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The optical absorption spectra of crystalline oxygen were investigated in the temperature
interval 4.2—25°K, which includes the low-temperature phase transition point (23.9°K).

A detailed investigation of the narrow bands at 20,233 and 23,814 cm_l, which are con-
nected respectively with the double optical transitions 2°2 — 2!A and 232 — 12 + 1A, has
shown that their integral intensity varies abruptly in the investigated temperature inter-
val. To explain this fact, it is assumed that the ‘‘cooperative’’ transitions in oxygen are
induced by the exchange interaction of the O, molecules. This interaction increases be-
cause of the change in the character of the rotation of the O; molecules on going from

the B to the o modification of crystalline oxygen.

INTRODUCTION

SOLID oxygen has many interesting properties.
This is the only molecular crystal, made up of
molecules of uncompensated spins, and this causes
the paramagnetism of its high temperature crystal-
line y phase and apparently also the antiferromag-
netism of the low temperature 8 and « phases. (13
The structure of solid oxygen was investigated by
x-ray diffraction (2,3 and by neutron diffrac-

tion. [34] It must be assumed as a result of these
investigations that the y phase of crystalline oxy-
gen, which is in equilibrium in the temperature
interval from the triple point (54.1°K) to 43.8°K,
has a cglbic face-centered structure (Tfl; a

= 6.83 A), the B phase (43.8—23.9°K) has a rhom-
bohedral lattice (a = 6.194, o =99.1°),3%] and
the low-temperature « phase has a nearly rhom-
bohedral lattice. %]

Investigations of the temperature dependence of
the specific heat and of the magnetic susceptibil -
ity[lj have provided evidence that at the phase-
transition points there takes place a rearrange-
ment not only of the crystallographic but possibly
also of the magnetic structure. At any rate, the
magnetic susceptibility of the 8 and « phases de-
creases with decreasing temperature, a behavior
characteristic of antiferromagnets. Neutron dif-
fraction investigations do not contradict the as-
sumption of antiferromagnetism of the 8 and «
phases,[4%] but whereas the @ phase of oxygen
has, according to the neutron diffraction data, uni-
axial antiferromagnetism, the 8 phase has tri-

axial antiferromagnetism, with a special form of
exchange interaction between the vibrating mole-
cules. [%]

At the same time, the spectrum of absorption
of light by the crystalline oxygen has many inter-
esting features. (6,7 This spectrum consists of
five series of absorption bands:

1) 3T —>1A  (12000—7300 A),

2) SS—>13 (7600 — 5700 A),

3) 258 — 21A

4) 258 1% 4 1A | (5500 — 3000 A).
5) 298218 |

The frequencies of the bands of series 3—5 can
be written as combination frequencies of the first
and second series with each other and with the
vibrational frequencies, (7] and the intensity of
these bands in gas (8] and in liquid Lo] depends
much more strongly than linearly on the density.
Usually the various singularities of combination
bands in the absorption light by oxygen are re-
garded as proving the existence of quasi-stable
complexes, namely (0,), dimers.["1%) Such
an explanation, however, cannot be regarded as
the only one, since simultaneous optical transi-
tions in two molecules can also occur without
formation of dimers. Thus, for example, the ap-
pearance of additional absorption bands, with fre-
quencies that are expressed by linear combina-
tions of the frequencies of the electronic transi-
tions of the individual ions, were recently observed
in the spectra of crystals containing large amounts
of rare-earth ions.t!!]
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A theoretical analysis shows that the appear-
ance of combination bands, connected with the
“‘cooperative’’ simultaneous optical transitions in
pairs of ions (molecules), is due to the rather
weak interaction between the ions (molecules).

Inasmuch as the mechanism that induces com-
bined or double transitions in the oxygen spectrum
still remains unclear, further experimental inves-
tigation is necessary for the purpose of clarifying
the new peculiarities of the ‘‘cooperative’’ absorp-
tion of light, due to these transitions. In particu-
lar, additional information can be gained, appar-
ently, from investigations of the temperature de-
pendence of the spectral position of the ‘‘coopera-
tive’’ absorption bands, their form, and especially
their integral intensity. In this paper such an in-
vestigation was made in the low-temperature region
(5—25°K), using as an example two isolated narrow
bands at 20,233 cm ™! (232 — 2!A) and 23,814 cm ™!
(2% — 1z + 1a).

METHODOLOGICAL REMARKS

The samples were grown from oxygen obtained
by decomposition of KMnO,. The oxygen obtained
in this manner was accumulated in an ampoule
cooled with liquid nitrogen, liquefied, and then re-
distilled. Such a procedure made it possible to ob-
tain oxygen with a high degree of purity. Le]

The growing of polycrystalline samples of the
a phase of oxygen and the investigation of the op-
tical absorption spectra were carried out with the
aid of the apparatus shown schematically in Fig. 1.
Confining ourselves to an investigation of the vis-
ible region of the spectrum, we carried out the
measurements in ordinary glass Dewars with
transmitted light. The oxygen was condensed in
Dewar ampoule 6 with thick plane-parallel walls

EREMENKO, LITVINENKO, and OGNEVA

FIG. 1. Diagram of the experimental setup. 1— Light
source (DKSSh-1000), 2 —rotating perforated disc (in-
tensity attenuator), 3 —focusing lens, 4 —flat windows,
5 — helium Dewar, 6 — Dewar container for oxygen,

7 — sample (solid oxygen), 8 — molybdenum rod (cold
finger) and miniature heater, 9 —thermocouple,

10 — focusing lens, 11 —diaphragm with stepped wedge
and entrance slit of spectrograph.

underneath. The inside dimensions of the ampoule
were such that a 5 + 0.5 mm layer of solid oxygen
7 could be obtained. A dismountable molybdenum
rod 8 passed through the vacuum jacket of the
Dewar ampoule. (3] one end of this rod was im-
mersed in liquid helium, and the other secured to
the internal part of the ampoule, in which the oxy-
gen first condensed and then crystallized. The
temperature of the sample, the rate of crystalliza-
tion, etc. were varied with the aid of a miniature
oven 8, wound on the molybdenum rod, which served
as a cold finger, and by varying the vacuum in the
jacket of the measuring ampoule (by pumping on a
regulated amount of gaseous helium). It is very
convenient to vary the temperature of the sample
by varying the power incident on it by radiation
from a gas-discharge xenon lamp DKSSh-1000 (1),
with the aid of which the absorption spectrum of
the light by the solid oxygen was photographed. To
regulate the averaged intensity of the radiation in-
cident on the sample 7, a rapidly rotating perfor-
ated disc 2 was placed between the sample and the
light source 1. The number of holes in the disc
governed the average attenuation of the intensity
of the radiation incident on the sample. By com-
bining all the foregoing methods, we could vary the
temperature of the sample over a wide range from
12.2°K to the melting point (54.1°K).

The measurement of the temperature was made
by a differential copper-constantan thermocouple 9,
one end of which was in the oxygen sample and the
other in the liquid helium. The accuracy of meas-
urement in the investigated temperature interval
was *+1°K.

Prolonged attempts to grow a single-crystal o-
phase oxygen sample were unsuccessful, in spite of
the possibility of varying the rate of cooling of the
oxygen over a very wide range. In the case of very



slow cooling (for 3—5 hours) it is possible to ob-
tain samples which scatter light less than the sam-
ples obtained by fast cooling, but even in this case
the polycrystals obtained are semitransparent and
dull. At a thickness of approximately 5 mm, to ob-
tain sufficiently distinct spectrograms of the de-
scribed samples, the required exposure time is on
the order of 30 minutes with well focused and un-
attenuated light from the DKSSh-1000 lamp incident
on the sample, and using the highly sensitive film
RF-3.

The investigation was carried out with a DFS-8
diffraction spectrograph with linear dispersion
6 A/mm at a spectral width of the instrument slit
of 0.6 A. The measurements of the intensity were
by the usual method of photographic photometry.w‘]
Using a nine-step wedge, and using good homoge -
neity of illumination of the input slit of the spectro-
graph, and exercising caution in the spectrogram
development, the main error in the measurement
of the absorption coefficient of the bands is due to
the inaccuracy of determination of the thickness of
the sample and the errors due to separating the
absorption connected with the investigated band
and the background of the band. The first of these
sources of error is largely removed by carrying
out all the measurements in the same ampoule,
whose inside diameter determines the thickness of
the sample. The second source of error intro-
duces in the integral intensity of the 20,233 cm ™
band an error of 30% and in the 23,814 cm~! band
an error of 10%.

1

EXPERIMENTAL RESULTS

The o phase of solid oxygen has a whole series
of absorption bands in the visible region of the
spectrum. (e, 7] They are all due to optical double
transitions but differ appreciably in their intensity
and width. Even a spectrograph of a rather nar-
row portion of the spectrum (Fig. 2) illustrates
the abundance of absorption bands of o oxygen.

However, from all this multiplicity of lines we
chose two for a detailed analysis: 23,814 cm~! and
20,223 cm™!. These bands are identified with dif-
ferent transitions (see Fig. 2), a fact which makes
it possible to compare the temperature dependence
of their intensity, and they are single, sufficiently
far from other bands, which facilitates their sepa-
ration from the background. It is also important
that at a sample thickness of 5 mm, the chosen
bands are observed and can be easily processed
(by photometry) in a sufficiently broad temperature
interval (5—25°K), which covers the a-f phase
transition point.

255"+ 7

FIG. 2. Light absorption spectrum — oxygen modifications.
T =4.2°K, d =5 mm.

Figure 3 shows spectrograms which cover a
very narrow section of the spectrum near the
20,233 cm ™! band, and curves of the spectral dis-
tribution of the coefficient of absorption of light
near this band, obtained at five different temper-
atures (9.5—22°K). The value of the absorption
coefficient at the maximum of the band at 9.5°K
(and lower) reaches k = 0.064 cm ™! (the coeffi-
cient is given by the following relation: I = Ie -,
where I, and I are the intensities of the light in-
cident on the sample and transmitted through it;

d is the sample thickness in centimeters).

The first striking fact is the stable position of
the band in the frequency scale: when the temper-
ature varies from 4.2 to 25°K, the position of the
band remains unchanged, within the limits of ex-
perimental accuracy. This result agrees with the
data of Prikhot’ko et al., Le] according to which
the frequency of this line is the same in the «
and in the 8 phase of oxygen (20,231 cm~!). The
half-width of the 20,233 cm ™ line likewise does
not change noticeably in the investigated temper-
ature interval.

The absorption coefficient at the maximum of
the band, and consequently also the integral inten-
sity of the band, decrease strongly with increasing
temperature. If we subtract the intensity of the
background, as shown dashed in Fig. 3, then the
integral intensity of the 20,233 cm™! band is de-
termined by the remaining area under the curve.
The temperature dependence of this integral in-
tensity S (in relative units) is shown in Fig. 4.

A characteristic feature is the constancy of the
intensity of the 20,233 ¢cm ™! band below 10°K and
its sharp weakening when heated above 12°K. When
the temperature changes from 12 to 22°K (region
of existence of the « phase), the intensity of the
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FIG. 3. Contour of absorption band at
" 20,233 cm™ (2°252'A) at various temperatures.
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20,233 cm ™! band (transition 2°% — 2'A) is weak-
ened by a factor of 5.

The 23,814 cm ! band behaves in similar fash-
ion: the frequency of its maximum and its half-
width do not change in the investigated tempera-
ture interval, but the intensity changes noticeably.
Figure 4 shows the temperature dependence of the
integral intensity of the 23,814 cm ™! band, with ac-
count taken of the background in a fashion similar
to what was done for the 20,233 cm ™! band. A char-
acteristic circumstance is the fact that the inten-
sity of the 23,814 cm ™! band (232 — 1= + !A) re-
mains constant up to 16°K, and begins to decrease
rapidly with further heating. As a result it turns
out that whereas the 20,233 c¢m ! band is more in-
tense at 4.2°K, the 23,814 cm ™! band becomes more
intense above 12°K.

DISCUSSION OF RESULTS

The results of magneticti] and neutron diffrac-
tiont4:%] investigations confirm the assumption
that the low-temperature « phase of oxygen is
antiferromagnetic, and the same, with a lesser
degree of reliability, for the 8 phase. We can
therefore expect the phase transitions in crystal-
line oxygen to be accompanied by effects in the op-
tical absorption spectrum, characteristic of anti-
ferromagnetic ordering of crystals. As shown by
spectral investigations of several antiferromag-
netic compounds of transition metals,[*"%] among
the most characteristic features is the frequency
shift of the absorption spectra, 18] and their
narrowing. [17,18] 1f the absorption bands are due
to optical transitions accompanied by a change in

spin, as is the case for oxygen (for example, the
transitions 2% — 2!A and 232 — 12 + !A), then
the frequency shift should be observed upon mag-
netic ordering, even if the electronic excitation is

not accompanied by a change in the exchange inte-
z

gral. Indeed, the exchange energy Wexc = 2J 2 Sysk
[J is the exchange integral, z the number ofkntlear—
est neighbors, and s; and sk are the spins of the
chosen ion (molecule) and of the neighbors], has

in the ground state a value Wegxe ~ kTyN. In the
excited states of oxygen, on the other hand, si = 0
and accordingly the energy of the exchange interac-
tion between the excited molecule and the environ-
ment is equal to zero. Thus, inasmuch as the ex-
change energy reduces the energy of the ground
state, and does not affect the levels of the excited
states, upon ferromagnetic ordering the oxygen
bands should shift towards the short-wave side by
an amount ~ kTy. If the temperature of the phase
transition from the paramagnetic y phase into the
B phase (43.8°K) coincides with T, then we can
expect in this transition the appearance of a fre-
quency shift of the bands amounting to Av~ 30 cm™L
Actually, however, a much larger shift is observed
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FIG. 4. Temperature dependence of integrated intensity:
0 — Vpax = 20,233 cm™ (2°252'A), X — Vpax = 23,814 cm™
(22312 + 1A).



in this phase transition (for example, for the
20,233 cm~! band the shift is AVVB ~ 715 cm_l[sj),
connected apparently not so much with the mag-
netic ordering as with the considerable change in
the parameters of the crystal lattice (from 6.83

to 6.194).

In the low-temperature phase transition
(23.9°K), both the lattice parameters and the ex-
change energy apparently change very little, for in
this temperature interval one observes no notice-
able frequency shift in the bands. This assumption
does not contradict the results of neutron-diffrac-
tion investigations, (5] according to which both the
o and the B phases are antiferromagnetic, differ-
ing only in the features of the magnetic structure.

At the same time, the observed temperature de-
pendence of the integral intensity of the combina-
tion bands 232 — 2 + !A (23,814 cm™!) and 2%%
—2Ia (20,233 cm™!) can be understood qualita-
tively by assuming that in the investigated temper-
ature region (5—25°K) there is a noticeable change
in the interaction between the oxygen molecules, if
the mechanism whereby the ‘‘cooperative,’’ double
transitions are induced is connected with this in-
teraction.

In the B modification of crystalline oxygen, as
shown by neutron diffraction investigations, 057 the
O, molecules rotate about the center of gravity
over a cone, and this leads to a special exchange
interaction: interaction between the molecules and
a varying overlap integral. If we assume that this
is the interaction that induces the double, ‘‘coop-
erative’’ optical transitions, then the observed
temperature dependence of their intensity is evi-
dence of considerable change in the vertex angle
of the rotation cone, occurring near the tempera-
ture of the low-temperature phase transition, this
leading to some increase in the exchange interac-
tion of the O, molecules.

This hypothesis, however, cannot explain the
difference between the temperature dependence
of the 20,233 and 23,814 cm ™! bands, or the ab-
sence of a frequency shift of the bands in this tem-
perature interval. To clarify these questions it is
necessary to investigate the temperature depend-
ence of the frequencies and the intensity of a
larger number of bands of solid oxygen. Such an
investigation is now under way.
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