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Elementary excitations in condensed oxygefea,B,v, liquid) by high-resolution Raman scattering
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Elementary excitationénagnon, libron, vibron, and their combinatigmg solid and liquid oxygen samples
of high optical quality have been investigated by high resolution Raman spectroscopy in the temperature range
10-90 K. From spectra we deduced band frequency, bandwidth, and band shape of all modes as a function of
temperature. In particular we registered in a very narrow temperature ahged.5 K at the a-8 phase
transition libron spectra of the phase as well as of the phase; from the coexistence of both phases we can
unambiguously follow that this phase transition is of first order. We deduced also from Raman spectra hints
about the magnetic interaction, like vibron-magnon mode couglimgxpected broad vibron band inO,),
or two libron excitations. A joint analysis of the vibron frequencies of isotopomers if®@esample allows
us to describe the key characteristics of the fundamental energy(eovieonmental and resonance frequency
shiftg) in both low temperature phases. The Raman-active phonon sideband of the internal vibragioasdn
B-0, is clearly shifted towards higher frequencies compared to the ir-active one; i.e., both kinds of phonon
sidebands therefore possess a different physical origin. We determined the integrated intensity of the magnon
Raman band as a function of temperature which is proportional to the magnetic order parameter and which can
be modeled by the spin-spin correlation functi@s;).
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[. INTRODUCTION is of second ordetIn the meantime the character of theB
phase transition was unambiguously assigned to be of first
Solid oxygen—especially its high pressure phasegrder by Fourier transform infra-reFTIR) spectroscopy
(<120 GPa)—is a unique material. It combines properties ofNd by subsequent x-ray studfelut not by Raman scatter-
a cryocrystal and a magnet: it transforms from transparent t§19-
colored at increasing pressure, changes from an antiferro- The B libron relaxation was insufficiently described by
magnetic to a diamagnetic structure with pressure, becomesqly one dominant cubic anharmonic interaction term on the
metallic molecular crystal, and even transforms into a superbasis of rough bandwidth dataTill now, no more accurate
conducting state at higher pressufsse recent revies ~ bandwidth data were available to establish a more detailed
Although there exists a broad literature about solid oxygen afiodel for the relaxation of all librons. It is necessary to
ambient pressure there are St|” Severa' important open queglvestigate the I’elaxation process Of Vibrational eXCitationS
tions which can be answered by high resolution Raman inby high resolution bandwidth measurements as a function of
vestigations. temperature. But in orientated oxygen phases these are still
Cahill and Lerof measured Raman spectra of the vibronmissing. Only in liquid Q (T=54-150 K) and in one tem-
and librons at some selected temperatures for the first tim@erature point iny-O, (T~53 K) did Kiefte et al® perform
Bier and Jodl then performed systematic Raman studies andnterferometric measurements of the vibration band in Ra-
determined the band frequencies, bandwidths, intensities ¢han scattering and deduce the bandwidth as a function of
elementary librational and vibrational excitations and theirtemperature.
temperature dependence. Both groups assigned the peaks inSeveral investigations focused on the magnon modes in
low energetic spectra in the phase to libron modesgeand ~ 0Xygen by far ir absorption and Raman scattering. Blocker
Aq. Van der Avoirdet al* calculated the magnon and libron €t al-”found an absorption line at 27 crhin the far ir which
frequencies ofr oxygen to be in satisfactory agreement with they assigned to an antiferromagnetic resonance mode.
experimental data, including a magnetic coupling to standar#/lathai and Allin® observed a low lying mode at 27 crh(at
lattice dynamics for the first time. Prikhot'ket al® unam- 4 K) by Raman scattering and clearly pointed out an isotopic
biguously confirmed the symmetry of libron modesainO,  effect at libron modes and no isotopic effect at the mode at
(43-cm ! mode with B, 79-cm ! mode with A) and in 27 cmi 1; consequently they att_ributed it to a magnon mode.
B-0, (51-cmi t mode with E) by polarized Raman scatter- Wachter and_ Wheel@r_determlned a second magnon at
ing on oriented single crystals. Admittedly, the spectra that-6 cm * by ir absorption. From these spectroscopic data
have been assigned to the nondegeneratglibfon are not  they were able to apply the spin wave theoryatdD, (anti-
symmetric®® This discrepancy—up to now not discussed inferromagneti¢ and determined the parameters in the ex-
literature—calls for more accurate Raman measurements. change energyA,B: anisotropic constants; J: exchange pa-
A continuous transformation in frequency and bandwidthrametey and established a dispersion curue(k) for
from the E; libron mode in thes phase to the {libron mode = magnons. Meieet al? performed far ir absorption on both
in the @ phase was measured and explained as a soft modeagnons as a function of temperature{3—23 K) and un-
behavior, and therefore as evidence that the phase transitiger the influence of a magnetic field {H5 T). Finally
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Pritulaet al!® confirmed, by doping @with N, the magnon ment. Therefore high resolution Raman measurements

at 27 cm'* between 8 and 23 K. But to this day there are(0.01 cni?) are necessary to clarify the question if the struc-

no temperature dependent scattering data of the magnon etwre of a-O, is C2/m or C2/c.

citation, especially of the temperature dependent intensity The general aim of our study is trying to fill the missing

behavior. information from literature about solid oxygen at ambient
Lowen et al* studied, by Raman scattering and FTIR Pressure. Therefore we have performed systematic, precise

absorption, the vibron-phonon excitations as a function ofWith high resolution<0.1cm *, wave number accuracy

temperaturg5—40 K), whose nature was analyzed and ex- <0-1 Cmfl,) investigations of all kinds of low energetic ex-

plained later on by Brodyanskit alX® In the latter publica- citations (vibron, libron, magnon and their combinationis

tion a vibration of a “single” molecule was assumed to be SOlid and liquid oxygerifrom 15 to 90 K by the high reso-

the origin of the ir-active sideband. To prove this assumptior*ution Raman scattering technique. In Sec. Il, we will de-

preise fequency Raman measuremets of scebands 0 1 SCOSTENa locetre Sxpernenta el
necessary for a comparison. In addition the resonance a P - '

environmental frequency shift of the,Gvibron have been N, we will analyze first the vibron frequency and estimate

. X the key characteristics of vibron energy zaeavironmental
determined based on the above assumption and compared y gy zd

. ; ios f e dAd resonance shifin « and B8 phases. Second, we will
vibron frequencies from Raman spectroscGpi principle,  giscuss the vibron bandwidth and possible relaxation pro-

with accurate Raman frequency data of oxygen iSotopes Visesses. Third, qualities of libron excitatiofistensities, fre-
bration in ‘€0, or vibrational overtones one can achieve th'Squencies, bandwidths, mode splitting, two-libron excitations
key characteristic of a fundamental vibron zone based on ong poth low temperature phases will be analyzed. Fourth, we
set of experimental data onland thus prove indirectly the il discuss Raman-active phonon sidebands to vibron in
correctness of the deconvolution procedure of Ref. Boit  orientational ordered oxygen phases in comparison with
there are no isotopic data available. The vibrational overtongidebands in nitrogen and ir-active sidebands in both sub-
(2wy~3100 cm %) was investigated by Knipperst all®in  stances.
gaseous oxygen, but up to now not in condensed phases.

The structures of solid oxygen phases at ambient pressure
are well documented in the literatuteThe monoclinic «

phase below ¥23.8 K possesses a crystallographic struc-  The sample gagpurity 99.998% was filled into a vessel
ture C2/m with one molecule per structural cell and twogat 2.3 bar and transferred via a capillary into an optical cell
molecules per magnetic cell with a two sublattice antiferro-with a sample thickness of 4 mm and a diameter of 10 mm.
magnetic order. Only a short-range magnetic order exists ifThjs cell contained a pointed spike at the bottom made out of
B- and y-O,. The rhombohedraB phase between 23.8 and copper acting as a condensation point for crystal growth.
43.8 K is described by the crystallographic structurenR3 During cooling the cell by a closed cycle He-cryostat the
with one molecule per cell; magnetically characterized by d@emperature was controlled by a Si diode at the cooling fin-
guasi-two-dimensional frustrated 120° triangular lattice anti-ger and determined by a second calibrated Si diode attached
ferromagnet. The cubiey phase (T.quiq=54.4K) has a directly to the optical cell(accuracy<=0.1K, absolute
Pm3n structure with eight molecules per cell on two crystaltemperature+ 0.5 K); we monitored a small positive tem-
lographic positions: 2#&spherelike moleculgesand 6c¢c(disk-  perature gradient vertically in the optical cell. This determi-
like molecule$. The magnetic structure is described by anation of the actual temperature of the sample was confirmed
guasi-one-dimensional antiferromagnet along the 3 axis oddy several independent measurements of the intensity ratio
cupied by disklike molecules. of Stokes and anti-Stokes libron bands in Raman scattering.
Although the structures of the low temperature phases are Our technique to grow large polycrystalline samples for
known in the literature, recent spectroscopic results give oneptical investigations is described in detail elsewHertn
reason to dispute. From ir spectra of vibrational overtone ofhort, every cooling process from gas dephase has been
oxygen we got a hint of a possible doubling of the structuralperformed extremely slo0.5—1 K/h, the solid sample was
cell of a-0,." Since the high temperature phase for fluorineannealed slightly below the crystallization pointAT
and oxygen are simildiPm3n), due to similar molecular and ~0.1-0.5 K) for about 10—20 h, and we realized again a
lattice parameters, one may suspect that the low temperatuseibstantially slow cooling rat@®.05 K/h at each phase tran-
structures are also simil&€2/c).*8 In this structure the mo- sition region (liquid—y, y— 8, B— a). The optical quality
lecular axes are slightly tilted relative to the axis perpendicu-of monoclinic regions of our @samples was investigated by
lar to the basal plane and possess a two-l@lerringbong  polarized Raman spectra of vibron and libron modes.
packing. The slope of the molecular axes ni§ 11°; if it Ordinary Raman spectra were excited by an” Aaser
would exist in Q too it must be less than 5° to be consistentwith 200—300 mW on the sample and registered by a triple
with structural dat&® But then, in oxygen, one would expect spectrometer in conjunction with a CCD camélabin Yvon
a splitting of the vibron lingfrom vibrational overtone spec- T64000. The resolution was 0.2 cit in the additive mode,
tra we estimate~0.2 cmi 1) and two additional librons. The and less than 2 cnt in the subtractive mode, and the fre-
fact that the vibron splitting was not observed in fluorinequency accuracy was better than 0.1¢m(respectively
whereas the additional librons have been obséfvésl 0.5 cni’l) due to the calibration lamps used in each spectral
caused by the resolution (1.5 cf) of the named measure- run.

II. EXPERIMENT
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FIG. 1. High resolution Raman spectra of @bron in the 8 60.7
phase in combination with a Ne atomic line. The free spectral range - Q-ﬁ
of the Fabry-Perot-Interferometer is 1.70¢h The solid line in- ——— T TR LA ’
dicates the fit by two Airy functions. 1552.0 1552.5 1553.0 1553.5

frequency (cm™)
To improve the resolution of a standard Raman system FIG. 2. Qualitative high resolution Raman spectra of oxygen
(~05 Cm_l) a S|ng|e mode |aser and a Conventlonal triplevlbron as a function of temperature n |IQUI§1,, B, and o phases.
monochromator in tandem with a Fabry-Perot interferometer

(FP) and a Peltier cooled photomultipllier for registration mych larger than in the or 8 phase. Since we performed all
were usedachieved resolution-0.01 cm *). This idea goes  these studies over several weeks, we are not able to compare
back to Pine and TannewalllA specific Raman lindhere  Raman intensities directly.

. 71 .
O, vibron at ~1552 cm ) Was_lpreselected N a CoONVeN-  The vibron in thew phase shows no splitting in high reso-
tional mannexslit width ~20 cm'*) and afterwards the free o spectraresolution: 0.01 cml): therefore one can ex-

sEectralt rangérSR oftthe FE" Ipczlalte(tj) G morjo(\)t- clude the hypothesis that-O, possesses the same structure
chromator, was swept mechanically by £ans pressure. sa-F, (C2/c; see Sec.) lwith the utmost probability. Fur-
the position of the intermediate image we used a pinhole o . o . :

hermore, neither additional librons in Raman spectra nor

about 100xm diameter to illuminate the FPI with almost ontical bhonons in ir spectra have been obseRtatherefore
parallel light and to reduce the contribution of stray light. In P P P

addition we selected a Ne emission lif&28.00853 nm, i.e., we trust in th(_e collinear orientational arrangement of the mo-
1553.555 cm ! relative to the laser line at 487.98 hin this  |€cular axes inx-O, (namely, C2/m.
free spectral range as an internal standard for determination Figure 3 shows vibrational Raman spectra of the oxygen
of absolute Raman frequency valu@stter than 0.02 cit).  ISOtopes. The position of band f_requenc_y of isotopes is
Figure 1 shows a typical scan jhoxygen. needed later(Sec. IVA) to determine environmental and
The interferogram of the laser line, which we assumed tgesonance frequency shift. The relative Raman intensities
be infinitely narrow, has been fitted by Airy functions, whosel 1(*°02):1(*%0*%0):1(*°0'0)~250:1:0.  confirm  the
bandwidth we considered to be the apparatus function of thBatural abundance inyas we used99,52:0,41:0,0y We
system. The interferogram—containing the oxygen vibron
and the Ne calibration line—has also been fitted by two Airy
functions. Usually, the difference between the measurec 180180 (\
bandwidth and the width of the apparatus function delivered
the real bandwidth. The error in the bandwidth is of the same 0 (\

order as the spectral resolution, i.e., 0.01¢m

I1l. RESULTS AND SPECTRA
16 1
oo

tensity (Cts./s) .

o

A. Region of internal vibrations 54

In

The Raman vibron spectrum—presented in a pretty nar- 16
row range K2 cm 1)—is plotted as a function of tempera- 0
ture from 80 to 14 K in Fig. 2. The band frequency decreases J 1/200
in the liquid phase and is quasiconstant in the low tempera- 4 " -L. .
ture regime. In they phase, we register the expected splitting 1500 1520 1540 1560
into two bands with an intensity ratio 3(5ix molecules on frequency (cm')
site ¢, two molecules on sitg.a'he bandwidth shows a clear  FIG. 3. Vibrational Raman spectra of isotopesgO, (spectral
temperature dependence; in the liquid apdphases it is resolution~4 cm1).
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FIG. 5. Close to the Rayleigh line: Raman spectrayefand

liquid oxygen as a function of temperature. The inset shows the
FIG. 4. Temperature dependent Raman spectra of the phonasbrresponding susceptibility spectra.

sideband to the oxygen vibron jg and « phases.
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determined the®0, band position to be at 1552.56 cth ~ ©Xygen: S(@)~S(N;) ~0.03. Since we know that the Ra-
the position o070 at 1525.5 cm' and the one of°0t80 ~ Man cross sections of both subst;nces are almost the same
at 1505.0 c® with an uncertainty of 0.5 cmt (literature  L9(O2)iiquia=1.05, 0(N2)jquia:=1],"" we can compare these
values in another isotopic mixture for compari€dr:552.7, Raman results directly wnh res_ults from_ FTIR_ _absorptlon.
1524.6, and 1504.2 cnt). The band position of th&0%0 Whereas by Raman sca.ttermg sideband |nten5|t|-esz(}3fr(d.
vibration as a function of temperature shows a pretty conN2 aré comparable, the ir spectra show a dramatically differ-
stant behavior between 14 and 30 K and no frequency jum@nt Sideband ratio:sk(O,)/1sg(N2) ~20. We will discuss
at the a-B phase transition (J;=23.8K) which corre- tis interesting feature latésee Sec. IV D
sponds to structural measurements in which there is no re-
markable volume change atJ. 18 This fact—that we do not
register a frequency jump of the oxygen isotopes gi—Fis
not contradictory to earlier results that a very small CO im- In this low energetic region of Raman spectra we present
purity (~40 ppb) in solid Q clearly shows such a small experimental data of three types of elementary excitations:
frequency jump of the CO vibration (0.09 ¢f) at this  hindered rotations/torsions in the liquid agghases, libron
phase transitiof? Because the spectral resolution in this ir modes ine and 8 phases, and magnon modes in thphase,
measurement was higher by a factor of about 50 than in outespectively. Figure 5 shows spectra below 100 &nat
actual Raman investigations, we can not exclude that theré5—-90 K with a typical so called Rayleigh wing of a liquid
also exists a small jump<(0.1 cm ) in the vibrational fre- and/or plastic phase. A qualitative comparison of Raman
guency of isotopes. spectra of the liquid phase to thephase shows, first, a much
By different mechanismémechanical or electrical anhar- steeper intensity profile (w) below 25 cm? in the liquid
monicitie9, all phonons may couple to a vibron and be de-phase than in the phase, and, second, some sort of a maxi-
tected by optical spectroscopy as sideba(®Bs. Raman mum at 45 cm? in the liquid phase and one at 35 chin
spectra of SBs in the and 8 phases are plotted as a function the y phase. Modeling the Stokes/anti-Stokes Raman spectra
of temperature in Fig. 4. This broad feature shows a smalat 87 K (liquid-O,) by a free rotor spectrum clearly shows
temperature shift £ 0.2 cni Y/K) in size and sign like the that there must be additional elementary excitations in the
pure libron modes. The sideband in thephase is broader liquid besides free rotors. Light scattering spectra for liquid/
and more pronounced than the one in tBephase. The glass transitions are generally described by susceptibility
Huang Rhys factor S, which describes the strength of a cowspectra: i.e., X(®)=lmeasured N(®) + 1]~ o leasureq fOr
pling (S:=In[Isg/(lyibront 1se) 1), is ~0.03 (i.e., weak cou- low frequencies; (w) is the Bose factor This specific rep-
pling) and is constant in this temperature range. We couldesentation allows a study of time processes to identify a
confirm previous data reported by Bier and Jo@he inten-  transition from a liquidlike to a solidlike dynamics on a mo-
sity of the Raman-active phonon sideband spectra iecular scale. The inset of Fig. 5 depicts this type of repre-
a-nitrogerf® delivers the same result for couplingdnand3  sentation of original spectra. Now the difference between

B. Region of external motions
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FIG. 6. Libron spectra in thee and 8 phases as a function of % 165
temperature. In a small temperature inter¢28.8—24.2 K both 8104
E

types of libron spectra are clearly seéArrows indicate the mag-
non position)

|14.8
liquid and plastic phases is more pronounced. The band 054129
maximum is almost constant in the phase, shows a clear Ty
jump of frequency 10 cm ) at the phase transition, and
0.0 T T T T T T T T T T T
2 24 26 28 30

shifts continuously to higher frequencies with increasing
temperature in the liquid phase. The bandwidth of suscepti-
bility spectra broadens with increasing temperature, similar
in both phases.

Libron spectra(Fig. 6) confirm known data in the litera-
ture (see Sec.)l Systematic measurements during cooling/
heating cycles show a clear temperature dependence of Ra-
man intensities. Between 24.2 and 23.8 K we observe both
libron spectra: one from the: phase and one from thg
phase. This result shows the coexistence of both phases or, in
other words, ther-8 phase transition is of first order. Against o 1 1o 18 20 22 o
this, Bier and JodlIregistered a continuous mode transition temperature (K)
from Ey (in the B8 phasg to Ay (in the a phasg and claimed FIG. 7. (8) Raman spectrum of high energetic magnon and li-
that this spectroscopic result is a hint for a phase transition dfrons at = 11.2 K. (b) Temperature dependence of magnon part in
second order. Our result agrees with recent FTIR stfidiesvhole « phase(c) Decrease of the normalized magnon band inten-
and x-ray studie$A more detailed analysis of librons will be sity (full squares, uncertainty in Raman intensity is less than)10%
discussed latefSec. IV Q. with temperature in comparison to the neutron diffraction peak in-

The magnon spectrum at about 27 chiarrows in Fig. §  tensity(open circles, Ref. 26and the spin-spin correlation function
is displayed in Fig. @) in comparison with libron spectra. by the Ising modelsolid line, Ref. 27.

First temperature dependent Raman studies between 11 and

24 K are presented in Fig.(5). We confirmed the only

known Raman spectrum by Mathei and Affirtaken at 4.6  perature dependence of the magnon Raman intensities is
K. The quality of our spectra is demonstrated by a smalleplotted together with magnon peak intensities coming from
bandwidth than in comparable ir literatt&~**When rais-  neutron diffraction studie¥ The theoretical curve fofSS)

ing temperature the magnon frequency is decreasing and itsolid line in Fig. 4c)] following a two-dimensional Ising
bandwidth is increasing. Although this magnon mode in Ramodel on a square lattidé,fits all these experimental data
man spectra is very weak we can clearly prove a decrease qfiite well in the temperature range<P3 K. Slightly below

the band amplitude towards the magnetic phase transition. lihe phase transition—between 23 K and 23.8 K—the Ising
principle the integrated intensity of a magnon mode is prosystem is not describing our experimental results properly.
portional to a magnetic order parameter, which is here the Parallel FTIR studies of the far ir absorption, which pro-
spin-spin correlation functiodSS)). In Fig. 7(c) the tem-  vide much better spectra than in Raman scattering, confirm
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A
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o
2

rel. intensity (arb. units) 0O
o
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all the above findings. Therefore we postpone the discussiola)

of our Raman resultig=igs. 1a)—7(c)] including these recent
FTIR studies to a forthcoming paper.

IV. DISCUSSION

A. Vibron frequency and vibron zone

Since we were able to measure the vibron frequency with™
a high accuracy and since it was found to be quasi constant

we are able to plow(T) on a pretty small scald=ig. 8a@)]. In

the liquid, the vibrational frequency(T) shows an S-type
behavior, where the frequency at the melting point, (T
~54K) is 0.2cm?® smaller than at the vapor point {T
~90 K)—a behavior like in nitrogeff In the y phase the
vibron frequencies of both types of moleculéspherelike
and disklike moleculgspossess a clear temperature depen-
dence, whereas i and a phases it is more or less constant.
The temperature dependence of the vibron splittihg

= w,— w>, in the v phase was determined here in the whole
temperature range and follows a mathematical linear fit:

PHYSICAL REVIEW B568, 214303 (2003
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Aw=2.53-0.03 T[T in K, Aw in cm™%; inset in Fig. 8a)]. . .
We have to consider two different possibilities as an origin of  FIG- 8. (& Temperature dependence of vibron frequencyin
this vibron splitting: First the temperature dependent change&' - @nd liquid oxygen; insert shows splitting of vibron frequency
in the interaction between different types of molecules and” ¥-Oz @S a function of temperature, full squares: our data, open
second the splitting caused by different crystalline fields forsR(jaus?)rr?asnth;Ilqlitfetrztnliireén?/’iergrﬁwtitgl zﬂi:tgr?afr'lg)) (Nhgse?d((ett)z)er-
molecules on different sites. The latter one is described by . . ies: OO0 i Bp

the mere volume change with temperature and most impor: ined from isotope frequencies: fr : '.s°t°pe(fu" squares,
tant for vibron splitting?® The above dependences(T) de- from %070 (open squargsand from vibrational overtonéstars.
livers, in combination with structural data(V),'® a mainly

! scattering dat&® on the one hand, and Raman d&tapn the
linear dependence of molar volume V:

other hand, was formulated by Dunstettgral3® for first
time.

Now, if we replace both perturbed frequenciesand w,
by the weighted average= (w,+ 3w,)/4 [solid line in Fig.
8(a)] then we find a clear frequency minimum in tkghase
whereAw is in cm * and V in cni/mol. Now let us apply  at about 48 K and pronounced frequency jumps at both ad-
this equation for the energy splitting to higher pressuresjacent phase transitions ®and liquid phases. The tempera-
Since the molar volume was not measured explicitly in theqyre dependence of the vibron frequency possesses a small
high pressurey phase we have to estimate it first. The molarpyt clear local minimum i andy phases, measured several
volume of -O, at 5.5 GPa and room temperature istimes in cooling/heating cycles, which means that one needs
14.69 cni/mol.*® With the volume jump of~5.5% (from  at least two different processes which compensate for each
zero pressure dataRef. 18 at T, one can expect the molar other, for explanation. In principle, there are two contribu-
volume in the room temperatunephase at around 5.5 GPa: tions to the total temperature shift of a mode frequency: first
V~15.5 cni/mol. The previous equatiodw(V) delivers, a pure temperature shift at constant volume that originates
with this volume, a vibron splitting of 5.2cnt at p  from temperature dependent potential anharmonicities, and
=5.5 GPa. This value is in very good agreement with Ra-second a shift due to the volume change with temperature.
man spectroscopic results of Refs. 29 and 31. They reportethe latter contribution can be derived from temperature de-
consistently a splitting of-5 cm ! at 4.8 GPa and 271 K.  pendent data of compressibility and thermal expansion, won

If the hypothesis from Brodyanski and Freimfawas  from structural investigation, and from the pressure shift
right—that the local order of the plasticphase(spheres and  of the vibron, won from Raman scatterifiThe changes of
diskg was preserved in the liquid phase—one would expectyolume dependent frequency shift is relatively small
in low temperature liquid (¥ 24.5 cn¥/mol given thatAV ~ (<0.04 cnT 1) in the whole range of both phases. Therefore,
~4.2% at 'I;_,iquid34), a splitting of vibrational lines in the the contribution of phonon-phonon interaction to tempera-
order of 0.25cm?’. Since the present data were measuredure shift must be very small too.
with an accuracy of-0.02 cmi ! and since these data show  The vibron frequency shows no significant jump at the
no splitting of vibrational line in the liquid (bandwidth «-8 phase transitiofin which a dramatic spin rearrangement
~0.24 cm'1) we can exclude without much doubt that the is accompanied by a very small volume chandeit a clear
local order with spherelike and disklike molecules also existgump at Tz, and T,jqiq- The volume increase\V
in liquid O,. This inconsistency of theoretialand neutron ~5.5% at Tz, (Ref. 18§ andAV~4.2% at T .jiquiq (Ref. 39

Aw=13.71-0.55V,
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are known which alters the distance between neighboring T=16.7K T=258K |
molecules and, therefore, the environmental frequency shift 0z0] | B !
too. ]

Finally we would like to consider the key characteristics
of the fundamental vibron energy zone of oxygen from these  « 0-151 1| 001 et
Raman data using the isotope frequencies. Due to the 3 k J\\
literature® the solid shiftAw contains two terms, the envi- % 0.10

p

ronmental and resonance shifts,

a y + liquid
Aw:=wgig— Wgas™— Awenyt Awres. 0.05-{“ ! E
A vibration in an isotope of natural oxygen ge&ncentra- 0.00 M '
tion less than 0.5%shows all but no resonance shift; there- ’ 20 40 60 80
fore, one can determine the environmental shift of the iso- temperature (K)

tope vibration directly. By mass scaling one gets the FIG. 9. Vibron bandwidth as a function of temperature in all
environmental shift of thé®0,-vibron. We determined the 0xygen phases: full squares, cooling; open triangle, warming; open

environmental shift also from vibrational overtones=(2) circles from literature Ref. @); lines in liquid andy phases are
(0—n) guides to the eye; iB and « phases mathematical fits are due to

because the resonance shift is negligible Heke ¢ . . . .
_ n-1p (0-1) \with a numerical coefficient .aof relaxation processes. The inset shows a direct comparison of the
an(Xe) @res : ! linewidths in these two phases.

the order of 1 and an anharmonic constagt®.0076]°
With the knowledge of the environmental shift the resonance
shift can be obtained from the vibron frequencifQ).

Since we measured the vibron frequené$Qt,), the vibra-
tional frequency of both isotopomer#®Q*?0,%0'"0), and
the bivibron of 0, (wq_,=3072.25cm?, gas value

3088.5 cm?) below 30 K, respectively, we were able to . o
. . . .. smaller than in the liquid; but they show the same tendency
determine the environmental shift and the resonance shift b) . L -
I'(T) as in the liquid; in additionljjqug (@t T,.iquia)

only one spectroscopic method from experimental {igig. N 1 .

8(b)]. The shifts are different in size and sign but temperaturewg'gg gm_l’ 1117 (?;f Sghi:.ekléke mr(r)llcglceclléles a?t 2
independent at the-8 phase transition. The results essen—~0‘12 _q o Y del t ISd ' ibe th g N .IT“/% q
tially confirm previous data on frequency shifts @fand 8 o-Le €M = Lur mo €l o describe the decrease in band-
oxygen gained by ir phonon sideband data in comparisoﬁv'dth is as follows: In a liquid there is no structural order

; 5 i P~ and molecules perform motions of all kinds of freed@o-
with Raman data® This fact indirectly supports the way the tations, translations . .). Shock freezing of such a liquid

band origin frequency was determined in Ref. 15. It also ; ; .
confirms the assumption therein that the zero phonon Iin<¥vOUId deliver a broad inhomogeneous bandwidth. In she

corresponds to the frequency of internal vibrations ofphase of oxygen, the molecules possess a structural order
“single” molecules. Since the error of vibrational frequency (center_ of mass form_ a crystal. struct};rbut th_e molecules
shifts is—0.5 cni * in both cases—isotopomef@aman, di- are orientationally disordered: spherelike disordered mol-
rech and siﬁgle moleculer, indirect—we can neither’con- ecules perform rotations in space; disklike disordered mol-

firm that there is a jump in environmental frequency shift atepdultets rotart]e O?Ly |nta péanlflz..kFollowllng Th's Il?he—frodm I'q.'
a-B phase transition as measured in the ir studies of Ref. 1B!0 10 sSpherelike lo diskiike moecuies—ine order IS
nor that it is not existing as in our Raman data. Therefor ncrea}sed, in consequence, the bandwidth is decreased due to
further more exact Raman measurements on the isotopom Wering entropy.

are necessary to check if there exists a small jump in Ram orséntcz?a;he\},vgtézenné%l}/ég r?ghfﬁgd esr:a%%es L)srosaLék;s:iz;ntlaellly_
data at T,z. Since these isotope bands are very weak an ' 9 9. ap

must be measured with high resolution coherent anti-Stok roximately. At they-f3 phase transition we register a clear

; . . ecrease in the bandwidth' ¢ 0.15 cm ! to ~0.01 cm' 1),
Raman scatteringCARS) studies could be suited. which shows a slight decrease by cooling in thphase; the

extrapolation for >0 deliversI'—0. Therefore, the sim-
plest relaxation channel might be a pure dephasing process:
We measured the Raman Q branch and vibron bandwidth (T) =A-n,- (n,+ 1), with n,=ny(T) the occupation num-
of oxygen at very high resolution below 90 (kig. 9. The  ber and A the weighted coupling constdhThis fit proce-
decrease in bandwidth during warming is typical for a liquid.dure (solid line in Fig. 9 delivers for the coupling constant
This behavior was already investigated by Clouter andA~0.01 cm!, whereby the frequency of the mean bath
Kiefte?@ (open circles in Fig. by piezoelectrically scanned phonon was set to 20 ch due to temperature. At thg-a
Fabry-Perot interferometry. An explanation for the decreasphase transition we observe a clear increase to an almost
ing bandwidth was given in terms of motional narrowing by constant bandwidth in thex phase [~0.04 cm1)—
the authors. With increasing temperature the rotational mowhereas the vibron frequency shows no discontinuity—while
tion of O, molecules is accelerated and, therefore, one molthe only effective change in the oxygen crystal is the addi-
ecule “sees” only an average of molecular qualitigke  tional antiferromagnetic spin arrangement. A pure dephasing

electric quadrupole or spin momenf neighboring mol-
ecules. As a result, the found width of the vibration-band
decreases with increasing temperature.

The bandwidth of both vibrations in the phase are

B. Vibron bandwidth and relaxation processes
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process would require Bpomogeneous® 0 for T—0. So only a )

depopulation process can explain the finite vibron bandwidth

in a phase. The simplest mechanism is a 3-down depopula 4]

tion process[I'(T)=B-(n+n+1)],% at which a vibron

(1552 cmi't) decays into ant®ol’o isotopomer vibration

(1525 cm'Y) and a magnon £27 cm't). A 3-down de-

population process via phonons is less probable because i

the « phase a phonon at 27 crhis not populated, and in the

B phase dephasing is dominant. The fitting procedure for the = 4.

relaxation channel vibron isotopome# magnon(solid line

in Fig. 9) is consistent with measured bandwidth and delivers

a coupling constant 80.04 cm 1. 0
Although the temperature variation of the bandwidth in a

limited temperature interval<t20 K) is very small in both

low temperature phases the experimental pditt® hardly

scatter. Therefore, we are able to establish a model for th )

relaxation processes of the, ®@ibron. The unexpected wide 204

vibron bandwidth in thex phase is evidence of the direct

involvement of a magnetic quasipartiodl@a magnoin in the

200

intensity (Cts./s)

154

relaxation process of a vibron excitation. To our knowledge, &
it is the first direct experimental observation of a coupling <
between vibron and magnon excitations in solid oxygen. 2 19
E
C. Librons in @ and B oxygen 5

1. Libron intensities and two-libron excitations

0

Looking more carefully at Fig. 6—the spectra of libron
modes ina and 8 phases—we can clearly identify asymmet-
ric band shapefFigs. 1Ga) and 1@b)] and additional very
weak broad featuref=ig. 10c)] only at low temperatures. C) 4]
Since there is only one molecule per primitive cell in {he
phase, this asymmetry in the, Enode is due to a lifting of

the degeneracyfor a detailed discussion see Sec. IVC4 G

The asymmetry in the Alibron spectrum can be found al- &

ready in spectra of the literatufé;*° but was not discussed z2] Bg
in there. Because thisAnode is not degenerated there must g

be another explanation for this asymmetry. Zooming in on :
spectra of thex phase(Fig. 6) by a factor of 40 we find two ] Ag B +B
broad (=20 cni ') maxima around 125 and 155 crh[see 1/40 /"9 g
Fig. 10c)]. It is unreasonable that these bands represents th 0 r ; 7
two-phonon density of stateOS); looking at the one- = o TP——
phonon DOS(‘?F’- with Sf'deband’ Flg.)4the_se featL_Jres here FIG. 10. Raman spectra of libron modéa) Asymmetric band
_are tO(_) Sma_ll In bandWIdth, the bandmaxima de_\_/late and_thghape of & libron in low temperature range of thgphase and its
intensity ratios are different. The observed additional excitageconvolution.(b) The same for the Alibron. (c) Libron plus
tions in Raman spectra lie close to those values which argyron modes in thex phase(the star marks an Ar-plasma line
expected for two-libron excitations: A B, (78 cm 't

+43cm *=121cm?') and A+A, (78cm *+78cm !

=156 cm 1). Consequently, one would also expect another
combination B+B, (43 cm'+43 cr 1=86cnrl), ex- two-phonon DOS was already measifed and modeled

actly what we found the asymmetry of the, Anode at theoretically®® but a direct cogpling of two quasi-particles
87 cni! [see Fig. 1()]. The integrated intensity of all has never been observed. Sincedroxygen we were not
above assigned libron features together indrend 8 phases able to detect similar two-libron bands, these excitations in
is constant during warming/cooling cycles, i.e., spectra ardh€ @ phase are enabled—according to our arguments—only
reproducible, which means that our sample is thermodynamfy magnetic coupling of molecules performing librations.

T
200

cally stable. The relative integrated intensities in thehase Since an exact deconvolution and separation of these ad-
are as follows: I(B):1(Ag):1 (sum of two-libron excitations ditional very weak Raman librational combination bands is
~3:1:1/10. not realizable, we cannot estimate the width of libron energy

To our knowledge, this is for the first time that two-libron zone or the libron dispersion. Maybe polarized Raman mea-
excitations are found ir oxygen. In solid nitrogen only the surements on oriented single crystals can help to fill this gap.
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T
] a)
R ) ]
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] ) e
~ ] A dl ; 154
£ 70
21 % alB :
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5 ! g 10-
§ 60 5
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o | T Jd € 54 ) k
B ]
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1 g I i\_\_ i i o * ﬁ ; 25 wtemper agtilre(K) 40 45|
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temperature (K) )
FIG. 11. Raman frequency shift of lioron modes as a function of * B A
temperature. Solid lines indicate the frequency shift caused by ther “g * g g g
mal expansion of the lattice in the temperature region of each phasi § s g
below phase transition. i :°
g g
g o8 g 1
2. Libron frequencies e
The temperature dependence of all modes ingtpghase temperature (K) temperature (K)
(Eg and E asymmetric componentand in thea phase (g, FIG. 12. (a) Measured bandwidth of libron modes as a function

Ay, and an unseparated two-libron excitajiane depicted in  of temperature from Raman spectradnand g phases.(b) [and
Fig. 11. Common to all is an almost linear dependence, i.eipset in(a)] Lorentzian part of the corresponding libron bandwidth
a decreasing mode energy with increasing temperature: fdfull symbolg and its modeling by sunithick solid lineg of
Ey,:—0.3cnt UK, for Ag:—0.3cnt /K and for B: 3-down depopulatiodashed lingsand dephasinghin solid lines
—0.1cm Y/K. The two-libron excitation (B+B,) shows Processesfit parameters in Table).
the expected temperature shift, which is two times that of the
By mode. At the phase transitiom to 5 phases we clearly
register a pronounced frequency jump within a temperat
interval <0.5 K without detectable hysteresis in cooling
heating cycles and not a soft mode behavior as stated before
by Bier and Jodf

As is well knowrt® the evolution of libron mode fre- All libron spectra ina and 8 phases possess a \Voigt pro-
guencies in oxygen with temperature is determined by threéle, and we deduced their bandwidth as a function of tem-
factors. The first factor considers the volume expansion operaturgFig. 12a)]. First we deconvolute this Voigt profile
this phase; the second term is the pure temperature shift, anto Lorentzian and Gaussian contributions. The Gaussian
anharmonic contribution due to phonon-phonon interactionpart is constant in that temperature region for all modes and
and the third one is due to the temperature dependent spiriginates from the system functidithe apparatus function
spin correlation functiorior magnetic order paramejer of spectrometer and opticsAs we have learned from the

In the case of the8 phase the temperature shift of thg E vibron bandwidth the quality of our crystal was quite good;
mode is mostly determined by the thermal expansion of théherefore we assume a negligible inhomogeneous bandwidth
lattice (solid line in Fig. 11; computation is performed as in for librons too. The remaining Lorentzian componeht (
the case of vibron frequency: derived from temperature deef a size equal to the Gaussian ds@ows clear temperature
pendent data of the compressibility and thermal expansiordependencégFig. 12b)]. The size ofl' (By) (~1 cm ! at
won from structural investigation§,and from the pressure ~17 K) is in accordance with bandwidths particularly deter-
shift of the vibron, won from Raman scatterfig This result  mined by HRRS the star in Fig. (&) as an example, with an
is in agreement with the literatut.The pure temperature error less than+0.1 cm *—see Sec. Il.
shift was already calculated numerically in a mean field ap- Although the measured temperature inter(i@r the «
proximation to be small: (Tow)/(w- dT)~10 3.3 phase 10-24 K, for th@ phase 25—45 Kis small and the

In the case of thex phase the temperature dependence othange in Lorentzian bandwidth is small but not linear in T
the spin correlation function is not negligible any more, infor both phases, we are able to draw up possible relaxation
principle. The temperature dependence of frequencies of limechanisms for libron modes. In both phaseg,(B;, and
bron modes 4 and By in a range up to 20 K can be ex- Ay librons) a 3-down depopulation process and a phonon
plained simply and only by the thermal expansion of thedephasing process are most likely. The inset in Figa)l2nd
lattice (solid line in Fig. 11, computed as in the case of thie E Fig. 12b) show the fit functions for libron bandwidths B
mode. The pure(anharmoni¢ temperature shifts of these and o phasedthin solid line: dephasing mechanishy(T)
frequencies are also negligible in taephase. It seems that =A-n,-(n,+1) (Ref. 39; dashed line: 3-down depopula-

urthe spin-spin interaction is relevant only in the temperature
| fange near ther-g phase transitioi20-24 K.

3. Libron bandwidths
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TABLE |. Raman phonon relaxation process in solid oxygen
[due to I'(T)=A-n, (n,+1)+B-(n+n+1); all value$ in

—1
cm™ .

Dephasing process Depopulation process
mode wp A 0= ; B
Ey (~50) 30 4209 25 3.8:0.6
Ay (~78) 20 5704 39 2.4-0.1

By (~425) 32829 4408 2125 0.1%+0.05

&/alues without errors were chosen as fixed parameters.

isotropic anisotropic anisotropic
) ) ) ) potential potential potential plus
tion mechanisnl’(T)=B- (m+n+1) (Ref. 36; thick solid spin-spin-interaction

line: sum of bOth mechanisms; Witq)(ﬁ_)' _ni(T)’ and 'JKT) FIG. 13. Scheme to explain the splitting of libron mode in low
phonon occupation numbers and A,B weighted coupling congmperatures and « phases due to different components in aniso-

stants; see Tablel.lIn the 8 phase both relaxation mecha- yopic intermolecular potential (4); « is the angle between the ¢
nisms are responsible for modeling the temperature depeRxis and the actual molecular axis.

dence of the bandwidth above 25 K. In tlephase the

dephasing process mainly determines the temperature evolu-

tion of the bandwidth, whereas the depopulation channel det3). The lowering temperatur@round 30 K kT might be
livers only a more or less constant contribution to the bandsmaller thanJ . At the phase transitiog— a both com-
widths [To(T—0) is ~0.1cm* for the B, libron and  ponents in the anisotropic potential must be considered, giv-

~2.4 cm* for the A, libron]. ing rise to the A-By splitting of the F; mode due to addi-
. N tional magnetic interaction in thex phase. The strong
4. Libron splitting asymmetric splitting @, — we > we ~wg ; see Fig. 13, top

To conclude this section about librons, we would like toright) is also qualitatively understood following the argu-
compare our results to theoretical arguments in literaturements by Kucht4? If the molecules librate around the b axis
According to Raman scattering spectra atdh@ phase tran- (L, with A; symmetry the interaction with four nearest
sition the twofold degeneracy of the libron spectrum is liftedneighbor molecules from the opposite magnetic sublattice is
and the doubly degenerateg iBode of3-O, with frequency ~ mostly involved, but when they librate around the a axig (L
51 cm Lis split into Ay and B, modes with 79 and 43 cnt. with By symmetry the interaction with two next nearest
In the literaturé®+%° the anisotropic intermolecular potential, neighbor molecules from the same magnetic sublattice is in-
which determines the spectrum of librons in the orientationvolved. The latter is much weaker than for thg lArational
ally ordereda and 8 phases, possess two parts: an exchangenode. As a resulips — wg > wg — wg .
partJ and a spin independent part of the intermolecular po- ’ ’ ’ ’

tential U: D. Phonon sideband to vibron

Vanis= Uanid 21,95, R) + Jnid Q1,0,,R) - (S,S,), As described in Sec. Il A the ir-active phonon sideband in
oxygen is 20 times more intensive than the one in nitrogen,
where(},,{), are unit vectors along molecular axi®,is the  whereas the intensities of Raman-active sidebands in both
vector joining molecular centers af&,;S,) is the spin cor-  substances are comparable. Generally speaking the sideband
relation function. intensity is proportional to the phonon density of states and a
From an experimental point of view, upon lowering tem- coupling parametery(w), i.e., lsg(w)~DOS: x(w). This
perature (~30 K) in the 8 phase we observe the asymmetry coupling parameter is proportional to the first derivative of a
in the Raman band attributed to thg Bode. If we decon-  suited intermolecular potenti&t® In case ofa-N, the inter-
volute this asymmetric broad band into two symmetric com-molecular potential is formed by, e.g., Lennard-Jones and
ponents we find a component on the high energetic sidelectrostatic quadrupole-quadrupdlEQQ components. In
which is shifted by about 8—10 cm [Fig. 10a)]. the case of oxygen, the structure and dynamics are also gen-
In the literature the influence of the spin dependent anisoerated by magnetic interaction. This allows us to explain the
tropic part was disregarded and the splitting of thentode  differences in ir-active sideband intensities because in oxy-
into Aq and B, modes in thex phase—due to the anisotropic gen there is an additional contribution to the coupling via
intermolecular potential U,,s—was determined to be magnetic dipole moments. Two further studies report similar
~5cm ! (Refs. 18 and 41and 11 cm™.% In Fig. 13 the results: Gorelft® investigated the sideband to a vibron in a
energy level of the libron mod@upper parkis correlated to  high pressure phase, which is similar to thea phase by
the intermolecular potential (d) (« is the angle between FTIR and Medvedewet al** described the sideband to an
perpendicular axis to basal plane and actual moleculay,axisexciton transition £ —2>A) in a- and §-O, by FTIR. In
which is more complex from left to rightower part of Fig.  both cases the authors explained the extremly intensive pho-
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a) J \ the case of Raman scattering the phonon sideband is formed

44 OL'O '\ by the interaction between two kinds of quasiparticles: vi-
& 2 ! brons and phonons. Their interaction is not considerably in-
'§ 3. hll fluenced by the spin-spin exchange interaction. In contrast,
g SN AP in the case of light absorption an interaction between internal
£, ! \ vibrations of single molecules and lattice excitations was
% | / \ claimed to be responsible for the appearance of an ir-active
& 1 / L phonon sidebant?. Here the spin-spin exchange interaction
= / M s in solid oxygen mainly contributes to the interaction between

0 e ——t _ intramolecular and lattice excitations.

1560 1580 1600 1620 1640 1660
b) 1 O P V. CONCLUSION

44 B ~ - anti- Siokes

1 7 )\ We performed extensive, accurate Raman studies with a
3 / \ : very high resolution(up to ~0.01 cn'!) on all elementary

1500 1600 1700 "180 excitations(vibrons, isotopic vibrations, librons, and mag-
rquency {cm™) . . . . .
nong and on their combinationwibron plus phonon, vibron
plus vibron, libron plus librop in the whole temperature
range of thea, B, v, and liquid phases. Due to the excellent
crystal quality we were able to determine, from Raman spec-
tra band frequencies, the bandwidth and band shape as func-
tions of temperature for further analysis.
From frequencies of the vibron, isotopic vibrations, and
FIG. 14. ir-active phonon sidebaridashed lingto internal vi-  yjbrational overtone we estimate the environmental and reso-
brations of single @molecules and Raman-active phonon sideband,gnce frequency shift of- and 8-O,. Our direct results
(solid line) to vibron in a and 3 oxygen. The inset ith) shows the nqerjay the correctness of the deconvolution procedure of
_band overlap of anti-Stokes and Stokes ir-active phonon sidebangs.t 15 Therein the zero phonon line was estimated via a
in B-0;. deconvolution of Stokes and anti-Stokes components of the
ir-active phonon sideband. Also they support the picture that
non sideband coupled to different elementary excitatioins  the internal vibrations of single molecules generate the ir-
bron or exciton in compressed oxygen by the additional active phonon sideband. A systematic comparison of phonon
intermolecular interaction, the exchange interaction. But whysideband spectra in the vibron region, measured in Raman
are they not different in Raman scattering? Admittedly, thisscattering or in ir absorption, in Oand N, proved basic
argumentation should work in the traditional picture with differences in the nature of sidebands detected by both opti-
both spectroscopic methods. Since the sideband intensities ¢al spectroscopic methods. The unexpected wide bandwidth
oxygen by ir and Raman spectroscopy are different we havef a vibron in thea phase let us clearly deduce the partici-
to renew this picture. Let us therefore describe other featurgsation of magnon excitation in the vibron decay process, and
of sideband spectra. therefore points up vibron-magnon coupling. Systematic Ra-
Figure 14b) shows both types of intensity normalized man studies of the high energetic magnon (27 &nprovide
sidebands in th@ phase: with respect to the band origin the accurate mode frequencies, bandwidths, and band intensities,
ir-active sideband and the Raman-active sideband extend &s functions of temperaturél0—25 K. The Raman band
less than 100 cmt (in comparison Withw pepeye— 80 cm b intensity as a function of temperature behaves like the tem-
(Ref. 45; the ir-sideband is twice as broad as the Raman oneerature dependent spin-spin correlation function. We de-
and possesses a rather substantial anti-Stokes component teoted and assigned very weak bands due to two-libron exci-
(see the inset Both types of sidebands in thephase[Ra- tations in thea phase and attributed their appearance to the
man scattering and ir absorption, Fig.(84 have similar  spin-spin exchange interaction part of the intermolecular po-
widths (~35 cmi 1) and four maxima of different height, but tential. The asymmetry in theylibron of the g phase cor-
the ir sideband is shifted to smaller frequenciesresponds to the lifting of this doubly degenerate mode as a
(~15cm 1) with respect to the Raman sideband. Differ- consequence of the influence of the anisotropic part of the
ences in both types of sidebands in both phases ahd8  spin independent intermolecular potential in the low tem-
oxygen might be due to different direct coupling mechanismserature range of thig phase. From the temperature depen-
of different phonons from the density of states: in ir absorp-dence of libron frequencies and bandwidths we describe the
tion more translational modeglower frequencies may libron relaxation qualitatively by 3-down depopulation and
couple to a vibron, in light scattering more librational onesdephasing mechanisms. From the coexistence of libron spec-
(higher frequencies In addition, the band origiizero pho-  tra in a very narrow temperature interval at the3-phase
non ling of the ir sideband is shifted with respect to the onetransition, we were able to characterize this phase transition
of the Raman sideband. to be of first order—in contradiction to former Raman stud-
From intensities and frequencies of ir- and Raman-activées. Since we detected no splitting of the vibron in the
phonon sidebands we got the following physical picture. Inphase and no additional librons we could exclude a herring-

intensity (arb. units)
Y

o e —
1560 1580 1600 1620 1640 1660
frequency (cm™)
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