecules. The oscillating behavior
(~2.5%) (Ref. 18 should be attributed to the higher density giving rise to the broad peak at 6 Aresults from intramo-
in the liquid. lecular diffraction. The shoulder at 474 which cannot be
The distance at which the antiferromagnetic correlationreproduced by a model assuming uncorrelated molecular ori-
peaks inC(r)g.(r) (Fig. 14 does not differ significantly from entations, is found to indicate specific molecular geometries
the location of the first peak ig(r) (Fig. 6). This property  of H- and X-type occurring at short distanc@s< 3.8 A). At
indicates a persistence of antiferromagnetic correlations evetistances shorter than 3.2 A, the H-type geometry was found
beyond the typical distances corresponding to the formatiomo dominate, while other geometries were all suppressed. The
of the O, unit, as manifested by the slow decay ©Gfr) radial distribution of molecular centers is similar to that for
between 3.1 and 4.4 A. Our observations in Fig. 21 suggessolid y-O,, but visualization of the atomic trajectories did
that this property results from the preservation of an antinot show evidence for the formation of chain structures, as
alignment even after the collision, when the molecules aréiypothesized in the literatufé.
diffusing away. The electronic structure of liquid oxygen was not found to
When two molecules collide, it is difficult to predict differ in any important aspect from that of the molecule in
whether the molecules would bounce off or form a long-the gaseous phase. The main effects which were observed
living state. From our simulation, it appears that under parconsist of a broadening of the energy levels. The preserva-
ticular circumstances, depending on the relative motion antion of the gap between occupied and empty electronic states
the magnetic configuration, a pair of molecules can bind deensures that each molecule could preserve its magnetization
spite the thermal fluctuations and form a long-living quasi-in the liquid. Collision between molecules caused slight per-
stable Q unit. In this unit, the antiferromagnetic configura- turbations in the electronic structure and were evidenced by a
tion corresponding to the rectangular H-type geometry endecrease of the molecular magnetizations.
hances the attractive interaction between the molediles The magnetic structure of the liquid shows properties
Appendix Q. The occurrence of long-living £units in our  typical of a system of localized spins. The molecular magne-
simulation implies that the energy gained by forming an O tizations show an almost constant modulus, with orientations
unit should be comparable to the typical thermal enéggy pointing in all directions.
Hence, we expect that at temperatures lower than 90 K, the Magnetic correlation functions in real space and the mag-
formation of Q, units would be further favored. As the tem- netic structure factor were calculated from the magnetic con-
perature of the liquid decreases, we therefore expect that tHgurations visited during ouab initio molecular dynamics.
shoulder at 4 Al in the structure facto8Q) should become Both functions show antiferromagnetic correlations between
more pronounced. It might also be possible that as the tenmolecular moments at short distan¢es: 4.4 A). In particu-
perature drops, the enhanced stabilization @fuBits could lar, we observed saturation in the magnetic correlations for
lead to chain-like structures as proposed by Brodyareskii distances smaller than 3.1 A. We showed that the antiferro-
al. for the liquid*® or observed in solidy-O,. magnetic correlations are responsible for the peak at 122 A
and for the dip at 2.0 A in the magnetic structure factor.
These features find their origin in correlations in real space
reaching up to 4.4 A. At larger distances, ferromagnetic con-
We studied the noncollinear magnetic structure of liquidfigurations prevail and were also found to contribute to the
oxygen by carrying ouab initio molecular dynamics. In the main peak in the magnetic structure factor. At short distances
simulation, both the atomic and magnetic structures werér <3.1 A), structural and magnetic correlations were found
allowed to evolve according to density-functional equationgo be highly synchronized, giving rise to colliding molecules
for bispinor wave functions. The simulation was performedforming a rectangular kind of geomet(if-type) and carry-
at a temperature of 90 K and spanned a time interval ofng antialigned magnetic moments.

VII. CONCLUSION
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In order to interpret the observed magnetic correlations, &y oce.
we introduced an approximation based on uncorrelated mag- E = ( ' ) =—HWV¥,; + > A SYy, (A1)
netic orientations. The magnetic structure factor calculated in &i2 i
this approximation was found to reproduce very accuratel)(,vhe re,
the magnetic structure factor calculated from the full spin
density available in ouab initio molecular dynamics. The
magnetic structure factor could directly be compared with
experimental data from spin-polarized neutron diffraction
measurements, showing a good correspondence for trans-
ferred momenta larger than 1.0 In particular, the corre-
spondence between theory and experiment for the peak at
1.2 A1 and the dip 2.0 A® support the occurrence of anti-

"= <_ %W) To+Veir+ 2 |BDhlBrl, (A2

nml
eff(r) (Vloc(r f |

dr +V c(r))cro

ferromagnetic correlations in liquid oxygen. At small trans- WM (r )m(r) g (A3)
ferred momenta, the calculated cross section qualitatively m(r)

differs from the experimental one. This is a consequence of

the neglect of thermal magnetic excitations when evolving = o)l

on the Born-Oppenheimer energy surface. Db =D o+ | Ql(r)Veg(r)dr . (A4)

To verify the latter assertion, we studied thermal magnetic
excitations within a mean field approximation. Accounting Note thatveﬁ andD mare 2< 2 matrices, and that® o(r)and
for such excitations, indeed brings calculated and measuredv'(r) are defmed byéEXC/éh(r) and 6E,./ dm(r), respec-
magnetic structure factors in closer agreement. Within thine|y_
adopted model, the magnetic structure factor accounts prop- The atomic forces are given by
erly for the uniform thermal magnetic susceptibility in the
thermodynamic limit and the main peak at 1.2 %roadens S (D nm, 9Pnm pa
improving the agreement with the experimental data. Ne- F = < nm)a,B iR,
glecting the dependence of the structure on temperature, we
studied the thermal dependence of the magnetic susceptibil-
ity, finding agreement with the experimental trends. Simi-
larly, the temperature dependence of the Weiss temperature

agrees well with the trend derived from experimental suscep- ~_ dUjo, 5wnma
tibilities. +2 2 G , (A5)

nm «

d
-3 [ a1, 3 G, - [0 R0

By focusing on the time intervals during which molecular
pairs remained within a cutoff distance Q3.1 A, we de- where

rived a relatively short average residence time of 0.16 ps for
colliding molecules. The averaged residence time was found
to depend only weakly on the geometries of the colliding
molecules. However, we also observed a small fraction of
molecules evolving in quasistable bound states, for time in-
tervals significantly longer than the average residence time.
In the present work, we set up ab initio molecular

dynamics scheme for studying the evolution of noncollinear
magnetic structures. The application of this scheme to liquid
oxygen allowed us to correlate atomic and magnetic struc-
tures during the simulation within a single theoretical frame-
work based on first principles. The developed scheme pro-
vides a useful tool for studying correlations between
magnetic and geometrical properties without assuming struc-
turesa priori.
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APPENDIX B: FORMULATION FOR APPROXIMATION

APPENDIX A: EXPRESSIONS OF FORCES

OF UNCORRELATED MOLECULAR ORIENTATIONS

The explicit expression for the forces acting on the bis- We here shortly review the approximations of uncorre-
pinor wave functions are given by lated molecular orientations for nuclear and magnetic struc-
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ture factors. We separate out from the nuclear structure factaghe molecular factor from the structure factor and neglecting
S(Q) the contribution coming from two different molecules: the dependence @f;(Q) on the specific molecule, we finally

P#] obtain:
12 E <e—iQ-rije—iQ-(odiIZ)e—iQ-(rdeZ)> (B1) ]
N ij om=t1 , Ni 2 i 24 E NamiQTi
i Q) = —(mQP) + Q)P 2 (&g
wherer;; andd; are vectors connecting the centers of itte o Ko i
and jth molecules and the two atoms belonging to itie (B8)

molecule, respectively. Under the assumption that the orien-
i#]

tations ofd; andr;; are uncorrelated, we transform the con- 2 m;-m; _
tribution in Eq.(B1) to =Fmn(Q + sz(Q)N > — e (B9)
i#j U
1 i . _
it —iQ1:\ / 4=iQ-(6di/2)\ / 4= Q-(7d:/2)
NS 2, (€N (62) F(Q+FrQISQ -1, (810
o In this derivation, we also assumed that= ue, whereu is
2/ \1 g\ |2 the average molecular magnetization.
=N > el 5’< > el )> : (B3) It remains to be shown how we estimatég(Q))2 and
ij o=%1

(| u(Q)|?), where the bracketé) represent a configurational

In Eqg. (B3), one recognizes that the first factor correspondsaverage. For an isolated molecule this corresponds to an ori-
to S.(Q)-1 and the second one ,(Q). Upon an orienta- entational average:

tional average, the latter form factor only depends on the

bond length(i.e., the modulus ofd). The contribution to ff(Q)dé

S(Q) coming from the intramolecular terms is nothing but (f)= -£(Q) (B11)
1+S,4a(Q) given in Eq.(32), which becomes-,(Q) under . '

the additional assumption of constant bond length. fdQ

A similar approximation of uncorrelated orientations can

be derived for the magnetic structure factor. We assume thajheredQ represents a differential solid angle associated to

the spin density can unambiguously be partitioned among th@. In this way, F,;(Q) and F,»(Q) are directly obtained
molecules. This is indeed the case in liquid oxygen, whergrom 4 (Q) of the isolated @ molecule.

the spin density is highly localized on the molecule. Further-
more, if we assume that the spin densities are uniform in

each molecular region, we may consider the following de-  AppENDIX C: CALCULATION OF MEAN FIELD

composition: PARAMETER
m(r) = 2 m;(r =ry), (B4) We here provide a quantitative estimate of the mean field
: parameter which was fixed in the text through a comparison
and with the uniform magnetic susceptibility. By assuming a
pairwise interaction, we estimated the mean field parameter
mi(r) = wi(re;, (B5)  as follows:
whereu;(r) ande are the modulus and the unit vector asso- i#]
ciated to the magnetization of thith molecule. Introducing hea = - —{ > Jjm; - m;
the Fourier representation @f(r), N\ 5
1 _ 4 P N
,LL,(Q) = f dr,ui(r)e_'Q", (86) = _E ng ‘]a(r)gm(r)rzdra (Cl)
QO Um o 0
where(} is the volume of system, we can write the magneticwhere v, is the volume per moleculgla(r) the exchange
structure factor as follows: coupling energy associated to a geometry of typeand
2 , gr(r) the functions shown in Fig. 14. In the derivation of Eq.
Q)= N_,L%; 2Ol ) (C1), we used the approximation®J;; =X ,p,J.(r;j), where

] 3a corresponds to the exchange coupling energy in the ge-
+ izz ((Q)* 1(Q)(e _ej)e—iQ-rij>, (B7) ometry of 'typea.'Since it is.toq complicated tq extraﬂ:g,(r.)
N i from the simulation of the liquid, we here derive an estimate

where the two terms correspond to intra- and intermoleculaf®” Ja(_r) by perform|ng totgl-energy Cak_:ulatlons for two in-
contributions, respectively. For the latter term, we apply thd€racting molecules in various geometries.
approximation of uncorrelated molecular orientations in a We derive the exchange coupling energy Jofr) from
similar way as for the nuclear structure factor. Decouplinghalf the total-energy difference between the antiferromag-
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6000 ‘ T v T TABLE 1ll. Exchange coupling energies at a distance rgf
=3.2 A and the optimal values for the parametrized expression
5000 1 given in Eq.(C2).
4000 ~ _ -
< Type a Jur) (K)  Ag(ATH B, (A2
—~ 3000 -
< H a 129 4.07 -0.27
> 2000 k X b -2.7
1000 | T c 286 3.86 -0.01
| d 1454 4.27 -0.44
0 .

25 . 4

rametrized in the above form and takes on a small absolute

FIG. 22. Exchange coupling energies vs distance for four differvalue for any distance in Fig. 22. We note that our density-
ent geometriesd,(r) (solid, plusey Ju(r) (crossey J«(r) (dashed, functional approach gives exchange coupling energies for the
diamonds, and J,(r) (dotted, squargs The depicted values for H-, T-, and I-type geometries, considerably larger than found

J4(r) have been reduced to one-fourth of their calculated value fol @ p.revious Hartree-Fock calculatiéh.
the purpose of illustration. Using Eq.(C1), we calculated a value of 132 K fd,,.

The H-, X-, T-, and I-type geometries are found to contribute
netic and ferromagnetic configurations of two molecules in ao the calculated value dfi,, by 45%, —0.4%, 37%, and
geometry of typen. Using our density functional approach, 199, respectively. The negligible contribution from the
we calculated],(r) as a function of distance between the X-type geometry results from the small values ﬁg(r) in
molecular centergFig. 22). For the H-, T-, and I-type geom- Fjg 22t is worth to note that the contribution from the
etries, it is convenient to parametrize the dependendg(of ~ H-type geometry is the largest one, although the correspond-
on distance using the functional forth: ing exchange coupling energies are smaller than those of T-

~ ~ and I-type geometries. This is explained by the fact that the

Ja(1) = Ja(ro)exil= Aulr = o) + Bo(r =1o)°],  (C2) distribaltii)ongfunctiongﬁ,(r) correspgnding toythe H-type ge-
wherery=3.2 A. The other parameters are given in Table Ill.ometry shows a strong enhancement at short distaifigs
For X-type geometries, the energy difference cannot be pat4).
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