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Systematic Fourier transform infraréBTIR) spectroscopic investigations of interaction-induced electronic
transitionsﬁzg-lAg (v=0,...,3) ofsolid and liquid oxygen were carried out in the temperature range 10—-90
K at ambient pressure. We interpret these absorption bands as phonon sidebands to an electesnic
electronic-vibrationglexcitations plugin a-0,) exciton(-vibron)-magnon bound states. A consistent descrip-
tion of electronic spectra irll phases of oxygerie, B, 7y, liquid) was achieved. It was shown that the
combined excitations are assisted by a spin-spin exchange interaction in condensed phases of oxygen. A
special procedure to analyze the band shape of these spectra was worked out to determine the unknown
frequencies of electronic and electronic-vibrational excitations. The magnon frequencies at boundaries of the
Brillouin zone were deduced from electronic-vibrational spectra and their temperature behaviors were explored
in magnetically ordered-O,. We present several unambiguous direct experimental proofs that ghghase
transition is of first order and we show that there are no experimental evidences for magnetic disordering as
well as for temperature-caused changes in crystal structuke@ as a precursor to the-8 phase transition.
We investigated the kinetics of the-B phase transition and we found out an extreme sensitivity of this
transition to impuritiedas small as 1 ppimWe discovered that the frequencies of electronic and electronic-
vibrational excitations depend strongly on magnetic order indhghase and that they are hardly ruled by
changes in molar volume in all phases. Thus, spectroscopy of electronic excitations can be used to probe
indirectly the magnetic order and to classify the order of phase transitions in high-pressure phases of solid
oxygen, where this information is not available up to now.
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I. INTRODUCTION are orientationally disordered‘sphere-like” molecules,
whereas the other six molecules form linear chains running

Solid oxygen is a unique crystal. It combines properties ofalong three orthogondll00) axes and their axes are almost
a cryocrystal and a magnet, transforms from transparent tetochastically distributed perpendicularly to these directions
color at increasing pressure and becomes a metallic molecin crystal (“disklike” moIgcuIes).S'4 The orientationally or-
lar crystal and, further on, behaves like a superconductor atered 8 (space groupR3m) and a (space groupC2/m)
higher pressure. These unusual features originate from pecphases possess a layered crystal structure: the distance be-
liarities of electronic structure of the,®nolecule: such as a tween nearest neighboring molecules within the basal plane
nonzero electronic spin in the ground electronic st%ig is substantially smaller than the one between molecules in
and two low-lying electronic levels'q 4 and 12; at 7882.4 adjacent layer8.The molecules in the basal planes are lo-
cm* and 13121 cm?) above the ground stateTherefore, cated at the tqp_s of_right_hexagpnsﬁ_noz while a relatiyely
the electronic spectra contain important information on magSmall monoclinic distortion exists i phase’ The high-
netic characteristics of solid oxygen as well as on the physil€mperaturey and g phases of solid oxygen possess no long-
cal origin of density(or pressurg-induced changes in the 'aNge magnetic ordér} whereas thea phase is a two-
properties of this unique cryocrystal. sublattice antiferromagné.

To our knowledge, there are only two publications con-  The -y phase transition is accompanied by a big volume
cerning high-pressure optical spectra of solid oxygem jump (about 5.4% and its physical nature is quite well
which qualitative changes in spectra duriflge and &-¢ understool—it is a pure structural phase transition driven
phase transitions were studied. To clarify many uncleaby the competition between isotropic and anisotropic parts of
physical questions of oxygen at zero pressure and to form tne intermolecular interaction, accompanied by the changes
basis for the following investigations at high pressure, sysin orientational order of the oxygen molecules. An exact
tematic studies of electronic transitions at equilibrium vaporclassification of thea-8 phase transition is missing up to
pressure are therefore necessary. now: this transition is characterized by very small changes in

At ambient pressure, solid oxygen exists in three phasesnolar volume(less than 0.298 and available experimental
y-0, (43.8<T=54.36 K), B-0, (23.8%<T=43.8K) and data on latent heat measurements are contradittbfhe
a-0, at T=23.87 K. They phase has a cubic crystal struc- physical origin of this phase transition is unclear too: pure
ture with eight molecules per unit céBpace grouf®m3n): crystallographic transitiof magnetically drivert! and/or
two molecules occupying the body-centered-cubic positionsnagnetoelastically drivetf. Very recently, we applied a
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matrix-isolation technique to probe the order of theB  perature behavior and will show that these quantities can be
phase transitioh® Monitoring the behavior of spectroscopic used to probe magnetic order in oxygen crystal. Third, we
characteristics of CO molecules matrix isolated in solid oxy-will discuss physical mechanism of combined excitations in
gen, i.e.indirectly, we obtained strong experimental evi- condensed oxygen basing on our spectroscopic results.
dences that this transition is of first order. Fourth, we will determine the magnon frequencies at
Different experimental techniques such as Ramarprillouin-zone boundaries and will explore their temperature
spectroscopy™!® ir spectroscopy® and inelastic neutron P€havior in thea phase. Fifth, we will clarify the order and
scattering’ were applied to investigate elementary excita-the physulcal nature of thﬁ“ﬁ.ph"’.‘se transition. Sixth, we .W'”
. . . : X guantitatively analyze the kinetics of theg phase transition
tions in solid oxygenimagnon, libron, vibropat the center

I . L nd will demonstr n extrem nsitivi f this transition
of Brillouin zone. However, the behavior of these eXC|tat|onsa d demonstrate an extreme sensitivity of this transitio

. L . to small concentrations of impuriti m).
is almost unexplored at Brillouin zone boundaries. Conse- puritigppm

quently, the energy spectra(k) of elementary excitations in
solid oxygen are either completely unknoywibron) or con- Il. EXPERIMENTAL PROCEDURE

tradictory (magnons,***? librons***#}. Only a qualitative We investigated liquid and solid oxygen by FTIR spec-
picture exists for energy spectrum of excited electronic Stateﬁoscopy in the temperature range from 10 to 90 K both at
in the a-oxygen® equilibrium vapor pressure and below 1.5 bars. The spectra
For the free oxygen molecule, transitions between thy electronic transitions of oxygen[ 3% 4 -1A4(0-0),
three lowest electronic statesX(y, 'Ay, and 'Sg) are ;=012 3, and®S_-137(0-0) and(0-1)] were recorded in
forbidden as electric dipole but allowed as magnetic dipolehe near-ir and vigsible(?ed) spectral region(from 7000 to
and electric quadrupole transitidhsand characterized by 15000 cm?) by a Fourier spectrometdBruker IFS 120
very small absorption If density of oxygen gas is increased, HR). A tungsten lamp and two sets of beam splitters with
broad ir-active bands, induced by the intermolecular interacsyitable detectors were used: Si on ¢as beam splitter and
tion of a pair or a cluster of oxygen molecules, appear betiquid-N,-cooled InSb detectoKaccessible spectral range
sides absorption of single Onolecules:***In compressed 190010000 cm?) as well as dielectric coating on quartz as
gasegdensityp>5 Amagaj} and in high-temperature phases heam splitter and Si diode as detectaccessible spectral
of condensed oxygen, these interaction-induced bands beange 8000—20 000 cml). The diameter of diaphragm was
come broader and their intensity grows by order of magni9.8-1.0 mm and 1.0-1.5 mm, respectively. The frequency
tude(in factor of 16—10").?***A complicated fine structure ~ resolution was varied from 0.1 to 3 cth depending on
appears in electronic spectra of the magnetically orderedandwidth of interest in spectra. The spectra of oxygen side-
low-temperaturex phas€* Therefore, spectroscopic studies band to fundamental vibratiorgnid-ir spectral regionwere
of electronic transitions can be used as a powerful tool tqiso recorded for comparison with the ones of electronic
investigate peculiarities of intermolecular interaction, totransitions. A glowbar source, KBr beam splitter and liquid-
probe magnetic order, and to clarify an order of solid-solidN,-cooled MCT detector were used in this casecessible
phase transitions. spectral range 800—5000 ¢t). The diameter of diaphragm
Although electronic spectra of solid and liquid oxygen and the frequency resolution were 1 mm and 0.5 te-
have been investigated for more than 40 years, no completgectively.
systematic spectroscopic studies were carried out up to now. We used in our experiments an oxygen gas of 99.998%
Nothing is known, for example, about the frequencies of thepurity. Two series of samples were investigated: pure oxygen
32&-1Ag transitions even for compressed oxygen if’as; and oxygen enriched by 0.9 ppm of CO. The concentration
there is no consensus about the concrete physical nature of CO in solid oxygen was determined by using known ab-
the absorption bands in electronic spectra of condensesbrption coefficier**by measuring the integrated intensity
oxygen?'~2 of the fundamental band of CO molecules matrix isolated in
In this paper, we will present the results of systematicour samples. A specially designed sample cell with diamond
Fourier transform infraredFTIR) spectroscopic studies of windows (aperture 3 mmwas attached to the cold finger of
several electronic-vibrational transitioﬁézg -1Ag(0-v), v He-closed-cycle cryostat to achieve low temperatures. The
=0,...,3] incondensed phases of oxygen at low temperatemperature was measured by a calibrated Si diode directly
ture (10-90 K and at low pressureR<1.5 bar). Due to attached to the sample cell. Temperature resolution was
excellent optical sample quality and modern FTIR technique.005 K atT=25 K and 0.04 K at higher temperatures. Our
we were able to investigate all peculiarities in these spectrarystal samples@10x 1.2 mnf) were obtained in the fol-
in details. lowing manner. The purged and evacuated cell was cooled
This paper is structured as follows. In the next chapter, welown to 87 K and the investigated gas was liquefied at a
will describe our experimental procedure. Experimental repressure of 1.2—1.5 bar. To ensure good thermal contact of
sults and discussion will be presented in Sec. lll. First, weour sample with walls of the sample chamber, especially
will propose an interpretation of the nature of ir-active elec-during crystal growth and solid-solid phase transitions, this
tronic absorption bands and will describe our procedure t@as pressure was maintained during the whole experiment.
model the band shape of electronic spectra as well as tdhe crystals ofy-oxygen were slowly grown from liquid to
determine the frequencies of electronic and electronicobtain samples with good optical quality. To conquer the
vibrational excitations. Second, we will analyze their tem-difficulties connected with the big volume jump at the:
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phase transition we grew a crystal O, mainly following Y Y 7/ r P
the procedure worked out in Ref. 31 to grow single crystals 3~ I T liquid
of solid oxygen(for details see Ref. 13 N A skl
The grown crystals were completely transparent to visible SR~ 43.65 K
light in all phases of solid oxygen controlled by efymicro- 25_&_&
scope. To characterize the quality of our crystal quantita- 43'2:2 B
tively we measured the spectra of the electronic _./\ii'i
%%, -2, (0-0) transition that exists im-oxygen as a single 2
peak and that disappears at g8 phase transition. The full % 29
width at half maximum(FWHM) of this band(band maxi- 2 &K,
mum frequency of 13167.08 ¢y was 1.1 cmt at 11 K in e
our samples in comparison to about 3 ¢nat 1.5 K in § 1.54
samples grown by Prikhotket al3? We could not detect any 5 _j _J 17 K
traces of ir-inactive @vibron in our mid-ir spectra. Conse- § ' 2
quently, our crystals of low-temperature phases of solid oxy- ®
gen are perfect. 0.02 1
¥
0.01
IIl. RESULTS AND DISCUSSION 0.5 000 S0 500
9425 9450
A. Description of spectra \
In this investigated spectral region, we observed four ab- 0.0-—J . 2K
sorption bands that belong to th& -*A transition: one 8000 8500 9300 210000
pure electronid0-0) and three vibronic one®-1, 0-2, and frequency (cm™)

0-3). In spite of an enormous number of publications con- _ o ]
cerning different electronic spectra in oxygen, there is almost FIG. 1. Temperature evolution of34 (0)-"Ag(v) electronic
no concrete experimental information about this transitior2SOrPtion bandsu(=0.1).
(®34-'A,) available. Spectrds.;-*A4 (0-0 and 0-1 of lig-
uid O, (T>70K) and y-O, (T=86K) at pressure up to the 8B—v phase transition{~44K), the bandwidth drasti-
8000 bars were investigated mainly to obtain data on inteCa”y decreases and so does the absorbance.
grated intensity of these bands as function of der’?glty (") Both absorption bands are disp'aced as a whole to-
These spectra were also recorded in liquid oxygenT at \yard lower frequency at the— 8 phase transition by a big
=77 }_('33 Concerning3 oxygen we only found an4i||ustra- jump, whereas at th8— y phase transition by a small jump.
tive picture of a®Sy-*A4(0-0) spectrum at 30 R In a Very small changes in spectra are observed during melting.
oxygen, spectra of .these transitions were onl)g measured at (i) Spectra of both bands possess additional fine struc-
two temperature points: 21 Ref. 2 and 1.5 K* ture in thea-0,. The first two sharp peaks are more pro-
321——hleA agzs}g;ear\éahzssz8'3”;??;2 ;nntgng'féfr;t thenounced in the spectrum of the 0-1 baisée the right inset

g~ “g ST DO, P ' in Fig. 1), whereas other peculiarities are more prominent in
11.2 K in our samples for vibrational quantum number .o 0.9 hand spectrum. As temperature increases, this fine

=0, 1, 2, and 3, respectively. The normalized values ob- . ; ; ;
e RPN i C : i structure in both spectra is shifted toward lower frequencies,
tained by us(1: 0.56: 0.04: 0.00B8coincide quite well with becomes broader and less pronounced. However, they re-

data obtained by others at 1.5(K: 0.69: 0.06 [Ref. 21] and main observable ub to the-3 phase transition point. bar-
at 21 K (1: 0.33: 0.05: 0.009”° The positions of main . P Bp point, p
maxima of each band agree very well with availablet'cu_Iarly in the O'O_ bg_nd. .
data?>®The fine structure, observed already at 1.5'ijas (iv) Two peculiarities are clearly observable in 0-1 ab-
sorption spectra of the~ and liquid oxygen(shown by ar-

also clearly observable in our spectia<0,1,2) up to 17 K X X . S Y
due to high optical quality of our samples. rows in Fig. 1 right up. The qualitatively similar

The temperature evolution of two absorption bands’Yg-'A¢(0-1) spectra were already observed in com-
334 -A4 (0-0 and 0-1 is shown in Fig. 1. The following Pressed oxygen gésand interpreted as a superposition of
gergleral features are clearly visible. two bands, i.e., the low-frequency component arises from an

(i) The pure electronic and vibronic transitions appear inéxcitation of a molecule into first exciter vibrational level of
all condensed phases of oxygen as broad absorption banddg state: °% ¢ (0)+3%,(0)—"A4(1)+°%,(0) transition.
extending for some hundred wave numbers. A general defhe second band results from a simultaneous excitation of
crease in absorbance is observed with increasing temperfoth molecules into high energetic states—one molecule is
ture. Two solid-solid phase transitions alter the spectra ifexcited into ground vibrational level ofA state, while the
different manner. At thex— 3 phase transition T ~24K), second molecule undergoes a transition to the first excited
the bandwidth remains almost the same, whereas the absofibrational level of ground electronic state?Eg(O)
bance decreaséby a factor of about 1.5 less jB phasé. At + 325(0)—>1Ag(0)+ 325(1) transition.
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The temperature behavior of 0-2 and 0-3 absorption bands (a) (b)
is, in general, qualitatively similar to the behavior of the 0-1 ’
band.

o
o
w

04

1 [Ref. 15])

B. Nature of these electronic transitions and modeling Lo

their spectra Loaa

1. General approach

vibron (1552 cm

i
=)
pors

The most prominent spectral feature of the transitions 02

33, -*A is a broad absorption bartseveral hundred cnt)
that persists irall phases of condensed oxygéfig. 1). A
similar band profile due to collision-induced processes is
also observed in spectra of compressed oxygerfgRaVe
found in literature several assumptions to explain the nature 999 . > 00 ]
of this broad absorption band. The fact that this feature exists 2200 2400 2600 1500 1600 1700
in all phases indicates that this characteristic in spectra can- frequency (™) frequency (cm )
not be associated with an exciton-magnon sideband proposed () i (d) ' .
in Ref. 27. Furthermore, the absorption band was assigned to 010 (0-0) 750 B iv liquid
be a usual exciton band in solidsr a superposition of two '
such bandsaccording to Ref. 28; however, typical band-
width of pure exciton bands is a few crhonly. If we com-

pare the spectrum of an electronic transiti%ﬁ)g_—lAg to a
spectrum in the fundamental region, we can recognize their
principal similarity. Both kinds of spectra possess a specific
substantially asymmetric band profile—a steep low-
frequency edge and a widely extending high-frequency wing;
as temperature decreases, this asymmetry becomes more pro-
nounced in both cases. The fine structure appearing in elec-
tronic spectra in thex phase besides the broad band is simi-
lar to the additional maxima in spectra of the vibron 0.004 P
sideband in orientationally ordered phagesmpare, e.g., 760‘; 8n°°° ( m_18)“°° 2 te‘r‘g eratﬁ?e © 80
Fig. 1 to the spectrum of the vibron sidebands#N, and in saueney e P

a-0, shown in Figs. 2a) and 2b)]. Since such a broad band FIG. 2. Determination of band origin frequency by dividing the
in the fundamental region is usually assigned to be a phonoband spectra into “Stokes”l{49 and “anti-Stokes” {s,) compo-
sideband to internal vibrationsee, e.g., Ref. 36we may nents: sidebands to internal vibrations in #eN,, T=34.8 K (a)
interpret this broad band in the electronic region as a phonoand in the «-O,, T=23.3 K (b); the phonon sideband to the
sideband to an electronic or to an electronic-vibrational ex-3Eg’-1Ag(0-0) electronic excitations ¢-O,, T=50 K) (c). (d)
citations. A similar interpretation of the 0-0 electronic bandshows a comparison between the frequenc?R)g-lAg(o-O) band
as the libron-assisted absorption band was already propos#ethximum (quadratg and frequency of electronic excitatiorisi-

by Fujiwara?® who tried to calculate the exciton frequency in angle, obtained by our procedure.

the a-O, theoretically. Our idea is to determine the band

origin frequenciegas ZPL) from the analysis of the experi- is a frequency of phonon involved

mental band profile directly, i.e., by dividing a phonon side- It is well known (see, e.g., Ref. 3&hat an infrared ab-
band profile into “Stokes” and “anti-Stokes” components. Sorption intensity of additivel(q) and substractivel(,,)
We successfully tested this approach by analyzing ir-activéombined processes is described as follows:

phonon sidebands to internal vibratiofsolid nitrogen and

ZPL (1547 cm™)

absorbance (arb. units)

absorbance (arb. units)

sub

o—0,

ZPL (2328 cm™)

o
sub 7949

I add

o
o
g

-
(=}
N
-

frequency (cm!
n

79001

absorbance (arb. units)

78804

ZPL (78856 cm™")

condensed oxygerand showed that the ZPL frequenay) lagd @1= @0+ @pn) ~ 1+ Nexd @o) + Nial @ph= @1~ wo),
determined by this procedure corresponds to the frequency (18
of the internal oscillations of thsinglemolecule in crystaf’

For sake of clarity, the brief description and some illustra-  suff @2~ @0~ @pn) ~ Miat @ph= wO_wZ)_nexc(“’O)'(lb)

tions of this approach will be present below.
In general, an ir-active combination band is formed byHeren,{w,) and Na wpr) are thermodynamic equilibrium
two different kinds of combined processes—additive andoccupation numbers of states with an enefigy, and? wpp,
substractive combinations of a highly energetic excitatiorvespectively, i.e.n(w)=(e"“*T—1)"1. Sincef wy/kT>1
(e.g., electronic or vibrational excitatipwith lattice excita-  at our experimental temperatures,{ »w,)~0 and we can

tions (phonon$. Then additive combinationg w,;=%w, link both equations:
+hop, will produce a high-frequency wing f;= wo),
whereas subtractive combinatiorfsw,=fwo—% wpy, Will | sut @2= @0 = @pp) = aqd ©1= 0o+ ©pp) EXP( —Frwpp/KT)

form a low-frequency edge in the spectrumagis wg (wpp
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Equation(2) is obviously similar to the well-known ex- high-frequency part and a low-frequency part modified by a
pression for Stokes and anti-Stokes intensities in RamaBoltzmann factor were made at the end of 1960s years for
spectra® The existence of Boltzmann factor in Eq2)  spectra of compressed oxygen §a¥ Because the band
causes the asymmetry in band profile of electronic absorpmaximum was chosen as the band origin, no success was
tion bands at every finite temperature. As temperature deeached.
creases occupation of phonon states decreases too. ConseNow we can take the next step, i.e., to evaluate the band
quently, an absorption caused by substractive combinationsrofile in spectra of vibronic transitioS=.; -*A¢(0-v)] in
approaches zero ds—0. This is an explanation for the very high-temperature phases of condensed oxygee Fig. 1,
sharp low-frequency edge of exciton sideband at low temright up). Because the absorption band of these transitions
peraturegsee bottom of Fig. lllike in Raman scattering at actually consists of several single ban@sg., two in 0-1
low temperatures, where there is no anti-Stokes componeRiansitio), we had to select some function to describe the

detectable. _ shape of an individual band. We tested several analytical
Using Eq.(2), we can determine the ZPL frequency from fnctions and their combinations and chose the asymmetric
the experimental sideband profile. Figurés)zand 2b) il- 4o, ple sigmoid4P as the most suitable function to describe

lustrate our approach to analyze the vibrational sideband ifhe “siokes” part of the profile of absorption bands of

the a-N, and thea-O,. According to Ref. 39, the frequency sy -1 (0.0) electronic transitiondi.e., the analytical

of the internal vibrations of the single nitrogen molecules 'nforr% oflg @) in Eq. (2)]. Then the absorption due to dif-
a .(2)].

the a-N, is equgl to the degeneracy-weighted mean of tw erence tones| .. )] was reconstructed by using E).
vibron frequenples'(g andAg mo_dles measurfod by Raman A value of a ZPL frequencw, and adjustable parameters of
spectroscopy, 1.€., 2327480.1 cm- at 34.8 K.” In case O.f the asymmetric double sigmoidéd parametepswere con-

the a-O,, an estimate of the similar value can be ?Etamedsidered as varying parameters, which must be determined to
from the Raman spectroscopy measureqﬁ‘éﬁtx thl% 192 model the experimental spectrum. This analytic function pro-
fundalrgental in the si';llmple with 20980, in 80% "*0™0 vides together with E¢(2) an excellent modeling of the band
ind 03}54& 1 em _at 15 K. The values 2,3’128 profile of 3Eg;—lAg(O-O) absorption band at every tempera-
£05¢cm” (a-N; T=34.8K) and 154%0.5 cm ture point ing-, y-, and liquid oxygen. Figure(2) illustrates

ga-oz,zz.at K) obtairtleg bg us c_quncide quitlte well V\gth the tais result fory-O,. Since the deviation between experimen-
aman data presented above. 1Nese results may be CONSir onq modeled profiles is too small to be recognized in

i, as the dwept successful test of our approach. At thSlack and white picture, we had to use quadratic dots to mark
following analysis of the electronic absorption bands, we

will presume that the ZPL frequencies of the electronic an he modeled profile. The band-origin frequencies found by

AR : his mathematical fit procedure coincide, within error less
electronic-vibrational phonon sidebands correspond to th'?nan 0.5 cm?, with values determined earlier by directly
frequencies of pure electronic and electronic-vibrational tran- ’ '

. e ) : solving Eqg.(2).
sitions similarly to the ones in case of the phonon sidebands To %es(lribe a profile of the individual band belonging to
to internal vibrations.

the 3Egj-lAg(O-l) absorption band, we used the same ap-
proach. Two such single bands were superimposed to model
2. Application to high-temperature phases the total profile of the 0-1 electronic-vibrational absorption

Figure Zc) illustrates the application of our procedure to Pand[Fig. 3@), liquid O, at 75 KJ. The agreement is excel-
determine the frequency of electronic excitations. Using thidént between the modelesolid dots and experimental
approach, we analyzed the electronic absorption bangs,in (solid line) profiles. The sideband to th&X. (0)-'A4(1)

y-, and liquid oxygen and determined the frequency ofélectronic-vibrational excitations(band-origin frequency
354 (0)-1A4(0) excitations as function of temperatiigp ~ 9360.7-0.5 cm ') and the sideband to the simultaneous
triangle in Fig. 2d)]. The statistical error of values obtained combined excitation of 3Eg_(O)-lAg(O) exciton plus
was less than 0.5 cml. Frequencies of the band maximum 32&(0-1) vibron (band-origin  frequency 9420.5

of raw spectrdFig. 1, broken lines left upare also shownin  +1.5cm 1) are shown by dashed and dash-dot lines, respec-
Fig. 2(d) (quadratg for comparison. Whereas the frequency tively.
of electronic excitations deviates relatively weakly from the

one in the free molecule, the band maximum is characterized

by considerably higher values. This difference between the
position of band maximum and the frequency of the pure To analyze spectra of electronic transitions drO, a
electronic transition corresponds to the frequency of thecomplete assignment of the fine structure in spectrum must
maximum of the phonon density of statd309) slightly = be done. Six and four additional features are visible in these
modified by an unknown but mode-specific interaction be-spectra of325—1Ag(0-0) and 32;-1Ag(0-1) transitions,
tween electronic and lattice excitations, according to our intespectively, at lowest temperatuf€ig. 1). Analyzing the
terpretation. The clear jump in frequency of band maximumtemperature evolution of the different peaks in the fine struc-
at B-y phase transition reflects qualitative changes in theure, the first two peaks possess a substantially stronger tem-
phonon DOS at this structural phase transition. perature dependence than the other ones. Consequently, we

Remarkably, first attempts to model an experimental prodivided these features of fine structure into two different
file of 325—1Ag absorption bands by dividing spectra into a groups.

3. Modeling spectra ofa-oxygen
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(a) (b)

0.06- v T T
(0-1) (0-0)

T 005 2 45 J FIG. 3. Modeling spectra of electronic ab-
I ] 5 \ _ sorption bands by analytic functiorfsolid lines
S 0.04 H £ exciton-magnon bound states mark the experimental profilpsinterrupted lines
© ] ~— . . . . ..
2 0o ' § 1.04 peculiarities of phonon side band to in figure (a) show profll_es of the |n_d|V|d_uaI ban_ds
g t g electronic excitation modeled by asymmetric double sigmoid function;
8 ol }‘\ 2 »,//// dots mark the total modeled profile. Dash line in
é T 0.59 < . figure (b) marks the asymmetric double sigmoidal

0.01 describing the main part of profile of

/ \ liquid 33.(0)-A4(0) electronic sideband.
0.00 ’ o 0.0 - 7 T ¢ ’
9200 8600 10000 8000 8200 8400 8600
frequency (cm™) frequency (cm™)

tion is not negligible and must be taken into account to de-
Two first peaks of fine structure are situated at 7988.3 andcribe correctly the optical spectra @foxygen®® Then, pre-
8003.7 Crﬁllir} spectrum of 0-0 band and at 9471.1 andsuming that the power of an exciton-magnon interaction is
9480.8 cm™ in 0-1 spectrum at 11.2 K. They were enough to form an exciton-magnon bound state we can ex-
asygneﬂl'to a §|mult§neous creation Ofaig "lAg exciton  plain why only the additive combinations of these electronic
(or a exciton-vibron in case of 0-1 absorption bpagid a  excitations—absorbing a photon—appear in spectra of elec-
magnon at Brillouin-zone boundaries by one photon whosgronic and electronic-vibrational transitions in magnetic or-
frequency equals a sum of exciton and magnon frequenciegered phase of solid oxygen.
Oasemag Vexct ®mag- The sharp profile of these doublets  Next two features are situated at about 80®0and 8052
are caused by singularities of the magnon density of states gy in spectrum of 0-0 band and at about 956p.and
two points ink spacekl a, klw_ b a_nd koL b, ky=mla 9538(6) cm™ ! in 0-1 spectrum T=11.2 K). They were
(@ andb are vectors of the unit cell in the basal plane of inierpreted! as libronic replicas of initial exciton-magnon
a-0,). Further investigations on single crystals by p°|ar'zeddoublet, i.e., as excitofor exciton-vibron, magnon-libron
light** showed that the low- and high-frequency peaks ofcombined excitations. Consequently, the ratio of intensities
these doublets are completely polarized perpendicularly angf these two peaks must qualitatively reproduce the one for
along monoclinic axi$ of a-O, unit cell, respectively. the exciton-magnon doublet, which we discussed just before.
Since the physical mechanism proposed in Ref. 21 correrperefore, the feature at 8052 chnshould be substantially
sponds to a usual absorption due to combined excitation kg intensive in comparison to the one at 80@0cm L.
an exgltgn pluslta magnon, i!m'larf sharp ibsorp';llon p$]6_‘||(I§igure 1(left) clearly shows that it is not the case. Moreover,
Egﬁsgf a ?/n:\lr?\gna\r/]veo%ﬁjj ﬁ;f; I?c?a? aenare1)'(ail (;)r;ta?hei?:-l "3he intensity of these two small features should also depend
gnon bpp on the direction of polarized light in spectra of single crystal.
quency of the difference ton@od;. .= Wexc— @mag- THhE S S .
exc-mag "Texc  “Tmag However, no significant changes in intensity of these two

intensities of these “Stokes” and “anti-Stokes™ components :

can be described by Ed2) too. Due to excellent gptical peaks were observéﬂ.‘_l’herefore, the aSSIQnment p_roposed
quality of our samples and the modern spectroscopic tec n Ref. 21 is not con5|ste_nt. We_, instead, will assign th.?se
nique used, the level of noise in our near-infrafai) spec- and all other small peaks in the fine structure to peculiarities

tra was less than 0.001 in comparison to the value of abOLﬂf sideband to electronic gxcitations reflecting maxima_of
1.8 corresponding to an absorbance at the maximum of thehonon DOS. Thus, we think that an electronic absorption
most intensive exciton-magnon peak obser¢see Fig. L ban'd of@-O, is a superposition of the spectrq caused by of
Therefore, in spite of the existence of a damping BoltzmanrgXciton-magnon bound states and a phonon sideband to elec-
factor, an anti-Stokes peak due to subtractive combination dfonic excitationgFig. 3(b)].
an exciton and a magnon should be visible in our nir spectra; We modeled the profile of phonon sideband to the 0-0
similar to an anti-Stokes component of the vibron sidebandglectronic transition by the sum of an asymmetric double
which we clearly observed in our mid-ir spectra @& sigmoidal and Lorentzian functions describing the features of
=17 K. However, no traces of any additional peculiarities infine structure belonging to phonon sideband, whereas the
the anti-Stokes part of the spectrum %ﬁ;;-lAg(o-o) ab- exciton-magnon peaks were modeled by Gaussian functions.
sorption band were observed up to the3 phase transition The divergence between total modeled and experimental pro-
temperature. Consequently, only exciton-magnon combindiles [Fig. 3b)] is not observable at Fig.(8) scale used.
tions corresponding to a simultaneous creation of an exciton The spectrum of 0-1 absorption band was successfully
(or exciton-vibron and a magnon are present #-1A, ~ Modeled by superimposing the spectra due to two exciton-
absorption spectra according to experimental results. magnon bound states as well as due to phonon sidebands to
The theoretical resufts were obtained assuming the ab- the X4 (0)-*A4(1) electronic-vibrational excitation and to
sence of a specific exciton-magnon interaction. Unfortu2 simultaneous, combined excitation 1, (0)-*A4(0) ex-
nately, up to now a power of this interaction is not exactlyciton plus 3E;(O—l) vibron. We assigned the fine structure
known. However, there are some evidences that this interadeatures being additional to the exciton-magnon doublet to
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TABLE I. Band origin frequencies determined by our modeling (a)
procedure T=11.2K). T T 50206 o @PL +37.7 o (lbrar))
-  band 0.64 fi()}2 cm(ZPL + 69.1 e’ (phonontlibron))
Band r(e)?il;]?nn?gr:ﬂ) an g . 8075.8 cm'1(ZP1L+ 92.9 cm'1(phon10n))

3 + . Y
32&(0)'1Ag(0) 7982.9-1.5 g < ?;gilgﬁﬁrr: c)(fZ'tDVI\;O-;;‘:()znZ:BOS )]
334(0)-1A4(1) 9467.1+3.8 3 041 1
[334(0)-"A4(0)+3%3 5 (0-1)] 9519.4+ 8.6 § o
334(0)-1A4(2) 10924.2-1.6 5 T
[334(0)-1A4(1)+33 5 (0-1)] 11004.8-6.6 T ool S

K
0.1 S—
peculiarities  of 3Eg_(O)-lAg(l) electronic-vibrational 0o iﬁ
sideband. The similar approach was used to model the v 800 o0 8400 600 3500
0-2 absorption band, where three single bands related to frequency (cm™)
three kinds of processes,32§(0)+32%(0)—3’25(0) (b)
+144(2),  %24(0)+%24(0)= S5 (1)+ 44(1), and ' 2% peromiges
35, (0)+33(0)—=33 ;(2)+1A4(0) are involved. The 0.61 g 5 70 e’ (phonon/libron))
agreement between modeled and experimental profiles was §§
excellent. 05 = §5
The values of band-origin frequencies are presented in g =3
Table | for all kinds of electronic sidebands modeled by us 2 = z E'
(T=11.2 K). Because of very small total intensity of the 5 044 § N 1
third sideband involved in 0-2 absorption band, it was not § 5 T Ok §
possible to determine its parameters with high accuracy. Y 2 ,@"\é 3
The left inset in Fig. 1 shows a small peak around 9430 § °° T = Y l
cm tin spectra of 0-1 absorption band B&15 K. We in- s S 2 .
terpret this peak as exciton-magnon-vibrational excitations ® ,,| 3 8 1O o e er (ahonom)
of an oxygen isotope. Indeed, the frequency of this excitation g
of an %00 isotope isolated in°0, crystal maybe esti- N
mated as the sum of the exciton-magnon frequency 505 o1 i
molecules(7988.3 cm?) and the frequency of vibrational !
excitation of the isotopé®0'®0 in the A state. Using the ;
known masses of thé%0, and *%0%0 isotope$* and the 009

1 M i v L] v 1
corresponding equations for the vibrational isotope effect, 1550 1600 1650 1700
we obtained the value of 1442.3 ¢has an estimate of the frequency (o)
1°0'%0 fundamental frequency ifA, state. Consequently, FIG. 4. Comparison of different kinds of phonon sidebands in
the calculated frequency of exciton-magnon-vibrational exci-0, (T=11.2K): (a) sideband to electronic excitation
tations of %00 molecules inlAg state is equal to 7988.3 °3(0)-*A4(0) reconstructed by ugthe ZPL frequency corre-
+1442.3=9430.6 cm?, which practically coincides with sponds to the frequency of electronic excitatipris) mid-ir spec-
the experimental frequency of maximum of the peak ob-+rum of phonon sideband to fundamental vibratigtiee ZPL fre-
served at 9430.3 cnt. In addition, we compared the inte- quency corresponds to the fundamental frequgncy

rated intensity of this isotope peak to the integrated inten- . . . - . .
gity of the firstyexciton-vibro?l-rr?agnon bound s?atelabz vibrations in the mid-i(see, e.g., Fig. 4 The frequencies of

. : . lattice excitations involved in the corresponding sideband
host crystal molecules. The ratio of these integrated intensiz o e getermined as the difference between the frequencies of
ties (0.009 coincides very well with the natural abundance ha maxima in fine structure and the band-origin frequency

160180 | 44 Tpic i iti i . Y
of O0™0 isotope(0.004.™ This is an additional strong evi- (%0, fundamental, electronic or electronic-vibrational tran-
dence for the correctness of our assignment of the fine strugitiony). The comparison of these three kinds of sidebands

ture in spectra ot-O,. shows that the frequencies of lattice excitations involved in
electronic and electronic-vibrational sidebands agree quite

) . ) band (see Fig. 4 and Table)ll It is the second strong evi-
Using the deconvolution procedure described above Weence for the correctness of our deconvolution procedure and
reconstructed each of the sidebands involved in 0-0, 0-1, angk our interpretation of peculiarities in fine structure in spec-
0-2 329’—1Ag electronic transitions. To obtain concrete as-tra of electronic transitions.
signment of peculiarities of electronic and electronic- The frequencies of the singularities in spectra of the vi-
vibrational sidebands we compared these spectra to a speerational sideband change very weakly with temperature in
trum of directly measured phonon sideband to internale-O,, whereas only two maxima persist inB-O,
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TABLE Il. Frequencies of distinctive maxima of fine structure in spectra of electronic absorption bands
(T=11.2K). Experimental inaccuracy is less thad cm !

Peculiarities,
Transition (cm™ Assignment
%34 -1A4(0-0) 7988.3 exciton-magnon bound stakg,l a, k,;~ /b
8003.7 exciton-magnon bound stakg,L b, k,~m/a
8020.6 electronic excitatienlibron (37.7 cm' %)
8052 electronic excitatioaphonon/libron(69.1 cm'%)
8075.8 electronic excitationphonon(92.9 cni?)
8125.6 electronic excitatiohmaximum of two-phonon DO8142.7 cmi D)
%5 -1A4(0-1) 9430.3 exciton-magnon-vibrai®-1) bound state ot°0'0 isotopek L a,
ky~m/b
9471.1 exciton-vibro{0-1)-magnon bound staté, | a, k;~ /b
9480.8 exciton-vibro{0-1)-magnon bound staté, 1 b, k,~ 7/a
9500.6 electronic-vibrationdD-1) excitationtlibron (32.2 cnm%)
9538.6 electronic-vibrationgD-1) excitationt+phonon/libron(70.2 cni' %)
32&-1Ag(0-2) 10933.4 exciton-vibrori0-2)-magnon bound staté; L a, ky~ /b
10944.3 exciton-vibrori0-2)-magnon bound staté&, | b, k,~ m/a
10959.9 electronic-vibrationdD-2) excitationtlibron (35.7 cn?)
%% 5 -1A4(0-3) 12 364 exciton-vibror(0-3)-magnon bound staté, 1 a, k;~ /b
¥%,-%24(0-0) 13167 exciton(electronic excitation
13223 excitor-libron (56 cm 1)
13304 excitor-maximum of two-phonon DO$137 cm %)
33,-%24(0-1) 14582 exciton-vibron(0-1)
14623 exciton-vibror{0-1)+libron (41 cm %)
14703 exciton-vibron(0-1)+maximum of two-phonon DO$121 cm %)

®Reference 21.

(fundamental-libron combination at 1591 ¢in and too. The distances between the band origins and the most
fundamental-phonon one at 1617 ¢cht® i.e., the phonon intensive feature in these spectra in theO,—about 60
DOS is hardly changed at the 8 phase transition. Figure 5 cm™* and 40 cm?! in the (0-0) and (0-1) bands,
demonstrates the same behavior of the singularities of elecespectively—correlate quite well with the ones in the spec-
tronic (a) and electronic-vibrationalb) sidebands. This re- tra of the similar 329 1A transitions. Consequently, we
sult provides the third strong confirmation of our aSS|gnmenta55|gn these features in tﬁ§ 12+ spectra to the combi-
The concrete frequency values of lattice excitations thahations of the correspondmg hlgh energy excitations with
caused these singularities slightly vary in spectra of the diffipron modes(see Table . Furthermore, we assign next
ferent kinds of phonon sidebands due to modification of thffeatures of the fine structure of these spectra, being 120—140
phonon DOS by modespecific interaction between the bangm=! away from the band-origin frequencies, to the maxima

origin (internal vibrations, electronic or electronic- of two- phonon DOS, similarly to the ones in ﬂ?@ - A
vibrational excitationsand lattice excitations, according to gpectra.

our opinion. At higher temperaturég-+y-liquid O,), where
the fine structure of sideband is smeared out, the difference
between band maximum frequency and frequency of band . From spectra to magnetism and phase transitions
origin (diamonds in Fig. bcoincides with the frequency of
the most intensive feature of sideband fine structure-i@,
(see Fig. 1, bottom i.e., the maximum in electronic absorp-
tion bands in high-temperature phases is directly related to The most important information obtained by our decon-
maximum of phonon DOS in these phases. volution procedure concerns the temperature behavior of the
Our interpretation of electronic absorption bands as phofrequencies of the pure electronic and electronic-vibrational
non sidebands to corresponding electronic excitations allowgansitions(Fig. 6). The greatest statistical error in determin-
explaining consistently the spectra 6}25-125 transitions  ing these values was in thephase but did not exceed 1.5, 5,

1. Frequencies of electronic transitions to probe a long-range
magnetic order in solid oxygen
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G oo (D) It is known31®2that intermolecular interaction between
e hg0or v ' Pro0r-hg(n: ' two oxygen molecules consists of two components—Van der
v : Waals forces and spin-spin interactipr 2JS;S,, whereJ
o I 1 150 § ] andS; (i=1, 2) are Heisenberg exchange constant and spin
S A e : of ith molecule, respectively Because of very small quad-
< i = rupole moment of oxygen molecule a contribution to the
£, 1 g intermolecular forces due to an electrostatic interaction can
% : A s ;r, e be neglected.Very small changes in the frequencies of the
T ol o 1 7 ] electronic and electronic-vibrational transitions in high-
m‘:’\ x—;x‘x"\ temperature magnetic disordered ph§$§§ 24-87 K) as
-0, - -0, oo .R“‘“;g” vv_eII as during structural phase transitions accompanied by
0 — : 0 2 2 big volume change&.2% at melting point and 5.4% &y
emperature (K) femperature (K). phase transitionindicate that these characteristics of elec-

tronic excitations are hardly influenced by Van der Waals

FIG. 5. Peculiarites of fine structure belonging to interaction in contrast to the behavior of band maxirfe.
%34 (0)-'A4(0) electronic () and *%;(0)-*A4(1) electronic- 2 (d)]. Therefore, the big jump in frequencies of electronic
vibrational sidebandgsolid lines show the same for the main transitions ate-3 phase transition is completely caused by
maxima of sideband to fundamental vibratipriBhe frequencies of the appearance of long-range magnetic orderi®, and
peculiarities(plus, cross, up and down trianglare calculated rela- reflects a difference in exchange field between these two
tively to corresponding band origin frequency. Diamonds show thephases.
difference between band maximum frequency and frequency of the Taking into account an interactionl{,) between four

band origin[see Fig. 2d)]. The assignment of peculiarities is given agrest neighbors ia phase only and neglecting short-range

in Fig. 4. magnetic order irB-O,, we obtain the following estimate of
a change in exchange field at8 phase transition:

and 10 cm* for 3% (0)-'A4(0), 33 ;(0)-'A4(1) excita- AU=-8J,(S:S,) (3)

tions and frequency of simultaneous excitation of

3Eg_(O)-lAg(O) exciton plus 32;(0-1) vibron, respec- In our approximation, the expressid8) corresponds to

tively. It is interesting to note that the theoretical estimate ofan exchange field) , in a-oxygen at thex-8 phase transition
the 325(0)-1%(0) excitation frequency in thea-O, point. An increase in the frequency of electronic excitations
(7971.4 cm?Y) (Ref. 29 is in a qualitative agreement with in the a-O, lowering temperatur¢see Fig. 6 is caused by
our values drawn directly from experimental data. The tem-strengthening the exchange constaptdue to a decrease in
perature behavior of the frequency of all three kinds of electhe intermolecular distance as well as due to an increase in
tronic excitations is qualitatively similar(i) very weak the magnetic order parameter The temperature-caused
changes in the range from 24 to 87 K in comparison with achanges in the frequency of electronic transitias well as
substantially stronger temperature dependence-axygen; in the electronic-vibrational onevithin the « phase are rela-

(i) absence of observable changes at melting pGintvery  tively small in comparison to the jump in frequency @3
small jump in frequencya few cm 1) at 8-y phase transition phase transition. It means that a Neel point for a two-
in comparison to very big jumB0—90 cm?) at a-B phase sublattice antiferromagnetic structure @foxygen is lying
transition. substantially higher than the temperatureagf phase tran-
sition in agreement with results obtained measuring magnetic
5 — — — susceptibility in high magnetic fields direcl§. Then
xxx g 0 102 liquid | ($,S,)=— ¢ and therefore

A A A A ‘: E s
E”ﬁ(xxx’«’«%xxw( X X X x X X

.............. b AA AL “‘“_“iazg,@—hgmfree molecule] Applying this expression to the experimentally deter-

9500

U,=8J,,02 (4)
9400

.......... PO _ | _ _ Qe
: | mined jump in frequency of electronic excitations

%34 (0)-*A4(0) (93.6 cm*) and using the value of relative
intensity of magneti¢101) diffraction peak(about 0.65% as
an estimate of the value @f?,*” we obtainJ,,=18cm ! in
................ evesamnbaos oh o b a s a ] a-0, near thea-8 phase transition. Our value agrees quite
— . °Ig0rig(0), free molecule well with the result ofab intio calculations for the same
20 40 60 8 value of intermolecular distancd;,=20.8 cm* (Ref. 48.
temperature () This very good quantitative agreement strongly supports our
FIG. 6. Temperature dependence of frequencies of the followingXPlanation of the origin of the jump in the frequency of the
excitations:®3. ; (0)-1A 4(0) electronio(diamond, 33 (0)-*A4(1) ps)ur_e electronidas well as elec_tr_on|c-V|brat|0r)atranS|t|on
electronic-vibrational (trianglg, simultaneous excitation of Eg 'lAg at thea-$ phase transition due to an appearance of
3E(‘;(O)-lAg(O) exciton and325(0-1) vibron (cross. the long-range magnetic order in tlae O,. Therefore, the

frequency (cm’")

8000 :
\4 MQ“"

7900
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FIG. 7. (a) Temperature dependences of integrated intensity of Stokes component of different kinds of phonon sidebands in condensed
oxygen: 3Eg_(O)—lAg(O) electronic side-ban@iamond, 3Eg(O)-lAg(l) electronic-vibrational sidebandriangle), sideband to simulta-
neous excitation o?E;(O)-lAg(O) exciton plus3Eg’(0-l) vibron (cross, sideband to fundamental vibratiof@us). Inset shows the same
for the sideband to fundamental vibrations in solid nitrogém.Integrated intensity of Stokes component3df§(0)-1Ag(0) electronic
sideband as function of density.

electronic absorption bands can be successfully used tdivided into two groupstl) 3EEJ(O)—lAg(O) electronic(dia-

probe mf':lghetic orQer .in high-pressure phases of oxygemonds and 32&(0)-1Ag(1) electronic-vibrational side-

mzejilemtglisn IFr:cgrfTeaqtlL?enncl:sy ?J?Se?g(t:.t rzﬁiréhs;ggt‘%;gzy:'UmeagoBands(up triangle$; (2) band corresponding to simultaneous
S P 1 . Pl :

netic order-d_isorder phase transition can _be utilized to esti?;git:;naosf vzvgel(loz)gls Asﬁéz)k)zﬁglt?g F;Luns dir?w(ecr)\til) \Ci?):c;rt]ions

mate the Heisenberg exchange constant in these phases. (pluses. The integrated intensity of electronic and

2. Integrated intensity of the phonon sidebands: physical electronic-vibrational sidebands increases lowering tempera-
mechanism of combined excitations in oxygen ture and possesses a clear jumpagB phase transition.
In general, two factors cause changes in the total inte\_Nhereas the integrated intensities of sidebands belonging to

grated intensity of any phonon-sideband varying temperag'econd group show very weak temperature dependence in

ture: (i) raising a contribution of the “anti-Stokes” compo- thesg .phases and are a'Imost Insensitive to e phase .
nent as temperature increases afid changes in the transmqn. In general, the_ integrated m_tensr[y ofa5|deband_|s
absorbance due to temperature-caused variations in crystgioportional to the coupling between internal molecule exci-
(intermolecular interaction; translational, orientational, andi@tions and lattice excitations multiplied by the phonon DOS.
magnetic order parameters; coupling between band origi®ince phonon DOS is the same for all four sidebands, one
excitation and lattice ones, etcSince we are interested here Mmay conclude that the coupling mechanism is different for
only in the second physical mechanism, we divided the spedWo groups. The interaction between internal vibrations and
tra of phonon sidebands into “Stokes” and “anti-Stokes” lattice phonons is mainly responsible for the absorbance in
components and integrated their “Stokes” part. Temperaturéhe second group of transitions, whereas the interaction be-
dependences of integrated intensity of “Stokes” componentween electronic excitations and lattice phonons plays the
of phonon sidebands involved in 0-0 and 0-1 electronic tranmost important role for the absorbance in the first group of
sitions as well as of the oxygen vibron sideband are pretransitions.
sented in Fig. ®). In liquid and y-oxygen all kinds of side- Usually (see, e.g., Ref. 38ir absorption due to additive
bands show qualitatively similar temperature dependence-high-order processes raises increasing temperature because
integrated intensity increases lowering temperature slightlyof an increase in occupation of excited phonon stéseg,
No discontinuity is observed at melting point similarly to the e.g., Eq.(18)]. However, all kinds of sidebands in condensed
behavior of frequencies of band origifrig. 6). Both elec- oxygen show opposite temperature behavior. To prove if this
tronic and vibrational sidebands show clearly a discontinuityis a special property of oxygen we carefully recorded the
in the integrated intensity ag-3 phase transition unlike the phonon sideband to th&N, fundamental in pure nitrogen
behavior of frequencies of the electronic and electronic-crystals(mid-ir, 2200-2700 cmt). The experimental setup
vibrational transitions. as well as the nitrogen crystal growing procedure are de-
Then below they— 8 phase transition all four sidebands scribed elsewher¥. The temperature dependence of the in-
show different temperature behavidfig. 7(a)] and can be tegrated intensity of Stokes component of phonon sideband
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to the nitrogen fundamental is shown in the insert in Fig. Herev is the vibrational quantum numbe&d® is the

7(a). Comparing the oxygen cagpluses in Fig. 7] to the  value of the frequency of @- electronic-vibrational transi-
nitrogen casginsert in Fig. 7a)] we find that(i) the nitrogen  tion in the free moleculeA wg™y andAwg’s (k) are environ-
combination band is by more than one order of magnitudenental and resonance frequency shifts due to intermolecular
less intense(ii) the temperature behavior of the integratedinteraction in the crystal. The expressidbsfor the frequen-
intensity of nitrogen sideband qualitatively follows EGa);  cies of electronic excitations have the same form as ones in
(iii ) the phase transition from orientationally ordeeedN,to  case of vibron frequenci€8.Similarly to vibron modes}
orientationally disorderegd-N, causes a positive jump in the termsAw§"y andAwg’; (k) include a renormalization of
integrated intensity, whereas th®—y phase transition in exciton (or exciton-vibron frequencies by quasiparticle in-
solid O, causes a negative jump. If we consider the behaviot€ractions: exciton-libron, exciton-magnon, etc. The reso-
in N, to be the usual case, we introduce the spin-spin interdance term describes the spread of an electronic level int(_) a
action in oxygen to explain all three deviations from the guasicontinuous energy band due to an exchange of excita-
normal situation, mentioned above. It is kndfrhat the  tions petween molecules in crystal. A_ccprdmg to our inter-
vibrational sideband im-N, derives its intensity from opti- Pretation(see Sec. Il1B), the band origin frequencie@s

cal anharmonicity, i.e., off-diagonal elements in polarizabiI—Z.PL) correspond 'to the frequenues of an excitation of the
ity, whereas mechanical anharmonicitj.e., vibration- single molecules in crystal, i.e., the resonance term does not

. - . . have to be included in these values:
phonon coupling through anharmonicity of vibrational
potentia) is negligible. _Smce. thg_ polar|zab|I|t|e§ of?Nand wS_PUL: 0P+ A" (6)
0, molecules do not differ significantf?,a contribution to
the intensity of combination bands due to optical anharmo- Putting expressiof6) into (5) and equating frequencies of
nicity in oxygen is expected to be of the same order of magexciton-magnor{or exciton-vibron-magnonbound states to
nitude as in N crystal. Consequently, the phonon sidebandssum of exciton(or exciton-vibron and magnon ones we ob-
in solid oxygen derive their intensity mainly from an anhar- tain the following system of equations linking frequencies of
monicity of intermolecular interaction. Due to a strong de-all excitations observed in our experiment together:
pendence of exchange interaction on orientational and trans- exc-ma 2pL s
lational motion of oxygen moleculé§, an interaction w5y 1K) = 0l + Awgh (Ki) + omad k). (7
between _eIectrpnit(or vibrgtiong} _excitati_ons an_d Iatti_c_e wmadki) are the magnon frequencies at Brillouin zone
phon_o_ns_ is aSS|_sted by spin-spin mtergctmn. This a(_jd't'_on%oundaries i(=1,2; kiLa, ky~7/b; kpLb, ky~m/a). In
specific interaction explains why all kinds of combination g (7), we neglected an additional frequency shift of
bands in condensed oxygen are stronger in comparison i§citon-magnon(or exciton-vibron-magnonbound states
other molecular crystals. And this effect must be stronger irjue to creation of these states, which is expected to be small.
orientationally ordered phases due to substantially stronger Two terms contribute to an environmental frequency shift
coupling between spin and other degrees of freedom 0f Oof an electronic-vibrational state—a shiftwg"y due to an
molecules. Consequently, two key structural factors must inelectronic excitation and a shit»®™ due to a subsequent
fluence the intensity of a combination band:density and deviprational excitation:
gree of orientational order. Figur€bj confirms these gen-
eral statements directlito rescale temperature into density AwiV=Awg5+Aw™. )
the data from Refs. 3 and 50 were ugetihe integrated )
intensity |,.(p) raises increasing density, i.e., larger spin- It can be showﬁ,l that the environmental and resonance
spin interaction. This dependence is characterized by a gentflifts of high-excited vibrations states can be expressed in
slope in the region of orientationally disordered phasies terms of corresponding values for the fundamental vibra-
uid and y-oxygen in contrast to a steep slope in the orien- 1ONS:
tationally _ord_er(_a(_:iﬁ- and c_u—Oz; these slopes im-0O, and A=A, A~ (x) AWl for v=1
B-0, are insignificantly different. v v 9)

Xe IS @anharmonic constant of the free molecule. Sirgés

. . ) ] ~ very small Q<Sz< 10 2),* the contribution of the resonance
In_th|s_sect|on, we will _determlne_the magnon frequenciesypift to the exciton-vibron frequencies can be neglected for
at Brillouin zone boundaries analyzing our spectra. We usegny viprational excitations with vibrational quantum number
the theoretlg:al results frpm Ref._34 to determme.a ‘_j”eCt'Orhigher than 1. Applying these theoretical results to &,
of propagation of combined exciton-magnon excitations. e optain the closed system of equations to determine the
The general formulas for the frequencies of electronic angnagnon frequencies at Brillouin zone boundaries as well as
electronic-vibrational excitations in crystal can be written asine environmental and resonance frequency shifts of elec-
following: tronic and electronic-vibrational states directly from the ex-
perimental dataTables | and I). All results obtained col-
o a eny s Iec_ted in Table II_I. Tyvo fgcts are rem_arkab_le: the freql_Jency
0o (K) = 0f+Awgl+Awg,(K), v=01,....(5  shift of electronic-vibrational transitions in the-O, is

3. Magnon excitations ina-0,
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TABLE lIl. Parameters of energy spectrum %E;(O)-lAg ex- (a)
citations (T=11.2 K) as well as magnon frequencies at boundaries T Tax T .
of Brillouin zone drawn from experimental result®r details see 123604

text). v o vy 35 _TA(0-2)
109404 vy, Fo 4(0-2) ]

Quantity k-space point Valugcm ™)

)

1

7~ 109304 A ., -
Awg™ 100.3

AwSY 0.6
Aoy kla, k=m/b -3.6
Awgy kLb, k=m/a 0.95
Awiy kla, k~m/b —-4.8 1
Awge_sl kLb, k~la ~6.1 = I P P T T PPV IV TP PEP 32;—1 ......... =
Wmag klLa, k=m/b 9.0 8000 A -
®mag klb, k=m/a 19.9 1 x
7990+ x .

1\
W
I\

<]
N
o]
o
L
R
«
4
R
[
&7
t
5
iX

94704 4 4a 4 :

frequency (cm
X

mainly caused by electronic excitation of oxygen molecule 7980- . . .

(Aw§s=>Awi™); the dispersion of the exciton-vibron exci- 10 12 14 16 18 20 22 24
tations A wy3) is comparable to the exciton ond @53). temperature (K)

The magnon energy values at Brillouin-zone boundaries (b)
estimated by ug9.9 and 19.9 cm') are close to those at
zone centéf'1® (6.4 and 27.2 cm!) and are significantly 1 Y-
different from the estimate obtained by Litvinenld al>®
(=38 cm ). The last derived this value by simple equating
the shift of band maximurf of 329’—>1Ag and some double
transitions, caused by the-3 phase transformatiofor by
introducing nonmagnetic impurity (10—20 %Nin «-O,],
to the energy of one or two magnon excitations at zone
boundary, i.e., these authors considered ir-active optical :
bands in thex-O, as exciton-magnon bandglus some pho- TocBé
non eXC|tat|on_}3 Shortcomings of this interpretation were al- 010 2 17 16 B 20 2 24
ready stated in Sec. IlIB. In fact, the displacement of the ¢ K
optical bands as a whole toward lower frequency atdf@ temperature (K)
phase transition reflects changes in the frequency of the elec- £ g, Temperature dependence of frequency(aF:exciton
tronic (or electronic-vibrationalexcitations due to the radi- (exciton-vibron-magnon bound statdsrosses are the values found

qal reconstruction of the crys’gal g_round state at this transipyt by modeling experimental spedtréb) magnons at boundaries
tion. Noteworthy, the 20 cm' vibrations were found out by  of Brillouin zone (lines, guide to the eye

careful analysis of the fine structure of the electronic-
vibrational bands of ?2§—>21Ag series at 1.3 K and tenta-

tively assigned to magnon excitatiorisSince the previous frequencies at Brillouin zone boundaries mainly reflects the

theoretical calculations of the magnon energy spectrgnhermal expansion of the basal planeaiO, crystal. Figure
wmadK) were based on the value of 38 ch(Ref. 18 or 8(b) also shows that no considerable softening of magnon
twice it (Ref. 3 as an estimate of the magnon frequency atrequencies is observed to be approaching &g phase
Brillouin zone boundary, new theoretical investigations areyansition, i.e., magnetic disordering is not a precursor to this
necessary. transition. This principal conclusion drawn by us directly

To explore the temperature behavior of spin excitations afom experimental spectroscopic data agrees with results of
boundaries of the Brillouin zone we solved the system ofyautron  diffraction  studie®® where no considerable

equationg(7) at different temperatures using the experimen-changes in spin ordering were observed at 22 K in compari-

tal temperature dependences of the frequencies of excitagh, to 6 K, as well as of Monte Carlo simulationscoénd 3
(exciton-vibron-magnon bound statg¢fig. 8a)] and of the  yha5e&2

band origin onegFig. 6) and determined the corresponding
magnon frequencig$ig. 8b)]. While the frequency of mag-
nons propagating i direction shows a weak trend to de-
crease with increasing temperature, the frequency of mag- The clear jump in electronic and electronic-vibrational
nons propagating along the monoclinic axis possesses feequencies at-8 phase transitiofFig. 6) indicates that this
characteristic minimum at about 17 K, which coincides withtransition is being ofirst order. To obtain additional direct
the maximum in temperature dependence loflattice  experimental proofs of this principal statement we carefully
parameter. Therefore, the temperature behavior of magnonmonitored the behavior o?Eg—lAg electronic absorption

N
o
b
’

-
o
[}
h
[
]
4
<
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o
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7
>

d
-
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frequency (cm™)

[6)]

propagating along b- axis i

4. Order and nature ofa-fB phase transition
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FIG. 9. Temperature evolution of th& *A4(0-0) spectra ©_____ @
near to_the_,BHa phase tran_smonicoollng). The_ solld_an_d do_tted 37650 4.0, X B0, I weeree,,
arrows indicate the frequencies of the electronic excitations irmrthe X 0.154 -
and B phases. The superposition of the electronic sidebands relatec X
to the &~ and B-0O,, i.e., coexistence of the and B phases, is
clearly visible.

o
-
o

3.7604

ci(A)

bands in the vicinity of this phase transition. Figure 9 shows u
the spectra oY -*A4(0-0) electronic transition by cool- »
ing one of our samples. The coexistencer@nd B phases is ' a % ] -0, B-0,
clearly visible in the temperature range from 23.8 K to 23.6
K. The coexistence ofr and B8 phases is also observed by s °‘°°'5 e
warming our samples, i.e., dunng the- 8 phase transition, temperature (K) temperature (K)
at a bit higher temperatures in comparison to Be>«
phase transition. Two-phase region was also observed by us FIG. 10. Changes in structure of and 8-O, vs temperature
in spectra of all electronic-vibrational bands. (our reanalysis of the structural data from Ref. @) picture of the
To be sure that these principal results reflect inherenbasal plane ok- (dashed linesand 8- (solid lines O,, (b) area of
properties of oxygen crystal and are not caused by possiblnit cell in basal plane(c) interplane separation(d) deviation
temperature gradients in our sample—due to cryostat geonftom triangularity in basal plane &v3—a/b). Solid line (d)
etry or heating by irradiation—we compared our results ofmarks zero deviation from triangularity i-O, for comparison to
different samples and various optical geometries. Since the-O. data.
two-phase region in our spectra were observed in the same ) _ ) _
temperature regions in all cases, we are convinced to obseri#ighbors in thes-0, see Fig. 1)}, interlayer separation
the true phase coexistence during phase transition. It is thfe. and the deviation from triangularity in the basal plane
second direct experimental proof that the3 phase transi- 6 [9..0,=V3—alb; &40, equals zero by definition, see Fig.
tion is definitely of the first order for studying electronic 10(a)]. The temperature dependences of these parameters are
absorption band¥ presented in Figs. 16)—10(d). It can be seen that no discon-
The drastic changes in the electronic spectra observed kjnuity in the area of unit cell in basal plane is observed at the
us (Figs. 6 and 9 at the a-B phase transition seem contra- a-8 phase transitiopFig. 10b)], while the changes in the,
dicting to the high-accuracy x-ray structural dd@ccording  parameter are very smdtbout 0.003 A, Fig. 1@)]. These
to them this phase transition is accompanied by very smallacts—an absence of discontinuity in the area of unit cell in
changes in molar volume. These authors explained this bésasal plane and very small changes in the interplane distance
havior in terms of regular thermal expansion of crystal. Con<{less than 0.1%—explain difficulties to classify the order of
sequently, they classified this phase transition as “mostlthe a-8 phase transition by analyzing changes in molar vol-
second order.” To solve this discrepancy we reanalyzed andme only. Figure 1@) shows what actually happens at this
reinterpreted the data on the temperature dependence of latansition:the very strong distortion of the basal plane arises
tice parameters presented in Ref. 3. by a sudden deviation from triangulari(ﬁhaﬁwo.lS), ie.,

To compare the structures afand 8 phases we consid- the correct selection of the structure characteristics being

ered the structural unit cell g8-O, in monoclinic axes fol-  analyzed providesonclusiveproof that thea-3 phase tran-
lowing Ref. 3. We introduced three specially selected strucCsition is of first order.

tural parameters to describg unifor'mly changes in structure Qur next objective is to clear up the nature of this phase
of both phases: are§ of unit cell in basal plandS, o, transition, which has been under discussion for more than
=a-b, Sgo,= R2v3, R is the distance between the nearestthree decades. There is a common opinion that an increase in

X
deviation from triangularity
o
o ¢
o
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(a) (b) cording to our previous investigations, our samples of solid

R NSNS T Sall B RN M"'— oxygen contain about 40 ppb of CO as a natural contamina-
o [PetceseesY, s v A 0409 tion of the original gas® Consequently, the small splitting of
g 8 M R % & PPmCY the a-B phase transitiocooling-warming paths in Fig.
J?g . 'I'\ i gso Pl 11(a)] could be, in principle, explained by a known splitting
S - 5 A A of phase transition in bmary systemszéoo in our casg .
2 b £ . To check this explanation we studied the samples specially
:2 40 Ll %40 via0, © enriched by CQO,+0.9 ppm CO The results are[Fig.
é v 0-0, ' : 2 jaxp0o, 1t 11(b)]: (i) the cooling and warming curves are shifted toward
® 201 o B0, X ® 20 *'; ] lower temperaturegji) the splitting of thea-3 phase transi-
v;‘ AX"%.,_ tion becomes more pronounced. To be convinced that these
0 s £ AN 0 A'23.5 o results are not connected to some specific properties of elec-
temperature (K) temperature (K) tronic absorption spectra we added to Fig(hly crosses

the data from Ref. 13 obtained by monitoring spectra of the
FIG. 11. Kinetics of thea-g phase transition investigated by fundamental of CO molecules matrix isolated in solid
monitoring the33 ; -1A4(0-0) spectra(a) relative amount of new  oxygen(mid-ir region. Both sets of data coincide very well.
phase as a function of temperatioxygen 99.998% (b) the same  Moreover, as it was showhthe CO molecules dissolved in
as in(a) for oxygen(99.998% enriched by 0.9 ppm Cdxrosses  spolid oxygen influence thg-y phase transition too. It means
mark the normalized integrgted intensity of th_e CO fundamentatnhat the phase transitions in solid oxygen are indeed ex-
from Ref. 13. The dashed lines serve as a guide to the eye. Thgremely sensitive to small concentrations of CO impurities.
arrows indicate a direction of the thermal process—cool®  pyaliminary results of FTIR studies of oxygen enriched by
f—a transition) and warming(the o—§ transitior). N, show that nitrogen molecules influence the8 phase
transition of oxygen weaker than CO but in a similar manner.
temperature leads to some instability of theO, crystal ~ The smearing of the:-g8 phase transition in oxygen due to
phase having either purely magnéticor magnetoelastic very small concentrations of impurities can be the reason for
origin.? We have already shown in the previous section thagliscrepant results by different groups, performing structural
the temperature-caused changes in magnetic subsystem @f calorimetric investigations, tried to characterize the order
the a-0, cannot be considered as a precursor ofdhe 3 Of this transition.
phase transition, i.e., a purely magnetic origin of this transi-
tion must be excluded. The data presented in Figs. 10 show
that no structure instability is observed approachingdhe
phase transition. Indeed, the temperature-caused changes inThe temperature behavior SE_-lAg absorption bands
the deviation from triangularity in basal plana&(T) of oxygen was systematically investigated by spectroscopy
= 5(T)— 6(0) [see Fig. 10(d)], which is the only quantity studies(FTIR, 7000—15 000 cft) in the temperature range
relevant to the principal structure changes occurring durindgrom 10 K to 90 K at ambient pressure. Due to excellent
this phase transition, are about 0.01 in the whole temperaturgptical quality of our crystal samples, we were able to inves-
range ofa-0, (T<24 K), i.e.,Aé(T)/5|Tan6 %. There- tigate in details electronic-vibrational excitatiofigp to vi-
fore, a magnetoelastic origin of theB phase transition must brational number Bas well as a complex fine structure of
be ruled out as well. spectra. For comparison, we also studied the phonon side-
All these spectroscopic and structural results allow us td?and to internal vibration in solid £and N, (mid-ir, 800—
draw the conclusion that the-3 phase transition is caused 3000 cm™).
by simple competition between the free energies of two pos- We interpret these electronic absorption bands as phonon
sible structures of solid oxygen—the elongated triangulasidebands to electronic or electronic-vibrational excitations
crystal structure possessing the two-sublattice antiferromagdplus (in magnetic ordered phagesxciton (-vibron)-magnon
netic order @-0,) and the ideal triangular structure with a _ound states; therefore, the sllngularmes in spectra of the;e
short-ranggor dynamig®> magnetic order g-0.). sidebands are related to maxima of the phonon DOS simi-
larly to the ones in the phonon sideband to internal vibrations
(“vibron” sidebandg. A special procedure to analyze the
band shape of electronic spectra was worked out to deter-
To explore the kinetics of the-B phase transition we mine the frequencies of electronic and electronic-vibrational
divided each of the spectra in the two-phase redkig. 9 excitations(as ZP). Using this procedure, we found the fre-
into two components—bands relateddoand toB-O,—and  quencies of electronic and electronic-vibrational excitations
normalized their integrated intensities to the one of the tota{szg—lAg) in condensed oxygen and explored their tem-
spectrum(100% [Fig. 11(@)]. If we define the temperature perature behavior in temperature range from 10 K to 90 K.
point, which corresponds to 50% of a transformation as th&ve discovered that the frequency shift of electronic excita-
temperature of this transition, a clear hysteresis is observegbns in condensed oxygen is mainly governed by magnetic
for the - phase transitionT> % —T2% ~0.15 K. In ad-  order and hardly ruled by changes in molar volume. There-
dition, the transition at warmingT(;_,,) begins at a litle fore, this kind of spectroscopy can be used to probe indi-
lower temperature than the transition at coolifig.(.,). Ac-  rectly magnetic order in high-pressure phases, where direct

IV. CONCLUSION

5. Kinetics of thea-B phase transition
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information is absent up to now. A joint analysis of different ture point is determined by equating the free energy of
kinds of excitations ire oxygen allowed us to determine the monoclinic magnetically ordered-phase to the free energy
magnon frequencies at boundaries of the Brillouin zone asf rnhombohedral structure @-0O, with short-range triangu-
well as to explore their temperature behavior. lar antiferromagnetic ordering.

Based on a comparative analysis of the integrated inten- Qur precise investigation of the kinetics of the3 phase
sity of different kinds of phonon sidebands, we are able taransition showed that a smearing of this transition is ob-
conclude that an interaction between the intramolecular angerved even at concentrations of impurities as small as 1
lattice excitations is assisted by an exchange interaction igpm. This fact can serve as an obvious explanation for the
condensed oxygen. Even more generally, we speculate thagntradictions in literaturéresults drawn by different inves-
all kinds of combined excitations are exchange interactiongigatorg concerning the order of the-3 phase transition in
assisted in solid oxygen. This general statement can be déolid oxygen.
rectly proved by further spectroscopic investigations of other
kinds of combined excitations such as two-libron, libron-
phonon, two-vibron, etc.

We obtained several unambiguous direct experimental
proofs that thea-B phase transition is ofirst order. Any This work was supported by Deutsche Forschungsge-
considerable softening of magnon frequencies is not obmeinschaft(Grant No. Jo 86/10J)1 S.A.M. acknowledges
served approaching the-B phase transition. Our own re- support by Gottlieb Daimler-und Karl Banz-Stiftung. One of
analysis of structural data by others showed that theis (H.J.J) is grateful for the support of the Department of
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