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We have measured the isotropic collision-induced light-scattering spectrum of a metal vapor, i.e., mercury
vapor at temperatureT5973 K and densities around 0.113 atom/nm3, by means of an apparatus which allows
us to perform comparisons between polarized and depolarized Raman spectra in high-temperature high-
pressure gases and metal vapors. We have then derived an empirical model for the collision-induced polariz-
ability trace of mercury diatom. Similarly to the anisotropy, the obtained trace behaves rather differently from
the noble-gas counterpart, showing strong contributions from the electron correlations in the overlap region.
@S1050-2947~96!03005-3#

PACS number~s!: 34.301h, 33.20.Fb, 34.20.2b

Collision-induced light-scattering~CILS! spectroscopy
has been demonstrated to be a very useful tool to investigate
the form of pair Interaction-Induced~I-I ! polarizabilities and
interaction potentials@1,2#. Most investigations have been
devoted to studying the anisotropic part of the I-I polarizabil-
ity tensor which is directly related to the CILS depolarized
spectrum. The study of the I-I isotropic polarizability, i.e., of
the trace of the I-I polarizability tensor, is a much more
difficult task, both experimentally and theoretically. Indeed,
experimentally the I-I polarizability trace contributes to the
CILS polarized spectrum only marginally, the corresponding
anisotropic part being usually responsible for most of the
spectral integrated intensity. The first experimental determi-
nation of the spectrum due to the I-I isotropic polarizability
was performed in noble gases by Proffitt, Keto, and Fromm-
hold @3# and in a molecular system by De Santis and Sampoli
@4#.

Experimentally, the signal due to the polarizability trace,
which from now on we call the ‘‘isotropic spectrum’’@6#, is
derived from a small difference of two already weak signals,
which have to be calibrated relative to each other with high
precision. This brought large uncertainties from 25% to more
than 100% on the spectral intensity of noble gases.

Theoretically, the difficulties in the calculation come
mainly from large cancellations between the various contri-
butions to the trace. In turn, this fact makes the calculations
of the trace both a theoretical challenge and a stringent test
of the employed wave functions, respectively. The empirical
and theoretical models for the I-I polarizability trace of noble
gases from helium to xenon have been extensively discussed
by Dacre and Frommhold@5#.

The difficulties in detecting the isotropic spectrum for
systems composed by particles with spherical symmetry can
readily be understood by recalling that, in first approxima-
tion, i.e., by considering only the lowest-order dipole-
induced–dipole~DID! terms for the I-I polarizabilities, the
ratio of the isotropic to anisotropic integrated intensity is of
the order of 10~a/r m

3 !2/3, wherea is the particle polarizabil-
ity andrm the pair distance at the potential minimum@7#. For

He, Ne, Ar, Kr, and Xe this ratio yields 2.531024, 631024,
331023, 531023, and 831023, respectively.

Recently, CILS depolarized spectra of mercury vapor
have been measured at various temperatures@8–11# and an
empirical model for the I-I polarizability anisotropy has been
extracted@12#. In mercury, differently from noble gases, we
found, beside the usual DID term, an additional long-range
contribution to the polarizability anisotropy which has been
attributed to the onset of electron correlation in the outer
shells. This peculiarity together with the largea and small
rm ~due to the relativistic behavior of mercury electrons!
makes mercury a very interesting case for studying the iso-
tropic spectrum. For mercury,aHg55.7 Å3, rHg,m53.6 Å,
and the ratio 10(aHg /rHg,m

3 )2/3 gives 531022, therefore this
atomic system is one of the best cases for measuring the
isotropic spectrum. However, there are severe experimental
difficulties in performing Raman scattering from high-purity
metal vapor at high temperature and pressure.

Here we report measurements of the collision-induced
isotropic light-scattering spectrum of a metal diatom, i.e.,
mercury, in the range 6–70 cm21, and we present an empiri-
cal model for the I-I polarizability trace of mercury. This
high-temperature spectroscopy can be applied to several
metal vapors and is the only available experimental method
for studying the I-I trace of a metal diatom. The experiment
has been performed with an apparatus designed for high-
temperature~.900 °C! and high-pressure~100 MPa! Raman
spectroscopy of gases, which has already been described in
some detail in recent works@8,11#. Here, the only differences
worth mentioning are~i! the use of an image rotator in order
to rotate the polarization of the incoming beam in the two
required geometries, i.e., either normal to the scattering
plane or along the collecting optical axis; and~ii ! the addi-
tion inside the sample cell of a small amount of nitrogen for
calibrating both CILS spectra against the rotational spectrum
of nitrogen. We want to recall two relevant characteristics of
our apparatus:~i! the windows of the scattering cell are made
of fused quartz and do not depolarize the incoming laser
beam and the scattered light even at the highest working
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temperatures, as has carefully been checked; and~ii ! the scat-
tered light is collected in a small cone of about63°. These
two characteristics ensure that the leakage of unwanted po-
larizations is negligible in our case, less than 1%, different
from previous experiments in noble gases.

The spectra were measured with a power of 1 W at 488
nm from an argon ion laser. The scattering angle was 90°
and the scattering plane was horizontal. The laser beam was
polarized either in the vertical or horizontal direction and
focused into the sample cell. The scattered light was selected
always with vertical polarization by means of a Polaroid
sheet. The isotropic spectrumI iso~n! is derived from the mea-
sured spectra by

I iso~n!5I VV~n!2
4

3
I HV~n!, ~1!

where I VV~n! and I HV~n! are the scattered intensities when
the laser beam is polarized vertically and horizontally, re-
spectively. TheVV andHV intensities of the mercury have
been measured separately atT597362 K and three different
densities, namely, 0.065, 0.113, and 0.141 atom/nm3; the in-
tensities are found to be quadratic in density within experi-
mental uncertainties, indicating that all the spectra are to be
attributed to I-I diatomic polarizability. The overall response
of the apparatus has been calibrated against a blackbody ra-
diation source and during the experiment the power of the
laser beam transmitted through the sample cell has been
monitored.

The main difficulty for precise measurements of the iso-
tropic signal is caused by the change in the optical alignment
when the incoming polarization is rotated from vertical to
horizontal direction. These changes may alter spuriously the
weak isotropic contribution. In order to control these modi-
fications as much as possible we have chosen to calibrate
both spectra with an internal standard. To this purpose we
have mixed a small quantity of nitrogen with the mercury
vapor and recorded in the same run the induced spectra of
mercury and the rotational spectrum of nitrogen. The rota-
tional spectrum of nitrogen is known to be completely depo-
larized at low density in the 1–300 cm21 region. We can
estimate that the small quantity of nitrogen we have used
does not contribute appreciably to the measured isotropic
intensity. Indeed, in the DID two-body approximation, the
ratio between the largest isotropic contribution due to
nitrogen-mercury collisions with respect to mercury-mercury
ones is proportional to (aN2

/aHg)
2rN2 /rHg where the isotro-

pic polarizability of the nitrogen molecule isaN2
51.76 Å3

@13#, while r stands for the particle density. In our case this
ratio has always been less than 3%, rather smaller than the
experimental uncertainties of our measurements. With the
addition of nitrogen we have been able to calibrate theVV
andHV spectra from the knowledge of the absolute intensity
of the rotational lines~the polarizability anisotropy of nitro-
gen@13# beingbN2

50.69 Å3! and to ascertain that no align-
ment change was detectable with our apparatus, since the
ratio of the integrated intensity of each rotational line be-
tween the two polarizations was equal to the theoretical
value 3

4 within 1%.

Figure 1 shows the Stokes side of theI VV~n! and I HV~n!
measured spectra, together with the evaluatedI iso~n! experi-
mental spectrum, in logarithmic scale forrHg50.113
atom/nm3 and rN2'rHg/3 molecules/nm3. For clarity I HV
has been multiplied by43. It is evident that at high frequency,
where the nitrogen contribution is dominant in both spectra,
I VV and

4
3I HV superimpose each other within the experimen-

tal uncertainties and theI iso spectrum is practically vanishing
at frequencies higher than 70 cm21. For frequencies below
70 cm21 the clear difference betweenI VV and

4
3I HV manifests

the presence of a collision-induced isotropic contribution.
The rotational lines disappear in the obtainedI iso spectrum
between 6 and 70 cm21 within the error bars.

The precise absolute calibration of pair spectrumI iso has
been determined by comparison with the depolarized spec-
trum @11# and controlled with the intensity of the high-
frequency rotational lines of nitrogen.

The values of the experimental zeroth and second mo-
ments ofI iso have been calculated by means of the standard
expressions:

Mn
iso5E

2`

1`

nnI iso~n!dn ~2!

and are given in Table I.I iso~n! is related to the double dif-
ferential scattering cross section for the diatom and is given
by the theoretical expression@7#

I iso~n!5V
d2s iso

dV dn
5Vk0ks

3E
2`

1`

dt exp~2 i2pnt !

3^a@r ~ t !#a@r ~0!#&, ~3!

FIG. 1. Experimental spectra:I VV ~dotted line!, 4
3 I VH ~dashed

line!, I iso ~solid line!. In I iso the estimated error bars are reported.
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where V stands for the volume of the scattering system,
a„r (t)… for the trace of I-I polarizability of the pair at dis-
tancer and timet, and the angular brackets stand for equi-
librium ensemble average. The frequency and wave vector of
the incoming and scattered light aren0, k0, andns ,ks , re-
spectively;n5n02ns stands for the frequency shift.

Once a model form for the pair potential and pair polar-
izability trace are given, theoretical calculations of zeroth
and second moments, within the framework of classical me-
chanics which is appropriate for dealing with heavy atoms,
such as mercury, at high temperature, can easily be per-
formed by

M0
iso5E

2`

1`

I iso~n!dn.k0
4E

V
g~r !a2~r !4pr 2dr, ~4!

M2
iso5E

2`

1`

n2I iso~n!dn

.
2kBT

m
k0
4E

V
g~r !S da~r !

dr D 24pr 2dr, ~5!

wherem is the atomic mass,g(r ) is the pair distribution
function, and we have approximatedks;k0 .

For the sake of comparison and discussion, we have first
calculated the zeroth and second moments ofI iso~n! by using
Eqs. ~4! and ~5! and two elementary models of the pair po-
larizability trace, i.e., the lowest-order and all-order DID ap-
proximations @14# plus the hyperpolarizability term@15#
given by

a~r !5~4a315gC6/9a!/r 6, ~6!

a~r !5
4a3

r 62ar 322a2 1
5gC6

9ar 6
, ~7!

wherea stands for the particle polarizability,g for the sec-
ond hyperpolarizability, andC6 for the first dispersion force
coefficient. The use of the all-order DID term for the trace
could be justified here by the fact that the ratio~a/r m

3 ! is
large for mercury and determines the importance of the suc-
cessive terms in the dipolar series expansion.

Table I gives the comparison between the experimental
moments ofI iso~n! derived from the measured spectrum fol-
lowing Eq. ~2! and the moments calculated by using the two
expressions for the polarizability trace, Eqs.~6! and ~7! and
Eqs. ~4! and ~5!, with g.831012 Å6 erg21 ~1310260

C4 m4 J23! and C6.4310210 Å6 erg ~4310277 m6 J! @12#
and theMSKAKpair potential@16#.

The inadequacy of both models of the trace for the correct
description of the experimental results is clear from the com-
parison, mainly because these models do not reproduce the
normalized second momentM2,n5M2/M0 ~as well asM2!.
M2,n is related to the square of the decay constant of the
almost exponentialI iso~n! spectrum and can be determined
experimentally with good precision, not being affected by
calibration errors. Both models giveM2,n values much
higher than the experimental ones and well outside the ex-
perimental uncertainties. The experimental value ofM0 be-
ing about 20% smaller than the lowest-order DID one indi-
cates that a negative short-range term must be added toa(r )
to reconcile the calculations with the experiment. This is
similar to what happens to the induced anisotropy of noble
gases@17#.

In agreement with previous works@7# we have adopted
the following empirical model of the trace of a mercury dia-
tom:

a~r !5~4a315gC6/9a!/r 62B exp~2r /r 0! ~8!

and determined the parametersB andr 0 by fitting the calcu-
latedM0 andM2 to the experimental values. The best fit
gives B'73106 Å3 and r 0'0.18 Å. The moments corre-
sponding to the empirical polarizability trace are also re-
ported in Table I. Figure 2 shows the behavior of the three
different induced polarizability tracesa(r ) together with the
pair correlation function in the low-density limit,
g(r )5exp@2U(r )/kBT#, for the MSKAK pair potentialU(r )
at T5973 K. The range ofr where g(r ) is significantly

TABLE I. Calculated and experimental moments of the
collision-induced isotropic light-scattering spectrum of a mercury
diatom at T5973 K. The calculations are performed with the
MSKAK pair potential@16#.

M 0
iso

~10249 cm5!
M 2

iso

~10249 cm3!
M 2

iso/M 0
iso

~cm22!

DID—first 0.237 165 697
DID—all 0.322 291 904
Empirical 0.199 91 457
Experimental 0.2060.03 94610 458610

FIG. 2. The induced polarizability trace of a mercury diatom as
a function of pair distance: lowest-order DID~dotted line!, all-order
DID ~dashed line!, empirical model~full line!. The pair distribution
function g(r ) in the low-density limit atT5973 K for theMSKAK
pair potential has also been reported~dashed-dotted line!.
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different from zero defines the region probed by our experi-
ment. We remark that the difference between the empirical
and lowest-order DID models is significant only below 4 Å,
a range much shorter than the corresponding one in modeling
the anisotropic part of I-I polarizability@12#. In addition,
similarly to what happens for the polarizability anisotropy,
the trace also behaves quite differently from the traces of
noble gases which all become negative at a distancer;rm
@18#. In the case of mercury the trace is large and positive

down to;0.8rm , indicating the existence of a contribution
due to strong electron correlation effects in the overlap re-
gion, which is known to be positive for both trace and an-
isotropy @18#, thus confirming what has already been found
for the I-I polarizability anisotropy of a mercury diatom.

We are gratefully indebted to Dr. Jorg Rathenow and
Lorenzo Grassi for technical collaboration during the experi-
ment.
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