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A theory of molecular polarization is developed which applies to nonpolar gases consisting of axially -
symmetric molecules. The interaction Hamiltonian of the system includes induced dipole and induced and
permanent quadrupole contributions. The average induced dipole moment of a molecule is evaluated through
third order of perturbation theory, following earlier calculations for hydrogen-and helium atoms by Jansen
and Mazur. General equations are given for the induced dipole moment in terms of tensors T®, T® T®,
characteristic for dipole-dipole, dipole-quadrupole, and quadrupole-quadrupole interactions, respectively;

and characteristic functions Ci, Cs,

- - -Cy, depending upon the molecular charge distributions. It is shown

that « in the Clausius-Mossotti equation is in general not equal to the polarizability of a free molecule, but

depends on the density of the system.

INTRODUCTION

A CCURATE measurements of the dielectric con-
stant of nonpolar gases have shown'=® that the
Clausius-Mossotti (C-M) relation,

(e—1) 4
V=—aNa,
(e+2)

is not strictly valid. The dielectric constant of the gas is
¢, V is the molar volume, N is Avogadro’s number, and
a is the polarizability of the molecules. For all gases it
has been found that (e—1)V/(e+2) with increasing
density first increases, reaching a maximum at about
150 to 200 Amagat units, and then decreases, eventually
becoming smaller than the value for standard condi-
tions.* This density dependence must be explained in
terms of the following possibilities:

(1) The time average of the field acting on a specific
molecule is not equal to the Lorentz field.

(2) The polarizability, «, of a molecule in interaction
with other molecules is no longer a well-defined quantity
independent of the medium.

Kirkwood,® Yvon,® Van Vleck,” Brown,® and de Boer®
have discussed the first possibility and have shown that

* Supported by the Office of Naval Research, and taken from
part II of a thesis by A. D. Solem to be submitted to the Graduate
School of the University of Maryland in partial fulfillment of
requirements for the Ph.D. degree in Physics.

T On the staff of the Naval Ordnance Laboratory, White Oak,
Maryland.

1 Uhlig, Kirkwood, and Keyes, J. Chem. Phys. 1, 155 (1933).

2 A. Michels and C. Michels, Trans. Roy. Soc. (London) A231,
587 (1933).

3 A. Michels and L. Kleerekoper, Physica 6, 586 (1939).

4 The maximum deviation of (e—1)V/(e+2) from its value at
zero density amounts to almost one-half of one percent for argon at
room temperature and around 200 Amagat units of density; for
carbon dioxide it is two percent higher at 48°C, again at about 200
Amagat density.

5 F. G. Keyes and J. G. Kirkwood, Phys. Rev. 37, 202 (1931).
J. G. Kirkwood, J. Chem. Phys. 4, 592 (1936).

6 J. Yvon, Recherches sur la Théorie Cinétique des Liquides
(Hermann & Cie, Paris, 1937).

7J. H. Van Vleck, J. Chem. Phys. 5, 320, 556 (1937).

8 W. F. Brown, Jr., J. Chem. Phys. 18, 1193, 1200 (1950).

9 7]. de Boer et al., Physica 19, 265 (1953).

owing to fluctuations in the induced dipole moments of
the molecules, the local field averaged over time is
actually larger than the Lorentz field at low and
moderate densities. This fluctuation can be expressed in
the form of a virial expansion in powers of the density
of the gas. At low densities the factor (e—1)V/(e42) is
larger than (4/3)wNa and at very high densities it is
smaller, in qualitative agreement with experiments.
Although the virial theory cannot be expected to be
accurate at high densities it should permit accurate
comparison with experiments in the region of low
densities. It was found that the initial increase in the
C-M function is about one-half of the experimental
value for argon and carbon dioxide.

Mazur and one of us'®!! have investigated the effect
of molecular interactions on the polarizability of a
molecule, and it was found that the factor a in the C-M
function is density-dependent and gives rise to an
additional increase in the C-M function at low densities.
Numerical results were given for hydrogen atoms with.
parallel spins and helium atoms; this effect on the
polarizability appears to be of the same order of
magnitude as the dipole fluctuation effect. Very re-
cently Zwanzig'? has calculated the dielectric constant
for compressed carbon dioxide gas; the effect of molecu-
lar interactions on the polarizability was taken into
account in an approximate way, following references 10
and 11.

In this and the following paper we will extend the
calculations to include the heavy rare gases and also to
include gases consisting of some simple diatomic mole-
cules (in general, any axially symmetric molecules). The
derivation of an expression for the polarizability in
isotropic media involves the calculation of the average
induced dipole moment of an atom or molecule. We
consider a system of N identical atoms or molecules
between the plates of a plane condenser. The external
static electric field is Eo, and equal to the electric
displacement vector D between the parallel plates. The

071, Jansen and P. Mazur, Physica 21, 193 (1955).
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calculation of the average induced dipole moment of a
molecule will be performed in two steps: (1) a quantum
mechanical calculation of the induced dipole moment,
(p), for a fixed configuration of molecules in different
orders of perturbation theory; (2) a subsequent clas-
sical average over a canonical ensemble, {(p)}. In
general we will use a symbol (4) for the quantum me-
chanical expectation value of an operator 4 for a fixed
configuration of molecules; a symbol {(4)} for the
average over a canonical ensemble; and a notation
(A)or if the statistical averaging involves only the
orientations of the molecular symmetry axes. The mole-
cules are supposed to have no permanent dipole mo-
ments, but the effect of permanent and induced
quadrupole moments will be taken into account. In
general, {p) is the sum of two contributions: a term
(p) g, due directly or indirectly to the external field, and
a term (p)e due to the quadrupole moments of the
surrounding molecules. Thus

(pi>=<pi>1‘70+<pi Q5 z__-1) 2, 3’ <o+,

For isotropic media, however, the statistical average of
(p:)q is zero, so that we have only to consider (p;)z,. The
average value, {(p)}, is generally obtained as a power
series in the density of the system. We shall limit
ourselves to the term linear in the density, which
implies that the density must be so low that simultane-
ous interactions between more than two molecules may
be neglected. In this case the perturbation Hamiltonian
may be given as a series of interactions between
multipoles of increasing order. The higher multipole
terms are difficult to handle if they are expressed ex-
plicitly in the angles of orientation of the molecular
symmetry axes. We shall therefore give the multipole
expansion in a tensor notation.

MULTIPOLE INTEACTIONS IN TENSOR
NOTATION

To derive an expression for the electrostatic inter-
action between two molecules, we consider two arbitrary
charge distributions; for convenience we consider these
distributions to be continuous, with charge densities
p(r;) and p(r;). The vectors r; and r; are measured with
respect to a fixed center in each charge distribution. The
distance between the two centers is r. Then the po-
tential, V(r), at the center of distribution 2 resulting
from all the charges of distribution 1 is

=1 f p<ri>dri—-v(;)~ f p(r)ridr;

1
+%VV(;) f p(ri)riri(_irz_'“l" o (D
1 S
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The double dot product (:) of two second rank tensors,
A and B, is X" a8 A «pBse. The first integral in Eq. (1) is
zero since molecule 1 has no net charge. The other terms
can be rewritten with the help of the usual multipole

definitions:
Dipole moment :

D1=f p(rrdr;
1

Quadrupole moment: q;= f p(r)rirdr,
1

The definition of higher multipoles, octupoles, etc., is
similar. Thus

V(r)=—=v({1/r)-pi+3VV(1/7):qu+---.

If we define a symmetric tensor
Tie=1/7[U—3rr/7*],

where U is the unit second rank tensor, then

vv(i/n=-T, (3)

T12=T21, (2)

and
V(in=—v(1/r) pr—3Twq+---. 4

The next step is the evaluation of the electrostatic
interaction energy between the two charge distributions:

Ho'= f o(2))V (r-1,)dr,
Now :
Via+r)=V(@)+VV- 143V (VV) 4,

and by defining dipole and quadrupole moments for
molecule 2 as for 1 we obtain

Ho/'=VV -pot+3iv(VV)iqot---.

Using expression (4) for V (r), the electrostatic inter-
action becomes

H./'=p1 T1a-pot+3p:1- VTi2:q.
=502 VT:i—1q0:VVTiiqet-- -, (5)

We make the convention that we always write the
interaction between the dipole moment of one molecule
() and the quadrupole moment of another molecule (k)
with the dipole in fromt; thus p;-VT..:qx, where
v=9/d(r;—r;). The total electrostatic interaction
energy between all molecules in the gas is then given by
the sum

320k Pi TPt i pe Vg
520k q:VVT gt (6)

The tensor characteristic for dipole-dipole interactions
is T, that for dipole-quadrupole interactions is VT, and
that for quadrupole-quadrupole interactions is VVT.
To shorten the notation further we will denote these
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tensors by T®, T®, and T®; thus

TO=T=—-vv(1/7), @)
TO=vT=—vvVv(l/7), 8)
TO=vvT=—vvvv(l/r). 9)

The quadrupole tensor, g, has in general nine coordi-
nates; it is a symmetric tensor and can therefore always
be diagonalized by proper choice of coordinates. For
diatomic and axially symmetric polyatomic molecules,
the quadrupole tensor can be diagonalized by choosing
the direction of one of the axes along the line connecting
the nuclei. If we call this the z axis, then ¢,.=¢,, and

T® :q="T..? (¢o:— ¢uz) +Trace[ T® g,

= T"(Z) (sz—' Qz:c),
since
Trace[ T®]=0.

From this, one sees that only the quantity Q= (¢..— ¢zz)
of the quadrupole tensor enters into the interactions
between axially symmetric molecules; this quantity is
known as the molecular quadrupole moment. (This is
zero for spherically symmetric charge distributions.)
The z and x axes in the expression for the quadrupole
moment lie along the length axis and perpendicular to it,
respectively. In transformation formulas, we often meet
with the case that we have to evaluate an expression
(22— qur ), where 2’ and &’ are two axes of an arbitrary
Cartesian coordinate system. There is no simple expres-
sion connecting (¢..—¢w») and (¢.;—¢zz); on the
other hand a simple transformation applies to the
quantity 2Q0= (2¢..— ¢zs—qyy) namely

2qyr2—quo—qy =0 (3 cos®—1).

In this expression 6 is the angle between the length axis
of the molecule, 2z, and the 2’ axis. Whereas the value of
the dipole moment of a molecule is independent of the
origin of the coordinate system, the quadrupole moment
does depend on that choice. We make the convention of
taking the center of positive charge of the molecule as
the origin of the coordinate system. Of further im-
portance is an expression for the electric field induced at
the center of a molecule by the multipole moments of
another molecule,

F()=—vV=—T® p+3T®:qu+---.  (10)

INDUCED DIPOLE MOMENT (p) IN VARIOUS
ORDERS OF PERTURBATION THEORY
We will now calculate (p;)g, in successive orders of
approximation with perturbation theory; the zeroth
order refers to the free molecules in the absence of an
external field. The total Hamiltonian of the system is

H=H+H',
with
H=—%:p;Et52irpiTi® pi

3P Ta® :qe—§ 2001 qa:Ta®oqr. (11)

1293

The tensors T®, T® and T® have been defined in the
previous section; p and ¢ are the dipole and quadrupole
moment operators, respectively. We expand (p; in
increasing orders of perturbation theory as

()= (@) +@)V+@)®+ )P+

It is assumed that the system of V interacting molecules
in the external field Eq is in its ground state, specified by
W, an eigenfunction of the total Hamiltonian, H. The
energy eigenfunctions of the wumperturbed system are
oc(k=0,1,2, ---), where « labels the various eigen-
functions. The perturbed wave function ¥ is expanded
in successive orders of approximation as

T =TOFO L FO 4 FO 4. ..,

(12)

(13)

The perturbation expressions for the different order
wave functions are®

VO = ®o, (14)
¢xHx0,
v = Z —_——, (15)
= (Eq—E,)
KHK ,H ’ KHK IH 7
po-y y ST ST
#0040 (Eg—E,) (Eo— Ey) % (Eo—E,)?
¢0H0K,HK0,
-3 T (16)
w0 (Eo— E,)?
KH" ’ IH ’
\I/(3)=ZZZ @ N Hy'H uo
0 \=0u0 (Eo— E,) (Eo— Ey) (Eo— E,)
s ecH o'Hxo'Hoo'
0,20 (Eg— E)*(Eo— E))
> ocH o Hyd' Hoo!
#0720 (Eg— E,) (Eg— E»)?
oH o Ho'Hyo'
0740 (Eg— E,)?(Eo— Ey)
5 oH ' Ho'Ho'
% oo (Eo—E,) (Eo— E)\)?
oH o (Hoo')?
2R an
k70 (E(]‘— E,‘)3

The difference between the energy eigenvalues of the
ground state and the «th excited state of the unper-
turbed system is (Eo—E,). All matrix elements are
calculated in the system of eigenfunctions of Ho. In the
perturbation scheme we will retain only those terms
which are linear in E,.

BE. U. Condon and G. H. Shortley, The Theory of Atomic
Spectra (Cambridge University Press, Cambridge, 1953), p. 30 ff.



1294 L.

First and Second Orders in the Dipole Moment

If the density of the gas is sufficiently low, the
unperturbed wave function ¥©® may be written as a
simple product of wave functions for the isolated
molecules. For the first order in the dipole moment we

then obtain simply
(P)ox (pz) <0 Eo

(ppP=—-22%

k70 (EO—EK) (18)

=C!0'E0,

where ay, is the polarizability tensor of a free molecule.
The second-order approximation, (p;)®, has the
following form:
(pi) GKH:()\,H)\O,
(P)®=23% 3
#0220 (Eg— E,) (Eo— E))

HOxI (p‘t) "RHM)’
#0230 (Eg— E,) (Eo— E))
(p‘L) OKHKOIHOO,

*ZEO——*—(EO—EKV . (19)

with H’ given by Eq. (11). The various sums in Eq. (19)
can be evaluated if the wave functions of the free
molecules are known with sufficient accuracy. This

TaBLE 1. The distinct terms of (p,)® and their
multiplying factors.

Term Factor XU

(pips-Eopi- T® - prps - T® - pr) oo +17/4
(pipi-Eo)oo(pi- T - papi- T® - p) oo —7/2
(pips)oo- T® - (ppi) oo T® - (psps- Eo)oo +9/4
(pipi- Eops T® :qup: - T® :qi) 00 +17/16
(0:p:-Eopr- T® :qipi- T :q:) 00 +17/16
(pipx-Eopi- T :qipi- T® :q:) 00 —13/8
(p:pi-Eo)oo (.- T® :qipi- T® :q4) 00 —7/8
(P:pi* Eo)oo (i T® :q;px- T® :q:) 00 ~17/8
(pipi- Eoq:) 00 T® - (ppr) oo- T® :(q:) 00 +7/8
(i Eopi)oo- T® : (qxax) 00 T® - (p:p:) 0o +9/16
(P Eopi) oo T® : (q:psp:) 00 T® : (qr) 00 —11/8
(Pipi)oo- T® : (qwpr- Eobr) oo T® :(q:) 00 —11/8
(@1)00:T® - (pipi-Eopip:) oo T® : (qx) 00 +31/16
(pi-Eopi)oo- T® :(qi) oo (PiPs) oo T® :(qx) 0o —173/16
(pipi Eo)oo(@x) 00: TP+ (pipi) 00 T® :(qr) o —9/8
(0:p:) oo T : (qx) 00 (Pr* Eopr) oo+ T® : (€:) 00 +35/8
(psp:- Eo)oo(d:) 00 :T® - (papr)oo- T® :(q:) 00 —17/16
(PspxEopi- T - prgi “T® :qr) 00 —13/8
(px-Eopr) oo T® - (pip:s) 00:T® : (qx) 00 —11/8
(pip:)oo- T® - (prpr- Eogr) oo T : (g:) 00 —11/8
(P:ps) oo T® - (papz- Eo)oo(q:) 00T : (qx) 00 +35/8
(pipi - Eots ‘T :qzq: :T® :q1) 00 +17/64
(pipi - Eo) oo (@i ;T :qagqs :T® :qz) 00 —~17/32
(42)00:T® : (q;pi - Eopi@c) 00T : (q1) 00 +31/64
(0:Pi* Eods) o0 T® : (qig) 00T : () 00 +7/32
(pipi- Eot:) 00 T® :(qx) 00 (€:) 00: T : (qz) 00 —55/32
(pipi - Eo)oo(ar) 00 :T® : (4:4:) 00 T® : (qx) 00 —9/32
(Pipi - E0)00(4:)00:T® : (qigs) 00:T® : (q:) 00 —17/64
(Pil)i N Eo) oo(‘li)oo T®: (llk) 00 (q;) 00:T®: (qlc) 00 +97/64
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procedure, however, is unfeasible even in the simplest
cases. Instead we will use the centroid assumption

‘implying that all excited energy states of the molecule

lie within a narrow region on the energy scale. (The
width of the range should be small compared with the
average energy of the levels in that band.) If this condi-
tion is fulfilled, we may replace each factor of the
denominators of Eq. (19) by a multiple of —U,, where
U, is an ““average excitation energy’” of the molecule.
For instance, if (E,—E,) refers to the difference in
energy between the ground state and the «th excited
state of two molecules, then (Eo—E,) is replaced by
—2U,, with U, counted positive. With the help of this
approximation, the matrix summations in Eq. (19) can
be carried out. The result is

2 (pips Eod)oo:T® :(qr)oo

3
(pa)® =
of k=i

S (PP Eo)oo(q:) oo T :(qr) oo

02 k#i

4
—— > (pipr-Eop:- T® - pr)oo.

Ug? k=i

(20)

Third Order in the Dipole Moment

From Egs. (15), (16), and (17), one obtains the
following expression for the third-order dipole moment:

( ><3>—2[Z PIDY (02 ocH o' Hy'H!
) 000 w0 (Eg— E,) (Eo— Ex) (Ho— E,)

(p2)oxH o Hyo'Hoo'
=030 (Eq— E,)*(Eo— E))
(p3)ocH o' Hxo' Hoo'
#0320 (Eg— E,) (Eo— E))?
(p)oxH v’ Hon' Ho'
#0320 (Eg— E)2(Eo— Ey)
1 (02)0eH ' Hon' Ha!
orferd (Eyv—E,) (Eyv—E))?
(p2)oxH xo' (Hoo')?
20 W
iy Hol (i) oHn'Hyd
#0320 10 (Eog— E,) (Eo— Ey) (Eo— E,)
Hol (pi) oo Hoo'
w07\ (Eg— E,) (Eg— E))?
. Hol (pi)coH o' Ho' ]
=032 (Eg— E,) (Eo— E»)? ’

(1)
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with H' again as given by Eq. (11). As was done for the
second approximation to the dipole moment, the
centroid assumption is used to replace the factors
occurring in the denominators of the expression for
(p»)® by an “average excitation energy” and then the
matrix sums can be evaluated. The total number of
terms obtained in this way is approximately 200, of
which twenty-nine are distinct. These twenty-nine
terms with their’ corresponding factors are listed in
Table I; (p,)® is given by the sum of these terms.

RELATION BETWEEN INDUCED DIPOLE MOMENT

AND THE LOCAL FIELD

. For the derivation of the Clausius-Mossotti equation

it is convenient to establish the relationship between the

induced dipole moment, (p;), and the local field acting

on the molecule. To do this we first introduce a tensor §3;
defined as

(Pi)Eo=B:Ey,

The tensor $; can therefore be immediately obtained
from the results for (p;)g, of the previous section. The
local field acting on molecule (7) is

Eicar=Eo— 2 T® (pi)+3 2 Tie® «(qi)

i=1,2,3,---N. (22)

k#1 k#~1
= (EO— Z T:x® ‘(p;:)m)
k#1
— (X Tu®(pre—3 X Tu® (qw). (23)
k=1 k1

The first term in parentheses on the right is that due
directly or indirectly to the applied field, Eo, whereas
the second term arises from the quadrupole moments of
the surrounding molecules. We now introduce a tensor

@;(4=1,2,3,---N) by
(Pdro=ai (Bo— X Tiu® - (pr)po), 1=1,2,---N. (24)
ki

It will be shown later in this section that this set of
Egs. (24) is consistent. The quantity e; may be looked
upon as the “effective’ polarizability of a molecule in
the field of its neighbors. It will be found that in general
«; is not equal to the polarizability of an isolated
molecule, except in the case of a three-dimensional
harmonic oscillator model.”!® The tensors «; can now be
expressed in terms of the 3; and T® with the help of
Egs. (22) and (24) as
Bi=ei (U— 2 Tu®-8x);
k#1

or otherwise

a;=0: (U= Tu® 807"

ki

(25)

The term within the parentheses can be expanded as a
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power series in terms of T®-§ to give

=8:+8: X Tix®- B4

k1

T.®-84---. (26)

+B8: 2 2 Tu®-Bs-

k# 1#1

In the previous section, we calculated (p;) or §; in
successive orders of approximation with perturbation
theory. The corresponding orders of approximation in
«; are

@, 0=38,0, 27)
a0=8043 3,0.T,;,®.8,0, (28)
ki
@ @=8,243 B:0-T;® 3,04+ T 30 T® B0
k=i k#1
+8.0.T T Tu® 8:90T@-8,9, (29)

k#1124

etc. Note that 8, corresponds to (p)®, 8, to (p,)®,
etc. From Eq. (18), it follows that ;) = a, the polariza-
bility of a free molecule. The expression for ;Y can be
obtained directly from Egs. (20) and (28) as'®

3
("—550—2 kzz[(lhqu)oc T :(qr)oo
— (PP )00 (q:)oo: T :(qi)o0].

It is seen already in this order of approximation that «;
no longer represents the polarizability of an isolated
molecule. However, if we average over the orientations
of molecule %, then the net effect is zero. This corre-
sponds to the case of atoms with spherical charge
distributions.!?

The second order of approximation, «;?, is obtained
from Egs. (20), (21), and (29). The resulting expression
is as complicated as the terms in Table I for (p;)® and
will therefore not be written down explicitly. In gases
we are interested in the averages of (p,), a;, or 8; over
the orientation and position coordinates of the mole-
cules. In the following section we will calculate the
“‘effective” polarizability averaged over the molecular
symmetry axes.

(30)

TRANSFORMATION EQUATIONS AND AVERAGE
“EFFECTIVE” POLARIZABILITY

The process of averaging the different terms of
(p:)® over the orientations of the molecular symmetry
axes is performed by considering a fixed Cartesian
coordinate system (x'y'z") and a rotating (molecular)
coordinate system (xyz). The z axis is chosen along the

4 We assume that the series in Eq. (25) converges; the de-
termining factor appears to be T®-§, or g/r3. Conﬁguratmns of
molecules for which this series diverges will generally have zero
probability because of repulsive forces.

16 We omit subscripts (z%) on tensors T whenever the expressions
are unambiguous.
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length axis of the molecule. The x and y axes are chosen
such that the y axis lies in the #'y’ plane; this may
always be done since the molecule has axial symmetry
around the z axis. Consequently we need only two
Eulerian angles, 6 and ¢, to indicate the relative
orientations of the two coordinate systems. The relation
between the coordinates of a vector, for instance the
dipole vector p, in the two coordinate systems is given

by

p, =G- b,
where
cosfl cosg —sing sinf cose
G=G¢G,=|cosf singp cose sind sing|. (31)
—sinf 0 cosf

The polarizability tensor e, or equivalently (pp), then

L. JANSEN AND A. D.
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transforms like.
'p)=(G-pG-p),

so that its components are

O'D)as=2 x5 GayGos(p108) = 2y GarGor(PrP),

since (pp) is diagonal in the molecular coordinate system.
The quadrupole tensor {q) of the molecule transforms in
the same way as (pp). The transformation of terms like
(ppq) involves a fourfold multiplication of matrices G,
etc. A general form for the expression of the induced
dipole moment (p;)®, or equivalently for 3,2, valid for
any molecular model can now be worked out by ap-
plying the transformation formulas, retaining only
those terms which do not vanish upon averaging over
the orientations. The following general form of 3;® is
then obtained:

g.®= CH1D)X Tiu® - Tu®+Ce X2 (Tik(2) ZTik(2))U+C3 2 Ti® :Ti®+Cy > (Tik(3) ETik(s))U
ki

ki ki

The coefficients (Ci+1), Cq, etc. have the following values

(CrHD)UF= 17/6)[(pH) o)1+ (9/DpH I oK 25" 1= (19/4) [{pa) I etp)paps) -

ki
+Cs - Ti®:Tiu®@4+Co 3 (Tix®iTiu@)U4Cr 3 Tix®:Ti®.  (32)
ki k=i ki
(33)
(34)

CoU¢ = (17/12)[{p2)J(p")1— (1/2)[{p’) J(Da"K 068" I+ (9/ D (a2 T petp)pcs) ]-

CU= (17/36) [(p¢4>][<qaa2>]+ (17/30) [(Pa2>][<Pa2qaa2>]_ (13/18) [<Pa2qaza>][<Pa2Qaa>]

+ (31/12)[{gayXqsv) J(Ba) 1+ T[(pe’) I Datp9erXq8v) 1~ (11/ ) [{papvqar) (P61 1) 87 ]

= (1/2D[qes”Y I DatsXpet8) 1+ (35/ ) [{paty)qar) L pot5)Xa85) ] (9/ 2)[{gsvX qs) I pupp)Paps) ]

— (17/2)[{pa>) I pat8Xqar)g8v) 1+ (9/8)[(gs &) I p "X p6*)H Dt 1) bt ) ] — (11/ 2)[{poPsg50) ]
X[(pat1)qar)]— Tt ) I paps)argar) 1= (73/8)[(eseXqs) I’ X 6") +{PatpxX Pt ) .

CaUd= (17/T)[(p"Y](gae’) 1+ (17/120) [{p") J(Poge’} 1= (7/ D) [(D2) TN 05+") ]
+ (31/24)[{g8vX g8 (D) 1+ (7/9) (2" 10’ q8v)08v) ] — (T/9) {46 I(DoX D6 ]
— (/9 gvXg2a) X 6" 1= (17/8) [(pa") (PN 87X {q8x)]
+(9/8)Ugve®) L patsXpats) 1= (73/8)[{q1sXqvs) I PatsXDups) ]-

CsUo*= (17/180)[(gua®) J[{Pa’qaa®) 1+ (31/60)[{g8+)(q8v) I(Pe’Xqea) 1= (55/2)[{gs){qse) I (Pt 89 ar){q8m) ]
+(7/2)gs &) JLPat892X98v) 1= (9/ 2)[{2sX¢5 9 J(Pab8)qargav) 1= (17/9) g5 )]
X(DatsXqer)g8v) 1= (1/2)[{gs ) I paps)qargsm 1+ (97/H)[{25Xgs 0 Ipaps)gar)gan) ]-

CsUd= (17/720)[(gaa?) I{Pa’qaa) 1— (7/8)[{gs 2 J(Pu2)Xgsv2) 1+ (31/240) [(gsXq57) J[{Paqua?)]
— (55/8)[{gseXgs 0 I P42 q8) 14 (7/8)[{qs &) I’ g8vXq8v) ] — (9/8) [{gs X g5 ) J(Pa"Xg8+) ]
— (17/16)[{gs&) J(pe"Xq8v)q8v) ]+ (97/16) [{gseX(qs ) I b g)gm) ] (38)

CrU¢=— (13/2)[(patpes) [ (Patpgas) 1= 11[(pupsqus) L Paps)qas) 1+ (35/2) [(Dapp)Xes) L Pubs)gun) ] (39)

35

(36)

(37

In this formalism, averaging with respect to orienta- molecular symmetry axes @, 8, v, --- are arbitrary

tions extends simultaneously over all factors occurring
within the [ ] brackets; the usual quantum mechanical
averages are implied by the ( ) brackets. The compo-
nents pa, ¢gy, etc., refer to the fixed coordinate system
(#'y'?) ; for the averaging over the orientations of the

indices. However, they must be taken as different
whenever they are indicated as different subscripts.
Equation (32) for 3:® is quite general; i.e., it is valid for
any molecular model. It also shows, when combined
with (30) and (26), that the set of Eqs. (24) for the
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“effective” polarizability is consistent, at least up to
third order of perturbation theory.

For atoms or molecules with spherical charge distri-
bution, only the first two terms of (Ci1+1) are nonzero.
The same applies to the first two terms of Cs, the first
three of C3, and the first three of C,. Of the terms in Cs
all vanish except the first, of Cs all except the first two,
and of Cy only the first term is nonzero. To obtain values
for the coefficients C, we have to make use of a specific
molecular model except for a few terms which can be
determined directly from experimental measurements.
If we denote the molecular quadrupole moment by Q,
and introduce an anisotropy factor « of the polarizability
given by

k={p,>— 2O/ 3 PHor, (PDex=32p.+ P s
then

[{gsv){gsv) Jor=0%/15,
[(PatsXPatp) Jor={p1*— D.2)*/ 15=3Xp")or,
RP apaxpﬁ?ﬂﬂor: [%(2?.1.2"‘?1 l2>:|2
- (2/45)[<Pll2_P.L2>]2
=(p"or’ [1—%¢],
[(papeXqar){gsv) Jor= (Q*/105)(p\2— ps?)
= (Q*/35)k(p")or-
For the part of 3,? involving only dipole-dipole
interactions, the only quantity which has to be com-
puted from a molecular model is (po*or/($%)o:?; by using
the identity ao= 2($?)or/ U for the average polarizability
of a free molecule one obtains the following expression

(we will again omit subscripts on the tensors T and also
the summation sign.)

[8:® dip-dip Jor
a()a [34 <Pa4>or
B l 3 <P2> 0!'2

L) ],

This equation simplifies further if the charge distribu-
tion has spherical symmetry. For hydrogen atoms,
(pBor/ (PP 1s equal to 9/2; for helium atoms, if one
uses Slater wave functions, this ratio is 15/4. For
heavier atoms, we take a Gaussian charge distribution
function:

32

) +9— 15K2]T<2> @

p(r)= (b%/7%) exp(— 0.

Then the above ratio is equal to 3, independent of 4. The
final formula for 3:®g4ip.aip based on a Gaussian distri-

(41)

1297

bution is

B:®dip-aip=c’[ (43/32)T®-T®
1 (3/32)T® TOU]. (42)

From Eqgs. (27), (28), and (29) connecting tensors e and
8, we can also obtain average values for the “effective”
polarizability of a molecule. The following results apply
for unweighted averages over the orientations

[o: =0,

[ti®TJor=[8:® Jor— [ 14+ 2 ]T® . T®

(Papsgaplor  *Q
(o SPDor

The expression for [«;® ], is very much simpler for
spherical atoms; by combining Eqgs. (42) and (44) we
obtain in this case for the dipole part of «;®:

(!,'(2)dip_dip = a03[ (1 1/32)T(2) . T(z)
+(3/32)T® :T@U]. (45)

When we consider the problem of two spherical charge
distributions at a distance 7 between their centers and
interacting through induced dipole forces, then Eq. (45)
shows that the “effective” polarizability differs from the
polarizability of a free molecule by (31/16) (ao/7*)%x0
along the line joining the centers and by (29/32) (ao/7*)%x0
in a direction perpendicular to it. This illustrates that e;
is dependent on the density of the medium. The
remaining terms in «;®; viz., those due to dipole-
quadrupole and quadrupole-quadrupole interactions,
can also be calculated easily using Eq. (41). The results
are

(43)

+%KQa03[ ]T<2> IO, (44)

25
645*

T® T® +~5—T(3> TOU
320?

o; dip-quad(2) = 0‘03[

13
e :T(4>], (46)

32b*
17 3
«; quad-quad(2) =Cl()3|: T® 5T(4)+ T(4) §T(4) U]. (47)
128p* 512p¢

The values for the parameter b in the Gaussian distribu-
tion can be determined, for example, by calculating first
the London dipole forces between two Gaussian atoms
and then equating the expression to an empirically
known quantity, for instance, the 1/7% part of the
Lennard-Jones (6-12) potential.'® -

In a subsequent paper we will evaluate the expressions
involving the higher multipoles and give a derivation of
the Clausius-Mossotti function for gases consisting of
axially symmetric molecules.

16 T,, Jansen and R. T. McGinnies, Phys. Rev. 104, 961 (1956).



