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Abstract 

The electronic spectra of Q and f3 solid O2 were calculated in a full many

body approach for a cluster consisting of four O2 molecules with periodic 

boundary conditions. By including only the partially occupied 7r orbitals 

(16 spin-orbitals, 8 electrons) the basis set consists of 12870 many-electron 

states. Use of the symmetry properties (group-theoretical analysis) simplifies 

the problem considerably. Resulting spectra - with phenomenological Hamil

tonian parameters obtained from experiment - consist of separate regions: (a) 

81 states corresponding to the ground state and low-energy magnetic excita

tions (magnons); (b) 1215 states of neutral molecular excitations (excitons); 

alld (c) 11574 charge- transfer states (conducting high-energy states). Analy

sis of the properties of the ground states in both Q and f3 solid O2 has been 

carried out. 
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I. INTRODUCTION 

The open-shell character of the O2 molecule makes solid O2 a molecular crystal with a 

very rich structure. The two lowest-temperature phases of solid molecular oxygen l
-

3 have 

interesting properties: they are insulating, exhibit complicated magnetic behavior1.4-
s and 

their optical properties9- 12 resemble gaseous molecular oxygen in their gross features, but 

present peculiar properties of their own, such as side bands and Frenkel excitons. 

Band theory yields for both phases a half-filled band derived from the 2p-7r anti bonding 

orbitals, i.e., a metal, even though experimentally they are both insulators. Solid O2 is 

therefore a prototypical Mott insulator13. The monoclinic a phase and the rhombohedral 

f3 phase are orientationally ordered. The molecules are packed in layers with their axes 

perpendicular to the layer planes (the a - b planes, see Fig. 2 of Ref. 5 ). In the f3 phase 

these layers form a hexagonal lattice, whereas in the a phase - where the layers have center

rectangular symmetry - the hexagons are slightly distorted. Monoclinic a - O2 is the only 

elemental solid that is known to be both insulating and antiferromagnetic. It is known 

that all spins are aligned along the monoclinic axis ±b, with all nearest neighbors in an 

anti parallel arrangement to each other. 

The f3 phase, with triangular arrangement of the molecules in each plane - three fully 

symmetric sublattices but never two - cannot be a classical antiferromagnet: frustration 

prevents all nearest neighbors to align themselves in an antiparallel configuration. The 

f3 phase has been variously described5•8 as either paramagnetic, or antiferromagnetic with 

strong but only short-range order. 

From the discussion above it can be seen that any theoretical treatment of molecular solid 

O2 requires the inclusion of the strong electron-electron correlations from the beginning, and 

not as a perturbation or an afterthought. In the present work, an exact diagonalization of 

the many-electron Hamiltonian for a small cluster of four O2 molecules is performed. The 

molecules are in a planar arrangement (the a - b plane) with periodic boundary conditions . 

. The use of the periodic-smaIl-cluster approximation in treating strong correlated materials 
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is well established14. Solid O2 can be viewed as a set of weakly interacting molecules with 

strong intra-molecular correlations. The dominant interactions, therefore, are short range. 

This fact makes it an ideal candidate for the small-cluster method. 

Section II presents the Hamiltonian. The results are discussed in section III, followed by 

the conclusions. 

II. THE HAMILTONIAN 

Consider a set of mutually orthogonal L6wdin spin orbitals of the O2 molecule, two of 

each spin on each molecule. When the molecules are far apart these are the real x and 

y orbitals corresponding to 7r; symmetry and derived from the atomic-oxygen2p states. 

A ttached to them there are creation (destruction) operators cL,O' (Ci,Il,O')' where i stands for 

the molecular site (location of the O2 molecule), f-l for the spatial orbital (7rx or 7ry ) and (j 

for the spin (i or 1). The Hamiltonian for the system contains one- and two-particle terms: 

where tr,; and Ut;~k~/ are the one- and two-particle matrix elements. This Hamiltonian can 

be further rewritten as12 

(2) 

where Li Hi is the Hamiltonian of infinitely separated, non-interacting molecules, and Hint 

accounts for those contributions involving more than one molecule at a time. The Hamilto-

nian for one single O2 molecule, Hi, is fully written in Ref. 12 [equation (3.1)]. The same 

set of single-molecule parameters quoted there has been used in the present calculation. 

Even though the Hint Hamiltonian contains both interactions - including crystal fields 

and electron-hopping terms, only those terms which involve electron transfer between 

molecules are kept in this calculation. They are, by far, the dominant contribution since they 

involve two-molecule, one-electron energies12 . In addition, if three- and four-center integrals 
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are neglected, all inter-molecular contributions can be written in terms of two parameters, 

1~ and Vr]l which correspond to hopping integrals between L6wdin orbitals centered on two 

neighboring molecules. The molecules have their own axes always perpendicular to the line 

joining the two molecular centers, and the orbitals are all 7r antibonding. For V~ the 7r

orbitals are oriented along the inter-molecular axis [they yield (7r-7r)-a four-center orbitals]. 

For V1) the 7r-orbitals are oriented in the direction perpendicular to the inter-molecular axis 

[they yield (7r-7r)-7r four-center orbitals]. 

The interaction V1) is much smaller than Ve and was also neglected, 

1~ was determined by fitting the low-energy magnetic excitations for the a: - O2 phase. \Vith 

the experimentaF value J = 4.88 meV of the phenomenological Heisenberg interaction, the 

best fit was 1~ = 0.16 eV. This value is for an inter-molecular separation of R = 3.20A, 

equal to the distance between nearest neighbors in a: - O2 . For other neighbors - both in 

a: and (3 oxygen - an R-dependence V~ ex R-5 has been assumed i
. This dependence yields 

Ve = 0.11 eV for the second neighbors in a: - O2 and Ve = 0.14 eV for the nearest neighbors 

in (3 - O2 , 

The Hamiltonian was exactly diagonalized, numerically, for the values of parameters 

discussed above, and with the use of group-theoretical techniques that take fully into account 

space and spin symmetries. The· largest matrix to be diagonalized was 592 x 592. The 

resulting spectra are discussed below. 

III. RESULTS 

For each of the solid phases (a: and (3 - O2 ) considered in this work, there are 12870 many

electron basis functions. Of these, 81 states correspond to all O2 molecules in their neutral 

ground electronic state (3L:;). They include the ground state(s) of the many-molecule 

system and all the magnetic excitations (spin waves, i.e., various relative orientations of 
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the molecular spins). There are additional 1215 states that correspond to all neutral O2 

molecules, but with at least one molecule in an excited state, either e~g) or e~;) (solid

state molec~lar Frenkel excitons). Finally, 11655 states exhibit one or more units of electron-

" charge transfer. The results are shown in Figs. 1 through 6. Figures 1 and 4 show the full 

spectra of a and (3 oxygen, respectively. Both spectra are similar, with large gaps separating 

regions of non-zero density of states. Each band of states is associated with different number 

of electrons transferred betv,7een molecules. 

Figures 2 and 5 show amplified views of the 1296 lowest states of a and (3 oxygen, 

respectively. There is no charge transfer between O2 molecules for these states. Again, 

the overall shape of the spectrum is very similar for the two phases of oxygen, the main 

difference being a density of states that peaks at a lower energy for (3 - O2 • These states 

include optical excitations of a single molecule, as well as simultaneous excitations of various 

molecules. 

Figures 3 and 6 show the 81 lowest states for a and (3 - O2 , respectively. These are 

the states associated only with magnetic excitations. As expected, the two spectra are very 
, 

different ih this energy range, reflecting the dissimilar magnetic properties observed in a 

and (3 oxygen. Both phases possess a singlet ground-state, but whereas in a - O2 it is 

non-degenerate, in (3 - O2 it has a space-group induced two-fold degeneracy. Moreover, 

the magnetic excitation spectra are strikingly different. In 0' - O2 the 81 states are spread 

over a broad range (maximum excitation energy of 86 meV); in contraposition the magnetic 

excitation spectrum of (3 - O2 is narrower (maximum excitation energy of 66 meV), and the 

states, because of the hexagonal symmetry, are highly degenerate. 

IV. CONCLUSIONS 

The a - O2 and (3 - O2 molecular solids were studied in the periodic small-cluster ap-

proximation. The Hamiltonian included all the intra-molecular correlations necessa.ry to 

describe well the oxygen molecular spectra plus a.n electron-hopping interaction between the 
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molecules. The main conclusions from this calculation are: 

(1) Solid Q' - O2 and solid f3 - O2 can be well described in the first approximation by a 

collection of very weakly interacting O2 molecules. The spectra, except in the low-energy 

range, are very similar to the spectrum of neutral and ionized O2 molecules. 

(2) In the O2 molecule there are exactly n = 2 electrons in the antibonding 7r-orbitals, with 

no number fluctuations, i.e., (8n/n )molecule = O. In the solids, because of the inter-molecular 

hopping there is a fluctuation in the number of electrons in the 7r-orbitals; it is, however, 

very small: (8n/n)o:-oxygen = 0.030 and (8n/n)f3-oxygen = 0.026. 

(3) In solid Q' - O2 , because of the monoclinic symmetry, there is an anisotropy in the oc

cupation of the x-like and y-like 7r-orbitals; this asymmetry is also very small, of the order 

of 2 x 10-5 electrons. 

(4) The magnetic excitations in solid Q' - O2 and in solid f3 - O2 can be well described by 

a Heisenberg-like Hamiltonian. For the values of parameters used in this work, the best 

fit for the exchange interactions is: J = 4.3 meV for the Q' - O2 four nearest neighbors; 

J = 2.2 meV for the Q' - O2 two second neighbors; and J = 3.3 meV for the f3 - O2 six 

nearest neighbors. The interaction arises from virtual hopping of electrons to neighboring 

molecules; these values agree well with second-order perturbation calculations12 • 

(5) Solid f3 - O2 is not a paramagnet, but rather afrustrated triangular-lattice antiferro

magnet, with very strong spin correlations between neighboring O2 molecules: its excitation 

spectrum is extremely well described by a Heisenberg Hamiltonian with nearest-neighbor

only interactions. 

(6) Although the ground states in both solid phases are spin singlets, the ground state of 

f3 - O2 is, because of the frustration caused by the triangular-lattice symmetry, degenerate. 

(7) The magnon spectra of the two phases of solid oxygen differ considerably. The spin-wave 

excitation spectrum of Q' - O2 extends to 86 meV, has a mean energy of 43.i meV and a 

standard deviation of 21.3 meV. On the other hand the spin-wave excitation spectrum of 

f3 - O2 extends to 66 meV, has a mean energy of 26.6 meV and a standard deviation of 18.8 

meV. In other words, the magnetic excitations of the trigonal f3 phase are less energetic, 
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and less dispersed than in the a phase. Entropy considerations clearly point out that these 

magnetic excitations should be extremely important - in fact be the driving mechanism - for 

the a-to-/3 first-order transition observed at T = 23.9 I<. If the transition were exclusively 

caused by magnetic (electronic) excitations - and lattice-vibration contributions, which are 

much smaller, were neglected - the present calculation would yield a difference in internal 

energies per molecule, at the transition temperature, between the higher-energy /3' and the 

lower-energy a phases of ~U = 0.9 meV/molecule, corresponding to the calculated values 

ofT ~S at T= 23.9 E. 

ACKNOWLEDGMENTS 

This research was supported, at the Lawrence Berkeley Laboratory, by the Director, 

Office of Energy Research, Office of Basic Energy Sciences, Materials Sciences Division, 

U.S. Department of Energy, under contract No. DE-AC03-76SF00098. One of the authors, 

AJR da S acknowledges support from the Brazilian Conselho Nacional de Desenvolvimento 

Cientifico e Tecnologico (CNPq). 

7 



REFERENCES 

1 C. S. Barrett, L. Meyer, and J. Wasserman, J. Chern. Phys. 47,592 (1967). 

2 C. S. Barrett, and L. Meyer, Phys. Rev. 160, 694 (1967). 

3 C. S. Barrett, 1. Meyer, and J. Wasserman, Phys. Rev. 163, 851 (1967). 

4 H. C. Jamieson and A. C. Hollis Hallet, P1'Oceedings of the 10th. International Conference 

on Low Temperature Physics, Moscow, 1966, edited by M.P. Malkov (Viniti Publishing 

Co. Moscow, 1967), Volume 4, p.158. 

5 G. C. DeFotis, Phys. Rev. B 23,4714 (1981). 

6 P. '1\T. Stephens, R. J. Birgeneau,. C. F. Majkrzak and G. Shirane, Phys. Rev. B 28, 452 

(1983). 

7 P. W. Stephens and C. F. Majkrzak, Phys. Rev. B 33, 1 (1986). 

8 R. D. Etters, A. A. Helmy and K. Kobashi, Phys. Rev. B 28,2166 (1983). 

9 J. \~T. Ellis and D. Kneser, Z. Phys. 86, 583 (1933). 

10 A. Landau, E. Allin, and H. L. Welsh, Spectrochim. Acta 18, 1 (1962). 

11 Y. G. Litvinenko, V. V. Eremenko and T. I. Garber, phys. stat. solidi 30, 49 (1968). 

12 R. Bhandari and 1. M. Falicov, J. Phys. C 6,479 (1973). 

13 N. F. Mott, Metal-Insulator Transitions, (Taylor and Francis Ltd, London, 1974). 

14 L. M. Falicov, in Recent Progress in Many-Body Theories, edited by A. J. Kallio, E. 

Pajanne and R. F. Bishop (Plenum Publishing Corporation, 1988), Vol. 1. 

8 



FIGURES 

FIG. 1. Spectrum of 0' - O2 including all 12870 states. The numbers above each region of 

the spectrum indicate the total number of states contained in that region. All states, with the 

exception of the lowest 1296, are electron-charge-transfer states. 

FIG. 2. Spectrum for the lowest 1296 (neutral) states of 0' - O2 • The numbers above each band 

(magnetic excitations and Frenkel excitons) indicate the total number of states contained in that 

band. 

FIG. 3. Lowest 81 states (magnetic excitations) of 0' - O2 •. The single, non~degenerate 

ground-state is indicated by a circle at zero excitation energy. 

FIG. 4. Spectrum of f3- O2 including all 12870 states. The numbers above each region of 

the spectrum indicate the total number of states contained in that region. All states, with the 

exception of the lowest 1296, are electron-charge-transfer states. 

FIG. 5. Spectrum of the lowest 1296 (neutral) states of f3 - O2 . The numbers above each band 

(magnetic excitations and Frenkel excitons) indicate the total number of states contained in that 

band. 

FIG. 6. Lowest 81 states (magnetic excitations) of f3 - O2 • Note that the ground state is doubly 

degenerate - circle for two states at zero excitation energy - and that there is a singlet excited 

state at very low energies: 0.78 meV. 
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