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The ir-active phonon sidebands to internal vibrations of oxygen and nitrogen were precisely investigated by
Fourier transform infrared spectroscopy in the fundamental and first overtone spectral regions from 10 K to the
boiling points at ambient pressure. We showed that an analysis of ir-active phonon sidebands yields important
information on the internal vibrations of molecules in a condensed medium~solid or liquid!, being comple-
mentary to Raman data on vibron frequencies. Analyzing the complete profile of these bands, we determined
the band origin frequencies and explored their temperature behavior in all phases of both substances. We
present unambiguous direct experimental proofs that this quality corresponds to the frequency of internal
vibrations ofsingle molecules. Considering solid oxygen and nitrogen as two limiting cases for simple mo-
lecular solids, we interpret this result as a strong evidence for a general fact that an ir-active phonon sideband
possesses the same physical origin in pure molecular solids and in impurity centers. The key characteristics of
the fundamental vibron energy zone~environmental and resonance frequency shifts! were deduced from the
combined analysis of ir and Raman experimental data and their temperature behavior was explored in solid and
liquid phases of oxygen and nitrogen at ambient pressure. The character of the short-range orientational order
was established in theb-nitrogen based on our theoretical analysis consistent with the present experimental
results. We also present the explanation of the origin of pressure-caused changes in the frequency of the Raman
vibron mode of solid oxygen at low temperatures.

DOI: 10.1103/PhysRevB.66.104301 PACS number~s!: 63.20.Ls, 78.30.2j
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I. INTRODUCTION

A common feature of the absorption spectra of molecu
crystals is a broadband~width ;100 cm21! in the fundamen-
tal region~middle ir!. This band is associated with a simu
taneous excitation of internal and external vibrations by o
photon1,2 ~double transitions! and is now called as a phono
sideband of intramolecular vibrational transition. In case
symmetric diatomic molecules (H2 ,N2 ,O2), an excitation of
internal vibrations is rigorously electric-dipole forbidden
one-particle process in central-symmetric crystal phases
to symmetry. That is why the phonon sideband is the o
allowed ir absorption in these solids in the fundamental sp
tral region. The exact profile of this ir-active band is chara
teristic for each substance3–5 and is changed due t
temperature.1–6 Furthermore, it is usually clearly dissimila
in different thermodynamic phases of the same solid a
consequently, can be used as a spectroscopic fingerprint
certain crystal structure of the substance investigated.6

A principal theoretical explanation of a nature of the ph
non sideband structure in absorption spectra was prop
by Hochstrasser and Prasad.7 On the basis of a general the
oretical description of the exciton-phonon interaction dev
oped by Davydov,8 they showed that a phonon sideband p
file maps an intensity-weighted density of state of latt
excitations@phonon DOS~phonon density of states!#. There-
fore, one can use such kind of spectroscopic investigation
render a direct information on the shape and singularitie
the complete phonon DOS that was earlier only available
inelastic neutron diffraction measurements on single cryst
0163-1829/2002/66~10!/104301~19!/$20.00 66 1043
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To prove this general idea, spectroscopic studies were ca
out.3–5 In these analyses, the experimental profile of the p
non sideband to internal vibrations was compared to the
culated shape of the density of state of lattice excitatio
~including many-phonon processes!.5 The frequency of either
vibron excitations atk50 known from Raman measure
ments or a maximum of defect-induced vibron peak visi
in thin-film absorption spectra3–5 was chosen as a zero
phonon line~ZPL!. The agreement between the experimen
and calculated profiles of the phonon sidebands was fa
good, but sometimes not completely satisfactory. These
thors speculated that these fine discrepancies could origi
from some modification of the shape of the phonon DOS
phonon sideband spectra by unknown but mode specific c
pling between internal and external excitations. They a
showed that the relative positions of the maxima in the p
non sideband ir-spectra approximately correspond to the
quencies of the peaks in Raman spectra of lattice excitati

In theoretically oriented literature, phonon sidebands h
been usually treated as a combination band formed by in
action between two different kinds of quasiparticles
delocalized internal~electronic excitons,7 vibrons9! and ex-
ternal ~phonons! excitations. However, the energy band
the internal excitations was considered as dispersionles
the concrete calculations of the intensity and frequency
tribution of the phonon sidebands.7,9,10At the spectroscopic
analysis of the shape of the phonon sidebands in diffe
molecular solids,2,3–6,7,11only one frequency of internal ex-
citations was also used~as ZPL!.

Careful analysis of experimental data on the defe
©2002 The American Physical Society01-1
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induced ir-active vibron peak casts doubt on such a dis
sionless vibron band in real solids. Cairns and Pimentel2 ob-
served in spectra ofa-O2 thin films that the position of this
peak is noticeably varied~about 4 cm21! with the deposition
conditions. Much later on, it was shown3,4,12 that indeed this
defectinduced vibron absorption forms a relatively bro
band~width approximately 8 cm21! possessing an own com
plicated structure. A similar great dispersion~about 6 cm21!
was also determined for the vibron energy band in1Dg(1)
electronic-excited state ina-O2 .13 Very recently, Gorelli
et al.14 measured the ir-active phonon sideband to inter
vibrations in high-pressure phases of solid oxygen. Using
known frequency of either Raman-or ir-active vibron pea
as a ZPL, they tried to identify the maxima in the spectra
the phonon sideband observed with the frequencies of la
excitations measured by other groups at these pressures
success was achieved at all. These facts question the va
of the ZPL concept traditionally used to describe~at least
semiquantitatively! a phonon sideband profile.

However, the existence of a certain frequency of inter
excitations as the origin of an ir-active phonon sideband w
successfully tested by analyzing the phonon sideband
electronic excitations in both low-13 and high-pressure15

phases of solid oxygen. The band origin frequency~as ZPL!
was found by dividing an experimental sideband profile in
additive and subtractive combinations of the internal and
ternal vibrations~Stokes and anti-Stokes components of
phonon sideband!. An excellent modeling of the experimen
tal spectra of phonon sidebands was achieved by this pr
dure in all phases of condensed oxygen (p50 – 6 GPa,T
510– 300 K). Moreover, our preliminary results als
pointed to the fact that a similar situation takes place in c
of phonon sidebands to intermolecularvibrations @for a-N2
and a-O2 see Fig. 2~a! and 2~b! in Ref. 13#. However, the
ZPL frequency determined did not coincide with the fr
quency of vibron excitations well known from Raman spe
tra for both substances. We speculated13 that the ZPL fre-
quency determined by our procedure corresponds to
frequency of internal excitation of asingle molecule in the
crystal. Therefore, the concrete meaning of the ZPL f
quency as well as the nature of a phonon sideband in gen
needs considerable clarification.

To give more insight in this general problem and to obt
unambiguous direct experimental proofs of our princip
idea, we carefully investigated the phonon sidebands to
ternal vibrations in the fundamental and overtone spec
regions by Fourier transform infrared~FTIR! spectroscopy in
all condensed phases of oxygen and nitrogen at equilibr
vapor pressure as function of temperature~10–80 K!. Due to
excellent optical quality of our samples~no traces of defect-
induced vibron absorption were observed! and due to mod-
ern FTIR technique, we were able to analyze thecomplete
sideband profile quantitatively. Noticeably, such a challen
was previously practically insolvable because a stro
defect-induced vibron absorption, always presented in sp
tra of condensed thin films,3–5 overlapped the relatively
weak anti-Stokes part of the phonon sideband spectra.

Solid oxygen and nitrogen represent two limiting cas
for simple molecular crystals. Indeed, in the nitrogen pha
10430
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of interest, centers of mass of N2 molecules are located at th
points of fcc (a-N2) and hcp (b-N2) structures.16 In a-N2 ,
molecular axes are oriented along four different body dia
nals forming four simple cubic sublattices~space group
Pa3). No long-range orientational order exists inb-N2 .
However, molecular axes of nitrogen molecules are pre
ably localized17 at a polar angleq554° – 56° relative to the
c axis ofb-N2 . The crystal structure of botha- andb-N2 is
mainly stabilized by an isotropic part of the intermolecu
interaction and the long-range orientational order ina-N2 is
formed by the quadrupole-quadrupole interaction.16 Liquid
nitrogen seems to be similar to common simple liquids.18 On
the contrary, oxygen molecules possess a very small qua
pole moment~the smallest value among diatomic molecule!
and, consequently, the direct electrostatic interaction mak
negligible contribution to practically all properties of sol
and liquid oxygen. As a result, the collinear molecular co
figuration appears in the orientationally ordered lo
temperaturea-and b-O2 ~space groupsC2/m and R3̄m,
respectively19!. These phases possess the layered cry
structures explicitly stabilized by the anisotropic part of t
repulsive interaction.20 The high-temperatureg-O2 has a cu-
bic structure~space groupPm3n) characterized by two dif-
ferent kinds of the crystallographic positions of molecules~a
andc!. Two oxygen molecules, occupyinga positions, pos-
sess practically spherical distribution of the electronic d
sity ~so-called ‘‘spherelike’’~sp! molecules!, whereas mo-
lecular axes of six molecules, located inc positions, are
almost stochastically distributed perpendicular to^001& di-
rections~so-called ‘‘disklike’’ ~d! molecules!.19 The isotropic
part of the dispersion interaction is mainly responsible fo
general stability of this ‘‘exotic’’ crystal structure.20 Due to
nonzero electronic spin (S51) in the electronic ground stat
(3Sg

2), solid oxygen combines properties of a cryocrys
and a magnet. Furthermore,a-O2 is a two-sublattice
antiferromagnet.21 Only a short-range magnetic order exis
in b- and g-O2 .21~b!,22 Strong short-range spin-spin15,18~b!,22

and orientational15,18~b! correlations persist also in liquid oxy
gen. Therefore, a comparative analysis of these
substances—N2 and O2—allows us to check the generalit
of our idea as well as to comprehend key factors govern
the behavior of vibron excitations in simple molecular cry
tals.

This paper is structured as follows. In the following se
tion, we will sketch our experimental procedure paying ma
attention to crystal growth details that influence crucially t
optical quality of the samples. Our experimental spect
scopic results together with their theoretical analysis and
cussion will be presented in the following section. First, w
will illustrate the applicability of our general approach
model the profile of phonon sidebands to fundamental vib
tions as well as to determine the corresponding ZPL frequ
cies. We will compare these values to known Raman data
the vibron fundamental frequencies as well as to the isot
data and discuss possible explanations of our obtained
sults. Second, we will analyze phonon sidebands to vib
tional overtones to clear up the physical meaning of the Z
frequency. Third, we will deduce the key characteristics
1-2
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NATURE OF INFRARED-ACTIVE PHONON SIDEBANDS . . . PHYSICAL REVIEW B 66, 104301 ~2002!
the fundamental energy band~environmental and resonanc
frequency shifts! in our substances and will explore the
behavior in details including a possible scenario at high p
sures. Fourth, we will clarify the peculiarities of the sho
range orientational order inb-N2 based on our theoretica
analysis of spectroscopic results.

II. EXPERIMENTAL PROCEDURE

We investigated liquid and solid oxygen and nitrogen
FTIR spectroscopy in the temperature range from 10 K
boiling points at equilibrium vapor pressure~solid! and at 1.5
bars ~liquid!. The spectra were recorded in mid-infrare
spectral region by a Fourier spectrometer~Bruker IFS 120
HR! both at cooling and at warming of the samples. T
phonon sidebands to the fundamental vibrations of oxy
were measured by using the following experimental setu
glowbar light source, a KBr beam splitter, and a liqui
N2-cooled mercury cadmium tellurid~MCT! detector~acces-
sible spectral range 800–5000 cm21!. To precisely measure
the substantially weaker phonon sidebands to fundame
vibrations of nitrogen as well as to first vibrational overto
in both substances we used a tungsten lamp as light so
Si on CaF2 as beam splitter, and a liquid-N2-cooled InSb
detector~accessible spectral range 1900–11 000 cm21!. The
diameter of the diaphragm was 0.8–1.0 mm and 1.7 mm
oxygen and nitrogen samples, respectively. The freque
resolution was varied from 0.05 to 0.5 cm21, depending on
the bandwidth of interest in spectra. The Raman spectr
the fundamental vibron excitations were precisely measu
in solid and liquid oxygen for comparison with the ir dat
The 488 nm emission of an Ar1 laser was used as an exc
tation line. The Raman signal was detected by a Peltier-ef
cooled multiplier. To analyze a profile of the relatively na
row vibron bands correctly we used the so-called tand
arrangement—a triple monochromator~Jobin Yvon T64000!
and a Fabry-Perot-Interferometer—at these measurem
To determine absolute values of the vibron frequencies w
high accuracy we used a selected emission line of the
lamp possessing a frequency value close to the vibron o
as an internal standard. As a result, we achieved a frequ
resolution of about 0.01 cm21 and an absolute accuracy d
termining the vibron frequency values better than 0.02 cm21.

We used in our experiments an oxygen gas of 99.99
and nitrogen gas of 99.999% purity. The brass cells w
diamond~aperture 3 mm, sample thickness 1 mm! and quartz
~aperture 10 mm, sample thickness 6.7 mm! windows were
used to measure phonon sidebands to fundamental and
tone vibrations in oxygen, respectively. Since the phon
sidebands in solid nitrogen are characterized by more t
one order of magnitude less intensity in comparison
oxygen13 and since we intended to analyze these weak
active bands quantitatively, very thick samples of solid nit
gen had to be investigated. Therefore, we specially desig
a copper cell with sapphire windows~aperture 10 mm! for
sample thickness of 20.5 mm. All of our samples possess
disclike form ~diameter of 10 mm!. Any of these cells was
mounted on the cold finger of a He-closed-cycle cryos
used to achieve low temperatures. We measured the sa
10430
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temperature by a calibrated Si diode that was directly
tached to the sample cell. Temperature resolution was 0
K at T<25 K and 0.04 K at higher temperatures. An absol
accuracy of the sample temperature registration was a
0.1 K ~for details see Ref. 6!.

To be successful in growing big polycrystalline samp
for optical investigations we followed the general principl
of the single crystal growth~see, e.g., Ref. 23! and adapted
these for our demands. The sample cell was evacuated u
;1026 mbar at room temperature and purged several tim
by the investigated gas. After that, the empty cell was coo
down to a temperature that was a bit less than the boi
point of the substance investigated. The sample gas was
uefied at an overpressure of about 0.5 bars. To ensure a
plete filling of the sample chamber as well as a good ther
contact of our solid sample with walls of the sample cham
during crystallization process this gas overpressure
maintained up to finishing the crystal growth procedu
Changes in our samples during the whole growth proced
were continuously monitored spectroscopically. After co
densation, the liquid sample was cooled down~3 K/h! to-
wards the melting point to grow slowly~0.1 K/h! the crystal.
At a temperature slightly lower than the crystallization po
(DT50.120.5 K), the grown crystal was annealed durin
10–20 h. The annealed samples were completely transpa
to visible light controlled by eye~microscope! and their con-
tinuum transmission was almost equal to the one in liq
samples. The averaged cooling rate within the tempera
region of high-temperature phases was about 0.5–1 K/h
pending on the number of spectra measured in these ph
No significant changes in the continuum transmission of
samples were observed during this time consuming~1–3
days! cooling procedure. In the temperature range of a so
solid phase transition, the samples were cooled substant
slowly ~0.05 K/h!. The phase transformation lasted abo
2–3 h. Further on, we annealed the crystal of a lo
temperature phase during 10–12 h either by keeping
sample at a constant temperature~43.6 K, b-O2) or by very
slow ~0.02 K/h! cooling (35.5 K→35.3 K,a-N2). As a re-
sult, we obtained big polycrystalline samples of the lo
temperature phases of an excellent optical quality. For
ample, the continuum transmission of oura-nitrogen crystal
(V51.6 cm3) was reduced to 90% of the one of theb-N2
only. In cooling to 10 K, the typical rate of 0.2 K/h was kep
We did not observe any significant changes in the continu
transmission of our samples passing through thea-b phase
transition in solid oxygen. No traces of defect induced N2 or
O2 vibron bands were observed in our spectra.

III. RESULTS AND DISCUSSION

A. Phonon sidebands to fundamental vibrations

1. Description of spectra

In our studies, we carefully measured the ir-active phon
sidebands to fundamental vibrations on optically perf
samples in all condensed phases of oxygen and nitroge
ambient pressure. Previously, only the Stokes part of th
absorption bands was studied oncondensedthin films of
1-3
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FIG. 1. Temperature evolution of absorption spectra of the phonon sideband to the fundamental vibrations in oxygen~a! and nitrogen~b!.
Vertical dashed lines show the position of the vibron frequency. Asterisk marks then3CO2 absorption band.
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both substances up to 39 K.4 To our knowledge, there ar
only two publications concerning phonon sideband spectr
g-oxygen1,24 and liquid phases of both substances,1 in which
only a qualitative comparison of the spectra in differe
phases was carried out.

The temperature evolution of the phonon sidebands
fundamental intramolecular transitions measured by us
shown in Fig. 1~a! ~oxygen, sample thickness of 1 mm! and
Fig. 1~b! ~nitrogen, sample thickness of 20.5 mm!. The fre-
quencies of vibron modes ina-O2 and a-N2 ~Ref. 23! are
schematically shown by vertical dashed lines in Figs. 1~a!
and 1~b! for comparison. Our absorption spectra were co
pletely reproducible at cooling and warming in single-pha
temperature regions. In temperature ranges of the phase
sitions~solid-solid, solid-liquid!, weak hysteresis phenomen
were observed~0.1–0.2 K!. The following general feature
are clearly visible in Fig. 1.

~i! At low temperatures~bottom!, the spectra of both sub
stances possess a pronounced fine structure in the frequ
range corresponding to an additive combination of int
molecular and intermolecular vibrations. The maxima of t
structure reflect the singularities of the phonon DOS in e
substance5,26~a! and their assignment was already done fora-
and b-oxygen4,6,13 as well as fora-nitrogen.4,5 As tempera-
ture increases, these maxima are continuously smeared
Only a broad feature, whose maximum is situated at the
quency of about 2390 cm21, is clearly visible in ourb-N2
spectra@marked by vertical dashed line in Fig. 1~b!#. By
melting nitrogen crystal, it transfers to the hump observa
in spectra of liquid nitrogen up to the boiling poin
Earlier,4,27 this feature in theb-N2 phonon sideband spectr
was assigned to a translational phonon mode~64 cm21!.28

However, the existence of a libron mode in theb-N2 at high
pressures, possessing close frequency values~50–60
10430
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cm21!,29 casts doubts on such an assignment. No fine st
ture exists in phonon sideband spectra ofg-O2 as well as of
liquid phases of both substances.

~ii ! The phonon sideband spectra ofa-oxygen and
a-nitrogen@bottom of Figs. 1~a! and 1~b!# are characterized
by almost the same intensity in spite of the fact that
nitrogen samples were 20 times thicker than the oxyg
ones. This fact reflects the assistance in interaction betw
intramolecular and lattice excitations by a spin-spin e
change interaction in solid oxygen according to o
opinion.13

~iii ! The shape of the phonon sidebands is drastic
changed at the orientationally order-disorder phase tra
tions in both substances—theb-g phase transition in solid
oxygen and thea-b one in solid nitrogen. The following
increase in temperature causes no principal changes in
shape of the phonon sidebands. Very small quantita
changes are observed during melting.

~iv! Only the Stokes component is visible in the phon
sideband spectra at the lowest measured temperatures
anti-Stokes part of the phonon sideband began to be de
able from 15 K in our spectra of solid nitrogen and from
K in the oxygen ones@shown by solid arrows in Figs. 1~a!
and 1~b!#. As temperature increases, the intensity of this f
ture in the phonon sideband spectra increases too@e.g., see
the spectrum at 35 K in Fig. 1~b!#. This feature is a mirror
image of the Stokes part of the phonon sideband with res
to a frequency of the intramolecular vibrations. Due to t
weakness of the anti-Stokes component of the phonon s
band spectrum, its shape reflects only the most intensive
tures of the Stokes one. Inb-O2 , the anti-Stokes componen
manifests itself mainly as a low-frequency wing at the fr
quencies lower than the fundamental one. This wing w
erroneously attributed in Ref. 24 to low-lying orientation
1-4
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FIG. 2. Determination of the band origin frequency of the fundamental phonon sidebands~as ZPL! dividing the experimental sideban
profiles into Stokes and anti-Stokes components:~a! and~b! solid oxygen,~c! a-nitrogen~for sake of clarity, the CO2 peak is subtracted from
the experimental profile—for details see text!.
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modes, which did not exist in this phase in principle. T
spectrum at 42 K@Fig. 1~a!# demonstrates the feature in th
frequency range~marked by a dashed arrow! that possesse
the same origin as the one in the spectrum of thea-O2 at 23
K. A similar situation takes place inb-nitrogen: the feature in
the anti-Stokes part of the phonon sideband is clearly vis
in the spectrum at 63 K@shown by a dashed arrow in Fig
1~b!#. This shallow peculiarity of the phonon sideband pr
file reflects the maximum in the Stokes component of
phonon sideband lying at about 2390 cm21. In g-O2 and
liquid phases of both substances, the anti-Stokes compo
of the phonon sideband reveals as a relatively steep l
frequency edge at frequencies lower than the fundame
one.

~v! Zero intensity is observed in the frequency range
the vibron excitations at the lowest measured temperatu
As temperature increases, the nonzero absorption appea
the vibron frequency~starting with 15 K in spectra of the
solid nitrogen and with 23 K in the ones of solid oxygen! and
continuously increases within the orientationally order
phases (a-N2 , a- and b-O2). This quality increases by a
jump at the solid-solid phase transitions~a-b in N2 as well as
a-b andb-g in O2) and decreases further by increasing te
perature within the orientationally disordered phases (b-N2 ,
g-O2 , as well as liquids of both substances!. Almost no dis-
continuity is observed in the absorption at the vibron f
quency by melting nitrogen crystal, whereas a small posi
jump in this quality is clearly detectable at this phase tran
tion in oxygen. Although an excitation of a pure intramolec
lar vibration is not possible in ideal solid phases of bo
substances due to symmetry, the appearance of a non
absorbance at the vibron frequency is quite understandab
nonzero temperatures. Many-phonon processes allow the
sorption of an incident light in orientationally ordered phas
~e.g., the creation of one intramolecular vibration and o
phonon plus the annihilation of one phonon with the sa
energy!.30 A substantially irregular orientational motion o
molecules causes an interaction-induced absorption in
b-N2 and g-O2 similarly to the one in liquids and com
pressed gases.35~a! In case of solid oxygen, dynamic fluctua
tions of magnetic order in theb-O2 are presumably mainly
responsible for the jump in the absorption at the vibron f
quency observed at thea-b phase transition.
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2. Modeling spectra and determination of the zero phonon line
frequency

In general, an absorption spectrum of a phonon sideb
to high-energetic transitions~electronic excitations, intramo
lecular vibrations! consists of two different parts—Stoke
and anti-Stokes components—whose absorption intens
are related by the following simple equation:13

I anti-Stokes~vanti-Stoikes5v02vph!

5I Stokes~vStokes5v01vph!

3exp~2\vph/kT!. ~1!
Herev0 , vph are the frequencies of an intramolecular ex
tation and a phonon involved,vStokesand vanti-Stokesare the
frequencies of the absorbed light due to additive~Stokes! and
subtractive~anti-Stokes! combinations, andT is the sample
temperature. If we presume that a phonon sideband is c
acterized by onlyonecertain frequencyv0 at each tempera
ture~the so-called ZPL frequency!, this value can be, in prin-
ciple, determined from Eq.~1! by dividing an experimenta
profile of this absorption band into Stokes and anti-Sto
components. In this procedure, onlyone free parameter ex-
ists ~a value of thev0 frequency! that must be obtained by
comparing the modeled and experimental profiles of the a
Stokes part of a phonon sideband. Consequently, a succe
such modeling of experimental spectra may be considere
an experimental proof of the ZPL concept.

We tested this approach by modeling spectra of the p
non sidebands of intramolecular vibrational transitions in
phases of both oxygen and nitrogen. An excellent agreem
between the experimental and modeled profiles was achie
by our procedure in all cases. Thex parameter characterizin
an accuracy of a modeling procedure was as small
1026– 1027 (x50 corresponds to an ideal coincidence b
tween measured and modeled spectra!. Figure 2~a!–2~c! il-
lustrate our results. Since a deviation between modeled
experimental profiles is too small to be recognized at suc
scale of these figures, we marked the modeled profile of
anti-Stokes component by quadratic points.

The inset in Fig. 2~a! shows the anti-Stokes part of th
phonon sideband at a substantially stronger magnificatio
can be seen that this part of the band also possess
maxima, which mirror the most intensive features of t
Stokes component but, of course, with opposite intensity
1-5
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BRODYANSKI, MEDVEDEV, VETTER, KREUTZ, AND JODL PHYSICAL REVIEW B66, 104301 ~2002!
tio due to the exponential factor in Eq.~1!. The modeled
profile ~quadratic points! reproduces quite well these maxim
in the anti-Stokes part of the experimental phonon sideb
spectrum. The value of the ZPL frequency~1546.8 cm21!
determined by our procedure deviates significantly from
vibron one~1552.6 cm21! measured by Raman scattering
this temperature. The dashed line in the inset in Fig. 2~a!
shows the modeled profile of the anti-Stokes part of the p
non sideband spectrum if the Raman value is chosen as
gin of the phonon sideband. No real agreement exists
tween the modeled and experimental profiles at suc
choice. The comparison of these two cases@quadratic points
and dashed line in the inset in Fig. 2~a!# validates a differ-
ence between the ZPL and vibron frequencies as wel
illustrates the accuracy of our procedure to determine
ZPL frequency even at such a weak anti-Stokes compo
of the phonon sideband.

The statistical error of the ZPL frequency values obtain
was less than 0.3 cm21 in thea- andb-O2 and less than 0.1
cm21 in the g-nitrogen and liquid oxygen. In the case
g-O2 , we interpret the obtained ZPL frequency as t
occupation-weighted mean of the two ZPL frequencies c
responding to disc-like~d! und spherelike~sp! molecules,
i.e., vZPL

g-O25(3vZPL
d 1vZPL

sp )/4. In the orientationally disor-
dered phases of both substances, the ZPL was always p
on thelow-frequencyedge of the experimental profile near
the main maximum of the phonon sideband spectra and
proaches to its increasing temperature.

Our nitrogen gas contains a small amount of carbon di
ide as a residual contamination~;0.2 ppm!. Due to very big
oscillator strength of then3-intramolecular transition of CO2
molecules (vgas

n3 52349.16 cm21),32~b! this absorption peak
was clearly observable in our mid-ir spectra of solid a
liquid nitrogen @marked by asterisk in Fig. 1~b!#. Besides
these single-particle CO2 excitations, a combination absorp
tion band caused by simultaneously exciting then3 vibra-
tions of CO2 molecules and lattice excitations of nitroge
matrix ~nitrogen phonon sideband ton3 vibrations of CO2
molecules! could affect our mid-ir spectra of nitroge
samples in principle. Consequently, we modeled the exp
mental profile of our mid-ir spectra of nitrogen samples@see,
e.g., Fig. 3~a!# by three bands—two phonon sidebands~to
internal vibrations of nitrogen and CO2 molecules! and a
single peak corresponding to the internal vibrations of C2
molecules@Fig. 3~b!#. To our knowledge, there is no direc
information on the shape of the phonon sideband to the
ternal vibrations of CO2 molecules matrix isolated in nitro
gen. That is why we presumed that the shapes of the pho
sideband to internal vibrations of nitrogen and the one
CO2 molecules are identical since both combination ba
mainly map the phonon DOS function of the same substa
~nitrogen!.33 The matrix isolated~MI ! CO2 peak was mod-
eled by a Lorenz function~three adjustable parameters!. Two
other parameters, which had to be determined by our pro
dure, were a ZPL frequency of the nitrogen phonon sideb
and a relation between the intensities of CO2 and nitrogen
phonon sidebands.
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The agreement between the modeled~quadratic points!
and experimental profiles~solid line! was excellent@Fig.
3~a!#. The statistical error of the ZPL frequency values o
tained was less than 0.07 cm21 in the a-N2 and less than
0.04 cm21 in other phases. Importantly, the ZPL frequen
values of theb-nitrogen and liquid nitrogen increase if th
CO2 phonon sideband is deliberately not included by mod
ing the experimental spectra. Utilizing our values of the Z
frequencies inb-N2 , we could also classify the kind of lat
tice excitations, which are responsible for the feature in
fundamental phonon sideband spectra of this nitrogen ph
@marked by dashed line in Fig. 1~b!#. The frequency of these
excitations, determined as the difference between the
quency of the maximum of this feature and the ZPL on
decreases from 64 cm21 at 36 K to 57.5 cm21 at 63 K.
Taking in account the known thermal expansion ofb-N2 ,34

we obtain the corresponding Gru¨neisen constant value o
1.8860.04, which is the characteristic quantity for libro
excitations.16 Consequently, we associate this singularity
the phonon sideband spectra ofb-N2 with nutational motion
of N2 molecules~orientational oscillations of molecular axe
relative to thec axis of hcp structure!. That is, a libronlike
mode actually exists in this nitrogen phase at ambient p
sure that was supposed early,34 based on the thermodynam
analysis.

The absolute absorption coefficient of the intramolecu
transition in CO2 molecules determined by our procedu
was 0.0460.006 cm22, and did not show any definite tem
perature dependence. Using our previous results,6,31 we esti-
mated the concentration of CO2 molecules in our samples o
solid and liquid nitrogen as to be of about 0.2 ppm. T
phonon sideband to the internal vibrations of CO2 molecules

FIG. 3. Modeling the mid-ir experimental spectra of th
b-nitrogen: ~a! solid line—experimental spectrum, quadrat
points—synthetic spectrum consisting of three bands shown in~b!.
1-6



an
fun-

NATURE OF INFRARED-ACTIVE PHONON SIDEBANDS . . . PHYSICAL REVIEW B 66, 104301 ~2002!
FIG. 4. Temperature dependence of the frequencies of internal vibrations of oxygen~a! and nitrogen~b!. Filled quadrates mark the ZPL
frequency of the fundamental phonon sideband, up triangles and solid lines—Raman vibron mode frequencies of oxygen~present work! and
nitrogen~Ref. 25!, respectively@inaccuracy,0.02 cm21#, dotted line in~b!—the degeneracy-weighted mean of the frequency of two Ram
vibron modes ofa-N2 , asterisks—the fundamental frequencies ofsinglemolecules in isotope-mixed crystals, empty quadrates—the
damental frequency ofsinglemolecules deduced by analyzing the phonon sideband to the first vibrational overtone~for details see text!.
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possesses practically zero intensity in the orientationally
dered a-N2 . After the a-b phase transition, this quantit
becomes non-negligible and increases due to tempera
The ratio of the intensities of the CO2 and nitrogen phonon
sidebands is changed from 0.003560.001 at 36 K to 0.11
60.008 at 75 K, whereas the intensity of nitrogen phon
sideband slightly decreases~of about 10%! in this tempera-
ture range. Such a behavior of an impurity phonon sideb
would be quite understandable in orientationally orde
phases, where such an effect reflects the increasing occ
tion of excited librational states due to temperatu
Recently,31 we discovered that axes of matrix isolated CO2
molecules are firmly oriented relative to thec axis of the
b-N2 . Our present results additionally indicate the existen
of a local orientational order of nitrogen molecules arou
CO2 impurities in both disordered nitrogen phases~b and
liquid!.

A success in modeling the ir-active phonon sideba
spectra to internal vibrations in all investigated phases
both substances~Figs. 2 and 3! shows that the ZPL concep
reflects the real situation in molecular crystals and allows
to describe an experimental profile correctly.

3. Comparison between ir and Raman data

Figure 4 shows the ZPL frequency values determined
our procedure~filled quadrates! as well as the available Ra
man data on the vibron frequencies~up triangles—presen
work, solid lines—Ref. 25! and on the fundamental frequen
cies of single molecules isolated in the isotope-mixe
a-oxygen36 anda-nitrogen37 ~asterisks!. The following gen-
eral features can be seen by analyzing Fig. 4.

~i! The values of the ZPL frequency (vZPL) by FTIR dis-
agree significantly with the vibron frequencies (vvib) at the
center of the Brillouin zone by Raman and are in accord w
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the isotope ones in both substances. The greatest differ
between the vibron and ZPL frequencies (Dv5vvib

2vZPL) is observed in thea- and b-O2 ~about15 cm21!,
while these quantities almost coincide in liquid oxygen, ne
the boiling point@Fig. 4~a!#. TheDv values are positive in al
phases of oxygen and negative in theb and liquid nitrogen.

~ii ! The ZPL frequency possesses no observable temp
ture dependence in thea- andb-O2 similarly to the vibron
one. This quality strongly raises increasing temperature
theg-and liquid oxygen while very small temperature-caus
changes are observed in the vibron frequencies in these
gen phases@Fig. 4~a!#. The temperature behavior of the ZP
frequency is qualitatively similar to the one of vibron fre
quencies in both phases of solid nitrogen. However, the
ference between these two quantities possesses a clear
perature dependence, especially inb-N2 @Fig. 4~b!#

~iii ! The ZPL frequency is changed by jump at each so
solid phase transition of both substances as well as at
melting of the nitrogen crystal. The most drastic changes
this quality occur at theb-g phase transition in oxygen
@DvZPL(Tg-b)'3 cm21# to compare to the quite modera
jump in the vibron frequencies@Dvvib(Tg-b);0.5 cm21# ac-
cording to our precise Raman measurements.

This qualitative comparison between the vibron and Z
frequencies shows clearly that it actually deals with two d
ferent physical qualities. Although both qualities character
the internal vibrations of the molecules in condensed me
they possess different concrete values and sense vario
the changes in the crystal when external parameters~tem-
perature in our case! are varied. Let us discuss now th
physical meaning of the band origin frequency~as ZPL! of
an ir-active phonon sideband. During this discussion,
must keep in mind that this question is intimately related
the more general problem of the nature of such a comb
1-7
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BRODYANSKI, MEDVEDEV, VETTER, KREUTZ, AND JODL PHYSICAL REVIEW B66, 104301 ~2002!
tion band. We think of two possible physical pictures.
First. An ir-active phonon sideband is formed by the i

teraction between two kinds of quasiparticles—vibrons a
phonons. To fit this interpretation to the ZPL concept
have to suppose that most part of the vibron density of st
is concentrated in a very narrow frequency range close to
ZPL frequency value, which we determined by analyzing
experimental phonon sideband profile. We cannot rule
the existence of such a special form of the vibron DOSa
priori . However, the vibron DOS function of th
a-nitrogen39 possesses no such strong singularity.

Second. An interaction between internal vibrations o
singlemolecules and lattice excitations is responsible for
appearance of an ir-active phonon sideband. That is, the
non sideband in pure crystals possesses the same phy
origin as the one to intramolecular excitations of impur
centers in doped crystals.40 The good agreement between t
values of ZPL frequency and fundamental one of isola
isotope molecules counts in favor of this physical picture
similar physical approach was suggested in Ref. 7 to exp
the phonon sideband structure in electronic absorption s
tra of molecular crystals.

In principle, the second scenario could be simply prov
by comparing the ZPL frequency, obtained by our procedu
to the frequency of internal vibrations ofsinglemolecules in
the investigated substances, if the latter frequency would
known from some independent measurements. To our kno
edge, such information is available fora-N2 only. According
to a theoretical analysis,41 the degeneracy-weighted mean
the frequencies of two (Tg andAg) vibron modes is practi-
cally equal to the frequency of internal vibrations of sing
nitrogen molecules in this phase@shown by a dotted line in
Fig. 4~b!#. A quite good agreement between these literat
data and our values of the ZPL frequency~quadrates!
strongly supports the second mechanism. To find convinc
proofs, supporting this physical picture, we carried out a g
eral theoretical analysis of the vibron energy zones as a fu
tion of the vibrational quantum number and discovered
possibility to determine the frequency of internal vibratio
of singlemolecules (v0-n

s ) in crystal from the experimenta
spectra directly.

B. Vibron excitations: theoretical background

Treating intramolecular vibrations in a molecular solid
low-energetic Frenkel excitons,8 we can express the fre
quency of these excitations in a crystal in the followi
form:

v0-n
cr ~k!5v0-n

gas1D0-n1M0-n~k!. ~2!

Heren is the vibrational quantum number,v0-n
cr (k) andv0-n

gas

are the frequencies of the 0-n internal vibrational transition
in the crystal and in the free molecule, respectively~k is a
wave vector of these excitations in a crystal!, D0-n describes
the change in the energy of this transition in asingle mol-
ecule because of its interaction with surrounding particles
a condensed medium~the so-called ‘‘environmental’’ fre-
quency shift!, M0-n(k) is the term arising due to an exchan
of excitations betweenidentical molecules. This term is re
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sponsible for the width of the vibron energy zone and usua
called ‘‘resonance’’ frequency shift.

Both the environmental and resonance shifts are cau
by the intermolecular interaction. Expanding the poten
energy of the crystal into a Taylor series of internal norm
vibrational coordinates and restricting it to quadratic ter
we obtain the following formulas for the environmental a
resonance frequency shifts that generalize the well-kno
expressions42 here now for arbitrary intramolecular potentia

D0-n5@^nuuun&2^0uuu0&#S ]Ucr

]ui
D

ui50

1
1

2
@^nuu2un&2^0uu2u0&#S ]2Ucr

]ui
2 D

ui50

, ~3a!

M0-n~k50!5^nuuu0&2(
j

S ]2Ucr

]ui]uj
D

ui50,uj 50

. ~3b!

Ucr is the potential energy of the crystal averaged over tra
lational and orientational motions of the molecules;ui is the
normalized internal vibrational coordinate of thei th mol-
ecule @u5(r 2r e)/r e#; r and r e are the instantaneous an
equilibrium bond lengths, respectively;un& and u0& are the
wave functions of thenth and ground~0! internal vibrational
molecular states.

It is known43 that the Morse potential@V(u)5Ee(e
22au

22e2au)# describes excellently internal vibrations of d
atomic molecules in both ground and low-lying excited v
brational states. Then, using the analytical expressions
the eigenfunctions of a Morse oscillator,44 we can express the
matrix elements given in Eq.~3! in an analytic form suitable
for practical calculations. Equating the eigenvalues o
Morse oscillator to the first two terms of the experimen
vibrational spectrum~the contribution of higher terms is usu
ally small45!, we related the Morse dissociation energyEe
and the Morse parametera to the well-known spectroscopi
characteristic of diatomic molecules:Ee5ve

2/(4vexe), a
5(vexe /Be)

1/2/r e @vexe is the anharmonic vibrational con
stant#. Further, consideringxe as a small parameter (xe
,1022 for molecules of interest!, we expanded the expres
sions for the matrix elements of interest into a Taylor ser
and kept the leading terms only. The final formulas obtain
are presented in Table I forn<3.

Putting these formulas into Eqs.~3! and comparing ex-
pressions obtained at different vibrational quantum numb
we can deduce important relations linking the environmen
and resonance shifts of high-excited vibrational states to
corresponding values for fundamental vibrations,

D0-n>nD0-1, M0-n~k50!5an~xe!
n21M0-1~k50!,

~4!

wherean is a numerical coefficient of the order of 1.
Sincexe is very small, the resonance termM0-n vanishes

at n>2. That is, the vibron energy zones of high-excit
vibrational states may be considered as dispersionless
any practical purposes,
1-8
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TABLE I. Matrix elements acting in the environmental and resonance frequency shifts of intramolecular vibrations@see Eqs.~3!# for
different vibrational quantum numbers~Morse potential!.

n ^nuuun&2^0uuu0& ^nuu2un&2^0uu2u0& ^nuuu0&2

1
3SBexe

ve
D1/2

~112xe1¯ ! 2
Be

ve
~116xe1¯ !

Be

ve
~11xe1¯ !

2
6S Bexe

ve
D 1/2S 11

7

2
xe1¯ D 4

Be

ve
S 11

21

2
xe1¯ D Bexe

2ve
~113xe1••• !

3
9S Bexe

ve
D 1/2S 11

14

3
xe1¯ D 6

Be

ve
~1114xe1¯ !

2

3

Be

ve
xe

2@11O~xe!#
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v0-n
cr >v0-n

gas1D0-n[v0-n
s ~n>2!. ~5!

Then, using Eqs.~4!, ~5!, the frequency of fundamental vi
brations ofsingle molecules in a crystal can be simply r
constructed from the one of the vibrational overtone if t
last value is known, e.g.,v0-1

s 5v0-1
gas1(v0-2

cr 2v0-2
gas)/2. Since

we could not find any literature data of the frequency valu
of vibrational overtones in condensed phases of our s
stances, we carefully measured the ir-active phonon s
bands to the first vibrational overtone to determine thev0-2

cr

frequencies as the ZPL of these phonon sidebands by ap
ing our procedure.

C. Phonon sidebands to the first vibrational overtone

Figure 5 shows the temperature evolution of the abso
tion spectra in the spectral region of the first vibrational ov
tone in oxygen~a! and nitrogen~b!. The dashed vertical line
mark the frequencies of the vibrational overtone in free m
ecules for comparison. The nitrogen spectra in this spec
region were already measured by other investigators,46 while
the oxygen ones were investigated by us.
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Comparing the spectra in overtone spectral region~Fig. 5!
to the ones in the fundamental region~Fig. 1!, four general
features are clearly visible.

~i! The phonon sideband spectra to the first vibratio
overtone are by about two orders of magnitude less inten
than the one to the fundamental vibration. This numeri
value possesses the same order of magnitude as the
ratio of intensities of fundamental and overtone vibrations
case of ir-active linear molecules@e.g., (I 0-1 /I 0-2)CO
5130#.47

~ii ! Both kinds of sidebands possess very similar ba
profiles. This similarity is most pronounced ina-O2 , whose
spectra are characterized by almost identical fine structur
the fundamental and overtone frequency regions@bottom
spectra in Figs. 1~a! and 5~a!#. The anti-Stokes part is clearl
visible in the overtone phonon sideband spectra ofa-O2 at
23 K @an arrow in Fig. 5~a!# similarly to the one in the
fundamental spectral region@Fig. 1~a!#.

~iii ! An additional broad feature appears in the spectra
the orientationally disordered phases of both substance
the overtone spectral region@marked by asterisks in Fig
5~a!# besides the phonon sideband to vibrational overto
e.
ultaneous
FIG. 5. Temperature evolution of the absorption spectra of oxygen~a! and nitrogen~b! in spectral region of the first vibrational overton
Vertical dashed lines mark the frequency of the first vibrational overtone of free molecules. The absorption bands due to a sim
excitation of internal vibrations of two molecules are marked by asterisks@~a!, ~b!# as well as are shown by shaded areas in~a!. Labels # and
§ ~b! mark the two-vibron band as well as the band due to simultaneous excitation of the vibron mode of14N2 and internal vibrations of
14N15N isotope, respectively.
1-9
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TABLE II. Frequencies of peculiarities of the phonon sidebands to the fundamental molecular vibr
and to the first overtone in thea-oxygen,T523 K ~inaccuracy is less than 0.5 cm21!.

Frequency of peculiarities~cm21!

Fundamental phonon sideband First overtone phonon sideband

Absolute value

With respect to
the band origin

(vZPL
0-1 51546.8 cm21) Absolute value

With respect to
the band origin

(vZPL
0-2 53069.8 cm21) Assignmenta

1590.9 44.1 3115.2 45.4 Libron
1601 54.2 3124.8 55 Phonon

1606.1 59.3 3131.1 61.3 Phonon
1616.9 71.1 3141.7 71.9 Libron1phonon

aReference 13.
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This additional band possesses an asymmetric profile q
tatively similar to the one of the phonon sideband. The ma
mum of this feature is at 3102 cm21 in spectra ofg-O2 (T
544 K) and at about 4655 cm21 in b-N2 spectra. These
values are practically twice of the ZPL frequency of the fu
damental vibrations~see Fig. 4!. Consequently, we assigne
these additional bands to a simultaneous vibrational abs
tion by two neighboring molecules induced by intermolec
lar interaction. Similar in-active bands were earlier observ
in compressed gas mixtures.35~b! That is, two different kinds
of combined processes act in the vibrational overtone reg
in absorption: a combined excitation of an intramolecu
vibrational overtone and lattice vibrations~the phonon side-
band to the vibrational overtone! as well as a simultaneou
excitation of internal vibrations of two molecules~simulta-
neous vibrational absorption!.48 The intensity of second ban
strongly decreases with increasing temperature, wherea
one of the phonon sideband to vibrational overtone show
substantially weaker temperature dependence@see, e.g., spec
tra of g-oxygen and liquid oxygen in Fig. 5~a!, where both
bands are well separated#. Both physical mechanisms cause
comparable contribution to the total absorption of nitrogen
this spectral region@Fig. 5~b!, b-nitrogen and liquid nitro-
gen#, whereas the overtone phonon sideband dominate
oxygen spectra, especially at higher temperatures@Fig. 5~a!,
T555 K]. Moreover, the band due to a simultaneous vib
tional absorption is about three times broader in nitrog
phases~width '70 cm21! than in oxygen phases~width <25
cm21!.

~iv! Two additional bands are clearly visible in the ove
tone spectra ofa-nitrogen next to the overtone phonon sid
band@bottom spectra in Fig. 5~b!#. These bands are centere
at 4618.5 and 4657 cm21 ~10 K! and are formed by simila
processes. The extremely strong second band~marked by #!
arises by a simultaneous excitation of two vibron modes
a-14N2 crystal (Tg1Ag) by one photon,46,49 while the first
band~marked by §! corresponds to a simultaneous excitati
of fundamental vibrations of15N14N isotopes and a vibron
mode of14N2 crystal.49

The existence of intensive additional bands, whose ex
shapes are unknown, did not allow us to apply our proced
~Stokes/anti-Stokes deconvolution to find ZPL, Sec. III A! to
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analyze spectra of nitrogen phases in this region quan
tively. However, we had no problems analyzing the overto
spectra ofa-andb-oxygen. Moreover, the additional featur
can be relatively simply subtracted from the experimen
overtone spectra ofg-nitrogen and liquid oxygen, since it i
not too broad and, consequently, easily distinguishable fr
the phonon sideband spectrum. At our subtracting proced
we supposed that the shape of the phonon sideband to
vibrational overtone is identical to the one to the fundam
tal vibration as it is practically the case in the low
temperature phases of solid oxygen. In addition, we divid
these overtone phonon sideband spectra into Stokes and
Stokes components and determined the frequencyv0-2

cr of the
overtone internal vibrations~as ZPL!.

Using the obtainedv0-2
cr quantities, we calculated~see

preceding paragraph! the values of the fundamental fre
quency of single molecule excitations (v0-1

s ) in solid and
liquid oxygen and compared those to the frequency of
ZPL of the fundamental phonon sideband@empty and filled
quadrates in Fig. 4~a!#. A very good agreement exists be
tween these two sets of data inall condensed phases of oxy
gen. Table II shows that the same lattice modes are res
sible for singularities in the phonon sideband spectra, bot
the fundamental and in the overtone spectral regions, as
pected. These results represent theconclusiveproof that the
ZPL of an ir-active fundamental phonon sideband cor
sponds to the fundamental frequency ofsinglemolecules in
condensed media.

In general,8 both terms acting in the frequency of the in
ternal vibrations in pure crystal@D and M in Eq. ~2!# can
contribute to a vibron-phonon coupling~mechanical or opti-
cal anharmonicity! through their dependence upon the inte
molecular coordinates changed by both angular and tran
tional motion of molecules@see Eqs.~3!#. Our experimental
results mean that the interaction between the intra-molec
and intermolecular vibrations arises in a crystalexplicitly ~or
at least mainly! because of the variations of the environme
tal frequency shift@D term in Eq.~2!# by molecular motion,
whereas the variations of the resonance frequency shift@M
term in Eq.~2!# cause a negligible contribution to this cou
pling.
1-10
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FIG. 6. Characteristics of the fundamental vibron energy zones: environmental frequency shift (D0-1) in oxygen~a! and nitrogen~b!,
resonance frequency shift@M0-1(k50)# in oxygen ~c! and nitrogen~d!. In the case ofg-O2 , the occupancy-weighted mean of th
corresponding quantities for two vibron modes existed~spherelike and disklike molecules! are shown. Symbols indicate experimental da
filled quadrates—present work, asterisks—Ref. 49. Lines@~c!, ~d!# show our theoretical results—solid and dashed lines in~d! indicate the
lower @Eq. ~15!# and uppermost@Eq. ~13!# estimates of the resonance frequency shift inb-N2 .
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D. Fundamental vibron energy zone

A complete set of experimental data—the vibron frequ
cies v0-1

vib (k50) ~Raman! and the ZPL frequencyv0-1
s

~infrared!—allows us to characterize the fundamental vibr
energy zone in crystal quantitatively without any theoreti
modeling. Indeed, the environmental and resonance
quency shifts can be directly reconstructed@see Eq.~2!# from
experimental data,

D0-15v0-1
s 2v0-1

gas , ~6a!

M0-1~k50!5v0-1
vib ~k50!2v0-1

s . ~6b!

The environmental frequency shift locates a vibron ene
zone in crystal with reference to the gas value of inter
vibrations, while the resonance frequency shift atk50 gives
a quite good estimate of the whole widthWvib of this zone~if
a Davydov splitting is absent!. For example, Wvib
5(4/3)uM0-1u for fcc and hcp structures.42~b!

Introducing the ZPL and vibron frequency values~Fig. 4!
as well as the gas values of the fundamental frequency32~b!
10430
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into Eq.~6!, we determined the environmental and resona
frequency shifts in all phases of both substances at amb
pressure~quadrates in Fig. 6!. Before our measurements
such experimental information was only available for t
resonance frequency shift in liquid oxygen and nitroge50

(T577.35 K) @asterisks in Figs. 6~c! and 6~d!#. These data fit
our results quite well. We trace a small discrepancy in
resonance shift values of liquid N2 @Fig. 6~d!# back to some
uncertainty of our procedure subtracting the CO2 sideband
from experimental spectra~see Sec. III A 2!.

Both characteristics@D0-1 andM0-1(k50)] of vibron en-
ergy zone demonstrate very strong but opposite tempera
behavior in oxygen@Figs. 6~a! and 6~c!#. As a results, the
vibron frequencies that are actually composed of the en
ronmental and resonance frequency shifts~plus gas value!
possess almost no temperature dependence from 5 K to the
boiling point @see Fig. 4~a!, triangles#. In case of nitrogen,
the environmental frequency shift@Fig. 6~b!# changes sub-
stantially stronger due to temperature than the resonance
@Fig. 6~d!#. That is, the measured temperature behavior of
vibron frequencies@see Fig. 4~b!, solid lines# is mostly
1-11
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caused by changes in the environmental frequency shift.
us analyze the environmental and resonance frequency
behavior in more detail.

1. Environmental frequency shift

Although the environmental shift of the fundamental fr
quencies possesses negative values in both substance
general temperature behavior is quantitatively different
condensed phases of oxygen and nitrogen@Figs. 6~a! and
6~b!#. In case of nitrogen, this quality continuously decrea
with increasing temperature ina- andb-N2 and flattens out
in liquid nitrogen. Since the vibron frequency goes up
liquid N2 ~Ref. 25! and since the resonance frequency sh
becomes relatively small already at 77 K@see Fig. 6~d!#, we
are expecting a rise in the environmental shift values of
uid nitrogen approaching the critical point. Consequently,
case of zero-pressure nitrogen phases corresponds to a
cal situation when an environmental frequency shift p
sesses anU-like dependence on density.51 In case of oxygen
@Fig. 6~a!# the environmental frequency shift shows a gene
trend to increase due to temperature~decreasing density!.
Such a behavior reproduces qualitatively a low-density p
of the corresponding dependence in other substance
means that a minimum of the environmental frequency s
is either already reached in thea-O2 at ambient pressure o
is located somewhere in the high-pressure region. Let us
a qualitative explanation of the observed behavior of the
vironmental frequency shift in both substances.

The environmental frequency shift was previously the
retically analyzed41 in a- and g-N2 as a function of molar
volume at zero temperature. It was shown that this qualit
mostly governed by a competition between the contributi
due to the dispersion and repulsion parts of the intermole
lar interaction in solid nitrogen, which possess oppos
signs:D0-1

disp is negative, whereasD0-1
rep is positive.52 Since the

repulsive interaction possesses a substantially stronger
pendence on the intermolecular separationR ~e.g.,;R212)
than the dispersion one (;R26), the decrease in the exper
mentalD0-1 values@Fig. 6~b!# is caused by a relative weak
ening of the repulsion interaction due to thermal expans
of the nitrogen crystal. In the liquid nitrogen, a contributio
of the repulsive interaction becomes very small and the
vironmental shift is almost completely determined by t
dispersion part of the intermolecular interaction (D0-1

disp term!
whose absolute value slowly decreases with decreasing
sity ~increasing temperature!.

To our knowledge, there are no theoretical works conce
ing vibron excitations of solid oxygen at zero pressu
Therefore, we will base our following discussion upon t
fact that the structure of the derivatives of the potential
ergy used in Eq.~3a! is usually qualitatively similar to the
one of the potential energy itself. Since the crystal structu
of a- and b-O2 are explicitly stabilized by theanisotropic
part of the repulsive interaction,20 we may conclude that this
term in potential energy is responsible for the large nega
environmental frequency shift in these oxygen phases. T
interaction decreases by a big jump at theb-g transition be-
cause of the drastic molar volume changes as well as
radical reconstruction of the crystal structure. As a result,
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environmental frequency shift also increases by a big jum
The following temperature-caused changes can be ma
explained by a weakening of the dispersion part of the in
molecular interaction due to thermal expansion similarly
the case of liquid nitrogen.

2. Resonance frequency shift

This quality is positive in all oxygen phases@Fig. 6~c!#
and negative in theb-nitrogen and liquid nitrogen@Fig.
6~d!#. That is, vibron excitations are characterized by a po
tive effective mass in these nitrogen phases and a nega
one in all phases of oxygen. Since a resonance freque
shift characterizes a strength of the collective effects in c
densed media, of particular interest is to understand its or
in both substances. In general, the resonance frequency
consists of two components (M0-1

is andM0-1
anis) related to the

isotropic and anisotropic parts of potential energy of crys
respectively,

M0-1~k50![M0-1
is ~k50!1M0-1

anis~k50!. ~7!

The M0-1
is term corresponds to the situation if the molecu

are completely orientationally disordered while the seco
one is explicitly caused by the correlations in the molecu
orientational motion. Its (M0-1

anis) numerical value depends o
the character and strength of the long- or short-range or
tational order. Let us start our discussion with nitrogen.

The M0-1
is value in thea-N2 can be directly estimated

from available experimental data. Introducing Eq.~7! into
Eq. ~2! and using the general formalism of Ref. 41, the R
man mode frequencies ina-N2 can be written as follows
(Mequiv

anis and Mdiff
anis are the anisotropic parts of the resonan

interaction between the molecules within one sublattice
from different sublattice, respectively,v0-1

s is the fundamen-
tal frequency ofsinglemolecules!:

vAg
5v0-1

s 1M0-1
is ~k50!1Mequiv

anis ~k50!1Mdiff
anis, ~8a!

vTg
5v0-1

s 1M0-1
is ~k50!1Mequiv

anis ~k50!2Mdiff
anis/3.

~8b!

The term ofMequiv
anis is small (uMequiv

anis u,0.1 cm21)41 and can
be omitted. Then

M0-1
is ~k50!.~vAg

13vTg
!/42v0-1

s . ~9!

Introducing thevAg
andvTg

values38 as well as thev0-1
s

value37 into Eq. ~9!, we obtain the valueM0-1
is (k50)

'20.12 cm21 as an estimate of the isotropic component
the resonance frequency shift ina-N2 . Because thec/a pa-
rameter in theb-N2 deviates very weakly from the one of a
ideal hcp structure,34 this quality possesses practically th
same numerical values in both closed-packed~a, b! phases
of nitrogen. Comparing this value to the experimental on
@'20.8 cm21 in b-N2 and '20.4 cm21 in liquid N2 , see
Fig. 6~d!#, we conclude that orientational correlations main
cause the observed resonance frequency shift in b
b-nitrogen and liquid nitrogen. In case ofa-N2 , a measure
of an anisotropic part of the resonance frequency shift is
Tg-Ag frequency splitting explicitly caused by the existen
1-12
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of long-range orientational order in this nitrogen phase. T
splitting decreases from 1.05 cm21 at 6 K to0.89 cm21 at 35
K.53 The last value is very close to the absolute value of
resonance shift inb-N2 near thea-b phase transition poin
@Fig. 6~d!#. It means that the strength of orientational cor
lations ~orientational order parameter! is almost identical in
both solid phases of nitrogen at thea-b phase transition.
Very weak changes in the resonance frequency shift va
~from 20.8 cm21 at 36 K to 20.7 cm21 at 63 K! indicate
that the short-range orientational order is only little affec
due to temperature within the whole temperature range
b-N2 . A considerable resonance frequency shift in liquid2
points to a persistence of strong orientational correlati
between nearest neighbors in liquid nitrogen up to the n
mal boiling point.

The absolute values of the resonance frequency s
@M0-1(k50)# are very large~;5 cm21! and possess almos
no temperature dependence in the orientationally orderea
andb phases of oxygen@see Fig. 6~c!#. Considering the na-
ture of stability of these oxygen phases15,20 ~see also preced
ing paragraph!, we trace these large positive values
M0-1(k50) in a-andb-O2 back to the dominant role of th
anisotropic term in Eq.~8!. At the b-g phase transition, the
resonance frequency shift undergoes a big jump~>3 cm21!
and strongly decreases with increasing temperature up to
cm21 in liquid oxygen at 80 K. Due to the existence of tw
kinds of molecules ing-O2 ~spherelike and disclike mol
ecules!, the origin of this quality is not obvious in this oxy
gen phase. To clarify it, we carried out the theoretical ana
sis of the resonance frequency shift ing-O2 using Eq.~3b!
and the corresponding matrix element from Table I. At t
concrete calculations, performed by a symbolic algebra p
gram~MAPLE V, Release 5!, we based on the model of ‘‘disc
and spheres’’20 and used the intermolecular potential26~b! as
well as the lattice parameter.19 Since we could not find any
information on the derivative of the quadrupole momentQ
of the oxygen molecule with respect to its bond leng
we presumed that the quantity] ln Q/] ln r is the same in
case of nitrogen and oxygen molecules: (] ln Q/] ln r)O2

'(] ln Q/] ln r)N2
521.93.54 An arbitrariness of such a

choice does not affect significantly our results because
very small contribution of this electrostatic component to
qualities of interest~see Table III!. The lattice sums were
taken up toRi j 52R0 (R0 is the smallest intermolecular dis
tance! that ensures an accuracy of the resonance shift va
of about a few percents. To compare the theoretical value
the experimental ones we calculated the occupancy-weig
resonance frequency shift@solid line in Fig. 6~c!#. The agree-
ment between theory and experiment is quite good. Beca
the disclike and spherelike molecules occupy different cr
tallographic positions, they are characterized by differ
values of the resonance frequency shift~Table III!. For both
kinds of molecules~‘‘discs’’and ‘‘spheres’’!, the resonance
frequency shift of the fundamental vibrations is mainly d
termined by theisotropic part of the intermolecular interac
tion. Furthermore, the repulsive interaction causes the m
important contribution to these qualities. In case of the di
like molecules, the isotropic and anisotropic contributio
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due to the interaction between the nearest disclike molec
cancel each other out and the total resonance frequency
is determined by the interaction with second~‘‘spheres’’! and
subsequent neighbors. The ‘‘sphere’’-‘‘disc’’ interaction co
stitutes the majority of this quantity~'70%!. This is the
reason why the isotropic component dominates in the re
nance frequency shift ofg-O2 .

3. High-pressure behavior of vibron energy zone in solid
nitrogen and oxygen

In case of the solid nitrogen, the available high-press
data41 are a natural extension of our results@Figs. 6~b! and
6~d!# over a high-density region. It is important to note th
the environmental and resonance frequency shifts dep
substantially differently upon pressure.41 The former in-
creases strongly with increasing pressure whereas the l
remains almost constant~;1 cm21! in a- and g-N2 (T
54.2 K). Consequently, the pressure behavior of the m
sured vibron frequencies atk50 ~Raman frequencies! is
mostly governed by the pressure-caused changes in the
vironmental frequency shift in these nitrogen phases.

Unfortunately, only frequencies of the vibron modes ak
50 are known in high-pressure phases of oxygen.55 The vi-
bron frequency measured continuously increases due to p
sure. Since the environmental and resonance shifts pos
opposite signs and are characterized by comparable abs
values in orientationally ordered phases at ambient pres
@see Figs. 6~a! and 6~c!#, a possible behavior of the vibro
energy zone is not obvious increasing pressure.56 To solve
this problem based on experimental data, one needs to k
the pressure dependence of the frequency ofsinglemolecule
excitations (v0-1

s ) in addition to the available one55 for the
vibron frequency. To our knowledge, there is only o
publication14 concerning the absorption spectra of the ph
non sideband of fundamental vibrations in low-press

TABLE III. Contribution of various components of the intermo
lecular interaction to the resonance frequency shift of the fun
mental vibrations in they-oxygen (T544 K).

Type of interaction

Disclike molecules
~cm21!

Summation
up to Ri j 52R0

Nearest
neighbors

Spherelike
molecules
(cm21)

Isotropic part
Dispersion 20.377 20.188 20.326
Repulsion 1.823 1.017 1.543
Sum 1.446 0.829 1.217

Anisotropic part
Dispersion 0.099 0.163 20.102
Repulsion 20.747 20.978 0.461
Electrostatic 0.0078 0.0085
Sum 20.640 20.807 0.359

Total resonance
frequency shift

0.806 0.022 1.576
1-13
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FIG. 7. ~a! Evolution of the fundamental phonon sideband spectra of solid oxygen with pressure@Ref. 14~b!, T'20 K]. ~b! Pressure-
induced shift in frequency~solid oxygen,T510– 20 K): filled quadrates—Raman high-frequency libron mode~Refs. 55, 57!; shaded
region—the region of the main singularity of the phonon sideband spectrum@of ~a!#. ~c! The ZPL frequency of the fundamental phono
sideband of solid oxygen as a function of pressure (T510– 20 K): solid quadrate—our zero-pressure result, shaded region—the v
deduced from~b! @Eq. 10~a!#. ~d! Pressure induced changes in the environmental and resonance frequency shifts~solid oxygen,T
510– 20 K).
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phases of solid oxygen (p52.5– 6.6 GPa,T523 K). Unfor-
tunately, only the Stokes part of the phonon sideband
clearly recognizable in these spectra@see Fig. 1 in Ref.
14~a!#. Consequently, we could not apply our procedu
~Stokes/anti-Stokes deconvolution to find ZPL, Sec. III A! to
determine thev0-1

s frequencies from these spectra. Hen
we used another approach to estimate thev0-1

s frequency
values at high pressures. That is, we compared the pres
caused frequency shift of singularities in spectra of the p
non sideband14 @Dvsing

sb (p)5vsing
sb (p)2vsing

sb (p50)# to the
one of the libron modes55,57 @Dv lib(p)5v lib(p)2v lib(p
50)#. At this comparison, we used the fact that libron ex
tations are mainly responsible for main singularities in
phonon sideband spectra ofa-O2 .4,6,13

Comparing the phonon sideband spectrum at 2.5 G
@Fig. 7~a!# with the one at ambient pressure@Fig. 1~a!, T
10430
is

,

re-
-

-
e

a

511.2 K], one can easily recognize their principal similari
The main maximum situated at 168366 cm21 at 2.5 GPa
@Fig. 7~a!# corresponds to the main maximum of the phon
sideband spectrum at zero pressurevsing

sb (p50)
51617 cm21 @Fig. 1~a!#, whereas other more weak maxim
are smeared out in the high-pressure spectrum. The
quency of this main singularity is composed13 of the ZPL
frequency and the one of the high-frequency libron,

vsing
sb 'v0-1

s 1v lib
hfr . ~10!

As pressure increases, the shape of the high-freque
part of the phonon sideband spectrum becomes more
more complicated@see Fig. 7~a!#. However, the region of
possible position of this maximum can be obviously limit
at p.4 GPa@shown by a shaded sector in Fig. 7~a!#. The
corresponding values of theDvsing

sb (p) frequency shift are
1-14
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shown by hatching in Fig. 7~b!. It can be seen that this fre
quency region lies systematically lower than the freque
shift of the high-frequency libron mode@solid quadrates in
Fig. 7~b!, calculated by us from data55,57#. Moreover, the dif-
ference between these two quantities goes up with increa
pressure. Presuming that Eq.~10! holds at increasing pres
sure~at least semiquantitatively!, we can paraphrase it in th
form suitable for our analysis,

v0-1
s ~p!'v0-1

s ~p50!1Dvsing
sb ~p!2Dv lib

hfr~p!. ~10a!

Introducing our v0-1
s value at zero pressure~'1547

cm21! as well as theDv lib
hfr(p) andDvsing

sb (p) frequency shift
values @solid quadrates and shaded sector in Fig. 7~b!, re-
spectively# into Eq. ~10a!, we determined the region of pos
sible values of thev0-1

s frequency of solid oxygen as a func
tion of pressure at low temperature@shown by hatching in
Fig. 7~c!#. Figure 7~c! shows that the band origin frequenc
(v0-1

s ) decreases as pressure increases~similarly to the one
in the 1Dg excited electronic state15!. Using thev0-1

s values
obtained@Fig. 7~c!# together with the known55 ones of the
vibron frequency@v0-1

vib (p)#, we deduced@Eqs. ~6!# the en-
vironmental and resonance frequency shifts in solid oxy
as a function of pressure~up to 6.6 GPa! at low temperature
@shown by shaded regions in Fig. 7~d!#. Despite some uncer
tainty of numerical values of these qualities at higher pr
sures@Fig. 7~d!#, one can clearly recognize a general trend
their pressure behavior—the environmental frequency s
decreases whereas the resonance one rises with incre
pressure. That is, the fundamental vibron energy zone
solid oxygen broadens and its bottom and top move in
posite directions as pressure~density! increases. Therefore
the pressure-caused increase in the vibron frequencyk
50 ~the top of the vibron energy zone! observed
experimentally55 is explicitly caused by increasing the res
nance frequency shift in solid oxygen@see Fig. 7~d!#. It is
important to note that the vibron energy zone demonstr
qualitatively the same behavior as a function of density b
in high-pressure@Fig. 7~d!# and in zero-pressure@Figs. 6~a!
and 6~c!# regions despite these two sets of data being
tained by qualitatively different approaches. This genera
of our results strongly supports the physical picture obtain
The qualitative explanation of such a behavior of the vibr
energy zone in condensed phases of oxygen is already g
by us in the previous paragraphs.

E. From spectra to the character of the orientational motion
„b-nitrogen…

Since 1960, many efforts have been put by experime
and theoretical groups into obtaining a noncontradictory
croscopic picture of a short-range orientational order
b-N2 ~see Ref. 16 for thorough discussion!. However, it is
not completed up to now. To describe a molecular motion
the azimuthal~w! direction two qualitatively different model
are used most:~i! noncorrelated~free! precession of all
molecules17~a!,34 and ~ii ! the fixed mutual (w i2w j ) orienta-
tion of 180° of neighboring~i, j! molecules accomplishing
free jumps between six degenerate localized positions in
structure.58 In this section we intend to use the resonan
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frequency shift inb-N2 as a sensitive test to clarify thi
long-standing problem because this quality is mainly cau
by correlations in orientational motion of nitrogen molecul
~see Sec. III D 2!. Hence, we calculated the anisotropic pa
of the resonance frequency shift for the different forms of
short-range orientational order inb-N2 . We used the inter-
molecular potential59 as well as the structural data34 at nu-
merical calculations. For the sake of simplicity, we presu
posed that the axes of nitrogen molecules are fixed a
certain polar angle relative to thec axis of hcp structure:
q i5qprec5arccos(A1/3)554.7° following the nuclear quad
rupole resonance~NQR! data.17~b! At first, we checked the
simplest possibility—the absence of any correlations in
azimuthal ~w! direction.17~a!,34 At this presumption, we ob-
tained for the anisotropic component of the resonance
quency shift (M0-1

anis) a value of about20.03 cm21 only. Con-
sequently, a free precession must be ruled out and the mu
correlations in an azimuthal motion of molecules have to
taken in account in theb-N2 . Then, we analyzed the aniso
tropic part of the interaction between two nitrogen molecu
@Ui j

anis(Ri j ,u i ,u j ,w i ,w j )#, accomplishing acorrelated pre-
cession, as a function of the relative azimuthal angleDw i j
5w i2w j at arbitrary orientation of the vectorRi j connecting
their centers of gravity,

Ũ i j
anis~ uRi j u,r i j 5Ri j /uRi j u,Dw i j !

51/2pE
0

2p

Ui j
anis~Ri j ,q i ,q j ,w i ,w j !uq i5q j 5qprec

dw i .

~11!
As expected, expression~11! does not depend onx and y
components of the unit vectorr i j due to averaging over thew
angle of one molecule. However, it turns out that this fun
tion depends on the absolute value of the projection of
vectorr i j on thec axis. Therefore, it is different for pairs o
molecules lying within one closed packed layer@Fig. 8~a!#
and belonging to different layers@Fig. 8~b!#. The repulsive
~dashed lines! and quadrupole-quadrupole~dash-dot lines!
interactions are responsible for a general behavior of th
potential functions. The minimum of the potential energy li
exactly atDw i j

adj.pl5180° for the pair of molecules belongin
to adjacent layers whereas two minima exist for molec
pairs within basal planes:Dw i j

bas.pl'675°. In the last case
the relative azimuthal angle of 180° corresponds to themain
maximum of the potential function. Therefore, two kinds
molecular pairs exist inb-N2 . These results differ funda
mentally from thead hochypothesis by van der Avoird, Bri-
els, and Jansen58 who supposed the difference in the az
muthal angles of 180° forevery oneof pairs of molecules.

Introducing theŨ i j
anis(uRi j u,r i j 5Ri j /uRi j u,Dw i j ) function

into Eq. ~3b!, we calculated the anisotropic resonan
frequency shift caused by both kinds of molecular pa
between the nearest neighbors inb-N2—Mi j ,bas.pl

anis (Dw i j )
andMi j ,adj.pl

anis (Dw i j ). These functions reproduce qualitative
the corresponding dependence of the potential energy u
the relative azimuthal angle between molecules~Fig. 8!.
For example, atT536 K, the Mi j ,bas.pl

anis (Dw i j ) quantity is
20.062 cm21 and 10.09 cm21 at the Dw i j values corre-
1-15
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FIG. 8. Anisotropic part of the potential energy@Ũ i j
anis(uRi j u,r i j 5Ri j /uRi j u,Dw i j ), Eq.~11!# of pairs of nitrogen molecules~solid lines! vs

the mutual azimuthal angleDw i j 5w i2w j at q i5q j5arccos(A1/3) averaging over the azimuthal motion of one molecule@see Eq.~11!#: ~a!
nearest molecules within basal plane,~b! the ones from adjacent layers. The different constituents of this energy are shown by various
of lines: dotted—dispersion part, dashed—repulsive one, and dash-dot—quadrupole-quadrupole interaction.
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sponding to the minimum (Dwmin
bas.pl'75°) and the maximum

(Dwmax
bas.pl5180°) of the potential energy, respectively. F

a pair of molecules belonging to adjacent layers, sim
values are: Mi j ,adj.pl

anis (Dwmin
adj.pl5180°)520.145 cm21 and

Mi j ,adj.pl
anis (Dwmax

adj.pl50)510.055 cm21. Therefore, the reso
nance frequency shift is very sensitive to the mutual orien
tion of nitrogen molecules. Using Eq.~3b! and taking into
account the interaction between a central molecule (i 50)
and its nearest neighbors (j 51,...,12) only, we can write the
resonance frequency shift of the fundamental vibration in
b-N2 as follows:

M0-1~k50!5M0-1
is ~k50!1Mbas.pl

anis ~k50!1Madj.pl
anis ~k50!.

~12!

M0-1
is (k50)'20.12 cm21 ~see Sec. III D 2!; Mbas.pl

anis (k
50) and Madj.pl

anis (k50) are the components of the anis
tropic parts of the resonance frequency shift caused by p
of molecules within closed-packed layers and belonging
adjacent ones, respectively,

Mbas.pl
anis ~k50!56E

0

2p

M0ibas.pl
anis ~Dw0i

bas.pl!

3r~Dw0i
bas.pl!d~Dw0i

bas.pl!, ~12a!

Madj.pl
anis ~k50!56E

0

2p

M0iadj.pl
anis ~Dw0i

adj.pl!

3r~Dw0i
adj.pl!d~Dw0i

adj.pl!, ~12b!
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r(Dw0i) is a distribution function for the 0-i molecular pair
dictated by the interaction between molecules over wh
crystal and depending on temperature and lattice parame
Since no long-range orientational order exists in theb-N2
~‘‘orientational liquid’’!, it is a very complex task to deter
mine exactly ther(Dw0i) function. However, two limiting
cases can be analyzed. First, if the relative azimuthal an
Dw0i equal the values corresponding to the minimum of
pair potential function@Eq. ~11!# for any pairs in Eqs.
~12a,b!, we obtain

M0-1
up ~k50!5M0-1

is ~k50!16M0i ,bas.pl
anis ~Dwmin

bas.pl!

16M0i ,adj.pl
anis ~Dwmin

adj.pl!. ~13!

Of course, this case is not realistic but represents the up
most estimate of the absolute value of the resonance
quency shift inb-N2 . Second case is related to a more re
istic situation if only the pair correlations are important~so-
called ‘‘correlated orientational gas’’!, i.e.,

r~Dw i j !.rpair~Dw i j !

[exp@2Ũ i j
anis~Dw i j !/T#d~Dw i j !Y

E
0

2p

exp@2Ũ i j
anis~Dw i j !/T#d~Dw i j !. ~14!

Then, Eqs.~12! are transformed to the form
M0-1
low~k50!5M0-1

is ~k50!16F *M0/bas.pl
anis ~Dw0i !exp@2Ũ0i

bas.pl~Dw0i
bas.pl!/T#d~Dw0i

bas.pl!

* exp@2Ũ0i
bas.pl~Dw0i

bas.pl!/T#d~Dw0i
bas.pl!

1
*M0i ,adj.pl

anis ~Dw0i !exp@2Ũ0i
adj.pl~Dw0i

adj.pl!/T#d~Dw0i
adj.pl!

* exp@2Ũ0i
adj.pl~Dw0 j

adj.pl!/T#d~Dw0 j
adj.pl!

G . ~15!
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FIG. 9. ~a!, ~b! Temperature evolution of the pair distribution function of the mutual orientation in the azimuthal direction@rpair(Dw i j ),
Eq. ~14!# for neighboring molecules inb-N2 ~solid lines!: ~a! within basal plane,~b! belonging to adjacent layers. The dashed lin
correspond to free rotation.~c! Temperature dependence of the components of a two-component short-range order parameter desc
azimuthal motion of molecules inb-N2 @Eqs.~16!#.
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This expression represents the lower estimate of the abs
value of the real resonance term.

The calculated resonance frequency shift values for th
two cases are shown in Fig. 6~d! by dashed@Eq. ~13!# and
solid @Eq. ~15!# lines, respectively. The experimental poin
~quadrates! are situated between these two limiting curves
expected. These results verify our theoretical model. Ob
ously, the difference between the theoretical~solid line! and
experimental values can be attributed to many-particle co
lations in the azimuthal motion of molecules.

An existence of two different kinds of molecule pai
possessing different mutual orientations means that an
muthal motion of nitrogen molecules is actually described
a two-component short-range order parameter@tDw

sh.ord

>$tDw
bas.pl,tDw

adj.pl%# in b-N2 whose components are related
two different distribution functions of mutual orientations
molecules—r(Dw0 j

bas.pl) and r(Dw0 j
adj.pl). Using the expres-

sions ~14! as an estimate of these functions, we calcula
those at different temperatures@Figs. 9~a! and 9~b!#. At T
50, rpair(Dw0 j

bas.pl) andrpair(Dw0 j
adj.pl) are equal to 0.5 and 1

respectively, at mutual orientations corresponding to mini
(Dw0

bas.pl,Dw0
adj.pl) of the pair potential function@Eq. ~11!#

and to zero at any other angles@see Eq.~14!#. The quantity of
0.5 reflects an existence of two equiprobable mutual orie
tions for molecular pairs within closed-packed layers@see
Fig. 8~a!#. As temperature increases, both distribution fun
tions approachr rot(Dw i j )[1/2p'0.159 ~free rotation!.
However, up to the melting point nitrogen molecules poss
the preferable mutual orientation being different for tw
kinds of molecular pairs@Figs. 9~a! and 9~b!#. To character-
ize the extent to which the mutual orientation of molecules
fixed atDw0

bas.plandDw0
adj.pl positions, we designed the com

ponents of a short-range order parameter as follows:

tDp
bas.pl~T!5

1

ucos~Dw0
bas.pl!u E0

2p

cos~Dw0i
bas.pl!

3rpair~T,Dw i j
bas.pl!d~Dw0i

bas.pl!, ~16a!
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tDw
adj.pl~T!5

1

ucos~Dw0
adj.pl!u E0

2p

cos~Dw0i
adj.pl!

3rpair~T,Dw i j
adj.pl!d~Dw0i

adj.pl!, ~16b!

Dw0
bas.plis slightly changed from675.36° at 36 K to674.85

at 63 K due to thermal expansion whileDw0
adj.pl equals 180°

for any intermolecular distance. The values oftDw
bas.pl(T) and

tDw
adj.pl(T) equal 1 and21, respectively, atT50 and approach

zero asT→}. Obviously, the decrease in absolute values
both components of the short-range order parameter@Fig.
9~c!# is caused by the temperature changes in the corresp
ing distribution functions@Figs. 9~a!, 9~b!#. However, addi-
tional important information can be easily drawn from Fi
9~c!. The absolute values oftDw

bas.pl(T) are about two times
larger then thetDw

adj.pl(T) one. That is, an azimuthal motion o
molecules in hcp structure ofb-N2 is substantially stronge
correlated for neighboring molecules within basal pla
compared to the one belonging to adjacent layers. Since
drastic changes in the resonance frequency shift values@Fig.
6~d!# as well as in short-range translational orde18~b! do not
occur by melting nitrogen crystal, we believe a similar ch
acter of a short-range orientational order is preserved in
uid nitrogen.

IV. CONCLUSION

The phonon sidebands to fundamental and first overt
internal vibrations were systematically investigated by Fo
rier transform infrared spectroscopy in all condensed pha
of nitrogen and oxygen at ambient pressure as a functio
temperature~from 10 K to the boiling points!. Due to an
improved growing technique, we were able to grow thi
crystal samples~thickness up to 20 mm! with an excellent
optical quality. As a result, we determined an exact comp
profile of the whole phonon sideband consisting of Stok
and anti-Stokes parts. High-accuracy data on vibron frequ
cies were also collected by Raman spectroscopy in solid
liquid oxygen for comparison to ir data.

Dividing the experimental phonon sideband profile in
Stokes and anti-Stokes components, we determined the
1-17
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origin frequency~as ZPL! and explored its temperature b
havior in both substances investigated. We showed that
ZPL frequencies differ significantly from the vibron ones
both nitrogen and oxygen. Based on our analysis of the p
non sidebands to the first overtone as well as on availa
literature data, we present a series of direct experime
proofs that the ZPL frequency corresponds to the freque
of the fundamental vibrations ofsingle molecules in a con-
densed medium. We interpret this basic result as a str
evidence for the fact that an ir-active phonon sideband
internal vibrations is caused by an interaction between lat
excitations and internal vibrations ofsinglemolecules in mo-
lecular solids. Since we obtained similar results for the p
non sidebands to electronic and electronic-vibrational exc
tions, we believe that this conclusion possesses a gen
character for in-active phonon sidebands to any kinds of
ternal molecular excitations.

A joint analysis of the Raman~vibron frequencies! and ir
~ZPL frequency! data allowed us to characterize the fund
mental vibron energy zones of both substances quantitati
and to explore their temperature behavior in a wide temp
ture range~from 10 K to boiling points!. The vibron excita-
tions are described by a negative effective mass in all oxy
phases and a positive one inb-nitrogen and liquid nitrogen
n
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10430
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ly
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according to our results. Our own analysis of high-press
spectroscopic data by others revealed that the increas
Raman frequencies of vibron excitations of solid oxygen
pressure is mainly caused by broadening its vibron ene
zone due to pressure.

We also presented a theoretical analysis of the resona
frequency shift of the fundamental vibrations in orientatio
ally disordered phases of nitrogen (b-N2) and oxygen
(g-O2), consistent with our spectroscopic results. W
showed that the resonance frequency shift is mostly cau
by the isotropic part of the intermolecular interaction
g-O2 and by the anisotropic one inb-N2 . Based on this
analysis, we found forb-N2 that an azimuthal orientationa
motion of molecules along thec axes of hcp structure is
strongly correlated. The type of these correlations is subs
tially different for neighboring molecules within closed
packed layers and belonging to adjacent ones: the forme
preferably oriented at the mutual azimuthal angle of ab
675° while the latter—at the one of 180°.
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