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Elementary excitations in condensed oxygen„a,b,g, liquid … by high-resolution Raman scattering
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Elementary excitations~magnon, libron, vibron, and their combinations! of 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 rangeDT,0.5 K at thea-b phase
transition libron spectra of thea phase as well as of theb 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 coupling~unexpected broad vibron band ina-O2),
or two libron excitations. A joint analysis of the vibron frequencies of isotopomers in the16O2 sample allows
us to describe the key characteristics of the fundamental energy zone~environmental and resonance frequency
shifts! in both low temperature phases. The Raman-active phonon sideband of the internal vibrations ina- and
b-O2 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 function^SiSj&.

DOI: 10.1103/PhysRevB.68.214303 PACS number~s!: 63.20.Ls, 75.30.Et, 78.30.2j
se
o

t
rr
e
e

n
ue
in

on
im
n

s
ei
k

n
ith
a

r-
ha

in
s.
th

o
it

first

-

y
the

iled
to
ns
of

still
-

a-
of

in
ker

ode.

pic
at
e.

at
ata

x-
a-

h

I. INTRODUCTION

Solid oxygen—especially its high pressure pha
(,120 GPa)—is a unique material. It combines properties
a cryocrystal and a magnet: it transforms from transparen
colored at increasing pressure, changes from an antife
magnetic to a diamagnetic structure with pressure, becom
metallic molecular crystal, and even transforms into a sup
conducting state at higher pressures~see recent reviews1!.
Although there exists a broad literature about solid oxyge
ambient pressure there are still several important open q
tions which can be answered by high resolution Raman
vestigations.

Cahill and Leroi2 measured Raman spectra of the vibr
and librons at some selected temperatures for the first t
Bier and Jodl3 then performed systematic Raman studies a
determined the band frequencies, bandwidths, intensitie
elementary librational and vibrational excitations and th
temperature dependence. Both groups assigned the pea
low energetic spectra in thea phase to libron modes Bg and
Ag. Van der Avoirdet al.4 calculated the magnon and libro
frequencies ofa oxygen to be in satisfactory agreement w
experimental data, including a magnetic coupling to stand
lattice dynamics for the first time. Prikhot’koet al.5 unam-
biguously confirmed the symmetry of libron modes ina-O2
(43-cm21 mode with Bg, 79-cm21 mode with Ag) and in
b-O2 (51-cm21 mode with Eg) by polarized Raman scatte
ing on oriented single crystals. Admittedly, the spectra t
have been assigned to the nondegenerated Ag libron are not
symmetric.2,3 This discrepancy—up to now not discussed
literature—calls for more accurate Raman measurement

A continuous transformation in frequency and bandwid
from the Eg libron mode in theb phase to the Ag libron mode
in the a phase was measured and explained as a soft m
behavior, and therefore as evidence that the phase trans
0163-1829/2003/68~21!/214303~12!/$20.00 68 2143
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is of second order.3 In the meantime the character of thea-b
phase transition was unambiguously assigned to be of
order by Fourier transform infra-red~FTIR! spectroscopy6

and by subsequent x-ray studies,7 but not by Raman scatter
ing.

The Bg libron relaxation was insufficiently described b
only one dominant cubic anharmonic interaction term on
basis of rough bandwidth data.3 Till now, no more accurate
bandwidth data were available to establish a more deta
model for the relaxation of all librons. It is necessary
investigate the relaxation process of vibrational excitatio
by high resolution bandwidth measurements as a function
temperature. But in orientated oxygen phases these are
missing. Only in liquid O2 (T554– 150 K) and in one tem
perature point ing-O2 (T;53 K) did Kiefte et al.8 perform
interferometric measurements of the vibration band in R
man scattering and deduce the bandwidth as a function
temperature.

Several investigations focused on the magnon modesa
oxygen by far ir absorption and Raman scattering. Bloc
et al.9 found an absorption line at 27 cm21 in the far ir which
they assigned to an antiferromagnetic resonance m
Mathai and Allin10 observed a low lying mode at 27 cm21 ~at
4 K! by Raman scattering and clearly pointed out an isoto
effect at libron modes and no isotopic effect at the mode
27 cm21; consequently they attributed it to a magnon mod
Wachter and Wheeler11 determined a second magnon
;6 cm21 by ir absorption. From these spectroscopic d
they were able to apply the spin wave theory toa-O2 ~anti-
ferromagnetic! and determined the parameters in the e
change energy~A,B: anisotropic constants; J: exchange p
rameter! and established a dispersion curvev(kW ) for
magnons. Meieret al.12 performed far ir absorption on bot
magnons as a function of temperature (T55 – 23 K) and un-
der the influence of a magnetic field (H,15 T). Finally
©2003 The American Physical Society03-1
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JÖRG KREUTZ AND HANS J. JODL PHYSICAL REVIEW B68, 214303 ~2003!
Pritulaet al.13 confirmed, by doping O2 with N2 the magnon
at 27 cm21 between 8 and 23 K. But to this day there a
no temperature dependent scattering data of the magnon
citation, especially of the temperature dependent inten
behavior.

Löwen et al.14 studied, by Raman scattering and FT
absorption, the vibron-phonon excitations as a function
temperature~5–40 K!, whose nature was analyzed and e
plained later on by Brodyanskiet al.15 In the latter publica-
tion a vibration of a ‘‘single’’ molecule was assumed to
the origin of the ir-active sideband. To prove this assumpt
precise frequency Raman measurements of sidebands
necessary for a comparison. In addition the resonance
environmental frequency shift of the O2 vibron have been
determined based on the above assumption and compar
vibron frequencies from Raman spectroscopy.15 In principle,
with accurate Raman frequency data of oxygen isotopes
bration in 16O2 or vibrational overtones one can achieve th
key characteristic of a fundamental vibron zone based on
set of experimental data only~and thus prove indirectly the
correctness of the deconvolution procedure of Ref. 15!. But
there are no isotopic data available. The vibrational overt
(2v0;3100 cm21) was investigated by Knipperset al.16 in
gaseous oxygen, but up to now not in condensed phase

The structures of solid oxygen phases at ambient pres
are well documented in the literature:1 The monoclinica
phase below T523.8 K possesses a crystallographic stru
ture C2/m with one molecule per structural cell and tw
molecules per magnetic cell with a two sublattice antifer
magnetic order. Only a short-range magnetic order exist
b- andg-O2 . The rhombohedralb phase between 23.8 an
43.8 K is described by the crystallographic structure Rm̄
with one molecule per cell; magnetically characterized b
quasi-two-dimensional frustrated 120° triangular lattice a
ferromagnet. The cubicg phase (Tg-liquid554.4 K) has a
Pm3n structure with eight molecules per cell on two crys
lographic positions: 2a~spherelike molecules! and 6c~disk-
like molecules!. The magnetic structure is described by
quasi-one-dimensional antiferromagnet along the 3 axis
cupied by disklike molecules.

Although the structures of the low temperature phases
known in the literature, recent spectroscopic results give
reason to dispute. From ir spectra of vibrational overtone
oxygen we got a hint of a possible doubling of the structu
cell of a-O2 .17 Since the high temperature phase for fluori
and oxygen are similar~Pm3n!, due to similar molecular and
lattice parameters, one may suspect that the low tempera
structures are also similar~C2/c!.18 In this structure the mo-
lecular axes are slightly tilted relative to the axis perpendi
lar to the basal plane and possess a two-layer~herringbone!
packing. The slope of the molecular axes in F2 is 11°; if it
would exist in O2 too it must be less than 5° to be consiste
with structural data.18 But then, in oxygen, one would expe
a splitting of the vibron line~from vibrational overtone spec
tra we estimate;0.2 cm21) and two additional librons. The
fact that the vibron splitting was not observed in fluori
whereas the additional librons have been observed19 is
caused by the resolution (1.5 cm21) of the named measure
21430
ex-
ty

f
-

n
are
nd

to

i-

ne

e

re

-

-
in

a
i-

l-

c-

re
e
f
l

re

-

t

ment. Therefore high resolution Raman measureme
(0.01 cm21) are necessary to clarify the question if the stru
ture of a-O2 is C2/m or C2/c.

The general aim of our study is trying to fill the missin
information from literature about solid oxygen at ambie
pressure. Therefore we have performed systematic, pre
~with high resolution,0.1 cm21, wave number accuracy
,0.1 cm21) investigations of all kinds of low energetic ex
citations~vibron, libron, magnon and their combinations! in
solid and liquid oxygen~from 15 to 90 K! by the high reso-
lution Raman scattering technique. In Sec. II, we will d
scribe our experimental procedure. Experimental results
spectra are presented in Sec. III, and their discussion in
IV. We will analyze first the vibron frequency and estima
the key characteristics of vibron energy zone~environmental
and resonance shift! in a and b phases. Second, we wi
discuss the vibron bandwidth and possible relaxation p
cesses. Third, qualities of libron excitations~intensities, fre-
quencies, bandwidths, mode splitting, two-libron excitation!
in both low temperature phases will be analyzed. Fourth,
will discuss Raman-active phonon sidebands to vibron
orientational ordered oxygen phases in comparison w
sidebands in nitrogen and ir-active sidebands in both s
stances.

II. EXPERIMENT

The sample gas~purity 99.998%! was filled into a vesse
at 2.3 bar and transferred via a capillary into an optical c
with a sample thickness of 4 mm and a diameter of 10 m
This cell contained a pointed spike at the bottom made ou
copper acting as a condensation point for crystal grow
During cooling the cell by a closed cycle He-cryostat t
temperature was controlled by a Si diode at the cooling
ger and determined by a second calibrated Si diode attac
directly to the optical cell~accuracy,60.1 K, absolute
temperature60.5 K); we monitored a small positive tem
perature gradient vertically in the optical cell. This determ
nation of the actual temperature of the sample was confirm
by several independent measurements of the intensity r
of Stokes and anti-Stokes libron bands in Raman scatter

Our technique to grow large polycrystalline samples
optical investigations is described in detail elsewhere.15 In
short, every cooling process from gas toa-phase has been
performed extremely slow~0.5–1 K/h!, the solid sample was
annealed slightly below the crystallization point (DT
;0.1– 0.5 K) for about 10–20 h, and we realized again
substantially slow cooling rate~0.05 K/h! at each phase tran
sition region (liquid→g, g→b, b→a). The optical quality
of monoclinic regions of our O2-samples was investigated b
polarized Raman spectra of vibron and libron modes.

Ordinary Raman spectra were excited by an Ar1 laser
with 200–300 mW on the sample and registered by a tri
spectrometer in conjunction with a CCD camera~Jobin Yvon
T64000!. The resolution was 0.2 cm21 in the additive mode,
and less than 2 cm21 in the subtractive mode, and the fre
quency accuracy was better than 0.1 cm21 ~respectively
0.5 cm21) due to the calibration lamps used in each spec
run.
3-2
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ELEMENTARY EXCITATIONS IN CONDENSED OXYGEN . . . PHYSICAL REVIEW B68, 214303 ~2003!
To improve the resolution of a standard Raman sys
(;0.5 cm21) a single mode laser and a conventional trip
monochromator in tandem with a Fabry-Perot interferome
~FPI! and a Peltier cooled photomultiplier for registratio
were used~achieved resolution;0.01 cm21). This idea goes
back to Pine and Tannewald.20 A specific Raman line~here
O2 vibron at ;1552 cm21) was preselected in a conven
tional manner~slit width ;20 cm21) and afterwards the free
spectral range~FSR! of the FPI, located in front of the mono
chromator, was swept mechanically by CO2 gas pressure. A
the position of the intermediate image we used a pinhole
about 100-mm diameter to illuminate the FPI with almos
parallel light and to reduce the contribution of stray light.
addition we selected a Ne emission line~528.00853 nm, i.e.,
1553.555 cm21 relative to the laser line at 487.98 nm! in this
free spectral range as an internal standard for determina
of absolute Raman frequency values~better than 0.02 cm21).
Figure 1 shows a typical scan inb oxygen.

The interferogram of the laser line, which we assumed
be infinitely narrow, has been fitted by Airy functions, who
bandwidth we considered to be the apparatus function of
system. The interferogram—containing the oxygen vibr
and the Ne calibration line—has also been fitted by two A
functions. Usually, the difference between the measu
bandwidth and the width of the apparatus function delive
the real bandwidth. The error in the bandwidth is of the sa
order as the spectral resolution, i.e., 0.01 cm21.

III. RESULTS AND SPECTRA

A. Region of internal vibrations

The Raman vibron spectrum—presented in a pretty n
row range (,2 cm21)—is plotted as a function of tempera
ture from 80 to 14 K in Fig. 2. The band frequency decrea
in the liquid phase and is quasiconstant in the low tempe
ture regime. In theg phase, we register the expected splitti
into two bands with an intensity ratio 3:1~six molecules on
site c, two molecules on site a!. The bandwidth shows a clea
temperature dependence; in the liquid andg phases it is

FIG. 1. High resolution Raman spectra of O2 vibron in theb
phase in combination with a Ne atomic line. The free spectral ra
of the Fabry-Perot-Interferometer is 1.70 cm21. The solid line in-
dicates the fit by two Airy functions.
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much larger than in thea or b phase. Since we performed a
these studies over several weeks, we are not able to com
Raman intensities directly.

The vibron in thea phase shows no splitting in high reso
lution spectra~resolution: 0.01 cm21); therefore one can ex
clude the hypothesis thata-O2 possesses the same structu
asa-F2 ~C2/c; see Sec. I! with the utmost probability. Fur-
thermore, neither additional librons in Raman spectra
optical phonons in ir spectra have been observed.21 Therefore
we trust in the collinear orientational arrangement of the m
lecular axes ina-O2 ~namely, C2/m!.

Figure 3 shows vibrational Raman spectra of the oxyg
isotopes. The position of band frequency of isotopes
needed later~Sec. IV A! to determine environmental an
resonance frequency shift. The relative Raman intensi
@ I( 16O2):I( 16O18O):I(16O17O)'250:1:0.2# confirm the
natural abundance in O2 gas we used~99,52:0,41:0,07!. We

FIG. 3. Vibrational Raman spectra of isotopes inb-O2 ~spectral
resolution;4 cm21).

e

FIG. 2. Qualitative high resolution Raman spectra of oxyg
vibron as a function of temperature in liquid,g, b, anda phases.
3-3
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JÖRG KREUTZ AND HANS J. JODL PHYSICAL REVIEW B68, 214303 ~2003!
determined the16O2 band position to be at 1552.56 cm21,
the position of16O17O at 1525.5 cm21 and the one of16O18O
at 1505.0 cm21 with an uncertainty of 0.5 cm21 ~literature
values in another isotopic mixture for comparison:22 1552.7,
1524.6, and 1504.2 cm21). The band position of the16O18O
vibration as a function of temperature shows a pretty c
stant behavior between 14 and 30 K and no frequency ju
at the a-b phase transition (Tab523.8 K) which corre-
sponds to structural measurements in which there is no
markable volume change at Tab .18 This fact—that we do not
register a frequency jump of the oxygen isotopes at Tab—is
not contradictory to earlier results that a very small CO i
purity (;40 ppb) in solid O2 clearly shows such a sma
frequency jump of the CO vibration (0.09 cm21) at this
phase transition.6~a! Because the spectral resolution in this
measurement was higher by a factor of about 50 than in
actual Raman investigations, we can not exclude that th
also exists a small jump (<0.1 cm21) in the vibrational fre-
quency of isotopes.

By different mechanisms~mechanical or electrical anha
monicities!, all phonons may couple to a vibron and be d
tected by optical spectroscopy as sidebands~SBs!. Raman
spectra of SBs in thea andb phases are plotted as a functio
of temperature in Fig. 4. This broad feature shows a sm
temperature shift (;0.2 cm21/K) in size and sign like the
pure libron modes. The sideband in thea phase is broade
and more pronounced than the one in theb phase. The
Huang Rhys factor S, which describes the strength of a c
pling „Sª ln@ISB/(Ivibron1ISB)#…, is ;0.03 ~i.e., weak cou-
pling! and is constant in this temperature range. We co
confirm previous data reported by Bier and Jodl.3 The inten-
sity of the Raman-active phonon sideband spectra
a-nitrogen23 delivers the same result for coupling ina andb

FIG. 4. Temperature dependent Raman spectra of the pho
sideband to the oxygen vibron inb anda phases.
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oxygen: S(O2);S(N2);0.03. Since we know that the Ra
man cross sectionss of both substances are almost the sa
@s(O2)liquid51.05,s(N2)liquidª1],24 we can compare thes
Raman results directly with results from FTIR absorptio
Whereas by Raman scattering sideband intensities of O2 and
N2 are comparable, the ir spectra show a dramatically dif
ent sideband ratio: ISB(O2)/ISB(N2)'20. We will discuss
this interesting feature later~see Sec. IV D!.

B. Region of external motions

In this low energetic region of Raman spectra we pres
experimental data of three types of elementary excitatio
hindered rotations/torsions in the liquid andg phases, libron
modes ina andb phases, and magnon modes in thea phase,
respectively. Figure 5 shows spectra below 100 cm21 at
45–90 K with a typical so called Rayleigh wing of a liqui
and/or plastic phase. A qualitative comparison of Ram
spectra of the liquid phase to theg phase shows, first, a muc
steeper intensity profile I~v! below 25 cm21 in the liquid
phase than in theg phase, and, second, some sort of a ma
mum at 45 cm21 in the liquid phase and one at 35 cm21 in
theg phase. Modeling the Stokes/anti-Stokes Raman spe
at 87 K ~liquid-O2) by a free rotor spectrum clearly show
that there must be additional elementary excitations in
liquid besides free rotors. Light scattering spectra for liqu
glass transitions are generally described by susceptib
spectra: i.e., X9(v)5Imeasured/@n(v)11#'v•Imeasured for
low frequencies; n~v! is the Bose factor.25 This specific rep-
resentation allows a study of time processes to identif
transition from a liquidlike to a solidlike dynamics on a m
lecular scale. The inset of Fig. 5 depicts this type of rep
sentation of original spectra. Now the difference betwe

FIG. 5. Close to the Rayleigh line: Raman spectra ofg- and
liquid oxygen as a function of temperature. The inset shows
corresponding susceptibility spectra.on
3-4
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ELEMENTARY EXCITATIONS IN CONDENSED OXYGEN . . . PHYSICAL REVIEW B68, 214303 ~2003!
liquid and plastic phases is more pronounced. The b
maximum is almost constant in theg phase, shows a clea
jump of frequency (;10 cm21) at the phase transition, an
shifts continuously to higher frequencies with increas
temperature in the liquid phase. The bandwidth of susce
bility spectra broadens with increasing temperature, sim
in both phases.

Libron spectra~Fig. 6! confirm known data in the litera
ture ~see Sec. I!. Systematic measurements during coolin
heating cycles show a clear temperature dependence of
man intensities. Between 24.2 and 23.8 K we observe b
libron spectra: one from thea phase and one from theb
phase. This result shows the coexistence of both phases
other words, thea-b phase transition is of first order. Again
this, Bier and Jodl3 registered a continuous mode transiti
from Eg ~in the b phase! to Ag ~in the a phase! and claimed
that this spectroscopic result is a hint for a phase transitio
second order. Our result agrees with recent FTIR stud6

and x-ray studies.7 A more detailed analysis of librons will b
discussed later~Sec. IV C!.

The magnon spectrum at about 27 cm21 ~arrows in Fig. 6!
is displayed in Fig. 7~a! in comparison with libron spectra
First temperature dependent Raman studies between 11
24 K are presented in Fig. 7~b!. We confirmed the only
known Raman spectrum by Mathei and Allin10 taken at 4.6
K. The quality of our spectra is demonstrated by a sma
bandwidth than in comparable ir literature.9,11–13When rais-
ing temperature the magnon frequency is decreasing an
bandwidth is increasing. Although this magnon mode in R
man spectra is very weak we can clearly prove a decreas
the band amplitude towards the magnetic phase transition
principle the integrated intensity of a magnon mode is p
portional to a magnetic order parameter, which is here
spin-spin correlation function̂SiSj&. In Fig. 7~c! the tem-

FIG. 6. Libron spectra in thea and b phases as a function o
temperature. In a small temperature interval~23.8–24.2 K! both
types of libron spectra are clearly seen.~Arrows indicate the mag-
non position.!
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perature dependence of the magnon Raman intensitie
plotted together with magnon peak intensities coming fr
neutron diffraction studies.26 The theoretical curve for̂SiSj&
@solid line in Fig. 7~c!# following a two-dimensional Ising
model on a square lattice,27 fits all these experimental dat
quite well in the temperature range T<23 K. Slightly below
the phase transition—between 23 K and 23.8 K—the Is
system is not describing our experimental results proper

Parallel FTIR studies of the far ir absorption, which pr
vide much better spectra than in Raman scattering, con

FIG. 7. ~a! Raman spectrum of high energetic magnon and
brons at T511.2 K. ~b! Temperature dependence of magnon par
wholea phase.~c! Decrease of the normalized magnon band inte
sity ~full squares, uncertainty in Raman intensity is less than 10!
with temperature in comparison to the neutron diffraction peak
tensity~open circles, Ref. 26! and the spin-spin correlation functio
by the Ising model~solid line, Ref. 27!.
3-5
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JÖRG KREUTZ AND HANS J. JODL PHYSICAL REVIEW B68, 214303 ~2003!
all the above findings. Therefore we postpone the discus
of our Raman results@Figs. 7~a!–7~c!# including these recen
FTIR studies to a forthcoming paper.21

IV. DISCUSSION

A. Vibron frequency and vibron zone

Since we were able to measure the vibron frequency w
a high accuracy and since it was found to be quasi cons
we are able to plotv~T! on a pretty small scale@Fig. 8~a!#. In
the liquid, the vibrational frequencyv~T! shows an S-type
behavior, where the frequency at the melting point (m
;54 K) is 0.2 cm21 smaller than at the vapor point (Tv
;90 K)—a behavior like in nitrogen.28 In the g phase the
vibron frequencies of both types of molecules~spherelike
and disklike molecules! possess a clear temperature dep
dence, whereas inb anda phases it is more or less constan
The temperature dependence of the vibron splittingDv
5v12v2 in the g phase was determined here in the who
temperature range and follows a mathematical linear
Dv52.53– 0.03 T@T in K, Dv in cm21; inset in Fig. 8~a!#.
We have to consider two different possibilities as an origin
this vibron splitting: First the temperature dependent chan
in the interaction between different types of molecules a
second the splitting caused by different crystalline fields
molecules on different sites. The latter one is described
the mere volume change with temperature and most im
tant for vibron splitting.29 The above dependenceDv~T! de-
livers, in combination with structural data V~T!,18 a mainly
linear dependence of molar volume V:

Dv513.7120.55•V,

whereDv is in cm21 and V in cm3/mol. Now let us apply
this equation for the energy splitting to higher pressur
Since the molar volume was not measured explicitly in
high pressureg phase we have to estimate it first. The mo
volume of b-O2 at 5.5 GPa and room temperature
14.69 cm3/mol.30 With the volume jump of;5.5% ~from
zero pressure data! ~Ref. 18! at Tbg one can expect the mola
volume in the room temperatureg phase at around 5.5 GPa
V'15.5 cm3/mol. The previous equationDv~V! delivers,
with this volume, a vibron splitting of 5.2 cm21 at p
55.5 GPa. This value is in very good agreement with R
man spectroscopic results of Refs. 29 and 31. They repo
consistently a splitting of;5 cm21 at 4.8 GPa and 271 K.

If the hypothesis from Brodyanski and Freiman32 was
right—that the local order of the plasticg phase~spheres and
disks! was preserved in the liquid phase—one would expe
in low temperature liquid (V'24.5 cm3/mol given thatDV
;4.2% at Tg-liquid

34!, a splitting of vibrational lines in the
order of 0.25 cm21. Since the present data were measu
with an accuracy of;0.02 cm21 and since these data sho
no splitting of vibrational line in the liquid (bandwidth
'0.24 cm21) we can exclude without much doubt that th
local order with spherelike and disklike molecules also ex
in liquid O2. This inconsistency of theoretical32 and neutron
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scattering data,33 on the one hand, and Raman data,8~a! on the
other hand, was formulated by Dunstetteret al.33 for first
time.

Now, if we replace both perturbed frequenciesv1 andv2
by the weighted averagev̄5(v113v2)/4 @solid line in Fig.
8~a!# then we find a clear frequency minimum in theg phase
at about 48 K and pronounced frequency jumps at both
jacent phase transitions tob and liquid phases. The tempera
ture dependence of the vibron frequency possesses a s
but clear local minimum inb andg phases, measured sever
times in cooling/heating cycles, which means that one ne
at least two different processes which compensate for e
other, for explanation. In principle, there are two contrib
tions to the total temperature shift of a mode frequency: fi
a pure temperature shift at constant volume that origina
from temperature dependent potential anharmonicities,
second a shift due to the volume change with temperatu
The latter contribution can be derived from temperature
pendent data of compressibility and thermal expansion, w
from structural investigations,18 and from the pressure shif
of the vibron, won from Raman scattering.29 The changes of
volume dependent frequency shift is relatively sm
(,0.04 cm21) in the whole range of both phases. Therefo
the contribution of phonon-phonon interaction to tempe
ture shift must be very small too.

The vibron frequency shows no significant jump at t
a-b phase transition~in which a dramatic spin rearrangeme
is accompanied by a very small volume change!, but a clear
jump at Tbg and Tg-liquid . The volume increasesDV
;5.5% at Tbg ~Ref. 18! andDV;4.2% at Tg-liquid ~Ref. 34!

FIG. 8. ~a! Temperature dependence of vibron frequency ina,
b, g, and liquid oxygen; insert shows splitting of vibron frequen
in g-O2 as a function of temperature, full squares: our data, o
squares from literature: Ref. 3 (<46 K) and Ref. 8~b! (;54 K). ~b!
Resonance shift and environmental shift ina and b phases deter-
mined from isotope frequencies: from16O18O isotope~full squares!,
from 16O17O ~open squares!, and from vibrational overtone~stars!.
3-6
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are known which alters the distance between neighbo
molecules and, therefore, the environmental frequency s
too.

Finally we would like to consider the key characteristi
of the fundamental vibron energy zone of oxygen from th
Raman data using the isotope frequencies. Due to
literature35 the solid shiftDv contains two terms, the envi
ronmental and resonance shifts,

Dvªvsolid2vgas5Dvenv1Dv res.

A vibration in an isotope of natural oxygen gas~concentra-
tion less than 0.5%! shows all but no resonance shift; ther
fore, one can determine the environmental shift of the i
tope vibration directly. By mass scaling one gets t
environmental shift of the16O2-vibron. We determined the
environmental shift also from vibrational overtones (n52)
because the resonance shift is negligible here@Dv res

(02n)

5an(xe)
n21Dv res

(021) , with a numerical coefficient an of
the order of 1 and an anharmonic constant xe'0.0076].15

With the knowledge of the environmental shift the resona
shift can be obtained from the vibron frequency (16O2).
Since we measured the vibron frequency (16O2), the vibra-
tional frequency of both isotopomers (16O18O,16O17O), and
the bivibron of 16O2 (v02253072.25 cm21, gas value
3088.5 cm21) below 30 K, respectively, we were able
determine the environmental shift and the resonance shif
only one spectroscopic method from experimental data@Fig.
8~b!#. The shifts are different in size and sign but temperat
independent at thea-b phase transition. The results esse
tially confirm previous data on frequency shifts ofa and b
oxygen gained by ir phonon sideband data in compari
with Raman data.15 This fact indirectly supports the way th
band origin frequency was determined in Ref. 15. It a
confirms the assumption therein that the zero phonon
corresponds to the frequency of internal vibrations
‘‘single’’ molecules. Since the error of vibrational frequenc
shifts is;0.5 cm21 in both cases—isotopomers~Raman, di-
rect! and single molecules~ir, indirect!—we can neither con-
firm that there is a jump in environmental frequency shift
a-b phase transition as measured in the ir studies of Ref
nor that it is not existing as in our Raman data. Theref
further more exact Raman measurements on the isotopo
are necessary to check if there exists a small jump in Ra
data at Tab . Since these isotope bands are very weak
must be measured with high resolution coherent anti-Sto
Raman scattering~CARS! studies could be suited.

B. Vibron bandwidth and relaxation processes

We measured the Raman Q branch and vibron bandw
of oxygen at very high resolution below 90 K~Fig. 9!. The
decrease in bandwidth during warming is typical for a liqu
This behavior was already investigated by Clouter a
Kiefte8~a! ~open circles in Fig. 9! by piezoelectrically scanne
Fabry-Perot interferometry. An explanation for the decre
ing bandwidth was given in terms of motional narrowing
the authors. With increasing temperature the rotational m
tion of O2 molecules is accelerated and, therefore, one m
ecule ‘‘sees’’ only an average of molecular qualities~like
21430
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electric quadrupole or spin moment! of neighboring mol-
ecules. As a result, the found width of the vibration-ba
decreases with increasing temperature.

The bandwidth of both vibrations in theg phase are
smaller than in the liquid; but they show the same tende
in G~T! as in the liquid; in additionG liquid ~at Tg-liquid)
;0.24 cm21, Gg ~of spherelike molecules at Tbg)
;0.20 cm21, Gg ~of disklike molecules at Tbg)
;0.12 cm21. Our model to describe the decrease in ban
width is as follows: In a liquid there is no structural ord
and molecules perform motions of all kinds of freedom~ro-
tations, translations, . . . !. Shock freezing of such a liquid
would deliver a broad inhomogeneous bandwidth. In theg
phase of oxygen, the molecules possess a structural o
~center of mass form a crystal structure!, but the molecules
are orientationally disordered: spherelike disordered m
ecules perform rotations in space; disklike disordered m
ecules rotate only in a plane. Following this line—from liq
uid to spherelike to disklike molecules—the order
increased, in consequence, the bandwidth is decreased d
lowering entropy.

Since the observed vibron band shape is substant
Lorentzian, we can exclude inhomogeneous broadening,
proximately. At theg-b phase transition we register a cle
decrease in the bandwidth (G;0.15 cm21 to ;0.01 cm21),
which shows a slight decrease by cooling in theb phase; the
extrapolation for T→0 deliversG→0. Therefore, the sim-
plest relaxation channel might be a pure dephasing proc
G(T)5A•np•(np11), with np5np(T) the occupation num-
ber and A the weighted coupling constant.36 This fit proce-
dure ~solid line in Fig. 9! delivers for the coupling constan
A'0.01 cm21, whereby the frequency of the mean ba
phonon was set to 20 cm21 due to temperature. At theb-a
phase transition we observe a clear increase to an alm
constant bandwidth in thea phase (G;0.04 cm21)—
whereas the vibron frequency shows no discontinuity—wh
the only effective change in the oxygen crystal is the ad
tional antiferromagnetic spin arrangement. A pure dephas

FIG. 9. Vibron bandwidth as a function of temperature in
oxygen phases: full squares, cooling; open triangle, warming; o
circles from literature Ref. 8~a!; lines in liquid andg phases are
guides to the eye; inb and a phases mathematical fits are due
relaxation processes. The inset shows a direct comparison o
linewidths in these two phases.
3-7
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JÖRG KREUTZ AND HANS J. JODL PHYSICAL REVIEW B68, 214303 ~2003!
process would require aGhomogeneous→0 for T→0. So only a
depopulation process can explain the finite vibron bandw
in a phase. The simplest mechanism is a 3-down depop
tion process@G(T)5B•(ni1nj11)#,36 at which a vibron
(1552 cm21) decays into an16O17O isotopomer vibration
(1525 cm21) and a magnon (;27 cm21). A 3-down de-
population process via phonons is less probable becaus
thea phase a phonon at 27 cm21 is not populated, and in the
b phase dephasing is dominant. The fitting procedure for
relaxation channel vibron→ isotopomer1magnon~solid line
in Fig. 9! is consistent with measured bandwidth and deliv
a coupling constant B'0.04 cm21.

Although the temperature variation of the bandwidth in
limited temperature interval (<20 K) is very small in both
low temperature phases the experimental pointsG~T! hardly
scatter. Therefore, we are able to establish a model for
relaxation processes of the O2 vibron. The unexpected wide
vibron bandwidth in thea phase is evidence of the dire
involvement of a magnetic quasiparticle~a magnon! in the
relaxation process of a vibron excitation. To our knowled
it is the first direct experimental observation of a coupli
between vibron and magnon excitations in solid oxygen.

C. Librons in a and b oxygen

1. Libron intensities and two-libron excitations

Looking more carefully at Fig. 6—the spectra of libro
modes ina andb phases—we can clearly identify asymme
ric band shapes@Figs. 10~a! and 10~b!# and additional very
weak broad features@Fig. 10~c!# only at low temperatures
Since there is only one molecule per primitive cell in theb
phase, this asymmetry in the Eg mode is due to a lifting of
the degeneracy~for a detailed discussion see Sec. IV C 4!.
The asymmetry in the Ag libron spectrum can be found a
ready in spectra of the literature,2,3,10 but was not discusse
in there. Because this Ag mode is not degenerated there mu
be another explanation for this asymmetry. Zooming in
spectra of thea phase~Fig. 6! by a factor of 40 we find two
broad (.20 cm21) maxima around 125 and 155 cm21 @see
Fig. 10~c!#. It is unreasonable that these bands represents
two-phonon density of states~DOS!; looking at the one-
phonon DOS~cp. with sideband, Fig. 4! these features her
are too small in bandwidth, the bandmaxima deviate and
intensity ratios are different. The observed additional exc
tions in Raman spectra lie close to those values which
expected for two-libron excitations: Ag1Bg (78 cm21

143 cm215121 cm21) and Ag1Ag (78 cm21178 cm21

5156 cm21). Consequently, one would also expect anot
combination Bg1Bg (43 cm21143 cm21586 cm21), ex-
actly what we found the asymmetry of the Ag mode at
87 cm21 @see Fig. 10~b!#. The integrated intensity of al
above assigned libron features together in thea andb phases
is constant during warming/cooling cycles, i.e., spectra
reproducible, which means that our sample is thermodyna
cally stable. The relative integrated intensities in thea phase
are as follows: I(Bg):I(Ag):I ~sum of two-libron excitations!
'3:1:1/10.

To our knowledge, this is for the first time that two-libro
excitations are found ina oxygen. In solid nitrogen only the
21430
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two-phonon DOS was already measured23,37 and modeled
theoretically;38 but a direct coupling of two quasi-particle
has never been observed. Since inb oxygen we were not
able to detect similar two-libron bands, these excitations
the a phase are enabled—according to our arguments—o
by magnetic coupling of molecules performing librations.

Since an exact deconvolution and separation of these
ditional very weak Raman librational combination bands
not realizable, we cannot estimate the width of libron ene
zone or the libron dispersion. Maybe polarized Raman m
surements on oriented single crystals can help to fill this g

FIG. 10. Raman spectra of libron modes.~a! Asymmetric band
shape of Eg libron in low temperature range of theb phase and its
deconvolution.~b! The same for the Ag libron. ~c! Libron plus
libron modes in thea phase~the star marks an Ar-plasma line!.
3-8
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2. Libron frequencies

The temperature dependence of all modes in theb phase
(Eg and Eg asymmetric components! and in thea phase (Bg,
Ag , and an unseparated two-libron excitation! are depicted in
Fig. 11. Common to all is an almost linear dependence,
a decreasing mode energy with increasing temperature
Eg:20.3 cm21/K, for Ag :20.3 cm21/K and for Bg:
20.1 cm21/K. The two-libron excitation (Bg1Bg) shows
the expected temperature shift, which is two times that of
Bg mode. At the phase transitiona to b phases we clearly
register a pronounced frequency jump within a tempera
interval ,0.5 K without detectable hysteresis in coolin
heating cycles and not a soft mode behavior as stated be
by Bier and Jodl.3

As is well known1~a! the evolution of libron mode fre-
quencies in oxygen with temperature is determined by th
factors. The first factor considers the volume expansion
this phase; the second term is the pure temperature shif
anharmonic contribution due to phonon-phonon interacti
and the third one is due to the temperature dependent s
spin correlation function~or magnetic order parameter!.

In the case of theb phase the temperature shift of the Eg
mode is mostly determined by the thermal expansion of
lattice ~solid line in Fig. 11; computation is performed as
the case of vibron frequency: derived from temperature
pendent data of the compressibility and thermal expans
won from structural investigations,18 and from the pressure
shift of the vibron, won from Raman scattering29!. This result
is in agreement with the literature.18 The pure temperature
shift was already calculated numerically in a mean field
proximation to be small: (T•]v)/(v•]T)'1023.39

In the case of thea phase the temperature dependence
the spin correlation function is not negligible any more,
principle. The temperature dependence of frequencies o
bron modes Ag and Bg in a range up to 20 K can be ex
plained simply and only by the thermal expansion of t
lattice~solid line in Fig. 11, computed as in the case of theg
mode!. The pure~anharmonic! temperature shifts of thes
frequencies are also negligible in thea phase. It seems tha

FIG. 11. Raman frequency shift of libron modes as a function
temperature. Solid lines indicate the frequency shift caused by t
mal expansion of the lattice in the temperature region of each p
below phase transition.
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the spin-spin interaction is relevant only in the temperat
range near thea-b phase transition~20–24 K!.

3. Libron bandwidths

All libron spectra ina andb phases possess a Voigt pr
file, and we deduced their bandwidth as a function of te
perature@Fig. 12~a!#. First we deconvolute this Voigt profile
into Lorentzian and Gaussian contributions. The Gauss
part is constant in that temperature region for all modes
originates from the system function~the apparatus function
of spectrometer and optics!. As we have learned from the
vibron bandwidth the quality of our crystal was quite goo
therefore we assume a negligible inhomogeneous bandw
for librons too. The remaining Lorentzian component (GL ,
of a size equal to the Gaussian one! shows clear temperatur
dependence@Fig. 12~b!#. The size ofGL(Bg) (;1 cm21 at
;17 K) is in accordance with bandwidths particularly dete
mined by HRRS the star in Fig. 12~a! as an example, with an
error less than60.1 cm21—see Sec. II.

Although the measured temperature interval~for the a
phase 10–24 K, for theb phase 25–45 K! is small and the
change in Lorentzian bandwidth is small but not linear in
for both phases, we are able to draw up possible relaxa
mechanisms for libron modes. In both phases (Eg, Bg , and
Ag librons! a 3-down depopulation process and a phon
dephasing process are most likely. The inset in Fig. 12~a! and
Fig. 12~b! show the fit functions for libron bandwidths inb
and a phases@thin solid line: dephasing mechanismG(T)
5A•np•(np11) ~Ref. 36!; dashed line: 3-down depopula

f
r-
se

FIG. 12. ~a! Measured bandwidth of libron modes as a functi
of temperature from Raman spectra ina and b phases.~b! @and
inset in ~a!# Lorentzian part of the corresponding libron bandwid
~full symbols! and its modeling by sum~thick solid lines! of
3-down depopulation~dashed lines! and dephasing~thin solid lines!
processes~fit parameters in Table I!.
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JÖRG KREUTZ AND HANS J. JODL PHYSICAL REVIEW B68, 214303 ~2003!
tion mechanismG(T)5B•(ni1nj11) ~Ref. 36!; thick solid
line: sum of both mechanisms; with np(T), ni(T), and nj(T)
phonon occupation numbers and A,B weighted coupling c
stants; see Table I#. In the b phase both relaxation mecha
nisms are responsible for modeling the temperature de
dence of the bandwidth above 25 K. In thea phase the
dephasing process mainly determines the temperature e
tion of the bandwidth, whereas the depopulation channel
livers only a more or less constant contribution to the ba
widths @G0(T→0) is ;0.1 cm21 for the Bg libron and
;2.4 cm21 for the Ag libron#.

4. Libron splitting

To conclude this section about librons, we would like
compare our results to theoretical arguments in literatu
According to Raman scattering spectra at thea-b phase tran-
sition the twofold degeneracy of the libron spectrum is lift
and the doubly degenerated Eg mode ofb-O2 with frequency
51 cm21 is split into Ag and Bg modes with 79 and 43 cm21.
In the literature1~a!,40 the anisotropic intermolecular potentia
which determines the spectrum of librons in the orientati
ally ordereda andb phases, possess two parts: an excha
part J and a spin independent part of the intermolecular
tential U:

Vanis5Uanis~V1 ,V2 ,R!1Janis~V1 ,V2 ,R!•^S1S2&,

whereV1 ,V2 are unit vectors along molecular axis,R is the
vector joining molecular centers and^S1S2& is the spin cor-
relation function.

From an experimental point of view, upon lowering tem
perature (;30 K) in theb phase we observe the asymme
in the Raman band attributed to the Eg mode. If we decon-
volute this asymmetric broad band into two symmetric co
ponents we find a component on the high energetic s
which is shifted by about 8 – 10 cm21 @Fig. 10~a!#.

In the literature the influence of the spin dependent an
tropic part was disregarded and the splitting of the Eg mode
into Ag and Bg modes in thea phase—due to the anisotrop
intermolecular potential Uanis—was determined to be
;5 cm21 ~Refs. 18 and 41! and 11 cm21.40 In Fig. 13 the
energy level of the libron mode~upper part! is correlated to
the intermolecular potential U~a! ~a is the angle between
perpendicular axis to basal plane and actual molecular a!,
which is more complex from left to right~lower part of Fig.

TABLE I. Raman phonon relaxation process in solid oxyg
@due to G(T)5A•np•(np11)1B•(ni1nj11); all valuesa in
cm21].

mode

Dephasing process Depopulation proces

vp A v i5v j B

Eg (;50) 30 4.260.9 25 3.860.6
Ag (;78) 20 5.760.4 39 2.460.1
Bg (;42.5) 32.862.9 4.460.8 21.25 0.1160.05

aValues without errors were chosen as fixed parameters.
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13!. The lowering temperature~around 30 K! kT might be
smaller thanUanis. At the phase transitionb→a both com-
ponents in the anisotropic potential must be considered,
ing rise to the Ag-Bg splitting of the Eg mode due to addi-
tional magnetic interaction in thea phase. The strong
asymmetric splitting (vAg

2vEg
@vEg

2vBg
; see Fig. 13, top

right! is also qualitatively understood following the arg
ments by Kuchta.42 If the molecules librate around the b ax
(Lb with Ag symmetry! the interaction with four neares
neighbor molecules from the opposite magnetic sublattic
mostly involved, but when they librate around the a axis (a
with Bg symmetry! the interaction with two next neares
neighbor molecules from the same magnetic sublattice is
volved. The latter is much weaker than for the Ag librational
mode. As a result,vAg

2vEg
@vEg

2vBg
.

D. Phonon sideband to vibron

As described in Sec. III A the ir-active phonon sideband
oxygen is 20 times more intensive than the one in nitrog
whereas the intensities of Raman-active sidebands in b
substances are comparable. Generally speaking the side
intensity is proportional to the phonon density of states an
coupling parameterx~v!, i.e., ISB(v);DOS•x(v). This
coupling parameter is proportional to the first derivative o
suited intermolecular potential.35~a! In case ofa-N2 the inter-
molecular potential is formed by, e.g., Lennard-Jones
electrostatic quadrupole-quadrupole~EQQ! components. In
the case of oxygen, the structure and dynamics are also
erated by magnetic interaction. This allows us to explain
differences in ir-active sideband intensities because in o
gen there is an additional contribution to the coupling v
magnetic dipole moments. Two further studies report sim
results: Gorelli43 investigated the sideband to a vibron in
high pressure phase~d, which is similar to thea phase! by
FTIR and Medvedevet al.44 described the sideband to a
exciton transition (SS→SD) in a- and d-O2 by FTIR. In
both cases the authors explained the extremly intensive p

FIG. 13. Scheme to explain the splitting of libron mode in lo
temperatureb anda phases due to different components in anis
tropic intermolecular potential U~a!; a is the angle between the c'

axis and the actual molecular axis.
3-10
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ELEMENTARY EXCITATIONS IN CONDENSED OXYGEN . . . PHYSICAL REVIEW B68, 214303 ~2003!
non sideband coupled to different elementary excitations~vi-
bron or exciton! in compressed oxygen by the addition
intermolecular interaction, the exchange interaction. But w
are they not different in Raman scattering? Admittedly, t
argumentation should work in the traditional picture w
both spectroscopic methods. Since the sideband intensiti
oxygen by ir and Raman spectroscopy are different we h
to renew this picture. Let us therefore describe other featu
of sideband spectra.

Figure 14~b! shows both types of intensity normalize
sidebands in theb phase: with respect to the band origin t
ir-active sideband and the Raman-active sideband exten
less than 100 cm21 ~in comparison withvDebeye;80 cm21)
~Ref. 45!; the ir-sideband is twice as broad as the Raman
and possesses a rather substantial anti-Stokes compone
~see the inset!. Both types of sidebands in thea phase@Ra-
man scattering and ir absorption, Fig. 14~a!# have similar
widths (;35 cm21) and four maxima of different height, bu
the ir sideband is shifted to smaller frequenc
(;15 cm21) with respect to the Raman sideband. Diffe
ences in both types of sidebands in both phases ofa andb
oxygen might be due to different direct coupling mechanis
of different phonons from the density of states: in ir abso
tion more translational modes~lower frequencies! may
couple to a vibron, in light scattering more librational on
~higher frequencies!. In addition, the band origin~zero pho-
non line! of the ir sideband is shifted with respect to the o
of the Raman sideband.

From intensities and frequencies of ir- and Raman-ac
phonon sidebands we got the following physical picture.

FIG. 14. ir-active phonon sideband~dashed line! to internal vi-
brations of single O2 molecules and Raman-active phonon sideba
~solid line! to vibron ina andb oxygen. The inset in~b! shows the
band overlap of anti-Stokes and Stokes ir-active phonon sideb
in b-O2 .
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the case of Raman scattering the phonon sideband is for
by the interaction between two kinds of quasiparticles:
brons and phonons. Their interaction is not considerably
fluenced by the spin-spin exchange interaction. In contr
in the case of light absorption an interaction between inter
vibrations of single molecules and lattice excitations w
claimed to be responsible for the appearance of an ir-ac
phonon sideband.15 Here the spin-spin exchange interactio
in solid oxygen mainly contributes to the interaction betwe
intramolecular and lattice excitations.

V. CONCLUSION

We performed extensive, accurate Raman studies wi
very high resolution~up to ;0.01 cm21) on all elementary
excitations~vibrons, isotopic vibrations, librons, and mag
nons! and on their combinations~vibron plus phonon, vibron
plus vibron, libron plus libron! in the whole temperature
range of thea, b, g, and liquid phases. Due to the excelle
crystal quality we were able to determine, from Raman sp
tra band frequencies, the bandwidth and band shape as f
tions of temperature for further analysis.

From frequencies of the vibron, isotopic vibrations, a
vibrational overtone we estimate the environmental and re
nance frequency shift ofa- and b-O2 . Our direct results
underlay the correctness of the deconvolution procedure
Ref. 15. Therein the zero phonon line was estimated vi
deconvolution of Stokes and anti-Stokes components of
ir-active phonon sideband. Also they support the picture t
the internal vibrations of single molecules generate the
active phonon sideband. A systematic comparison of pho
sideband spectra in the vibron region, measured in Ram
scattering or in ir absorption, in O2 and N2, proved basic
differences in the nature of sidebands detected by both o
cal spectroscopic methods. The unexpected wide bandw
of a vibron in thea phase let us clearly deduce the partic
pation of magnon excitation in the vibron decay process,
therefore points up vibron-magnon coupling. Systematic R
man studies of the high energetic magnon (27 cm21) provide
accurate mode frequencies, bandwidths, and band intens
as functions of temperature~10–25 K!. The Raman band
intensity as a function of temperature behaves like the te
perature dependent spin-spin correlation function. We
tected and assigned very weak bands due to two-libron e
tations in thea phase and attributed their appearance to
spin-spin exchange interaction part of the intermolecular
tential. The asymmetry in the Eg libron of theb phase cor-
responds to the lifting of this doubly degenerate mode a
consequence of the influence of the anisotropic part of
spin independent intermolecular potential in the low te
perature range of thisb phase. From the temperature depe
dence of libron frequencies and bandwidths we describe
libron relaxation qualitatively by 3-down depopulation an
dephasing mechanisms. From the coexistence of libron s
tra in a very narrow temperature interval at thea-b-phase
transition, we were able to characterize this phase transi
to be of first order—in contradiction to former Raman stu
ies. Since we detected no splitting of the vibron in thea
phase and no additional librons we could exclude a herri

d

ds
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bone structure for thisa phase as in a similar phase of F2 .
From low energetic spectra in high temperature phases
can deduce the large similarity between the liquid and ori
tational disorderedg phase. Indeed we can negate the co
tinuation of local order from theg phase to liquid becaus
there is no splitting of the vibrational line in liquid
v,
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37M. M. Thiéry and D. Fabre, Mol. Phys.32, 257 ~1976!.
38G. Zumofen and K. Dressler, J. Chem. Phys.64, 5198~1976!.
39A. P. Brodyanskii, V. A. Slusarev, and Yu. A. Freiman, Fiz. Niz

Temp.6, 533 ~1980! @Sov. J. Low Temp. Phys.6, 256 ~1980!#.
40A. P. J. Jansen and A. van der Avoird, J. Chem. Phys.86, 3583,

3597 ~1987!; Yu. B. Gaididei, V. M. Loktev, and V. S. Ostro
vskii, Fiz. Nizk. Temp.11, 740~1985! @Sov. J. Low Temp. Phys.
11, 406~1985!#; Yu. B. Gaididei, V. M. Loktev, V. S. Ostrovskii,
and A. P. Prikhot’ko,ibid. 12, 61 ~1986! @12, 36 ~1986!#.

41I. A. Burakhovich, I. N. Krupskii, A. I. Prokhvatilov, Yu. A. Fre-
iman, and A. I. Erenburg, Pis’ma Zh. Eksp. Teor. Fiz.25, 37
~1977! @JETP Lett.25, 32 ~1977!#; K. Kobashi, M. L. Klein, and
V. Chandrasekharan, J. Chem. Phys.71, 843 ~1979!.

42B. Kuchta, Chem. Phys.95, 391 ~1985!.
43F. A. Gorelli, Ph.D. thesis, Universita degli studi di Firenze, 200
44S. Medvedev, M. Santoro, F. Gorelli, Yu. Gaididei, V. Loktev, a

H. J. Jodl, J. Phys. Chem. B107, 4768~2003!.
45R. D. Etters, K. Kobashi, and J. Belak, Phys. Rev. B32, 4097

~1985!.
3-12


