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The low-temperature phases of the alkali hyperoxides KO2, Rb02, and CsO2 have been inves-

tigated by means of electron paramagnetic resonance {EPR) and antiferromagnetic resonance

(AFMR). The knowledge of their structural and magnetic properties could be enlarged substan-

tially. The orientation of the 02 molecule ions in the phases IV and V of KO2 was determined

accurately. It changes considerably at the phase transition IV V (11 K). For KO2, Rb02, and

Cs02 the experimental results are compatible with antiferrornagnetic order at low temperatures.
4.'

The magnetic properties are discussed within the framework of a mean-field approximation.

The pertinent parameters describing the spin-spin interactions were determined for Rb02 and

Cs02 and some of them for KO2 using the Neel temperature, the Curie-Weiss temperature, the

spin-flop field, the temperature dependence of the EPR resonance field, and the AFMR fre-

quencies. In RbO2 and CsO2 the anisotropy of the mean-field parameters originates predom-

inantly in the anisotropic exchange interaction. The combination of electron paramagnetic reso-

nance and antiferromagnetic resonance data yields information about the magnetic structure:

The easy axis of magnetization is perpendicular to the internuclear axis of the 02 ions, and the

hard axis is paral'lel to it for all three compounds.

I. INTROI3UCTION

The alkali hyperoxides are ionic crystals consisting
of alkali ions and 02 molecule ions. There exists de-
tailed knowledge of the 02 ion substituting for a
halide ion in alkali halides deduced from EPR and
optical spectroscopy. ' ' The ground state Hg is

paramagnetic. Even a thorough study of the magnet-
ic and elastic interactions between the partners of
pairs of 02 centers is available. '

In the alkali hyperoxides the interactions between
the O2 molecule ions give rise to many phase transi-
tions involving changes of the orientation pattern
and of the magnetic properties. ' Neutron-diffraction
experiments show that KO2 orders antiferromagneti-
cally below 7 K. Measurements of the magnetic sus-
ceptibility' and the electron-paramagnetic-resonance
(EPR) and antiferromagnetic-resonance (AFMR)
data reported in the present work indicate that Rb02
and Cs02 also order antiferromagnetically below 15
and 9.6 K, respectively. In Na02 evidence for mag-
netic short-range order was reported. Thus, the al-

kali hyperoxides are among the rare substances exhi-
biting magnetic order of 2p electrons. Another ex-
ample is solid oxygen with a Neel temperature
TN =23.9 K.' The present knowledge of the crystal-
lographic changes occuring at the different phase

transitions is summarized in Sec. II.
The aim of the present investigation is to gain a

detailed knowledge of the orientation of the internu-
clear axis of the 02 ions, of the magnetic interac-
tions, and of the magnetic structure in KO2, Rb02,
and Cs02. The results of a comprehensive single-
crystal EPR study and of an AFMR study are report-
ed. The g tensor yields the orientation of the 02
molecules with a much higher accuracy than x-ray
data. The EPR linewidth, the EPR resonance fields,
and the AFMR frequencies give information about
the spin-spin interactions. The magnetic structure is

probed by AFMR.

II. CRYSTAL STRUCTURES

The structures of the different phases of the alkali

hyperoxides are described comprehensively in Refs. 6
and 11. Figure 1 gives a survey over KO2, Rb02,
and Cs02. The average (symmetrized) structure of
the room-temperature phase (phase II) of all three
hyperoxides is tetragonal and of the CaC2-type [Fig.
2(a)]. The actual structure, however, has
orthorhombic symmetry. Due to the Jahn-Teller ef-
fect the 02 molecule ions cannot assume the sym-
metrical position they would have in the ideal CaC2-

type structure. " They are tilted and/or displaced in a
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FIG. 1. Survey over the structures of the low-temperature phases of KO2, Rb02, and Cs02.
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more or less ordered fashion. In phase III there is a
strong correlation between the 02 molecules with
respect to tilt and displacement. X-ray diffraction
patterns indicate an incommensurate superstructure.
In.Cs02 this structure persists upon cooling into the
antiferromagnetic phase IV. In Rb02 a slight mono-
clinic distortion appears'at lower temperatures (phase
III y). A change in the crystallographic structure
from phase III y to the antiferromagnetic phase V
was not observed.

KO2 behaves differently, The monoclinic phase IV
seems to be completely ordered crystallographically
except for the existence of domains. The molecules
are tilted and displaced as shown in Fig. 2(b). (The
correct crystallographic cell has the double volume of
the CaC2-type cell. ) In phase V the crystallographic
structures of the phases IV and VI coexist. The
structure of phase VI arises from that of phase IV by
a distortion of the monoclinic cell and a reorientation
of the 02 molecules.

All these structures can be derived from the tetrag-
onal CaC2-type structure through a slight distortion
of the cell combined with an appropriate tilting and
displacement pattern of the molecules. The tetrago-
nal CaC2-type structure can be regarded as a crude
average structure in all phases. Its axes will be taken
as refers, nce system throughout this paper.

III. MEAN-FIELD APPROXIMATION

FIG. 2. Crystallographic structures.
The magnetic interactions will be discussed within

the framework of a mean-field approximation (MFA).
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a. The relation between the mean fiel-d parameters

and the microscopic iri teractions. For the alkali hy-

peroxides the spin Hamiltonian can be written

3C= X (JJgSJ Sk+SJ JJk Sk)+gppaH ' XSJ
J&k J

where TrJ&q =0. H = (I/gp) g .H,„ is the reduced
field and H,„ the externally applied field. go desig-
nates the free-electron g value, and p, p the Bohr
magneton. The dipole-dipole interaction is included
in the J 's. The signs have been chosen so that JJk is

positive for antiferromagnetic coupling. Because
S = —, there is no single-ion anisotropy (JJJ'=0). For

a two-sublattice antiferromagnet the energy is then

sums over all other ions k in the same sublattice].
The A's represent the interactions between the two
different sublattices whereas the I's represent the in-

teractions within the same sublattice.
b. The orthorhombic approximation. Cs02 is

orthorhombic down to the lowest temperatures, and
in Rb02 the distortion from orthorhombicity is small
(-r =90.7')." We therefore assume the principal
axes of the tensors A', I", and g to be parallel to each
other. This assumption cannot be justified in the
phases IV, V, and VI of KO2, where the deviation
from orthorhombic symmetry is larger. Nevertheless
we have to use it in order to reduce the number of
parameters. The tensors P and O defined by

P = A'+ r' and Q'= A' —I'

E=AMq Ms+ —r(Mg +Ms ) +M„A' Mti

+—(M„r' M„+M, r M, )
2

—H (Mg +Mtt)

1 g JJk
Ngo ps k&a

, JGA
'I

(3a)

(3b)

where M~ = Ngppa(S—q) and Ma = Ngppa(Sa—) are
the reduced magnetizations of the sublattices A and

8, respectively. N is the number per volume of spins
on one sublattice. The mean-field. parameters A, I,
A', and I' are

will be frequently used. Their principal values are
desigrtated by P and Q (a=xy, z). x shall denote
the easy and z the hard axis so that Q„) Q» ) Q, .

The Neel temperature TN is given by

Ngp2pazS(S + I)
N A —I +Q„

3k@

= —C(A —I'+ Q„)

The paramagnetic Curie-gneiss temperature 0 for
the magnetic field applied along the principal axis o.

(a=x,y, z) is

Ngp p,aS(S + I)
3k'

r= 1

Ngo p's kEA
, JEA

(3c)

r'=, , XT,',
Ngo Hs k~A

, JEA

(3d)

[one picks out a ion jof the sublattice A (or B) and

[one picks out a ion jof the sublattice A (or B) and
sums over all ions k of the other sublattice B (or A)];

=—,'c(w+r+p. ) .

We calculate the isotropic mean field paramete-rs A and
I using the experimental values for T~ and 0 from
Ref. 7 thereby neglecting the anisotropic mean-field
parameters. N is obtained from the volume of the
unit cell given in Ref. 11. The results are summa-
rized in Table I.

c. The anisotropy of the mean field paramete-rs ori-

ginates completely in the anisotropy of the exchange

TABLE I. Experimental Neel and Curie-gneiss temperatures of KO2, Rb02, and Cs02 (Ref. 7)
and the resulting isotropic-mean-field parameters.

T~ (K) 0 (K)

KO2

Rb02
Cs02

7.1

15
9.6

—16 (phase &)
—26 (phase III)
—28 (phase III)

1.97 x 103

3.92 x 103

4.32 x 10

0.76 x 103

1.05 x 103

2.11 x, 103
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interaction and the dipole-dipole interaction because
no single-ion anisotropy is present. The order of
magnitude of the anisotropic part of the exchange in-
teraction J~ can be estimated using the relation

J„=(Ag/g)'J,

given by Moriya, ' where J is the isotropic exchange
interaction and 4g =g —go. From the experimental
fact (hg/g)' (( I one concludes that the principal
values of the tensors A' and I' are much smaller
than the isotropic mean-field parameters 1 and I .
Theory predicts then for an antiferromagnet spin-flop
behavior. " Thus the alkali hyperoxides do not un-
dergo a metamagnetic phase transition refuting earlier
proposals for KO2. ' However, this reference reports
an anomaly in the adiabatic differential susceptibility
at fields of about 25, 26, and 28 ko in KO2, Rb02,
and Cs02, respectively, which disappears above the
Neel temperature. It can now be interpreted as the
spin-flop transition. According to the MFA the re-
duced spin-flop field H, at T =0 K, neglecting A' and
F' with respect to A, is

H, = [2(Q„—Qy) AM02]'i2

where

Mp=(Mg( =[Ma[ =NgopaS

In this way Q —
Q» can be determined using experi-

mental data. Q„—Q, is obtained from AFMR and
the tensor P from the temperature dependence of the
EPR resonance field. Numerical data will be given in
Secs. IV and V.

~ IV. ELECTRON PARAMAGNETIC RESONANCE

A. Experimental techniques

mosphere of dry helium gas. The crystals were
oriented at room temperature by x-ray Laue photo-
graphs and afterwards transferred to the microwave
cavity. Only samples with sharp diffraction spots
were used. For the resonance field the center
between the extrema of the first derivative of the ab-
sorption line was taken. Polycrystalline DPPH (a,
c'-diphenyl-P-picryi hydrazyl) [g = 2.0032 at helium
temperatures (see Ref. 16)] served as a g standard.

B. KO2

Intensity

Figure 3 shows the temperature dependence of the
intensity of the paramagnetic resonance absorption in
the range from 5 to 140 K. Below 7 K the intensity
decreases rapidly, which confirms the onset of anti-
ferromagnetic order. The phase transition IV V
manifests itself by a jump. This is also observed in
the static susceptibility. ' Above 100 K the linewidth
increases rapidly with increasing temperature thus
reducing the accuracy of the integration. The devia-
tion from the Curie-Weiss law above 100 K may be
due to an underestimation of the intensit'y in the
wings of the line. The absolute number of absorbing
spins has been determined by comparing the intensity
of the KO2 absorption to that of a DPPH sample,
which in turn was calibrated against a CuSO4 SH20
sample of known mass. The number of spins deter-
mined from the Curie-Weiss law below 80 K turned
out to be equal to the number of 02 ions calculated
from the weight of the sample within the experirnen-
tal accuracy of about 20%. This proves that the
detected signal is due to the 02 ions constituting the
crystal.

All EPR spectra were taken with a Q-band spec-
trometer using balanced mixer detection and cylindri-
cal microwave cavities (TEot~ and TEO~2) immersed in
helium gas in order to establish thermal contact to
the sample and to the liquid helium bath. The cavity
carried an electric heater in order to attain tempera-
tures above the bath temperature. A carbon resistor
and a copper-constantan thermocouple fixed to the
top of the cavity served as thermometers. Due to
microwave heating the sample temperature could be
as much as one degree above the temperature of the
thermometers as was checked using the known phase
transition temperatures. In the figures the tempera-
ture indicated by the thermometers is given. All
EPR measurements with the exception of most inten-
sity measurements of KO2 were made using single
crystals grown in liquid ammonia as described in Ref.
15. The strongly hygroscopic samples were per-
manently sealed in Lindemann-glass tubes in an at-

I '(a.u.) I (a.u.)
n 0

T(K)

10 20

0

0
I & & I » & & ] T(K)50 100 150

FIG. 3. Temperature dependence of the intensity I of the
paramagnetic resonance absorption of KO2 (arbitrary units).
Full circles: polycrystalline sample. Open circles: single

crystall'
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FIG. 4. EPR spectra of a single crystal of KO~ for the
static magnetic field along the [110] axis of the average
tetragonal CaC&-type cell. v =35.4 GHz. (a) T =12.1 K
(phase IV) and (b) T =8.0 K (phase V),

FIG. 5. EPR spectra of a single crystal of KO& for the

static magnetic field in a (110) plane of the average tetrago-
nal CaC&-type cell, including an angle 4 with the [001] axis.
v = 35.4 GHz. (a) T = 12.8 K (phase IV), 4 = 20.3 ' and (b)
T =8.0 K (phase V), 4=18.3'.
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FIG. 6. Angular dependence of the resonance fields in KO~ IV at T =13.0 K for different planes (measurements of crystal

No. 11). The solid lines are the calculated resonance fields based on the model described in the text. v =35.4 GHz.
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2. Orientation of the principal axes

of the g tensor;

crystallographic domains

LOOI ]

Only between 7 K and about 100 K (phases IV and
V) the single-crystal spectra were intense enough and
the lines narrow enough to permit an accurate inves-
tigation. Typical spectra are given in Figs. 4 and 5.
For the determination of the orientation of the prin-
cipal axes of the g tensor the angular variation of the
resonance fields was studied for different crystal
planes.

Figure 6 represents the data for the monoclinic
phase IV at T =13.0 K. X-ray data" give the sym-
metry of the unit cell and the domain structure.
There are four domain orientations, which transform
into each other by 90' rotations around the [001]
axis of the average tetragonal structure. For a gen-
eral crystal orientation one thus expects four EPR
lines. For the special planes investigated some of
these either coincide or cannot be resolved, as indi-
cated in Fig, 6. The point symmetry of an 02
molecule is monoclinic (C2) according to the struc-
ture proposed as the most probable one by Ziegler
et al. t7 The twofold axis, which is parallel to a [100]
axis of the average tetragonal structure, must be a
principal axis of the g tensor by symmetry considera-
tions. 's For the second (less probable) structure the
point symmetry of the 02 site is triclinic. There
would be in a domain two orientations of the 02
molecules, which transform into each other by a glide
plane. However, the two orientations of the g tensor
cannot be resolved, because the strong exchange in-
teraction averages the two tensors. ' Then, one prin-
cipal axis of the average g tensor is perpendicular to
the glide plane, which corresponds to a [100] axis of
the average tetragonal cell just as for the first struc-
ture. For both possibilities the rotation of the static
magnetic field in a tetragonal (100) plane yields the
other two principal axes. Figure 7(a) shows the
orientation of the principal axes for one of the four
domains. The other orientations are obtained by 90
rotations around the [001] axis. The z axis of the g
tensor is very close to the average molecular orienta-
tion as will be shown in Sec. IV 8 3. The determina-
tion of this axis gives a much more accurate orienta-
tion of the molecular axis than x-ray diffraction. At
T =13.0 K the angle o. between the z axis and the
[001] axis is 21.8'+0.5'. At T =78 K one finds
a=18.9 +0.5 .

The inset of Fig. 6 shows the four orientations of
the g tensor present in a twinned crystal using the
projection given in Fig. 7(b). The intensities of the
four lines are not equal due to different volume frac-
tions of the four domains. For different cooling runs
the ratio of the intensities of line No. 2 to line No. 4
differs, whereas the ratio of the combined intensity
of lines No. 2 and 4 to the combined intensity of

L'0 I 03

a = 2l.e' + 0.5O

[OIOj

C IOO&

FIG. 7. (a) Orientation of the principal axes at the g ten-
sor of one domain in KO2 I& referred to the average tetrag-
onal cell. (b) Symbolic sketch of the orientation in (a) [pro-
jection of the z axis on the (001) plane], as used in the inset
of Fig. 6.

lines No. I and 3 remains constant. (For the most
thoroughly investigated sample, crystal No. 11, it was
equal to about two. ) This permits the conclusion that
the domains No. 2 and 4 originate from one of the
(two) orthorhombic domains at room temperature,
whereas the domains No. 1 and 3 arise from the oth-
er.

In phase V the crystallographic structures of phases
IV and VI coexist. "Taking eight crystallographic
domains in phase VI and four domains in phase IV
(according to x-ray diffraction) there should be up to
12 EPR lines in the spectra. The linewidth prevents
complete resolution, and only the peaks of the
strongest lines emerge. The ratio of crystal volume
having the structure of phase IV to crystal volume
having the structure of phase VI is about —, at T =10
K, and it decreases with decreasing temperature until
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it is zero at 7 K. The EPR linewidth drops by a fac-
tor of about 1.5 at the phase transition IV V (see
Sec. IVB 4). One then estimates that at T =9.0 K
the height of the derivative signal corresponding to
domains with the crystallographic structure of phase
VI should be about four times the height of the sig-
nal corresponding to domains with the structure of
phase IV. The factor 4 indicates that the observed
peaks correspond to domains with the crystallographic
structure of phase VI.

The following model explains the EPR spectra as
shall be discussed using the data from crystal No. 11
(Fig. 8). There are eight different orientations of the

g tensor. One of them is shown in Fig. 9(a). The
others can be obtained by applying all symmetry
operations of the average tetragonal cell as is indicat-
ed in the inset to Fig. 8. A careful analysis of the an-

gular dependence of the spectra including the intensi-
ties leads to the conclusion that each orientation
corresponds to a different domain. The intensity of a

primed line is about half the intensity of an unprimed
line. The primed orientations originate from the
domains No. 1 and 3 of phase IV and the unprimed
orientations from the domains No. 2 and 4. The an-

gle, o, between the z axis and the g tensor and the
[001] axis increases slightly during cooling from
29.5'+0.5 at 9.0 K to 32.1'+1.0' at 7 K. The an-

gle P and P (Fig. 9) remain constant within the ex-

3. Principal values of the g tensor

a. Analysis of the experimental results The .tem-

perature dependence of the resonance field Ho has
been measured along the principal axes between the
Neel temperature and liquid-nitrogen temperature.
In order to determine the g value the resonance field
has to be corrected for internal fields. Following
Kotzler and Scheithe one obtains in case of the
magnetic field parallel to the z axis

X„+Xy „X„+Xy
Ho =

gz pg 2Xz 2Xz

where (within the MFA)

(9)

g,
' is the true g value, g, is the measured (effective)

g value, 0 the Curie-Weiss temperature [Eq. (6)],

.perimental accuracy, which, however, becomes worse
when the Neel temperature is approached because
the linewidth increases (see Sec. IV B 4).

The thermal hysteresis of the phase transition
IV V has also been observed.
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ellipsoids with principal axes equal to the edges of the
parallelepiped. In Fig. 10 the principal g values are
plotted as a function of temperature corrected for
demagnetization only but not yet for the anisotropy
of the mean-fieAd parameters.

In phase IV the temperature dependence of the g
tensor can be attributed to the anisotropy of the
mean-field parameters as is sho~n through the fol-
lowing steps. A plot of g; (i =x,y, z) vs 1/(T —0)
(0=+2.3 K, see Ref. 7) yields a linear function from
which one extracts by means of Eq. (9) and (10)

I:100]
I

FIG. 9. (a) Orientation of the principal axes of the g ten-

sor of one domain in KO2 V referred to the average tetrago-

nal cell. (b) Symbolic sketch of the orientation in (a) [pro-
jection of the z axis on the (001) plane], as used in the inset
of Fig. 8.

and N is the demagrietization factor. If the aniso-
tropy of the Curie-Weiss temperature is small one
has

X„+Xy 3 ] 1 C' =—1+—(W, ——(4~) + —P,), (1O)
2X, 2 ~ 3 2 T —0

where 0 =—
2

C(A + T). The relations

N„+ Ny + N, =4e and P„+Py + P, =0 were used.
There are corresponding formulas for the magnetic
field parallel to the x and y axis. The typical shape
and size of the KO2 crystals was a right parallelepiped
of 0.6 x 0.6 &0.2 mm'. For the calculation of the
demagnetization shift we approximate the crystals by

g„' = 1.991 + 0.005, P„=8.1 + 1

gy =2.015 +0.005, Py =6.4+1

g', = 2.231 + 0.005, P, =—15.5 + 2

Within experimental accuracy one obtains
Pz + Py + Pz 0 which confirms the interpretation. If
the temperature dependence of the g's were attribut-
ed to a change in the crystal-field splitting, this rela-
tion would not hold.

In phase V shifts of the resonance field arising
from short-range order manifest themselves. g, in-

creases more rapidly with decreasing temperature
than would be expected from mean-field theory, and
it seems to diverge at the Neel temperature. The
shift of g„and gy cannot be determined, because the
lines overlap too much near the Neel temperature as
a resul' of the increasing linewidth. The effect of
short-range order on the g value has been studied for

. one- and two-dimensional systems only (see, e.g. ,
Refs. 21-24). K02 behaves similarly. The short-
range order invalidates the mean-field analysis for
phase V preventing a determination of the parame-
ters P . However, the continuity of g, at the phase
transition IV V justifies the assumption that the
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principal values of the true g tensor in phase V do
not differ considerably from those in phase IV,
although there is a large change in the molecular
orientation. (Compare Figs. 7 and 9.)

b. Theory of the g tensor A.calculation of the prin-
cipal values of the g tensor of the 02 ion in a crystal
field of orthorhombic symmetry D2q is given in Ref.
1. Covalent bonding to neighboring ions is taken
into account by starting with orthorhombic functions
lr2+), lI'4+), and lr~+) instead of the corresponding
free-ion functions lIIs), lIIs»), and lXs+). The crystal
field splits the 'II~ level of the free molecule into 'I 2+

and 'I'4+ [see Fig. 11(b)]. The energy difference
between the ground state 'I 2+ and the excited state
I ~+ is designated by E. The following matrix ele-

ments' of the angular momentum and of the spin-
orbit interaction XLq =—XL S are nonzero and define
the parameters I; and X; (i =x,y, z):

(r4'IL, lrz') = Il* &r4'l~csl r2+) =—I) *s, .

&r,'lL, lr,') = i, , &r,'lac„lr,') =—),s, ,

&ri'I L.lr4'& = Il. , &ri'l~gsl r4'& =—I ) .s„

The deviation of l, from unity is a measure of the
orthorhombic distortion of the wave functions. Be-
cause A. is of the same order as the crystal-field
parameter 5, the calculation of the wave functions

l Pp) corresponding to the (spin-degenerate) ground
state was performed exactly in X/5 and to first order
in h./E. One then has

lop]) =cosalr,', [)+I sin lr;, ])

+ (x»cosa —h. sinn) lri+, [)2E

l'pp[) = coso'I rz+, [) —i sino'I r,+, $)

()i» cosa —X„sinn) l
I ~+, ])

a is defined by tan2a = X,/6(0 ~ n ~ —7r) .The

eigenvalues of the Zeeman energy within this
ground-state doublet yield the principal values of the
g tensor

g„=gp cos2a + —"
[X» sin2n —X„(1—cos2n) ]

ly
g» =gpcos2a+ —[X (I +cos2n) —X„sin2n] (13)

g, =go+2l, sin2a

&r2+(m) lL„llr~+(m)) =i 5„

&r2 (m) I
) L„S„l1r,+(m)) = i X„' S„, —

&2r(+(m)
l L, l rq+(m)) = ig,

&2r,'(m)l —) L,s, lr,'(m)& = i~', s, ,

(14)

z is the orientation of the molecular axis. Assuming
l ly lJ and A.„=Ay

= AJ only three parameters l„
a, and Ith~/F. are left and these can be calculated
from the measured g tensor. This theory explains
the g tensor of the O~ center in at least eight alkali
halides.

This calculation is now extended to monoclinic
symmetry C2I, in order to study the effect of mono-
clinic distortion. The orthorhombic y axis is taken as
the twofold monoclinic axis. The orthorhombic func-
tions lI2+), l14+), and lr~+) are replaced by the
corresponding monoclinic functions

l
I r~+(m)),

lI'2+(m)), and l2r~+(m)) (m stands for monoclinic).
Then new nonzero matrix elements appear, namely,

D„„ Can C2h

2y+ 2p+ —2 I"1(m)

2p+

2p+
2

'I
2 (rn)

I P, (m)

FIG. 11. Energy level scheme of the 02 molecule ion for surroundings of different symmetry. h = (X + 5 ) i' . (a) free
molecule ion (D &). (b) 02 in orthorhornbic symmetry D2I„spin-orbit interaction neglected. (c) 02 in orthorhombic sym-

metry D2&, spin-orbit interaction taken into account. (d) 02 in rnonoclinic symmetry C2~, spin-orbit interaction neglected. (e)
02 in monoclinic symmetry C2I„spin-orbit interaction taken into account.
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in addition to those, that existed already for D2q sym-
metry

In the framework of perturbation theory one can
write

(r+(m) IL, llr+(m)) =ii, ,

(I'2+(m)
I XL,—S, I

I r~+(m)) = i h.,—S,

(Ir~+(m)
I
L I2r~+(m)) =ii

&I r,'(m)
I ~L s l2r&+(m)) = i ~—s, ,

(2rg+(m)
I L„Ir,'(m)

&
= ii„

(2r t( m)l hL„s-„lr 2(m)) = i A.„s„—

(15)

llr, '(m)) = Illy+ala, ')

Ir,+(m)) = In;&,
I2r&+(m)) = Ixg+) +bill )

(16)

where a and b are of the order of 6/E. Therefore 8„
and 5, are of the same orde'r and A.„' and )', are of
the order h, b/E. The calculation is again performed
exactly in h./6 and to first order in )./E and h. '/5,
neglecting terms of the order h.'/E. The ground-state
functions are

I po'[) =cosal lrt+(m), t) + i si«lr, '(m), t) + (x, cosa —a, sinu)12r~+(m), [)2E
I

+ " cos2a[sinal 1rt+(m), f) +i cosal12+(m), [)]
2A

I%0'J) =cosal1r~+(m), [) —i sinul12+(m), j) — (X» cosa —
A.„sinu) I2r&+(m), [)

I

cos2a[ sinai 1rt+(m), [) —i cosul I 2+(m), 1) j (17)

From there one calculates the principal values of the
g tensor. The expressions for g„and g, differ from
those for orthorhombic symmetry only in terms of
the order (h,/E)2. The formula for g» is the same as
for the orthorhombic case. Therefore one expects
that the monoclinic distortion does not manifest itself
measurably in the principal values 'of the g tensor.
The calculation yields, however, an estimate of the
deviation of the principal axis z from the internuclear
axis of the 02 molecule ion. It is of the order of
6/E. The actual point symmetry of the 02 ion in
phase IV of KO2 is C2 and not C2q. However, the
additionally appearing nonzero matrix elements are
very small and do not influence the qualitative dis-
cussion given for C2q symmetry.

One is led to expect that expressions (13) for the
principal values of the g tensor for orthorhombic
symmetry can be applied to the alkali hyperoxides.
From the (true) g values of KO2 IV one then obtains
the following parameters:

I, = 1.01 + 0.02, tan2o. =—=0.11 + 0.02

and

It)a/E = (13 + 2) x 10 3

With ),=180 cm ', E =5 eV, and X,/6 =0.11, one
1

estimates for the angle between the principal axis z
and the internuclear axis of the 02 molecule a value

of about 2'. The parameter lq) t/E is about five
times larger in KO2 than for the 02 center in potassi-
um halides. It is difficult to understand this differ-
ence, because lq, Aq, and E are quantities that are pri-
marily determined by the properties of the 02 ion
and are not expected to be strongly influenced by the
crystal field. It is conceivable, that due to the in-
teractions between 02 molecule ions the treatment of
02 in KO2 as a center is not appropriate. This is also
indicated by the fact, that g~

—g„ for an 02 ion of the
pair in KI (see Ref. 4) is of the of the same magni-
tude as in KO2. (g» —g„ is proportional to!&)z/E. )

4. Lineeidth

The EPR linewidth of KO2 has been measured
between the Neel temperature (7 K) and 150 K.
Some of the results are given in Fig. 12. The shape
of the lines is Lorentzian for all orientations of the
static magnetic field and for all temperatures. In
phase IV (T ~11 K) the linewidth does not depend
on temperatures up to about 80 K. For the static
magnetic field applied parallel to the z axis of the g
tensor it amounts to 195 +10 6 (peak to peak of the
first derivative of the absorption signal) and parallel
to the x axis to 163 +10 G. Parallel to the y axis
linewidth data cannot be taken because the line coin-
cides with the lines of two other domains (see Sec.
IV B 2). The temperature independence of the
linewidth is due to exchange narrowing of a line
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FIG. 12. EPR linewidth (peak to peak of the derivative)
for KO2 as a function of temperature for the static magnetic
field Ho applied parallel to the principal axes of the g tensor.

Interpreting the broadening as lifetime broadening
one obtains

1 Be-E/kT
Tf

with

B = 2.8 x 10' sec ' =—90 cm '

This value of 8 is typical for libration frequencies in

KO2 at room temperature. " E is of the order of the
activation energy for reorientations of the 02 center
in alkali halides. 25 27 Hence 1/T~ reflects the reorien-
tation rate of an O2 molecule ion. Unfortunately the
reorientation mechanism cannot be specified more
precisely because the anisotropy of the pre-
exponential factor B could not be measured due to
overlap of the different EPR lines.

In phase V the linewidth increases if the Neel tem-
perature is approached. It can be described by the re-
lation

AH(T) = EH(oo) + hH, (T)

where

broadened by dipole-dipole and anisotropic exchange
interactions as will be discussed in Sec. VI.

Above 80 K the onset of a strong broadening is ob-
served. It can be explained by a thermally activated
reorientation process of the molecule ions

AH(T) =6 H(0) +Ae E(kr

with A =(1.8 +1) x 10' 6 and

E = (6 + 1) x 10 2 eV = 700 K

temperature-dependent contribution hH, (T) is due
to critical fluctuations. In antiferromagnets these
cause a broadening at the approach of the critical
temperature, whereas in ferromagnets a narrowing
occurs. The temperature dependence of the
linewidth thus indicates in agreement with neutron-
diffraction and static magnetic susceptibility data, '
that the Neel temperature T~ of KO2 is indeed at
7 +1 K. The anomaly of the specific heat' yields a
more accurate value of T~=7.1+0.1 K. A detailed
study of the critical behavior of the linewidth was not
attempted because of the complexity of KO2. How-

ever, it is worth mentioning that the ratio of the criti-
cal broadening parallel to the z axis to the critical
broadening perpendicular to the z axis .is equal to two,
just as for a simple uniaxial antiferromagnet.

C. R102

g tensor

10.0-

C9

O rr

Hp II I:OOll
ll ~ )

1

Hp II I:IIOt
ll

~ I g I g g g I: e: I I 1 . I

I4.0-

The EPR was studied between the Neel tempera-
ture (15 K) and about 40 K. Since the available sin-

gle crystals are very small (typically 0.3 x 0.3 & 0.5
mm3) and the linewidth is large and increases with

increasing temperature, the signal is too weak at
higher temperatures for an accurate investigation.
Below 40 K the structure of Rb02 is pseudo-
orthorhombic with a slight monoclinic distortion. "
The 02 molecules are not exactly parallel to each
other and therefore the measured g tensor has to be
considered as an average over different orientations.
(The averaging is achieved by the exchange interac-
tion. ) The [001] axis is a twofold axis and common
to all domains. It is a principal axis of the average g
tensor. The temperature dependence of the reso-
nance field along this axis is given in Fig. 13. At 18K

hH(~) is equal to 110, 85, and 130 + 10 6 for the
static magnetic field parallel to the x, y, and z axis,
respectively. The critical exponent p is about unity.
The temperature-independent term hH(~) can again
be interpreted by exchange narrowing. The

l5 20 25
T (K)

50 55

FIG. 13. Temperature dependence of the paramagnetic
resonance field Ho for Rb02 with the static magnetic field

applied parallel to the f001] and the (110] axis of the aver-
age tetragonal structure. j =35.4 6Hz.
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it corresponds to a g value of g, =2.534 +0;01. It
is the largest of the principal values and therefore has
to be interpreted as corresponding to the average
orientation of the molecular axis. Within experimen-
tal accuracy no anisotropy of the resonance field was
detected in the (001) plane, which means that g„and
g„differ very little. A measurement of the g value in
a (001) plane therefore yields a gt. We assume

gt =
2 (g„+g~). The resonance field parallel to [110]

as a function of temperature is given in Fig. 13. At
18 K it corresponds to a g value gj =1.915 +0.01.

The temperature range where accurate measure-
ments are possible is too small for HO II [001] to ob-
tain g,

" and P, by a fit to formula (9). Fortunately
the linewidths are smaller for HO II [110],and one ob-
tains

gf =1.88 +0.02 = —,(g„"+gy')

and

Pt =—120 + 50 = —(P„+Py)

Since P„+Py+Pz 0 one has

and

PII = P = 2Pj =+240 + 100

g' =g' =g 1+—P ---- =2.63 +0.033 C
II zz4zTp

g =g, =g +l, sln2a

(20)

The contribution from demagnetization is included in
the P's. It is small because the shape of the crystals
deviates little from a cube. Near the Neel tempera-
ture the resonance field parallel to [001] decreases
more rapidly than should be expected from mean-field
theory, as in KO2. Presumably this is again due to
short-range order.

The formulas (13) for the g tensor yield

2. Linewidth

The measurements of the linewidth as a function
of temperature are plotted in Fig. 14 for the static
magnetic field applied along the [001] and the [110]
axis. The line shape is Lorentzian at 18 K for all
orientations of the crystal. At other temperatures it
was difficult to accurately measure the line shape due
to the huge linewidth and the poor signal-to-noise ra-
tio. Within the rather large experimental error it is
Lorentzian. We assume three contributions to the
linewidth: a temperature-independent term, a term
that increases with increasing temperature and a
broadening near the Neel temperature;

t pT TN
AH =3 + E]kT +C

TN
(21)

The temperature-independent term A represents the
linewidth left after exchange narrowing of the line
broadened by anisotropic spin-spin interactions. It
amounts to 3 II

= 2100 + 400 G for the static magnetic
field parallel to [001] and to At =1200 +400 6 paral-
lel to [110]. It is discussed in Sec. VI.

The second term can be interpreted as lifetime
broadening due to a thermally activated reorientation
process of the molecule ion. The activation energy is
about 80 K. An accurate determination was not pos-
sible leaving the temperature-independent term with
a large error. The activation energy is considerably
smaller than for KO2. A second interpretation as
lifetime broadening due to a Raman process involv-
ing optical phonons is also conceivable. A phonon

seen by an electron in a I'2+ state (II() is very close to
that seen by an electron in a 14+ state (II~~). In con-
trast' to this in KO2 the surroundings differ more for
the two states due to the tilt of the molecular axis,
and the crystal-field parameter b, is larger than for
Rb02.

gx+ gy

lying

gj = = gg cos2o.'+ cos2o.'

The term (Ithq/E) cos2a can be neglected because it
is smaller than the error of gq'. One then obtains

—= tan2o. =0.37 + 0.03

and

l, =0.9+0.1

2-

CI
I I ~ I

Hp II fOOI ]

p II&IIO

The crystal-field parameter 5 is much smaller than
for KO2. This can be understood on the basis of the
following qualitative arguments. The lattice of Rb02
is almost tetragonal and the average orientation of
the internuclear axis of the 02 molecule is parallel to
the pseudotetragonal axis. Therefore the crystal field

20 50
0

40
T (KI

FIG. 14. EPR linewidth AH (peak to peak of the deriva-
tive) for Rb02 as a function of temperature with the static
magnetic field parallel to the [001] axis (left scale) and the
[110] axis (right scale) of the average tetragonal structure.
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energy of 80 K =56 cm ' corresponds to a typical li-

bration frequency in the alkali hyperoxides. ' For
such a process I/T~ is inversely proportional to the
fourth power of the crystal-field splitting A. 5 can be
derived from the g tensor. Comparing KO~ with

Rb02 one finds that I/T, is two orders of magnitude
smaller for KO2. Hence, this process cannot be ob-
served in KO2.

The third term describes the broadening caused by
critical fluctuations near the Neel temperature. The
broadening confirms the onset of antiferromagnetic
order. in Rb02 at about 15 K.' The critical exponent
is of the order of unity. The accuracy of the EPR
measurement is so much limited by the large
linewidth that the transitions III IV (15.1 K) and
IV V (14;7 K) cannot be distinguished.

D. Cs02

1. g tensor

The EPR was investigated between the Neel tem-
perature (9.6 K) and about 70 K. The spectra show
axial symmetry about [001] as for Rb02. The in-

terpretation is analogous. The resonance field paral-
lel and perpendicular to [001] as a function of tem-
perature is given in Fig. 15. At 15 K it corresponds
to an effective g value of gII =2.660+0.01 and

gq =1.897 +0.005 parallel and perpendicular to the
[001] axis, respectively. After correction 'for internal
fields and demagnetization as described in Sec. IV B 3

one finds

elongated octahedron. The corresponding anisotropy
of the demagnetization fields is included in the Ps.
The parameters determined using formulas (20) are

and

&,/b =0.31 +0.02

t, = 1.01 + 0.03

They are close to those for Rb02 and can be inter-
preted along the same lines (see Sec. IV C I).

2. Lineeidth

The measured linewidth of CsD2 parallel and per-
pendicular to [001] is plotted in Fig. 16. The shape
of the line is Lorentzian for all orientations and all

temperatures. At 12.5 K the spectra were carefully
examined for an anisotropy in a plane perpendicular
to [001]. Within experimental accuracy, limited by a
signal-to-noise ratio of about 100, all spectra were
identical at least in the range of investigation
(IH —HDI & 3.53H). This limits the difference
between g„and g» to less than 0.01. Qualitatively the
temperature dependence of the linewidth is the same
as for Rb02. The temperature-independent contribu-
tion amounts to A II

= 820 + 100 0 and Aq = 620 + 100
G. The broadening at high temperatures corresponds
to an activation energy of about 60 K. The interpre-
tation can be taken over from Rb02 (see Sec. IV C
2). The broadening at low temperatures confirms the
position of the Neel point near 9 K.

and

g[I = 2.61 + 0.02 PII =—130 + 50

gg = 1.91 +0.01, Pg =+50 + 30

The typical shape of the crystals was a slightly
2-

Ho I I I:OOI l

9.0-

—9.5-
C5

OZ
15.0-

~tl-
[5.5-

Hp II [0017

Hp II I:IIO]
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~ ~
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FIG. 15. Temperature dependence of the paramagnetic
resonance field H0 for Cs02 with the static magnetic field

applied parallel to the t001] and the [1101 axis of the aver-

age tetragonal structure. v = 35.4 GHz.

FIG. 16. EPR linewidth AH (peak to peak of the deriva-
tive) for Cs02 as a function of temperature with the static

magnetic field parallel (left scale) and perpendicular (right
scale) to the [001] axis of the average tetragonal structure.
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V. ANTIFERROMAGNETIC RESONANCE

A. Theoretical considerations

There are two mechanisms for the absorption of
infrared radiation in the ordered state of an antifer-
romagnet: Magnetic-dipole transitions occur by crea-
tion of one magnon of wave vector k =0 and
electric-dipole transitions by simultaneous creation of
a magnon with arbitrary wave vector k and a magnon
with wave vector —k.

The one magnon processes can be described by the
mean-field approximation. Since k =0, all spins
within a sublattice precess in phase. I3ate' calculated
the frequencies for a mean-field energy of the form
(2). Defining x as the easy, y as the intermediate,
and z as the hard axis one finds for the frequencies
of the k =0 magnons for H II y under the assump-
«ons IP. I

« I~ I
and IQ. I

« I& I
(~=x~.z) justi-

fied in Sec. III, and with X» = I/(A + —.P»),

I. —=H2(1 —
2 P»X») +2(g —Q»)AMO (22)

, 'y,

and

II. —= H' .
" * X»'+2(g„—Q, )AM02 . (23)

. 'y

H = —,g~'H, „ is the reduced field and Mo is the mag-

netization of a sublattice. Mode I (Eq. 22) is (ellipti-
cally) polarized in the x-z plane whereas Mode II (Eq.
23) is (linearly) polarized parallel to the y axis. For
the magnetic field H parallel to the z axis the fre-
quencies are given by

f
'2

III. —=H (1 —
2 P, x ) +2(g„—g, )AMO2 (24)

,
'y,

ru(kza) at the zone boundary can be estimated using
a relation derived in Ref. 14

k- (k„) =zjs=wg2&2s(w+r) .

Inserting values for N, A, and 1 for the alkali hy-

(26)

peroxides one obtains for the energy 2tru(kza) of the
two magnon absorption peaks values between 45 and
80 cm '. A more thorough discussion would involve
a detailed calculation of the magnon dispersion. It
cannot be carried out because the details of the mag-
netic structure are not known.

B. Experimental techniques

The far-infrared (far-ir) absorption of KO2, Rb02,
and Cs02 has been measured in the frequency range
from 2 to 55 cm '

by means of Fourier-transform
spectroscopy for temperatures between 1.4 and 60 K.
(These experiments were performed by M. A. Bosch
at the Laboratory of Atomic and Solid State Physics
at Cornell University. ) The samples consisted of
many small single crystals filled into sample cells of 4
mm diameter and 6.5 or 8 mm length with sapphire
or teflon windows. A magnetic field up to 90 kG was
applied by means of a superconducting solenoid. The
infrared radiation propagates parallel to the magnetic
field. The ratio of the absorption spectra taken at
different temperatures or at different magnetic fields
was analyzed in order to eliminate the spectrum of
the radiation source, the spectral sensitivity of the
bolometer and intensity variations due to interfer-
ence. Frequency shifts and intensity. changes are
thus obtained permitting conclusions about the ab-
sorption spectrum of the sample. The magnetic field
strength was known within an accuracy of about 3%.
The frequency resolution is about 0.3 cm ' in the
range from 2 to 15 cm ' and about 1 cm ' between
15 and 55 cm '.

=H' " 'x'+2(g„—Q)AM,' (25)
, 'y,

where X, = I/(A +
2 P,) and H = —,g, 'H, „.Mode III

(Eq. 24) is (elliptically) polarized in the x-y plane and
Mode IV (Eq. 25) is (linearly) polarized parallel to
the z axis. The zero-field frequency of Mode I is
smaller than that of Mode III because Q & Q» & g, .
For H parallel to the x axis (easy) the field depen-
dence of the magnon frequencies is more complicat-
ed.

The absorption due to two magnon processes is
weighted by the magnon density of states. Therefore
the absorption band is peaked at energies 2lcu(k)
~hose wave vector k belongs to special points at the
Brillouin-zone boundary. " The magnon frequency

C. Results

1. CsO2

At frequencies below 15 cm ' absorption peaks
with a strong field dependence of the frequency have
been observed. The experimental data' for Cs02 are
shown in Fig. 17.

The crystals are loose in the sample cell and they
orient so that the easy axis is perpendicular to the
magnetic field. Thus referred to the crystal axes the
magnetic field lies randomly within a plane perpen-
dicular to the easy axis. Absorption maxima occur at
frequencies equal to the magnon frequencies for the
magnetic field parallel to the intermediate and hard
axis because the angular dependence of the magnon
frequencies passes through an extremum at these
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axes. The field dependence of the magnon frequen-
cies for the magnetic field parallel to these axes is
given by formulas (22) to (25). The full and bro-
ken lines in Fig. 17 represent the fit to the experi-
mental data. The nearly field-independent modes II
and IV are not excited because their polarizations are
parallel to the static magnetic field, However, one
observes a coupling between mode I and II because .

the magnetic field is not exactly parallel to the y
axis. ' The intensity decreases with decreasing field
due to the increasing admixture of mode II. The
other mode, which is expected from the coupling of I
and II, is not detected because at high magnetic fields
its character is predominantly that of mode II and at
low magnetic fields its frequency is low and lies in
the spectral region where accurate measurements are
no longer possible.

At H,„=90kG the absorption of mode III, for
which the static magnetic field is parallel to the hard
axis z, can be followed into the paramagnetic phase,
where at 15 K its frequency is 11.2 cm '. This value
corresponds to the EPR g value parallel to the [001)
axis of the average tetragonal CaCq-type cell. Thus
one concludes that in CsO~ the hard axis of magneti-
zation is parallel to the average orientation of the
molecular axis. In zero field the frequency of mode
III decreases with increasing temperature, and the ab-
sorption disappears between 8.2 and 11.2 K. (The
Neel temperature is 9.6 K.)

From a fit to formula (24) of the field dependence
of the resonance frequency of mode III at T = 1.4 K

one obtains

cu(& =0) = y[2(Q„—Q, )A]'~'Mq= 5.0 +0.1 cm '

and

—g,'~(I ——,P, x,) =1.72 +0.05

Using these data one can determine Q„—Q, ; A is
taken from Sec. III. For Mo we insert the saturation
value Ngpl», aS One fi.nds then Q„—Q, =79.
I —-'(P, )t,) cannot be determined accurately

enough to obtain. P, . However, the value of P,
resulting from the temperature dependence of the
EPR resonance field is consistent with the slope of cu'

vs H,~„. Extrapolating the measured spin-flop field of
Ref. 7 (see Sec. III) to T =0 K one obtains
H„„=21,3 kG, Since the easy axis is perpendicular
to the average orientation of the molecular axis the
value gq =1.91 has to be used for the reduction of
the spin-flop field. Using formula (8) one computes
Q„—Q»

= 11. From Q„+ Q» + Q, =0 one then ob-
tains Q„=30, Q»=19, and Q, =—49. With the Ps
determined in Sec. IV D 1 and adjusted for a vanish-
ing trace, one finds for the anisotropic mean-field
parameters

3„'=45, A '=40, 3,'=-85

r„'=15, r, '=20, r, '=-35 .

An absorption peak with field- and temperature-
independent frequency 8..5 cm ' is present in the
spectrum. It is much stronger than the AFMR ab-
sorption at zero field. It persists still far above the
Weel temperature although its intensity decreases
with increasing temperature. A corresponding peak
was observed in RbO& but not in KO~. This suggests
that it might be connected with the incommensurate
crystallographic superstructure.

An absorption band with peaks at 34, 38, and 42.5
cm was observed. The intensity decreases with in-
creasing temperature. The peak at 42.5 cm ' is the
strongest and- the one at 38 cm ' the weakest. A
field dependence outside experimental error could
not be detected. This absorption band is likely to be
due to two magnon processes. The frequencies are
of the expected order of magnitude (see Sec. V A).

0
2 4 6
H, „(IO kG j .

-4
IV

8
0

2. RbOg

FIG. 17. Absorption peaks in the far infrared for CsO&

(square of frequency co vs square of exterally applied mag-
netic field H,„). ~: T=1.4 K, I: T=8.2 K, 0: T=15.1 K.
Full lines: field dependence of the resonance frequencies
for the static magnetic field parallel to the (hard) axis z.

Broken lines: field dependence of the resonance frequencies
for the static magnetic field parallel to the (intermediate)
axis y, Dotted line: nonmagnetic absorption'P

The field dependence of the frequencies at which
peaks in the far-ir absorption of RbOq occur is shown
in Fig. 18. The interpretation presented for CsOq can
be taken over. At H,„=90kG the absorption of
mode III can be followed into the paramagnetic phase
where its frequency corresponds to a g value which is
equal to the EPR g value parallel to the [001) axis.
When (at 90 kG) mode I is followed into the
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FIG. 19. Absorption peaks in the far infrared for KO& at
T =1.4 K (square of frequency 0) vs square of externally ap-
plied magnetic field 8,„). Full and broken lines have the
same meaning as in Fig. 17.

FIG. 18. Absorption peaks in the far infrared for RbO&

(square of frequency cu vs square of externally applied mag-
netic field He„). ~: T=1.5 K, k; T=12.1 K, 0: T=
16.1 K. Full, broken, and dotted lines have the same mean-
ing as in Fig. 17.

paramagnetic phase the resulting g value agrees with
the EPR g value perpendicular to the [001] axis.
Thus in RbOq the hard axis of magnetization is paral-
lel to the average orientation of the molecular axis as
for CsOq. In zero field the AFMR frequency de-.
creases from 6.5 cm ' at 1.5 K to 6.0 cm ' at 12.1 K.
The absorption disappears at about 15 K. The spin-
flop field of Ref. 7 extrapolated to T =0 K is
H„„=21.7 kG. Q„—Q» and Q„—Q, were computed
as for CsOq. One finds Q„=36, Q» =27, and

Q, =—63 and with the Ps from Sec. IVC I,

A„' =—42, Ay' =—46, A,
' =+88

r„'=-78, I,'=-74, I,'=+152 .

At 5.2 cm ' there is another absorption peak which
has exactly the same properties as the 8.5 cm ' peak
in CsO~. At higher frequencies two further absorp-
tion peaks were observed, a strong one at 21.5 cm '

with an intensity that increases with increasing tem-
perature and a weak one at 45.5 cm ' with an intensi-
ty that decreases with increasing temperature. The
frequency of the latter decreases slightly in a magnet-
ic field to about 44.5 cm ' at 90 kG. The tempera-
ture dependence of the intensity suggests a two mag-
non process.

3. KOg

The far-ir data for KOq below 15 cm ' are shown
in Fig. 19. The following observations can be ex-
plained on the basis of the anisotropy of the g tensor.
The separation of the absorption peaks is smaller for
KOq than for RbOq and CsOq and it can be resolved

for KO~ only at high magnetic fields. The AFMR
frequency in the absence of a magnetic field is small-
er than for RbOq and CsOq as is expected based on
relation (7).

For the determination of the mean-field parameters
one proceeds as in the case of RbO~ and CsO~ and
finds Q„=6.8, Q»

=—1.2, and Q, =—5.6. P could not
be measured in phase V and hence the anisotropic
mean-field parameters cannot be given. The data of
Fig. 19 together with the FPR g tensor indicate that
the easy axis of magnetization is perpendicular to the
molecular axis. Neutron diffraction leads to the same
suggestion.

The two magnon absorption band shows two peaks
at 33.5 and 40 cm ' for H,„=O kG. Its intensity de-
creases with increasing temperature and disappears
above the Neel temperature. When a magnetic field
of 70 kG is applied at 1.6 K the peak at 33.5 cm '

shifts to about 32 cm '. The intensity of the whole
absorption band decreases with increasing field and
disappears abruptly between 70 and 80 kG. This
first-order phase transition (see Ref. 7) cannot be
identified with the phase transition between the
spin-flop phase and the paramagnetic phase, which is
second order and would be expected at
H, '=2AM0 =340 kG (if one neglects the anisotropic
mean-field parameters). It has rather to be interpret-
ed as the field-induced transition to the paramagnetic
phase IV, This transition involves a large change of
the molecular orientation as was shown in Sec, IVB
2, as well as a deformation of the unit cell. "

VI. 'FURTHER DISCUSSION

In order to test the usefulness of the mean-field
parameters of RbOq and CsOq the computed
temperature-independent contribution to the EPR
linewidth was compared to the experimental results.
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and

J = —%go psI

J = —Wgp p,gA (27)

The dipole-dipole interaction is included in this treat-
ment. The second moment p, ~2 of the EPR line can
be calculated by expressions given in Ref. 33. The
nonsecular broadening has to be taken into account.
Then according to Ref. 34 the spin-spin relaxation
time T2 arising from exchange narrowing is given by

r/2
1 m po

T2 2 QJg
(28)

where (Ref. 35)

co~2 =
3
S(S+1)X

J

This contribution corresponds to a line broadened by
anisotropic spin-spin interactions and subsequently
narrowed through exchange. The calculation requires
knowledge of the individual spin-spin interactions Jjk.
These can be extracted from experimental data under
the following simplifying assumptions:

(i) Only the exchange interactions of an ion with

its 12 nearest neighbors shall be considered. (Their
distances are 4.2 or 4.6 A in Rb02 and the distance to

0
farther neighbors is at least 6.0 A. For KO2 and
CsO, the geometrical situation is similar. )

(ii) The spin-spin interactions J (isotropic plus an-

isotropic part) between an ion and its four nearest
neighbors in the same (001) plane of the average
tetragonal CaC2-type structure shall be equal. Furth-
ermore the interactions J'between an ion and its
eight nearest neighbors in the two adjacent tetragonal
(001) planes also shall be equal. (These assumptions
are reasonable for the isotropic part of the interac-
tions. However, the equalities are not so realistic for
the anisotropic part because the principal axes are not
parallel to each other. )

(iii) Adopting the proposal for the magnetic struc-
ture of KO2 given iri Ref. 8 we assume that the spins
order ferromagnetically within tetragonal (001) planes
and the spins in adjacent planes are aligned antiparal-
lel.

Then we have

For a computation of the linewidth the mean-field
parameters given in Secs. III and V C are used. In
Table II the results are compared to the measured
EPR linewidths. It is striking that the measured
linewidths are several times larger than the calculated
ones, although some qualitative properties are repro-
duced. Presumably the origin of this discrepancy lies
not in the shortcomings of the mean-field approach
but rather in the neglect of important properties of
the actual structure of these compounds. The calcu-
lation of the exchange narrowing is based on the as-
sumption of a perfect crystalline lattice. This we do
not have for Rb02 and Cs02. The incommensurate
crystallographic superstructure is an indication of in-
complete molecular order.

For a comparison of the relative magnitude of the
dipole-dipole interaction and the anisotropic part of
the exchange interaction the dipole contribution to
the anisotropic mean-field parameters was calculated,
based on a point dipole model and an orthorhombi-
cally distorted CaC2-type structure. "The contribution
of the dipole-dipole interaction to P does not depend
on the magnetic structure. One finds P„q;~=—13,
P~d;~= —12, and P,, d;~=25 for Rb02 and for Cs02.
Comparison with the total P given in Secs. IV C 1

and IV 0 1 shows that the anisotropy of the spin-spin
interaction originates predominantly in the exchange.

For KO2 the anisotropic mean-field parameters are
smaller than for Rb02 and Cs02 which manifests it-
self in narrower EPR lines. A detailed analysis was
not possible because the crystallographic changes
between the phases IV and VI prevent the determina-
tion of a complete set of mean-field parameters for
phases V and VI.

VII. CONCLUSIONS

a. Crystallographic information from EPR. In phase
IV of KO2 the analysis of the g tensor yielded the
orientation of the 02 molecule ions with much
greater precision than x-ray diffraction. In phase V,
where diffraction methods faileg because of the com-
plicated crystallographic domain structure, the EPR
spectra permitted the determination of the molecular
orientation and gave information on the domain
structure.

TABLE II. Calculated and experimental values of the temperature independent part of the EPR
linewidth {peak to peak of the derivative).

HO II x
hH (G) calculated

HD I I y H0 tlz
AH (G) experimental (phase III)

Hpj [001] Hp il [001]

Rb02
Cs02

440
51

430
51

620
74

1200 +400
620 + 100

2100 + 400
820 + 100
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In phase III of Rb02 and Cs02 the average orienta-
tion of the 02 molecule ions could be determined.

b. Magnetic structure and interactions. The com-
pounds KO2, Rb02, and Cs02 are antiferromagnetic
with Neel temperature 7, 15, and 9 K, respectively,
as is indicated by the following observations. Anti-
ferromagnetic resonance occurs below these tempera-
tures. With decreasing temperature the paramagnetic
resonance absorption decreases abruptly at these tem-
peratures and the linewidth increases on approaching
these temperatures. The knowledge of the g tensor
from EPR spectroscopy and of its relation to the in-
ternuclear axis of the 02 molecule ion combined with
the field dependence of the AFMR permitted the
determination of the magnetic axes. The easy axis of
magnetization is perpendicular to the molecular axis,
and the hard axis is parallel to it for all three com-
pounds.

There is a considerable temperature range where
short-range order occurs as revealed by the critical
behavior of the EPR linewidth and of the EPR reso-
nance field.

On the basis of a mean-field approximation the
magnetic interactions were determined using the Neel
temperature, the Curie-Weiss temperature, the spin-
flop-field, the temperature dependence of the EPR
resonance field, and the AFMR frequencies.
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