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MOLECULAR INTENSITY PARAMETERS
IN THE SOLID STATE

L INTRODUCTION

The incorporation of molecules into a lattice to form a solid

gives rise to a number of unusual effects, and in the last decade there

has been considerable interest in using these effects to probe the

vibrational properties of these molecules. Two spectroscopic tech-

niques, infrared reflection spectroscopy and Raman spectroscopy,

can be used to obtain such molecular parameters as dipole moment

derivatives ati./DQ, infrared strengths S., damping parameters

polarizability derivatives aa/aQ, and others. Those effects

which will be utilized to obtain this information are the reflection of

infrared radiation in the restrahl 1 region and the observations of the

transverse-longitudinal frequency separation and relative intensities

and polarization of the polar phonons (90° polariton scattering) in the

Raman spectra.

Elucidation of molecular parameters is of prime importance to

the physical chemist, however in recent times the detailed under-

standing of molecular vibrational processes has become more impor-

tant due to the need for more powerful lasers to initiate nuclear fusion.

1 The term restrahl designates here the regime of high reflec-
tivity from either internal or external modes.



The Raman work involved a direct connection with nonlinear optical

phenomena, and in particular the electrooptic effect. The uses of

nonlinear optics are just now being perceived in such areas as com-

munication, high speed computer technology, laser research and

other s.

2

The reasons for choosing NaN 3
and NH4C1 to illustrate these

studies are primarily those of symmetry, however, there existed

anomalies in the infrared transmission spectra of NaN 3
and many

expected but undiscovered features in NH4C1 Raman spectrum.

In the next section a brief review of the theory of infrared

reflection from a single crystal and the use of the restrahl region to

obtain infrared strength parameters will be given. Following this will

be a detailed derivation of the relationship between the Raman

transverse-longitudinal intensities, the electrooptic coefficient, and

the absolute Raman intensity parameter. Subsequently there will be a

bifold section dealing with the application of these theories to NaN 3

and NH
4
C1 crystals, and discussing the experimental aspects of these

problems. The final section will discuss the interpretation of these

parameters and the types of information which may be extracted from

them.
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II. THEORETICAL CONSIDERATIONS

A. Theory of Infrared Reflectivity (1)

1. Lattice Dynamics

In a crystal the coupling energy of an external electromagnetic

field to the vibrational motion of atoms within the crystal lattice is

-P E = -Pvib E exp(-iwt) (1)

where E is the externally applied electric field and Pvib is the

total induced polarization per unit volume. The dependence of Pvib

upon the intrinsic dipole moment may be found by expanding as a

Taylor 's series and dropping all but the first term, viz.

Pvib = 1 /v Ej Zmna Brnm,(4./8Q.)Q.
3 J

(2)

Here E
r

, is a matrix which determines the magnitude ofmm mm
the coupling of all induced dipoles in the crystal, called the effective

field correction and will be discussed later. The vibrational motion of

an atom in a crystal under the influence of an external electromagnetic

field is given by

Q. + w2 .Q. + = (8P . /8Q.) E
T3 3 3

(3)
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which upon substitution of the Fourier component of Q.

Q.
J

= Q.
J

exp(-iwt

yields the response function for Q..

where

th

Q. = E B ,/aQ.)Eo [w
2

-co
2

-mm mm. m 3 Tj 3

(4)

(5)

w
T3

. represents the (resonant) transverse frequency of the

mode and is a phenomenological damping parameter, and

henceforth the superscript on the electric field will be dropped.

2. Dielectric Theory

The total polarization per unit volume P is the sum of

electronic (Pelee) and vibrational (Pvib) contributions, and pm

is the unit cell polarization,

P = Pvib + Pelee = 1 /v E pmm

=1--(V

E inM, B
Tn.M.

, ,+E
M In

, Bmm' am ,E) (6)

with 11 , the intrinsic dipole and a , the polarizability. The
m m

polarization per unit volume is related to the dielectric tensor by

D = E + 41TP = EE (7)
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or alternately in the principal axis notation

e = 1 + 47rP /E o- x, y, or z (8)
0 0- 0

By substitution of Eqs. 2, 5 and 6 into Eq. 8, the following expression

for the dielectric constant is obtained

or

with

and

= 1 + E , B ,a ]
o- v mm mm m o-o-

7 7 7 -1Ej[Zmm, Bmm
a .

07 (0)T (9)
YJ

0- 2
S .

00 ) Ti
e (C4 ) = E +

0- o- J
CO

2
.-co2

T3

E (00) = 1+1.1[Z B ,]
o- rm-n,' mm m o-o-

o- 2
am, 241T

W [ (

il
E B ,

j j v mm mm aQ.

(10)

(12)

At this point further explanation of Eq. 10 is in order. o-
, the

strength parameter is a direct measure of the dipole moment deriva-

tive and as will be shown, is also a measure of the width of the I. R.

reflection peak. The
wTj

are the transverse frequencies as pre-

vioulsy mentioned and
NJ

the damping parameter. Defining the



longitudinal frequencies as those frequencies which yield the zeroes

in Eq. 10 [co_(wLk) = 0], one obtains a set of linear equations which

may be solved for Scr. .

2 2 2
+ E.S.w (w -w )

-1 = 0
00 3 Tj Tj Lk

(13)

6

where j and k run over the infrared active modes and the damp-

ing parameter Y, has been neglected, which is a good approximation

when Y. << w
T3

As can be seen in Eq. 10, c(w) is complex, having both real

Re[e(w)] and imaginary Im[c(w)] components as given below for a

single mode or resonance

S.w
2

.(w
2 .-w2)

Ti T3
Re[c(w)] = Eco +

2 2
(w -w

T3

S.w
2

..1"))
3 T3 J

2 2
)

(14a)
2

(14b)

(15)

(16)

(17)

Im[E(w)] 2 2 2 2 2
(wTj )

Assuming a plane wave form for E

E = E° exp[ik.r-wt]

and recalling the relationships,
1 /2

n =

k = wn/c
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where n is the index of refraction, it is evident that whenever

Re[E(w)] < 0 the wave is exponentially damped and cannot propagate

within the crystal; this area is called the restrahl region.

3. Development of TE and TM Reflection EQuations

Reflection from uniaxial crystals was first treated by Mosteller

and Wooten (2) and subsequently by Decius, Frech and Brilesch (3),

who extended the theory to the infrared spectrum and first observed

reflection bands appearing above the longitudinal mode frequency in

the spectra of calcite. By equating electric and magnetic vectors and

their derivatives at the reflection surface (boundary) and setting the

index of refraction of air to one, equations for the reflection of

ordinary (E vector perpendicular to the unique crystal axis) and

extrodinary (E vector colinear with the unique crystal axis) radia-

tion are obtained. There are two cases of infrared reflection (3),

depending upon whether the unique crystal axis lies in the face upon

which the reflection takes place or is perpendicular to it. The latter

is the only choice that need be considered here as will be demon-

strated later. Equations governing this type of reflection have been

given (3) and are presented below.

R(TE)
cos 0.-61

/2cos
0

1 x

cos 0. -EC
I /2co

s

2

(18a)



R(TM)
E cos 0. -E1

/2COS

E E
1 /2COS

-Y

2

8

(18b)

Here, 0 is the angle of the transmitted wave, 0. the angle of

incidence, and el /2 (6 = x, y, or z) the index of refraction along
o-

the principal crystallographic axes. The expressions RITE) and

R(TM) refer to the polarization of the incident radiation, electric

vector transverse to the plane of reflection in the former and magnetic

vector transverse to the plane of reflection in the latter (see Fig. 1)

Using Fresnel's equation and Snell's law

1 is =
sin2 cos2O

ez

sin 0, = 1 /2
sin 0x

(19)

(20)

one can obtain by substituting Eq. 20 for both terms on the R.H. S. of

Eq. 19 the following result

E = s + sin20.
-y-
v sin2

0.
cz

and by substituting an identity obtained from Snell's law,

l /2 2 1 /2ECOS 0 = B.)

(21)

(22)



TE

el

TM

e
2

Figure 1. Schematic of TE /TM reflection, transverse (perpendicu-
lar to page) electric field is illustrated by the upper
diagram, while transverse magnetic is illustrated by the
lower figure. O. is the incidence angle and the appropriate
dielectric functions are indicated.



E COS 0 E -
Y

sin20.

is obtained. Similarly Snell's law yields

E1
/2cOs 1 /2 2 1/2 2 1 2

0 = Ex (1-sin 0) = (e -sin 0.)

10

(23)

(24)

Finally, substitution of Eq. 24 into Eq. 18a and substitution of Eq. 23

into 18b yields

RITE)

R(TM)

4. Parametric Effects

2 1 /2cos 0. -(E -sin 0.)
1 5c

cos 0.+(c -sin20.) 1/2
x

2

2sin 0
1 /2 i )1/2

E cos 0.-(1-
y z

1 /2
E cos 0. +(1-
y

sin20
i

)1
/2

z

2

(25a)

(25b)

The validity of Eqs. 25a and 25b may be checked by subsituting
co co oo

the conditions for isotropy (e = E = E ) and normal incidence (90°)
x y z

where upon one obtains

RITE) = R(TM) = (26)
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By substituting the dielectric response function Eq. 10 into the

reflection equations (25a and 25b), the reflection curve R(w) may be

plotted as a function of parameters 0.),S.,y.,E, and 0., the
T j j co

latter two of which are fixed while the first three are adjusted to fit

the experimental data. Thus by obtaining a reflection spectrum and

performing the aforementioned analysis, the three phenomonological

parameters may be obtained (w
T , S, and V. Then through use

j

of may be

calculated provided the unit cell volume and the dipolar coupling con-

stant are known. The reflection curves are generated on a computer

graphics terminal using a local plotting routine called "GROPE". The

plotted curves are copied and compared with transparencies made

from the experimental curve. In this manner a good fit is obtained by

adjusting. T
S, and y, until the two curves overlap.

j

The geometry of the sodium azide crystal (which will be dis-

cussed at greater length later) is such that either E or Ez

resonates in Eq. 25b, but not both. This simplifies the analysis

greatly. In the notation used, one equates x = 1 = y = 2 and z = 3,

the latter of which is the unique crystal axis. Figure 2 shows the TE

reflectivity as given by Eq. 25a where it is plotted along with

Re[Ei(w)] and Im[el(w)]. From these plots it is easily seen that

the reflection peak falls between the resonance in Re[E1(w)] ( which

occurs at the transverse frequency) and the longitudinal frequency
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C

/Mk

Figure 2. Oblique TE reflection curves; a) is the reflectivity,
b) the real part of the dielectric function, and c) the
imaginary part.
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where Re[61(w)] goes through a zero. Also note that Im[ci(w)]

is peaked at the transverse frequency. Figure 3 shows the relation-

ship between the strength and the transverse frequency, the former

determining the width of the restrahl region and the latter its position

with no interplay between them.

Similar results are obtained for the TM-2 case i. e. , where the

resonance occurs only in

case [resonance in

c2(W) = Cy(c). However for the TM-3

E 3(w) = E (W) , unusual effects begin to take place.

For both TE and TM-2, the reflection expressions 25a and 25b con-

tain but/2
(0), but for TM-3 the term is 63 (w),

1/2

which is to shift the reflection peak to higher frequencies. Figure 4

gives the reflectivity along with the real and imaginary parts of the

dielectric function, and as now can be seen, the restrahl region begins

not at the transverse frequency, but at the longitudinal frequency and

extends to a higher frequency called the pseudolongitudinal frequency

the net result of

(w p). Because the dielectric now enters the reflectivity equation in

the form of

sin2 eill/2,
A(co) iG(w) = [1- 63(w)

(27)

one can see that the resonance of
3

(toT)
no longer produces the

drastic effects upon this term whereas the zero in the dielectric func

tion 6(coL) := 0 now causes the R. H.S. of Eq. 27 to resonate.
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Figure
630

3. Effect of VT
a. S = 0.2
b. S = 0.3
c. S = 0.5
d. S = 0.3
e. S = 0.3
f. S = 0.3

and

650
S. on TE reflectivity;

3 v
T

= 638
vT

= 638
VT = 638
vT = 630

= 638
V = 650



TM3

15

Figure 4. Oblique TM reflection curves, resonance in cz(o.));

curve a) is the reflectivity, b) is the real part of the
dielectric, and c) is the imaginary part.
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Defining A as the real part of Eq. 27 and C as the imaginary

part and plotting these functions along with R(w) (Fig. 5) we regain

the "normal" behavior of the dielectric function with regards to the

reflectivity. It should be mentioned that TM-3 reflection bands do

differ in shape from TE bands as can be seen by comparing Fig. 2(a),

etc. with Fig. 4, and this difference conceivably may be used to

confirm vibrational assignments. Now the parameters Si and wT

no longer govern separate features of the reflectivity, although coT

still determines the position of the restrahl region, S. (Fig. 6)

now effects both the width and position of the reflection peak.

Evaluating Eq. 27 at its zero (w ) one obtains

2sin O.i
e(w )

p

0, (27a)

which upon substitution into Eq. 10 and assuming well separated

modes, yields

2
S.wTi + ea) = sin 0. .

0.)2 -w2
T j Pj j

(28)

A similar expression can be obtained from the definition of the

longitudinal frequency, as shown below
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TM3

Figure 5. Oblique TM reflection curves, resonance in cz(w);
curve a) is the reflectivity, b) is A(w) and
c) is C(w) as defined by Eq. 27.



TM3

a

d

Figure 6. Effect of v
T

a. S = 0. 25
b. S 0. 25
c. S 0. 25
d. S = 0. 20
e. S = 0.26
f. Sr 0.30

and S. on TM reflectivity;
3

v = 2075
v

T = 2090
VT = 2105
v

T = 2090
v

T
T

= 2090
vT = 2090

18



S.co
2

.

Tj
2 2

+ e00 = 0.

T3 L3 L3

19

(29)

Both Eqs. 28 and 29 are exactly soluble through use of the quadratic

formula, yielding expressions for the longitudinal and pseudolongi-

tudinal frequencies as follows:

L

j 2
-iy± -y2+4(1+ S

)o.)
c T

00

iYt

2

2
-N2+4( )(-0 T

E00 -5111 10

1

2

(30)

(31)

It should be noted that both frequencies are complex and that the latter

has a distinct angular dependence. Upon dropping the imaginary part

of the frequencies, squaring both Eq. 30 and 31, and then subtracting,

an expression may be found which relates all three frequencies.

2

2 2 So.)

2

T
ScoT

co - (A)
P L E

E -stn. 2
0

i
co

(32)

Modified Lyddane -Sachs -Teller relationships can be obtained from

Eqs. 30 and 31 by setting yi = 0, viz.



and

P

L
1+

c+sin20
o

.

eoo-Fsin
20i +sin20.

20

(33)

(34)

Throughout this work a phenomonological damping parameter has

been used in the harmonic oscillator equation to represent anharmo-

nicity. It has been shown (4) that the functional form displayed in Eq.

10 is incorrect, both in the Raman where it gives incorrect behavior

for the polariton dispersion relation at large scattering angles, and in

the infrared where vi(w) gives rise to the structure encountered in

many reflection spectra. It does not directly affect any of the molecu-

lar intensity parameters to be calculated here and is ignored in many

of the calculations to be performed. Its sole role is that in the com-

puter plots it "rounds" off the top of the reflection curve and allows

the determination of the strength S..

The dipolar effective field coupling term B is defined (5) as

B = (i"-517))-1 (35)

INJ

where B is the matrix form of the effective field correction, D a

matrix representing the sum. of all field propagation terms, ri

the unit matrix and a a diagonal matrix containing the
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polarizabilities of the two ions in question. The 6 x 6 matrices

involved in Eq. 35 for two molecules per unit cell in NaN3 may be

factored into three two by two smaller matrices, owing to the D3d

symmetry. Values for these terms are listed by Frech and Decius

(6), and the method of calculation is a straight forward matrix inver-

sion. The actual correction for the azide crystal modes involves

summing the two separate sites within the unit cell, that is, the column

of the matrix. In the instance of NaN3, there are two different axes

within the crystal a unique axis (z) and two equivalent axes per-

pendicular to the unique axis (x, y). Therefore, this procedure

must be repeated to calculate both a unique (Bz 1. 020) and a

normal (B = B = 1 . 403 ) term (7). For comparison, the Lorentz-
x y

Lorenz field correction would have yielded Bz = 1.653 and

B = 1.291.
y

B. Raman Intensity Theory

1
The unique symmetry of NH4C1(IV) and ND4C1(IV)--Tdwhich,

although being cubic, lacks a center of inversion, gives rise to

separate but related physical properties. Lacking a center of inver-

sion, certain vibrational modes (F2 as discussed in the next section)

are both Raman and infrared active, and these modes, as have been

shown by Huang (8), are split from their original triply degenerate

state into a doubly degenerate transverse (F2T)
component and a
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singly degenerate longitudinal (FZL) component. Secondly, due

also to the lack of a center of inversion, nonlinear optical processes

such as the electrooptic and acoustooptic effects now occur with the

third power of the exciting field rather than the fourth and thus

become important in the Raman scattering mechanism. Poulet (9)

was the first to demonstrate that absolute Raman intensities could be

obtained from the ratio of the longitudinal to the transverse Raman

intensity, and since then the macroscopic theory has been developed

largely by Burstein (10, 11) and coworkers and by Loudon (12). In

most cases the macroscopic theory has been used to calculate the

second harmonic generation coefficient (dSHG) by measuring the

relative intensities and substituting a macroscopic quantity related

to the absolute Raman intensity called the atomic displacement

susceptibility tensor. In most cases (10, 11), the second harmonic

coefficient was not known, and only an order of magnitude comparison

was obtained to test the validity of these equations. Furthermore,

this analysis has been performed only on one multi-mode crystal,

quartz (11), which,because the modes are very close to one another,

is highly unsuited to this type of analysis.

Because Raman intensities are inherently very difficult to

measure, while measurement or even calculation of the electrooptic

and second harmonic generation coefficient is considerably simpler,

it was decided to attempt this sort of analysis on a microscopic level.
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Inherent in such a procedure are the pitfalls involved in dealing with

the microscopic field. Through use of a multimode crystal in which

all (ND4C1) or almost all (NH4C1) of the modes are well separated, it

should be possible to check the validity of a relationship such as the

one proposed, using both relative intensity ratios of the different F2

modes and vibrational sum rules for the two different isotopic species.

1. Development of the Local Field Approach

Decius (5) and Carlson and Decius (7) have provided the ground

work for relating microscopic parameters to Raman intensities. The

local field F may be related to the macroscopic field E and the

total induced dipole per unit cell p as follows:

F = E + Dp (36)

p = p. aF + 1 /213F
2 (37)

In the present case D takes on different values for the transverse

(T) and longitudinal (L) modes (5) viz. ,

8Tr

DT 3v DL 3v
(38)

and a and p are the linear and nonlinear parts of the electronic

polarizability. It is important to keep in mind that E represents

the externally applied electric field and v the volume of the unit cell.
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Fundamental Raman transitions have an intensity proportional

to the square of the derivative of p with respect to the externally

applied electric field E and with respect to the normal coordinate

Q.. Such derivatives are to be evaluated at equilibrium, i. e. , at

Q. = 0 and E = 0 which for nonpolar molecules implies both p = 0

and F = 0, since p. vanishes with the normal coordinate and p

and a are nonzero (see Eqs. 36 and 37). Differentiation of Eq. 37

with respect to the electric field E yields

aF aF
aEE + a + PF ,

aE aE (39)

in which the first term on the R.H. S. of Eq. 39 is zero as la has no

dependence on the external field. Differentiation of Eq. 36 with

respect to the external field gives

= 1 + DaE 8E
(40)

Substituting Eq. 40 into Eq. 39 and applying the equilibrium condition

gives

aE = (a÷PF) 8F8E = (a+(3F)(1+D1PaE )

(LE) = (1-aD) a-1
aE F-zO

(41)

(42)

Similar results can be obtained by differentiating first Eq. 37 and then



Eq. 36 with respect to the normal coordinate Q..

P - A- a -L/2- + F 2g1- + pF aF
8Q. 8Q. aQ. aQ. 8Q.

3 3

8F aE + D
8Q. 8Q. 8Q.

3
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(43)

(44)

Here the first term on the R. H. S. of Eq. 44 is zero, because the

external field does not depend upon the normal coordinates. Substitu-

tion of Eq. 44 into Eq. 43 gives the desired result

-a-2- + aD -a-P-- + F -821- + PFD
aQ, aQ. aQ. aQ, aQ.

3

ap -1 8y.(8Q. )F=0 = (1-aD aQ.

Rearranging Eq. 43 one obtains the relation

= (1-aD-PFD) -1 (a+PF)aE

-2 1aa aF
)(a+PF)° P P(1-aD-FD)aQ.aE aQ.8Q.

8a aF
+ (1-aD-(3FD) ( 8Q.

13 8Q.

Substituting Eq. 44 into Eq. 48 and setting F 0 results in

(45)

(46)

(47)

(48)
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EaQ.a F=0
ap= (1 -aD) -1

(aiD+PD
2

aQ. ) + (1 -aD)
-1
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8p
+PD

aQ
) , (49)

where aJ denotes 8a/8Q., etc. The expression (1-aD)-1 which

Occurs in Eq. 49 and elsewhere may be abbreviated as B and

represents the ratio of the local field F, to the macroscopic field

E:

aF -1
aE = (1 -aD) = B or F = BE (50)

and is called the effective field correction (5) which in the cubic case

is simply the Lorentz Lorenz field factor

Cco+2

B =
3

Substituting Eq. 46 into Eq. 48 and rearranging the final result is

8Q 8E I F=0 = B2 [ai+B.D.pflii, = T or L.
T

(51)

(52)

Starting with Eq. 47, a second differentiation with respect to the field

yields the following result:

2p 2 a a- B ( + (3B)
aE8E2

(53)



At high frequencies (optical), the 8a/8E term is zero and this

gives, when evaluated at equilibrium,

8E2 F=0

27

(54)

One must note, particularly in Eq. 52, that the two B factors out-

side the bracket are BT, while the tern-i within can be either BT

or B
L.

This may be seen upon inspection of the derivation of this

equation, because the F = 0 condition exercised in Eq. 49 requires

E = 0, which is the condition of the transverse macroscopic field.

However, the field correction term within the brackets is due to,

8Q.
J 3

(55)

and no such constraint is placed upon this equation. Moreover, these

equations have been obtained on the assumption that the normal

coordinates are independent of the externally applied field. This is a

legitimate assumption for the optical frequency fields contemplated in

Eqs. 39 to 55, but must be modified in the case of low frequency,

external fields.



2. Relation of xi to the Electrooptic Parameter

For such fields, the normal coordinates obey the response

law (1)

Q. = (I -a
0

D)-1
j
E

0
(w

2
.-(.0

2)-1
Tj

The change in the polarizability with respect to the low frequency

field E0 may be expanded in terms of the normal coordinates,

8a E
(28.

1as
aE0 j aQ aE

o j o

which upon substitution of Eq. 56 yields the following result.

8a as 41. 2 2 -1
- B (w

,J

.-w )
8 TaEo aQ. 0 Q.

Defining the susceptibility as below,

1
X =

a..L.2

aE

and substituting Eq. 59 into Eq. 52 gives

28

(56)

(57)

(58)

(59)

2
B

J _
8 Q
aX

. v 8Q. 8
2P

EX v
T [a j

+B .PD .I.LJ i = T or L (60)

J J

Substitution of Eqs. 58 and 59 into Eq. 53 gives
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B2 B
aX T 6)

13LE + 4d, (61)
aE

0

o ,
where the condition of (A) - 0 for d. c. fields has been used. The

second harmonic generation coefficient is related to the polarization

in the following manner (13):

P = 4dE jEk ,

and if one of these fields is d. c., then

x = 4dE 0 8E
axor 4d .

0

(62)

(63)

Note also that 4d is related to the electrooptic coefficient r by

the expression

6Tr
d.r -14

n
(64)

Equation 61 represents the electrooptic effect, that is the change in

the susceptibility due to a d. c. field, where the first term arises

from the vibrational contribution and the second is a purely electronic

term. The use of Eq. 61 is necessary because 4d is known for

NH
4
C1, but p is not.

The Raman counting efficiency (counting rate of photons scattered

at the frequency ws per exciting intensity) is proportional to the



following parameters of the sample (12):

R.(0)
s s

) w
3

j
(n.+1) x'j I <11 Q.10>1

30

(65)

where w
s

[is the Stokes' frequency and n. = exp(hco/kT)-1] 1 is

the phonon occupation number. Taking the ratio of rates (R.) for

the longitudinal and transverse modes yields

R co n +I co Xi
L sL3 L T L12= () ,_,

_
RT cosT nT-Fi co j 'L XT

(66)

since the transition matrix element for Q. is inversely proportional

to the square root of the mode frequency. At the low temperatures

used in these experiments and because the exciting frequency is large

compared with the transverse-longitudinal separation, to a good

approximation,

so that

s L 3 nL +1
(

-
1n +1sT T

XL ,RL L 1 2

R w
p.

XT T T

(67)

(68)

where p. is defined for future convenience. We have not, as others

have (10), used the approximation that the transverse mode frequency
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is the same as the longitudinal mode frequency; indeed, in some

cases, there is a factor of two difference between them.

3. Method of Solution

The present program involves deducing the µJ values from the

frequency separation between the transverse and longitudinal peaks in

the Raman spectrum; then using these values along with relative

intensity data to calculate cr1. To do this requires a knowledge of the

difference between 4 and xi values. For simplicity we have

omitted cartesian tensor indices up to this point and will continue to do

so. Under the Td point group, p vanishes unless all three of the

indices are different, i. e. , p , and likewise for the F2
xyz

species vanishes unless the two indices denoting the polarization of its

associated electric fields are different and different from its normal

mode index 8a /8Q z. Moreover, it is important to recall that the
xy

phonon propagation direction is approximately 45° (see Fig. 7) from
2

the cartesian axis defining the right angle scattering plane, so that

1 /2
in Eqs. 49 and 52, 4/8Q. should be divided by 2 . Using Eq.

52 along with the relation (7),

4Tr 2B D B DLL TT vs

2 See Appendix II.

( 69 )
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K

Z(X MY

Z(YZ)Y

Z(n) Y

Z (fX)Y

a2

0

0

0

E

4b2

0

0

0

F2
T

0

c2

I c2
2

2
--I c2

Fa.

0

0

I c2
2

i22
Figure 7. Diagram of I(PA)S experiment; radiation incident (ki)

along the z axis is scattered (k s
) along the y axis with

(K p) creation of a phonon with transverse (T1 & T2) and

longitudinal (L) components. Arrows within circles

indicate possible polarization orientations.



one arrives at

B2
j j

XL p= 2-1
/2 T 411-

B
2 j

2 e T
v 00
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(70)

It is interesting to note that this relation may be cast in terms of the

macroscopic observables B3 P/v and BTp.i as has been stated by

Johnson (14). It can also be stated that a macroscopic field, E,

proportional to I) exists only for the longitudinal mode; however

the intensities of both the transverse and the longitudinal modes

depend upon the electronic term p . Johnson's treatment shows

dependence of transverse mode only upon his parameter (acelaw)E=0'

where w = Q. It must be emphasized that the derivative of a at

constant (E = 0) macroscopic field is not the same as the derivative

of a at constant (F = 0) local field, and from this difference

arises the significance of our parameter cri.

By combining Eqs. 59 and 68 one obtains the expression

X PDLp.i
L

0.)
L ,1 /2

ai+BL
= ±p =

,

XT
j RT

cri-VB
T

13D 1-1)

(71)

and by doing the long division on the R. H. S. of Eq. 71, substituting

Eq. 70 for the remainder, and then solving for xi one obtains



XT
KRµ3(1TP.) -1

2

---- Br a +2 -1 /2
13 p.i]DTBT

23
/2n 4

K BT
2

v E
00

Equation 49 and 72 may be solved for ai giving

with

aj 23
/2rr

B2 pp)
v T16j

2±scopi

gj e (c +2)(1Tp.)
co 00

3
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(72)

(49)

(73)

(74)

(75)

The final step necessary to solve Eqs. 72 and 74 is to obtain a

value for p by noting that for the frequency is much smaller

and the strength much larger than for the other modes so that the sum

in Eq. 61 may, to a good approximation, be dropped, and yields

2

4d 7--

BTB0 a5.,5
+v

co
T5

(76)

Upon substitution of Eq. 60 into Eq. 76 and using Eq. 12, one finds

2

4d =
B B (3T 0 (2-1 /2g5S5+1). (77)
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Let us now review the several solutions which arise because of

the sign ambiguities in p, and d. According to Eq. 77 we obtain

four solutions for (3 , two differing in magnitude because of Eq. 75

and two different signs for each because of d. In Eqs. 72 and 74 we

see that 3 and p) appear as a simple product, so that and d

'xi will have two solutions differing in sign. This still leaves four

solutions differing in magnitude for Xi and a3, j 5, although

only two solutions of different magnitude arise for 5
X and a5.

The theoretical development leading to Eq. 77 assumes that 4d

represents the clamped electrooptic coefficient. If in fact this is not

the case, additional contributions occur depending on the piezoelectric

and strain optic coefficients; since the latter parameters are unavail-

able, we must assume that all subsequent calculations based upon Eq

77 may be in error by as much as 30%. Furthermore, all derivations

are based on a classical oscillator model neglecting anharmonicity

and assuming that all modes are well separated and that combinations

and overtones do not contribute significantly to the oscillator strength.

C. Group Theory

The space groups for the crystals to be discussed in this work

1are 1343m, Td for NH4C1(IV) and ND4
C1(IV) (15) and Ram, D 35d

for

NaN 3(p) (16). Both of these space groups are symmorphic, allowing

one to treat with the pure rotational subgroup (factor group) instead of
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the entire space group including translations. The group theoretical

analysis for these two examples follows closely that presented by

Fate ly et al. (17) and is given in the next two sections.

1. NH 4C1(IV)

In the low temperature phase of ammonium or deuteroammonium

chloride, both the ammonium ion and the chloride ion occupy sites of

tetrahedral symmetry. The standard prescription for finding the

symmetry species of the normal modes of a molecular unit (such as

NH4 ) within the crystal environment is to take the known modes of the

molecule using the gas phase symmetry and correlate them to the site

symmetry and thence to the factor group symmetry (Fig. 8 describes

such a procedure). To find the symmetry species of the crystal lat-

tice modes, one takes the translational species of the site group and

correlates to the factor group. The discrete molecular units perform

torsional oscillations called nlibrations" and these are found by cor-

relating the rotational species of the site group to the factor group.

As with the molecular case, the zero frequency mode of vibration

which corresponds to a translation of the crystal as a whole, is sub-

tracted out. This whole procedure is quite simple in this particular

case as the space group, site group, and the factor group are all

isomorphic to the same point group (Td in this case), and the cor

relation process becomes elementary. The final results along with
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NH4
+ (internal modes) -7- Al + E + 2F2

Molecular Site Factor

Td Td Td

A A A
1 1 1

E E E

2F
2

2F2 2F
2

NH4 (crystal)

Site Symmetry Crystal Symmetry

F2 (T x
, Ty, T z) F2 (lattice vibration)

Fl (Rx,Ry
1

,Rz) F (libration)

Cl- (crystal)

Site Symmetry Crystal Symmetry

F2(Tx, Ty, Tz) F
2

(lattice vibration)

2F
2

(lattice) + F
1

(lib. ) F2 (acoustic) = F
2

+ F1

Total Number of Modes

A Internal R v
1 1

E Internal R v2

F
1

Libration Inactive v6

2F Internal IR and R v
2 3 and 4

F2 Lattice IR and R V5

Figure 8. Correlation diagram for NH4C1(IV) and
ND4 Cl(IV),
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infrared and Raman activity are given in Fig. 8. Note that while the

ammonium chloride crystal is (in this phase) cubic, and therefore

isotropic, it does not possess an inversion center and therefore cer-

tain (F2) vibrational modes are simultaneously infrared and Raman

active.

2. NaN 3((3)

In the high temperature (3) phase of sodium azide, both the

sodium ions and the azide ions (D 00h) occupy sites of D3d sym-

metry and the factor group is also D3d The correlation diagram for

the internal modes of the azide ion is from Dooh molecular sym-

metry through the D3d
site symmetry to the D3d factor group

(see Fig. 9). Because no correlation tables are available that went

directly from Dooh to D3d, all modes were taken to an inter

mediate step of D6h. Similarly, the lattice and libration modes are

obtained from the correlation of the translational and rotational

species respectively for D3d to the factor group symmetry of D3d

and subtracting the zero frequency mode corresponding to the macro-

scopic translation of the crystal, and the results are given in Fig. 9.

The symmetry species of the combination modes and overtones

(two phonon spectra) may be found by using the reduction formulas

provided in "Molecular Vibrations" (18) and the activity of these

species found from any group table.
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P-NaN
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+
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(lattice modes)
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IR

Raman
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v2

3

Figure 9. Correlation diagram for 13-NaN3.
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3. Critical Point Discussion

Because the space group (Ti) of ammonium chloride is

symmorphic, those critical points (points of inflection or zero slope

on the dispersion curve) due to symmetry may be easily found with the

aid of group theory. The condition in this case for a critical point to

be present is that (19),

r.
J

r o Ft tot. sym.
(78)

That is, of the representation is real (F. = r. ), then the semidirect
3 3

product of the representation that describes that particular point in

the Brillioun Zone (r.) is taken with itself. The direct pro-

duct of that result is taken with the representation of a vector in that

point group (r t ), and this result must not contain the totally symmetric

representation for there to be a critical point at that position on the dis-

person curve. The procedure is straight forward, given the use of

correlation tables and the generating formulas for direct and semi-

direct products found in "Molecular Vibrations". A particular point

is chosen (see Fig. 10) and the point group of its site symmetry is

deduced. The species representing both the mode branch and the vector

(translation species) are found by decomposing the point group Td

to the site symmetry and the products are then evaluated with the aid

of the formulas in reference (18). Appendix I gives the final results of
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Figure 10. NH4
C1(IV) reciprocal unit cell with high symmetry points.

F & R ' T A -~ C3v Z C2

X gz M D2d A & T C 2v
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this procedure. It is important to note that at points of high symmetry

including the two zone boundaries, I- and R, no critical point is

predicted from this point group procedure that has been outlined

above, but that consideration of time reversal symmetry requires

critical points at these locations also.

Critical point structure representing as it does drastic discon-

tinuities in the density of states, may be related to Raman line shape

through Fermi's golden rule. However, due to the Ak "i". 0 selection

rule, none of this information is available for fundamental transitions,

but for combination transitions, the band profile will be essentially a

map of the joint density of modes function

dS..
=

11

V k[oJi (k)+co 3.(101

if both branches, co.(k) and (.0.(k) have a critical point at k, so

will g..(k).

From Appendix I it is seen that v4 and v6
both have

critical points at most of the Brillioun Zone special points. It follows

that the combination band, v4 + v6, as well as the overtones 2v
4

and 2v6 are expected to exhibit critical points corresponding to each

of the one phonon critical points for g4(co) and g6(0.)). Some such

critical points can be discerned from a close inspection of the
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combination bands in question, but no detailed assignment is presently

attempted.

The form of the Raman tensor which relates the scattering

efficiency (90°) to the polarization of the incident beam and the orien-

tation of a collector polarizer has been given by Loudon (20) and for

the Td point group are as follows:

a 0 0

aa
aQ

A
0 a 0

1 0 0 a

as
aQE

a

r
b 0
0 b
0 0 -2b

q) 0 6-N

aa
o o caQF2x 0 c

aa
aQF

2y

as
aQE

b

"N
0 0 c
0 0 0

0 0

N/3b 0

0 -NT3Ta 0

0 0 0

a«
a Qr2z

o".

0 c 0

c 0 0

(78)

(79)

0 0 0
_)
(80)

The standard polarized Raman scattering experiment will be given the

acronym I(PA)S where the letters will be replaced by axes repre-

senting the Incident axis, Polarization of the incident beam, the

polarization of the Analyzer and the Scattering or collection axis.

An example of this notation would be as follows: Z(XX)Y, where the

radiation propagates along the z direction with its electric field

vector in the x direction, hits the sample and is collected along the

y axis with its electric field vector still in the x direction. Thus,
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by choosing the proper geometry, a single element of the nine that

form the Raman tensor may be observed. In the nondegenerate case

the intensity is proportional to the square of that particular element

and in the degenerate case to the sum of the squares of the sampled

elements. In the case of transverse-longitudinal splitting, all the

modes which are simultaneously infrared and Raman active must be

modified. In this case the F2 mode is no longer triply degenerate

as Eq. 80 indicates, but is split into a doubly degenerate transverse

mode and a nondegenerate longitudinal mode.

Figure 7 describes the scattering geometry involved in these

experiments, and in most cases, the vibrational frequencies are small

compared to those of the initial and scattered waves. 3 If this is the

case, then the initial and scattered wave vectors have approximately

the same magnitude and are at right angles to one another, and there-

fore kphonon is about 45° from the positive z axis. In the case

of the higher frequency modes, such as the NH stretch, the breakdown

of this approximation becomes evident, However, because an average of

the two configurations (Z(XZ)Y and Z(YX)Y) was used,

most of the error associated with the measurement of the absolute in-

tensities was eliminated. Thus, one is actually observing either the trans-

verse phonons or the longitudinal phonon and to fit the geometry the

3 See Appendix II.



Raman tensors must be rotated 45° around the x axis, that is,

according to the transformation below.

x

Ar7( -y+z)

z WT(y+z)

45

(81)

The results are given here as two components of a doubly degenerate

transverse pair and a single longitudinal tensor.

as
aQT1

as 1

8Q L
NIT

0 0 0

0 0

0 c 0

0 -c c

-c 0 0

c 0 0

as
a QT2

1

0

-c

-c

C

0

0

C

0

0
N2

-I

(82)

(83)

As can be seen from Fig. 7, it is possible to use polarization

techniques to sort out not only the Al and E vibrational species,

but by comparing Z(YZ)Y and Z(XZ)Y or Z(YX)Y, to sort out

transverse-longitudinal couples. This discussion was concerned only

with the group theoretical aspects and neglected any nonlinear electric

field effects which further alter the relative intensities of the T/L

pair. The critical feature of this whole analysis is that in the

Z(YZ)Y orientation all longitudinal Raman peaks should disappear

while the transverse ones should double in intensity.
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III. EXPERIMENTAL CONSIDERATIONS

A. (3 -NaN2 Reflection Spectra

Sodium azide has been the subject of many scientific investiga-

tions. There have been many (21,22,23 24) infrared transmission

studies of the azide ion, both as pressed pellets and single crystal

transmission spectra. However, the most recent and complete work was

done by Bryant (21) and will be referred to often. The far-infrared

transmission spectrum has been observed by Richter et al. (23), and

the Raman spectrum has been obtained by Iqbal (24) and later by

Simonis and Hathaway (25). Much of the interest in this compound was

due to the discovery of a phase transition at 18°C by Pringle and

Noakes (16) in 1968. The high temperature (13 -NaN3) form is particu-

larly simple, with one formula per Dad R3m
3d

unit cell, with both

Na+ and N3 ions occupying D3d
sites, the azide ion being parallel

to the three fold (z or 111) axis of the rhombohedral unit cell.

The low temperature (a-NaN 3) phase has the space group

C2h
= C2 /m with one formula per primitive cell, and with the azide

ion tilted through an angle of 12.3° at -100°C (16). It is noteworthy

that the center of symmetry is preserved upon going from the a to

the (3 phase and that only two major spectral changes are expected,

i. e. , the splitting of the E (acoustic, bending and libration) modes
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into A and B components, and changes in the polarization of both

Raman and infrared spectra.

It is noteworthy that several investigators have given widely dif-

ferent values for v3: 2043 (21), 2128 (26), 2160 (22), and 2189

(22) cm-1. The value 2128 cm-1 was reported for polycrystalline

mull spectra and the other three values come from single crystal

transmission studies. The value of 2189 cm-1 was reported as the

minimum in transmission of a crystal of undetermined orientation,

but almost certainly the face was an xy plane. Bryant (21) so

described his sample presumably in the i3 phase, but noted that the

3
mode was accordingly forbidden at normal incidence. He chose to

interpret two regions of broad absorption as v3 ± v1, where v1 is

a lattice (libration) mode of correct symmetry species (E ) to com-

bine with A 2u
so as to yield an xy polarized Eu, infrared

active combination; from the average of these two bands he deduced

the value 2043 cm-1 for v3.
3

While some of this difference could be due to the two phases of

which the earlier investigators were unaware, it is more probable

that most of the difficulty in fixing a value for v3 arises from the

great strength of the mode. Inevitably, the infrared transmission

band will be very broad for an intense mode when the sample thickness

greatly exceeds the absorption wavelength, and we have found it

simpler both experimentally and theoretically to analyze a reflection
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spectrum of a moderately thick crystal.

In the present work we have undertaken to resolve this rather

unsatisfactory state of affairs using methods of infrared reflection

spectroscopy concentrating on the room temperature (3 phase.

Knowing that the well-developed crystal face in this phase is perpen-

dicular to the polarization direction of v3, we can predict that this

mode will have zero intensity at normal incidence and also for non-

normal incidence angles using TE polarization but will be active in

TM polarization at finite incidence angles, the region of high

reflectivity lying above the longitudinal mode frequency as has been

demonstrated earlier.

1. Experimental Procedure

The crystal used in this experiment was grown from an aqueous

solution of Matheson, Coleman and Bell practical (SX 299) grade

sodium azide, filtered through a 0.45 p. millipore filter. The method

of precipitant infusion described by Richter and Haase (27) was used.

A slab of approximately 2. 5 cm x 3.4 cm x 300 p. was mounted on a

plexiglass plate by softening the surface with xylene and allowing the

crystal to dry into the surface. It was then hand polished using

cerium oxide and a polishing cloth attached to an optical flat. The

crystal and backing were then mounted in a modified Barnes beam

condenser (described elsewhere (28)) with the normal to the (111) face
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lying in the reflection plane. This arrangement allowed variations of

the angle of incidence and the replacement of the crystal with a plane

mirror. The 100% reflectance was determined using a plane aluminum

front faced mirror and a small laser was employed to determine the

incidence angles. The spectra were taken on a Perkin-Elmer PE-180

infrared grating spectrometer, equipped with an internal wire grid

polarizer, orientations of which allowed TE and TM polariza-

tions. Variations of the specular reflectance of the beam condenser

(plane mirror replacing the crystal) with angle and frequency were, in

the normal infrared, found to be small and were neglected.

For metals in the infrared region, the reflectance at normal

incidence is usually between 0. 95 and 1.00, and may be approximated

by the simple formula, R = 1 - 2/k, where K (=n) is the absorp-

tion coefficient. Assuming R = O. 98 at normal incidence, k = 10z,

From Eqs. 25a and 25b, neglecting the real part of the dielectric

constant, one finds the following reflectances at 8. T 0. 8 radians,

typical of our experimental conditions:

and
R(TE) = 0. 9862

R(TM) = 0.9814,

These values show that it is justifiable to neglect the variation in

mirror reflection with angle. Within the error of measurement, it is

legitimate to put the reflectance of the mirror equal to unity, as we
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have. All spectra were taken in the double beam mode with a

resolution of approximately 2.1 cm-1, and appropriate time constants

and scan speeds were employed. It is important to note that no sup-

pression was used because for reflection spectra its effects are the

reverse of those for transmission. That is, it speedsup the scan rate

when scanning across a reflection peak.

2. Geometrical Considerations

The theory describing the behavior of the crystal reflectivity as

determined by the form of the dielectric function has already been

given, as has the geometry of 13-NaN
3

and it remains to relate these

two areas. The resonances (for y = 0, singularities) in the

dielectric function are due to infrared active vibrational modes, how-

ever in certain cases there is a zero component of the dipole on the

electric field vector. This gives rise to S. = 0 and hence no

resonance and no reflection peak. This can be seen upon examination

of Fig. 11, in which the reflection surface, normal vibrational modes,

dipole moments, electric field vectors and principal axes of the

dielectric function are all represented schematically. Examination of

v2 under TE polarization reveals a non-zero direct product of p.

and E which is independent of 0, and depends on the ordinary

(ex) dielectric function. v2 TM, however, does have a term p.E

which is non-zero at most angles and is angular dependent, as
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predicted by Eq. 25b and the appropriate dielectric function axis is

again ordinary (e ). v3 TE has no component of the electric field on

the dipole and therefore the behavior is simply that of Eq. 10 with

S. = 0. For v3 TM the interaction between 1.1. and E goes to

zero as the reflection angle goes to near normal, and in this case the

principal dielectric in question is the extraordinary one (Ez). Sum-

ming matters up one expects to observe

polarization but one observes

v2 in both TE and TM

v3 only in TM polarization and

only at incidence angles not approaching 0°. Recalling from previous

discussions that these reflection curves are generated by substituting

the real and imaginary parts of the dielectric function in to Eqs. 25a

and 25b, it can be seen that in the v3 TE case there is a constant

reflectivity which is determined by the magnitude of ez(00). Further-

more, in the case of TM reflection, both E and Ez enter into
y

Eq. 25b, but because of the geometrical considerations just discussed,

in v2 the only substitution is for E , because the only resonance

which occurs, occurs in E while s z(00) is substituted for Ez (CO).
y

In the case of v3 TM the situation is reversed and real and imagi-

nary parts of the dielectric function are substituted for z
(w) while

E (00 ) is substituted for E (0)) Cases where this separation does not

take place are easily envisioned.

In the double beam mode, the reflection spectra obtained were

not normalized with respect to the chart paper, and therefore, scans
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of 0 and 100% reflectivity were taken and each spectrum was

normalized to a range of 0-100%. These spectra were replotted on

graph paper of appropriate dimensions so as to coincide with the size

of the copy obtained from the Tetronix computer graphics terminal.

For the narrow v2 peak this was done at 2 cm -1 intervals while for

the broader v3

3. Reflection Data

the interval was 5 cm-1.

The survey scan (Fig. 12) of the region between 3500 cm-1 and

500 cm-1 taken in TE and TM polarizations with 0. = 50°,

exhibits only two strong reflection peaks, one at 641 cm-1 assigned as

v2(Eu), the bending mode of the azide ion, and the other at

2089 cm 1 being v
3

(A
2u),

the asymmetric stretch of the azide ion.

The only other feature in evidence is a CO2 absorption, due to the

extended path length of the sample beam. The curious features of

this scan is its lack of any features other than the fundamentals,

including the intense absorption combinations such as v
3

- R(E
g

) at

1920 cm -1 and (2v2+v3)[Eu] at 3306 cm-1 observed by Bryant (21).

The discontinuities in the TE polarized spectrum are due to grating

and filter changes. By comparing the two polarized spectra, the com-

plete absence of
3

in TE polarization is noted and supports the

theoretical and geometrical arguments that predicted its absence.

Both modes were examined at various angles and polarizations and
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Figure 12. Survey of infrared reflection from the 111 face of NaN3 at 8 = 5 ° and under TE and
TM polarization. 1 u-1
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fitted to Eq. 10 and Eqs . 25a and 25b according to the prescription

already given. The results are reproduced in Table I. Examples of

the reflection spectra of both v2 and v3 are given in Figs. 13,

14 and 15. It is gratifying that essentially the same values of the

dielectric parameters yield good fits to both the TE and TM

reflection of v2'

Table I. Dielectric constant parameters for infrared
reflectance of NaN 3 at various incidence angles
and crystal faces.

v
T

(cm -1
) rPol0 ( ad) S ,/ (cm 1

)

v
2

TE 638.3 0.780 0.026 1.00
TE 638.4 0.866 0.026 1.05
TM 638.4 0.780 0.026 1.30
TM 638.4 0.846 0.026 1.50
TM 638.4 0.870 0.026 1.45
TM 638.4 0,866 0.026 0.75
TM 638.4 0.866 0.026 1.05

v
3

TE a 2107 0.0 0.223
TEb 2112 0.0 0.220 8.0
TM 2090 0.634 0.260 9.0
TM 2090 0.749 0.260 8.0
TM 2090 0.846 0.260 9.0

v(lat A
2u)

TE 181 0.870 1.18 19

TE 183 0.870 1.18 16

TE 181 0.870 1.22 19

aFrech (29).
bMy fit of Frech 's data.

v
2

(641 cm-1 ) exhibits the expected line shape in both TE and

TM polarizations. However, it proved necessary due to narrow peak

width, to take into account the finite spectral slit width when
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frequency (cm-I)
Figure 13. TE reflection of NaN3 in the vz region; solid line

experimental, dash-dot line theoretical.
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frequency(crril)
Figure 14. TM reflection of NaN3 in the v2 region; solid line

experimental, dash-dot line theoretical.
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freq
Figure 15. Reflection of NaN3 in

mental, dash-dot line
experimental.

uency (cm-I)
the v3 region; solid line experi-
TM theoretical, dotted line TE
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v2. This was done by convoluting the

model reflection spectrum with a triangular slit function whose

width was selected to match the known spectrometer conditions. The

value of the frequency measured here for v
2T

(638) compares
-1

favorably to that obtained from absorption work (638 cm ) (21).

v3 TM does exhibit unusual line shape which is most likely (due

to lack of overtone and combination frequencies in that range) caused

by fluctuations in the density of states (30). No resonance in the

dielectric function exists for v3 TE, and this phenomena may be

used to check the accuracy of the normalization procedure. The

reflectivity is constant, and calculated to be 6. 9%, while the experi-

mental value was found to be 5. 7% (Fig. 15), indicating that, in this

particular case, the error in measurement of the absolute reflectivity

is within ±1. 2% of the calculated value. Averaged values of the

parameters for v2 and v3 are given in Table II. It is felt that

the error in these parameters is small in all cases except measure-

ment of Y,, the damping parameter. As was stated earlier, this

parameter adjusts the height of the theoretical spectrum to fit the

measured absolute reflectivity at the restrahl frequency, and although

the above sample calculation for v
3

TE indicated that this measure-

ment was in error by about 1%, it is felt that for actual peak reflection

this error is considerably larger, introducing more uncertainty into

Y. does not effect the width of the theoretical curve directly. In
NJ



Table II. Dielectric constant parameters and dipole derivatives for NaN3.

Parameter v2
3

v (latt.A2u)

, -1,av (cm -1)a

v 1))

(cm-1)v
L

Save.

(cm-1)
'Yave.

,ap./8Q(esu g -1/2
)

8µ /8S(e)

F (md /A)

1358

15.206

641 2189 205

638.4 2090 182

642.8 2160 232

0.026 0.26 1.19

1.16 8.67 17.5

±29. Z ±423. ±73. 1

± 0.11 ± 2.45 ± 0.76

0.559 12.201 0.290

aFrequency of the approximate center of the reflection band or of the Raman
line.
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infrared work in general, the accuracy of measurement of frequency is

usually to within ±1. 0 cm-1 for sharp features such as these reflec-

tion peaks, however the strength term relates to a frequency differ-

ence (the width of the restrahl region) and thus the reason for the

confidence in the values of the parameters yr and S.. Typical

errors in the frequency, damping constant and strength are estimated.

to be ±1 cm-1, ±1 cm-1, and ±. 002 respectively for v2. Because of

the interaction of the strength and transverse frequency parameters

demonstrated earlier, there is a considerably larger error in these

parameters for v3 TM perhaps on the order of 5 to 10 cm-1.

A crystal with a large xz face (one which contains the optic

axis) has been grown by Frech (29), who measured the infrared

reflectivity of v3 TE at normal incidence. His values, along

with those obtained by fitting his data with our equations (being careful

to use the appropriate dielectric function) are given in Table I. There

is an obvious and significant discrepancy between these values which

cannot be explained by instrumental error. Concerning our observa-

tions when working at large angles, a small error in measurement of

that angle can quite often, produce a much more or less intense

reflection peak changing both S. and v
T.

By using TE polari-

zation and normal incidence, Frech has avoided these pitfalls. How-

ever, a new one arises and that is obtaining the proper orientation of

the extraordinary optic axis which can have large effects on the
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polarization and strength. It should be recalled that our procedure for

fitting TM in v3 is much less specific for a particular reflection

spectrum than for TE. In checking Frech's parameters it was

found that they did not fit TM data. The quality of the overall

fit to the experimental spectrum for v3 is less satisfactory than

those for TM-3 reflectivity for the xy face because the quantita-

tive reflectivity scale is not accurately known. A comparison of the

two different spectra is given in Fig. 18.

Far infrared transmission spectra (23) of NaN3
have been taken,

and as is usual for transmission in this frequency range, the single

crystals observed were too thick to provide much useful information.

Obtaining far-infrared reflection data proved to be much more diffi-

cult than working in the near infrared. Because far less energy was

available after reflection from the crystal surface, it was necessary to

run the instrument at maximum slit width (10 mm) which led to re so-

lutions of 6-10 cm-1. To further complicate matters, and unlike the

normal infrared case, the 100% reflectivity curve had a tendency to

tail off at the end of each grating. In addition, *here were changes in

the 100% and the crystal reflectivity upon going from one grating to

another. A number of scans were taken at various angles and polari-

zations and from comparing these data it was evident that these

reflection spectra were not very reproducible. Thevariationinabsolute

intensity gives rise to errors of approximately 20% in the
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transverse frequencies, strengths and dipole moment derivatives.

In 13 -NaN3, group theoretical methods predict two lattice modes

(A 2u and Eu), and upon examination of the geometrical considera-

tions in a manner similar to that employed with the internal modes

one finds that the A
2u

mode is not active in TE polarization

much like v3, but in TM both are active. From survey scans of

this region (Fig. 16) in TE polarization there is indeed one peak

as predicted and it has the typical TE shape. For the other polari-

zation (TM) there is only one mode visible, not the two predicted.

A possible explanation of this is that if there is little splitting between

the A2u and Eu modes, then for the Eu mode the reflectivity

in TM falls between the transverse and longitudinal frequencies.

For the A
2u

mode in TM, the reflectivity falls between the longi-

tudinal and post-longitudinal frequencies and therefore in TM

polarization one might expect to see one large reflection peak between

the transverse and pseudolongitudinal frequencies. Usually the TM

restrahl region is considerably smaller than the TE (see Figs. 13

and 14), but in this case they are approximately equal, lending further

credence to the above theory.

Normalized data for the far-infrared are presented in Fig. 17

for TE polarization. Due to the fact that the far-infrared data are

not very reliable, no attempt was made to fit the TM reflection

spectrum because it not only contains the difficult to fit A2u mode
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Frequency (cm')

Figure 16. Survey scan of the lattice optic mode region; 0. = 49. 3° under TE and TM polarizations.
i
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Frequency (cm-I)

Figure 17. TE reflection in the lattice optic mode region; solid line experimental, dot-dash line
theoretical.
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Figure 18. Comparison of 111 reflectivity versus 110. The solid line is Frech's (29) data, dash-dot
is our fit of this data. Solid TM line is our data from the 111 face. The transverse
frequency obtained from a) our TM data is 2090 cm-1, b) Frech's data is 2107 cm*
c) our fit of the 110 data is 2112 cm-1. The longitudinal frequency from our TM data is
d) 2180 cm-1 and from Frech's data e) is 2185 cm-1.
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mode also, making it necessary to fit

two reflection peaks simultaneously.

4. Infrared Intensity Parameters

From the strength parameters as determined by fitting the

respective reflection bands, we then proceed to evaluate the dipole

derivative using the classical harmonic oscillator model and the

effective field correction based upon the additive polarizabilities as

determined for NaN
3

by Frech and Decius (6). The strengths are

related to the dipole derivatives by Eq. 12, with ap, , /aQ. as them

derivative of the dipole of the mt-th kind of molecule in the unit

cell. The sum over m and m' is taken over all molecular

entities in the unit cell--in this case, the azide ion (say m = 1) and

the sodium ion (m = 2 ). The B matrix is defined by Eq. 35 and is

easily factored into separate parts for z or for x, y polarization.

Thus Eq. 12 reduces to

and

S =
(x) 2 4-ir (x) (x) x
2 2 v (B1111 21

) aQ
2

S
(z)

w
2

=
47

(B
(z) (z)

a

+B
3 3 v 11 21

) aQ
3

(84)

(85)

The values for a and D are available from reference (6):

ti
note that D was therein called S and should not be confused with



°the transition strengths. Using a (z) = 8. 17 (A) 3
, and

a
2

= 0.292 (A) , one finds that

) (z)B11 + B21 = 1.021

(Similarly, with aix) = 2. 59(A) ,

B11) + B21 ) = 1. 430

For comparison, the Lorentz-Lorenz field correction would have

yielded

and

) (z)B11 + B21 = [ezco+2] /3 = 1.653

) (x)B11 + B21 = [8x00+2]/3 = 1.291
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(86)

(87)

(88)

(89)

so that the departure from cubic symmetry in NaN
3

is quite marked.

The values of the dipole moment derivatives are given in Table II and

their meaning will be discussed in the concluding section of this work.

The field correction terms used for the internal modes are the same

ones that are needed to calculate the dipole derivatives of the external

(lattice) modes.
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B. Raman Spectra of NH4C1 and ND4C1

Since the discovery of the phase transition in ammonium and

deuteroammonium chlorides at 242.8°K and 249.6°K respectively by

Simon (31) in 1922, both the high temperature Oh phase (II) in which

the ammonium ions are randomly oriented towards one of two sets of

chloride ions, and the T1 low temperature phase (IV) in which long

range forces align the ammonium ions within the crystal, have been

extensively investigated. Infrared vibrational spectra have been

obtained on both phases of both isotopes by Schumaker and Garland

(32), and Perry and Lowndes (33) have measured the infrared reflec-

tion spectrum of the lattice mode. The Raman spectrum was first

studied extensively by Krishnan (34) and later, using laser spectro-

meters, by others (35-45), the most recent study being done by

Harvey and McQuaker (45). All previous workers have failed to obtain

polarization data. Neutron diffraction experiments on the low tem-

perature phase of ND
4
C1(IV) have been performed by McKenzie and

Seymour (46) and Teh and Brockhouse (47), while Smith et al. (48)

have obtained results for NH 4
C1(IV).

Much of the remaining literature not cited relates to studies of

the mechanism of the phase transition, which will not be covered in

this text. The primary aim herein is to obtain polarized Raman

spectra, molecular parameters and frequencies of the low temperature
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phase. Much of the interest in the low temperature phase is due to its

rather unique symmetry properties. Although NH4C1(IV) and its

deuterated analog are isotropic, cubic crystals, they lack a center of

inversion, thus permitting certain vibrational modes (F
2

) to be

simultaneously infrared and Raman active as was discussed briefly

in an earlier section. Because there is no center of symmetry,

optical processes that occur with the second order of the exciting field

(hyperpolarizability) manifest themselves, and contribute to the Raman

scattering efficiency as was demonstrated in the Raman theory sec-

tion. Thus, the reasons for repe.ating the Raman work on these, crys-

tals was two-fold. First, to obtain polarization data and then to use this

information to pick out transverse-longitudinal pairs and elucidate

two phonon bands, and secondly to obtain intensity data to test the

Raman intensity theory.

1. Experimental Procedure

Single crystals of NH4C1 and ND4C1 were grown from aqueous

solutions to which 10% by weight of urea had been added as a habit

modifier. This methodof growing ammonium chloride crystals is well

established and produces large cubic crystals with good faces and if

grown slowly, with little or no occlusion of water or urea (34). These

solutions were filtered through a 0. 45 p. millipore filter to remove

nucleation centers, and were then allowed to evaporate either to the
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atmosphere or by passing dry nitrogen over the crystallization dish

while in a glove bag. The ND4
C1 crystals were grown by successive

evaporation and dissolution with 98% deuterium oxide, but were found

to contain too high of a hydrogen content (large enough to observe

ND2
H2 frequencies in the Raman spectrum) to be of use in obtaining

intensity data. All intensity measurements along with all other

ND4C1 spectra, except the observation of 2v
6

, were made on a

highly deuterated crystal obtained from Professor C. Garland of the

department of Chemistry at Massachusetts Institute of Technology, to

whom our thanks are due.

Raman spectra were taken on a Cary 82 triple monochromator

detector, employing a Spectra Physics model 164 argon ion laser
0

which delivers approximately one-half watt of 5145 A radiation to the

sample. The radiation upon entering the sample compartment, was

first passed through a half wave plate, which allowed two possible

orientations of the laser electric field when it impinged upon the sam-

ple. Between the laser and the sample was a focusing lens with a

10 cm focal length. Although this greatly enhances the intensity of the

Raman effect, there is some evidence that it mixes the polarized

electric fields. After being scattered by the sample, the Stokes

radiation passes through an analyzer polarizer, which allows the

selection of two possible electric field vectors, and consists of a disc

of polaroid plastic mounted over the collection optics. The collection
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optics have a fixed f-stop of f/1, but by careful masking it is

possible to go as low as f /5. After entering the instrument, the

scattered radiation passes through a scrambler, which mixes the

electric field vectors and cancels out any preference the detection

system shows towards certain orientations of the electric field vector.

The crystals, which were chosen for optical clarity and for

having two smooth, planar surfaces at right angles to each other,

were mounted on an Air Products Cryotip Helium Refrigerator. The

mounting device was a threaded copper block approximately

1 x 1 x 2 cm with a spring clip at the end opposite the threaded por-

tion, which screwed into the displex unit. Pieces of indium foil were

sandwiched about the crystal and, where possible, curled about the

crystal to hold it in position at low temperatures. Wrapped in the

indium foil and adjacent to the crystal was a gold-chromel thermo-

couple, used to monitor the temperature to within *5°K. Care was

taken not to block the incoming beam and to eliminate any "shadows"

that the mounting device might cast upon the collection lens. The

refrigerator was also equipped with a heater for maintaining constant

temperatures. The entire displex head was encased in a vacuum

shroud and mounted on a movable rail assembly within the sample

compartment. With this arrangement it proved possible to reach

temperatures as low as 25°K.
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At this point it is important to mention several of the alignment

techniques used in obtaining these data, Porto et al. (49) having

already presented much of the theoretical justification for these

methods. These methods are as follows:

1) Align the laser beam so that it is vertical. This is most

easily accomplished using a right triangle, being certain

that the laser intersects the slit image and has no forward or

backward tilt.

2) Mount the crystal securely to the flat surface of the sample

holder, this insures proper x alignment.

3) Using the alignment lamp, which focuses the slit image at the

focal point of the collection optics, position the crystal so

that the image is centered on the crystal face.

4) Using the rail assembly, focus the slit image just 'inside' the

crystal face, by sliding the whole mount back and forth.

5) Finally,rotate the displex unit to align the yz axes.

Experience has proven that extreme care in performing these steps is

necessary to obtain good polarization data.

2. Raman Data

Survey scans of NH4C1(IV) at 25°K and ND4C1(IV) at 35°K are

provided by Figs. 19 and 20 respectively, and Table III gives the

assignment of fundamentals while Table IV assigns the combination
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Figure 19. Raman survey scan of NH4C1(IV).
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Figure 20. Raman survey scan of ND4C1(IV).



Table III. Frequencies and intensity parameters in NH4C1 and ND4C1.

Mode
Transverse Longitudinal
Frequency Frequency

(cm-1) (cm-1)
Strength

a/
J

e.s.u. Ngm

Longitudinal/1/
Transverse Intensity p

Ratio

NH4C1

v
1

v2

v3

v2 + v4)
v4
v5

ND4C1D4
v

1

v2

v3

v4
v5

3043

1720

3122 3162 0.0510 176 1.64 1,29

3052 3073 0.0605 187 0.238 0.490

1404 1423 0.0778 98 3.11 1.77

186 280 3.7621 90 0.075 0.336

2217

1227

2333 2366 0.0771 161 0.853 0.930

1067.7 1073.7 0.0350 50 1.55 1.25

177 266 3.5872 83 0.100 0.388

a/Undetermined sign.
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and overtone (two phonon) spectra. In the ammonium chloride survey

scan it is easy to observe the fundamentals, because they are very

sharp, narrow features, while the two phonon components are broad

and show considerable lines Nape. v4 (1404 and 1423) and 1,5 (186

and 280) clearly exhibit both transverse and longitudinal peaks. Fea-

tures present near the change of the zero suppression setting (evident

as breaks in the background) are not real, as determined by subse-

quent scans. The deuteroammonium chloride crystal was found to

fluoresce strongly, even with lower frequency exciting radiation

(6471 A and 5309 A), making it impossible to observe weak combina-

tion and overtone structure. This fluorescence also made it neces -

sary to adjust the zero suppression when obtaining polarization data at

different configurations.

Table IV. Assignment of several combination and over-
tone bands.

NH 4C1 ND
4

C1 Assignment

541 460
568

v5 + v6

721 537
757 553 2v6

1112 3v
6

1796 1152 v4 + v6

2805 2122 2v4
2800-2900 2140-2163)
3052 or 3122 2260 (v

2
+v

4)T
3043 or 3162 (v2+v4)

3201 - 3245 v1 + v5



3. Raman Intensity Data

In 1950 Wagner and Hornig (50) established the assignment of

the infrared doublet in the ordered

78

phase of NH4C1 as a Fermi

resonance between v3 and v2 + v4. The Raman spectrum should

exhibit five lines deriving their intensities from fundamental modes in

the NH stretch region, designated as

(v
2

+v
4

)L'

v1, (v3)T, (v3)L, (v2+v4)7, and

although the Fermi resonant modes are surely extensively

mixed. Recalling from the group theory discussion that by using

polarization techniques (cf. Fig. 7) it is possible to determine which

modes are symmetric, transverse or longitudinal. Figures 21

and 22 give the polarized Raman spectra of NH4C1(IV) and ND4C1(IV)

respectively. In order to obtain spectrum 21, polarization errors due

to beam convergence /divergence were minimized by using a long focal

length lens (403 mm) and by inserting a diaphram between the sample

and monochromator. This effectively reduced the collection apature

to about f/5. Here, apparently for the first time, v
1

has been

resolved from the lower component of the Fermi doublet with the aid

of polarization, as is shown by a comparison of the Z(XX)Y and

Z(XZ)Y spectra. Note that the polarization is not perfect, i. e.

at 3043 cm-1 appears, but with greatly diminished intensity, in the

1

crossed polarization experiments. The residual intensity will hence-

forth be referred to as 'leakage' and will be taken into account when
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Figure 21. Polarized Raman spectrum of the NH
NH4C1(IV) at Z5°K.
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Figure 22. Polarized Raman spectrum of the ND stretch region in

ND 4
C1(IV) at 35°K.
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calculating absolute Raman intensities. Conversely, the emission in

the region above 1'
which is attributed mostly to modes of F2

symmetry, appear weakly in the diagonal polarization configurations.

A comparison of the Z(YZ)Y with the two other crossed

polarization experiments indicates that the lines at 3163 cm-1 and

3073 cm-1 are much weaker in Z(YZ)Y and indeed, are no stronger

than in the forbidden orientation Z(XX)Y. Moreover, in Z(YZ)Y,

the peaks at 3052 cm-1 and 3122 cm-1 are approximately twice as

strong as in the other two allowed polarization schemes, Z(XZ)Y

and Z(YX)Y. All of this clearly points to the assignment of

3052 cm-1 and 3122 cm-1 as transverse and 3073 cm
-1 and 3162 cm 1

as longitudinal modes.

The ND stretch region is considerably different (Fig. 22) from

the NH stretch region. In the symmetric Z(XX)Y configuration

there are now two intense Al peaks, 2217 cm-1 being assigned as

v
1

and 2122 cm -1 as the Al component of 2v 4(A1 +E+F2). The

latter is evidently in resonance with vl, to which it owes its great

intensity (second most intense line). Furthermore, by comparing

intensities in the Z(XZ)Y and Z(YX)Y polarizations with the

Z(YZ)Y configuration, it is evident by the same reasoning as was

demonstrated with the ammonium compound, that 2333 cm-1 is

and 2366 cm-1 is v3L. Evidence of (v
2

+v4)T is present at

2260 cm-1, but no longitudinal component is in evidence, and

v3T
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therefore, unlike NH4
C1(IV), there seems to be little if any

resonance between v3 and (v2+v4).

Typical polarization results for F2 modes are provided by

Figs. 23 and 24.. Figure 23 also illustrates the polarization of the v2

mode in NH 4
C1(IV). Again the 'leakage' is evident in these spectra,

and is on the order of 20% for many of the F2 modes used in the

intensity calculations. Curiously enough, in the case of the combina-

tion and overtone features, there seems to be little if any 'leakage'.

Relative intensity measurements were made by calculation of the area

of the Raman peaks using trangulation; width at half height being

determined by the spectrometer slit width. Repetitive scans of v
5T

in ND4Cl(IV) revealed that for well separated modes, the error in

area measurement, deriving from both instrumental and human

sources was on the order of ±3%. For mixed modes such as v3 and

v2 + v4 in NH
4
C1(IV) the error is much larger.

Examination of Eq. 65 shows that relative Raman counting

efficiencies must be corrected with the third power of the scattered

frequency and with the inverse of the mode frequency. In addition,

another correction factor for the wavelength dependence of the photo-

multiplier tube (f.) is needed, and the sum of these corrections is

expressed in Eq. 90.
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Figure 23. Polarized Raman spectrum of V4 and V2 in NH4
Cl(IV)

at 25°K strongest line about 50,000 cps.
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Figure 24. Polarized Raman spectrum of v4 in ND4C1(IV) strongest
line about 2, 000 cps, a) Z(XZ)Y, b) Z(YX)Y, c) Z(YZ)Y,
d) Z(XX)Y.
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(90)

The f. have been tabulated for the instrument used in these experi-
J

ments by Lesiecki (51). Relative transverse intensity ratios (different

F2 modes) were obtained through use of Eq. 90 and data measured

in either the Z(YX)Y or Z(XZ)Y polarization configurations.

Because the different F2 modes have greatly differing intensities,

it was necessary to assume that the coarse sensitivity control is lin-

ear, but settings on the fine sensitivity control were left unchanged

from one measurement to the next. By running the laser in its con-

stant light mode, and carefully monitoring the power set on the Cary,

it proved possible to maintain a constant source during scans. Care-

ful clamping of the cold cell in the sample compartment reduced noise

levels. Longitudinal-transverse intensity ratio measurements were

performed using data from all four polarization configurations. The

two polarization arrangements in which both transverse and longitudi-

nal components are allowed were averaged after first subtracting out

the 'leakage' computed from measurements taken in the Z(XX)Y

forbidden configuration. Theoretically, these two configurations

should have identical intensities for both transverse and longitudinal

components. In practice it was found that Z(YX)Y was generally

less intense than the corresponding Z(XZ)Y component, and on the
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whole, it was found that the transverse intensity in the Z(YZ)Y

configuration was approximately twice as intense as the Z(YX)Y or

Z(XZ)Y arrangements. Because of the small frequency separations

between transverse and longitudinal components, it was not always

necessary to use Eq. 90 in its entirety. The transverse-longitudinal

intensity ratio was corrected only for the ratio of the mode frequencies

(wj/cok). Measured values of the longitudinal-transverse intensity

ratio are provided in Table III. These values are averages of eight

sets of separate intensity scans. Table V contains both the raw

intensity ratio data, along with the corrected values and their correc-

tion factors according to Eq. 90.

C. Two Phonon Transitions

The prominent two phonon bands to be analyzed consist of 2v6,

v4 + v6, 2v
4, and vl + v5. Although these are bands rather than

lines owing to the fact that v.(k) + v.(-k) is allowed for all k in

the Brillioun Zone, we start by considering the selection rule k = 0.

2v6: This overtone has the symmetry species Al + E + F2 at

k = 0. Thus the Raman spectrum is expected to include two branches

(Al and E) that are not allowed in the infrared spectrum. Com-

parison of the Raman spectrum with the infrared work of Schumaker

and Garland (32) reveals that the Raman spectrum contains (Fig. 25)

an additional sharp feature which is not in evidence in the infrared



Table V. Intensity data for NH4C1(IV) and ND4C1(IV).

R.

R
1-- NH

4
Cl

f.w3 w

f.w3 w
3 si 1

I 2 Ri
-2 NH4C1 R- ND4C1

I

X
.1

J

f w 3
w

f.w3
3 s3

XiI

2
ND4C1

IX.I

I /3a 6.227 0.8860 5.517±. 607 1.528 0.9389 1.435±. 148

1/4 123. 2.730 336. ±150 40.18 2.0767 83.45±10.10

1/5 12.19 16.955 220. ±48 9.685 11.027 106. 8±20. 5

2/3 0.572 0.4342 0.248±. 099 0.0951 0.5056 0.0491±. 0051

2/4 10.09 1.2335 12.44±1.05 2.523 1.1183 2.822±.303

2/5 0.916 7.8608 7.204±. 830 0.5933 5.9384 3 523±. 453

4/5 0.0929 6.3726 0.620±. 088 0.2290 5.3101 1.216±. 088

4/3 0.0443 0.3520 0.0156±.0021 0.0394 0.4521 0.0178±.0035

3/5 2.063 18.104 37.34±5.58 5.775 11.745 67.83±32.08

4/2+4 0.0434 0.3731 0.0162±. 0042

5 /2+4 0.4854 0.0586 0.0283±. 0093

3/2+4 0.9790 1.0600 1.038±. 206

a
v

1
for ND4

C1 contains contributions from the Fermi resonant term 2v 4(A 1).
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Figure 25. Infrared (32) spectrum (upper) and Raman spectrum (lower) of 2v6 in NH4C1(IV) with
resolution and calculated frequencies (53), full scale intensity is 500 cps.
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absorptior, This feature occurs at 728 cm-1. The corresponding band

in ND
4
C1(IV) has a similar line like component at 537 cm-1 observed

in a crystal grown in this lab. It is evidently a very narrow line with

an apparent width determined principally by the spectrometer slit

width.
-1

NH4
C1(IV) exhibits neutron inelastic scattering at 390 cm (48)

and a more detailed study (47) of ND4C1 similarly yields a nearly

undispersed v6 (277 cm-1) within 2%. A theoretical study of

ND4C1(IV) (52) yields a one phonon density of modes extending only

from 276.4 to 278 cm 1 with appropriate critical point structure. The

failure of the harmonic model is evident from the fact that 2v
6

would be expected to lie within a few wave numbers of 780 cm-1 for

NH4C1 and 552.8 cm -1 for ND4C1. Since the dispersion is so small it

is more reasonable to neglect it for this band and to consider the

effects of anharmonicity. This has been done by HUller and Kane (53),

whose potential function contained a single adjustable parameter which

was chosen to fit the infrared data. Using their potential function, it

was possible to predict values for the A1, E and F2 species

which turned out to be in excellent agreement with those numbers

found experimentally (Table VI), They are marked as vertical lines on

Fig. 25. Further evidence supporting this interpretation is displayed

in Fig. 26, illustrating the polarized Raman spectra of 2v6, which

clearly indicates (in the Z(XX)Y configuration) that the peak at
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728 cm -] is of Al species, with the sharp feature of the band at

750 cm-1 being the E component. As is expected, the intensity in

this mode is much too small to observe any appreciable transverse-

longitudinal splitting.

Table VI. Comparison of observed and calculated frequen-
cies for 2v

6.

Specie s

NH
4

C1

Observed`

NH
4

C1

Calculated

ND
4C1

Observed

ND4 C1

Calculate d

Al

E

F2

727

750-760

750-760

728

750

752

538

550

553

537

550

551

aFrequencies in cm-1.
bHuller and Kane (53).

In concluding the discussion of this overtone it is important to

remember that v6 is the libration of the ammonium ion and as such

it is sensitive to the phase transition. Since v6
is inactive and

2 v6

was observed here for the first time, a study of this mode as a func-

tion of temperature was undertaken and Fig. 27 illustrates the results

from this study. As the temperature (recall that there is an uncer-

tainty in the temperature of approximately ±5°K) is increased, the Al

species begins to lose intensity to where at 227°K it is no longer

observable. Above the phase transition, the entire feature has washed

out, and throughout the temperature range studied, frequency shifts
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Figure 26. Polarized Raman spectrum of 2v6 in NH4C1(IV) at 25°K.
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Figure 27. Temperature dependence of 2v6.



appeared negligible. This effect is clearly due to changes in the

translational symmetry as the components of
1to be Raman active in O.

2v6
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are still predicted

v4 + ThisThis combination, first observed in the infrared by

Wagner and Hornig (50), was used by them to establish the fact that

there is no free rotation of the ammonium ion in the crystal. The

k = 0 symmetry species are A2 + E + F1 + F2. Note

that there is no totally symmetric component, and that the Raman

spectrum should differ from the infrared only by the addition of the E

branch. Fig. 28 compares the Raman spectrum with the infrared

work of Schumaker and Garland (32). It shows that the two types of

spectra are very similar (at comparable intensities) and that the

Raman spectrum does not, inthis case, exhibit a separate feature com-

parable to the Al component of 2v6. The polarized Raman spec-

tra of v4 + v6 (Fig. 29) clearly indicates the lack of a strong

feature in the symmetric Z(XX)Y configuration . Furthermore, it

indicates that the high frequency peak (1818 cm 1)) s not a longitudinal

component of an F2 mode as was previously claimed.

2v4: The comparison of the infrared and Raman spectra for this

region is also shown in Fig. 28. As for v4 + v6, two infrared

traces are shown. The weaker one, comparable with our Raman

spectrum, is less structured, possibly because it was observed at a

higher temperature (85°K) than the Raman (25°K). The Raman band
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Figure 28. Infrared (32) spectrum (upper) and Raman spectrum
(lower) of 2v4 (left) and v4 + v6 (right) in NH4C1(IV)
at 25°K.
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Polarized Raman spectrum of v4 + v6 in NH4C1(IV) at 25°K, full scale intensity is
10,000 cps.
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has also been observed by Mitin et al. (42) and rather closely

resembles the present work, when allowance is made for the lower

temperature of our observation. The present work has demonstrated

(Fig. 22) that the very sharp component at 2805 cm-1 is diagonally

polarized and clearly absent from the infrared spectrum. This lends

itself to an interpretation similar to 2v
4

(i.e. as the Al com-

ponent of k = 0 species Al + E + F2). Gorelik et al. (43)

described this feature as a "bound-biexcition", which we take to be

equivalent to describing this component as the Av4 = 2 transition at

k = 0. In other words, the anharmonicity is sufficient to detach this

component from the band formed by Av4(k) = 1 and Av4(-k) = 1.

The rest of the band quite clearly illustrates the near discontinuities

in slope which one might expect from a critical point analysis. Note

also, as shown in Fig. 22, the enhancement of the Al component in

ND4
C1, which can be attributed to its being in Fermi resonance with

vl in the deuterated molecule.

v
1

+ v5: Although Schumaker and Garland (32) assigned the

corresponding infrared band near 3230 cm-1 as 2v
4

+ v6, we pro-

pose that it can equally well be interpreted as v
1

+ v5. A binary

combination a priori might be expected to have a greater intensity

than a ternary combination. The assignment v
1

+ v
5

leads to only

an F2 species at k = 0, whereas 2v4 + v6 yields

A2 + E + 3F
1

+ 2F 2.
There is, however, in the Raman spectrum no



trace of the E mode expected in the symmetric polarization

arrangement. Likewise if the assignment v
1

+ v5 is accepted,
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the structure in the infrared and Raman should be very similar, and

owing to the expectation that v
I

may exhibit very little dispersion, it

may be expected to closely resemble the one phonon density of modes

of v5. Although Cowley (52) gives a very detailed study of the

density of modes of ND
4
C1, it includes the accoustic branches from 0

to approximately 170 cm-1, so that a direct comparison with our

Raman spectrum is impossible.

D. Determination of the Intensity Parameters

1. Dipole Derivatives

The values of the strengths, Si and of the dipole derivatives

were calculated as previously outlined, and their values are listed in

Table III. In this calculation, the unit cell volumes were obtained

from Wyckoff (15) and were 55.74 A3 for NH4C1 and 55.70 .A3 for

ND
4

C1. The value obtained for the optical frequency dielectric con-

stant = 2.778, was obtained by extrapolation to our temperature

range from data by Barbaron (54). The values found for the static

dielectric constant, obtained by adding the strengths to the high fre-

quency dielectric constant, are E
0

= 6.7292 for NH4
C1 and

eo := 6. 4771 for ND4C1. The interpretation of these results will be
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left to the concluding section, However; it should be pointed out that

= 98 esu g -1/2 for NH
4
C1(IV) is in good agreement with

the value reported by Haas and Hornig (55), who used a simplified

version of the dielectric theory. Since the xi and al values

depend linearly upon the p.j, it is worth pointing out that the percent

error in the dipole derivatives is essentially determined by the error

in measurement of the transverse-longitudinal frequency separation.

For v4 of ND
4
C1 this separation is only 6. 0 cm-1, but the reason-

able assumption that this separation can be determined to within

±0.3 cm-1 implies an error of 5% in the strength and only 2. 5% in
4 all other cases involving considerably smaller errors in conse-

quence of the larger frequency splittings.

2. Susceptibility and Polarizability Derivatives

The methodology for obtaining total susceptability derivatives

Xi is as follows: Using Eq. 77 and the values for the strength of

given in Table III and Robinson's (56) value for the electrooptic con-

stant (d =±1.38 x 10-8 e.s.u.), it was possible to calculate four

different values for 1 . Two of them differ in magnitude depending

upon the choice of upper (P+ = *2.26 x 10-31 e. s. u. cm3) or lower

(p = ±3. 67 x 10-31 e. s. u. cm3) sign of g5, with the sign of P

being that of d. It is difficult to decide which p is the appropriate

one, Robinson (56) believed that most of the electrooptic parameter
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was due to the electronic contribution, but the smaller ((3
+) value

corresponds to 1 /Nrrg5S5 = 0.885, indicating a substantial vibra-

tional contribution to 4d. The larger

1/T21555 = 0.163.

There are eight possible values of

(( ) value involves only

Xi which may be calculated

on the basis of Eq. 75, four of which differ in magnitude. The sign of

Xi is simply the product of the signs of (3 and The four differ-

ent magnitudes arise from the two possible signs associated with p.

and the two values of p . In the case of v5 there is a coupling of

signs, i. e. , p+ arises from the positive sign of p
5

and p

from -p
5.

This reduces the possible combinations for X5 to four,

two of which differ in magnitude. These values are presented in Table

VII, where the arguments denote which sign choice was employed.

Although all values in Table VII are given to within a phase factor of

±1, when a negative value of was employed, this sign was car-
gt

ried through the calculations. Ignoring this sign it is immediately

evident that the preferred solutions from transverse/longitudinal

intensity ratio are those with the term (1 -p )-1 occurring in them,

which corresponds to the positive root (+p) in Eq. 68 and implies

that xi and xi have the same sign. Because p is smallest

for v5 and because the error in determining the transverse/

longitudinal intensity ratio for v5 was small, it was decided to use

this mode as an 'internal standard'. These values of xi, obtained



Table VII. Total susceptibilities for NH4C1(IV) and ND4C1(IV).

±Xj x 10
17 (cm-1g -1 /2)

+ + +)
Mode X(i3 ,13 ) X(3-, P X(13+, P) X(13,10) X(X5[13+, P+1) X(X5{(3, P

NH4C1

v
1

30.12 24.31

v2 5.448 4.399

v
3

- 9.09 -14.8 1.15 1.87 12.40 10.15

v
4

- 1.91 - 3.10 0.530 0.861 1.598 1.291

v
5

2.030 --- 1.639 (2.030) (1.639)

v2 + v4 5.49 8.92 1.88 3.05 12.07 9.743

ND4C1

v
1

21.02 15.06

v
2

3.817 2.735

v3 34.5 56.0 1.25 2.03 16.75 12.00

v4
- 2. 99 - 4.87 0.333 0.541 2.243 1.607

v
5

2.034 - - 1.457 (2.034) (1.457)

])
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from the transverse intensity ratio data in Table V and the values of

X5 calculated from transverse-longitudinal ratios are presented in

the two right hand columns in Table VII. When p, is close to unity,

using the (1 -p)-1 solution, the error in the xj is necessarily

large as in v3 ND
4
C1 where the assumption of 10% error in p3

3
X of more than 100%, whereas a 10% errorresults in an error in

in p5 (NH4C1 or ND4C1) gives rise to approximately a 5% error in

X5. Since the value of x5 is subject to the smallest error from this

factor, and moreover, is relatively insensitive to the choice of 13,

the preferred solutions are those in which x5 is obtained from the

longitudinal/transverse intensity ratio, and the remaining xj are

obtained by use of the data in Table V. Not only does this method

avoid the magnification of error in the (1-p)-1 factor, but it also

gives values for x
1

and X2.

Values of the electronic polarizability that are presented in the

first four columns of Table VIII, were first calculated using Eq. 74.

Again, the choices of sign are given by the arguments of ai . All

negative signs resulting from negative values of have been car-
gJ

ried through and in the case of a4 when the vibrational contribution

was a larger negative value than the electronic term, a negative

polarizability derivative resulted. This method does not give values

for modes one and two, and certain sign combinations which for a5

-1
are not allowed were deleted. Since . .-contains the same (1-p)

gJ



Table VIII. Electronic polarizabilities for NH Cl(IV) and ND4C1(IV).

-1-6
tad x iu , cm

2
g

/2,

+ + + ++ + j ++ + j
-14))Mode = j a((3 ,f) ) a(P+,13-) 01(i3 ,f) ) a(X5 ,+P ) a(x5 -P ) a(X5 ,P a(X5

NH4C1

v
1

66. 16 66. 16 53.42 53.42

v2 11.97 11.97 9.668 9.668

v
3

-23.41 -38.04 -0.837 -1.360 23.89 30.62 27.78 16.84

v
4

- 6.068 - 9.860 -0.712 -1.158 1.637 5.387 5.883 -0.211

v
5

2.737 - -- 0.804(7) 2.739 - -- 0. 804(6)

v2 -I- v4 8.478 13.77 0.554 0.900 22.94 30. 09 27.22 15.60

ND4C1

v
1

46.15 46.15 33.07 33.07

v2
8.383 8.383 6.006 6.006

v
3

72.77 118.2 -0.336 -0.545 33.70 39.87 31.36 21.34

v4
7.542 -12.26 -0.226 -0.366 3. 968 5.882 5.084 1.973

v
5

2.878 - 0.617(3) 2.877 --- 0.617(6)
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term as does xj, the same arguments concerning possible errors

in al (j 1 5) hold true here as well. An alternate method for

obtaining the al from relative transverse intensity data presents

itself upon inspection of Eq. 49. Using appropriate values of 4
from Table VII along with 3 and µl it is possible to solve Eq. 49

for a3. These results are also presented in Table VIII, -,-herein the

arguments express which of the two values of (x5 = Kp p.
j -1(1-p) or

X5 = K (1 p )
-1

) of x5 were used along with which sign of the

product PP) was used. Once again there were fewer possibilities

with a5 and these were deleted from Table VIII. This method also

allows the calculation of al and a
2, which being the only modes

of their respective symmetry species (A
1

and E), should satisfy

a simple form of Crawford's sum rule (57) to wit: al is propor-

tional to V. The smaller (p+) solutions fit this rule a little better
1

than the larger (p) and agree with it to within 4% for a and 1%

for a
2

(the larger error in al is most likely due to Fermi

resonance in ND4C1).

A brief comparison of al of NH
4
C1 with that of methane is

informative. Murphy, Holzer and Bernstein (58) in their review article

cite a value for CH4 al = 16. 1 x 10-5 cm2gm-1/2. A crude argument

suggests that, indeed, al should be lower for the ammonium ion than

for methane. Following Yoshino and Bernstein (59) one can estimate

the total change in polarizability on going from the united atom limit,



which is Ne for both species, to the separated atom limits,
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C + 4H

for methane and N + 3H + H+ for NH4. Using data from a tabula-
03

tion by Teachout and Pack (60), these changes are Da = 4.81 A for

methane and oa = 2.73 A for NH4. This suggests a 1 might be

0.6 as large for the ammonium ion as for methane. In fact it was

found to be 0.4 as large, a result which, granted the fairly substantial

errors in the intensity measurements, is a rather gratifying conclu-

sion to this relatively new field of study.



IV. CONCLUSIONS

A. General Background

To interpret the information contained in the dipole moment

derivatives
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apiaQ, it is necessary to convert these into such quan-

tities as may be easily related to the molecular structure. Such

quantities are the bond moment derivatives, apIas, and are related

to the dipole moment derivatives in the following manner (18):

ap.
--g- = (L kt)as k a Qk

(91)

_

Here, the L matrix is the transpose of the eigenvectors of the
r evWilson FG matrix method, i. e.

ft, ry -1(FG-Ekk)(L )k 0, (92)

(NJ

where F is the force constant matrix and G the matrix repre-

senting the kinetic problem. If, as with all modes of (3-NaN3 and all

but v3 and v4 in NH
4
C1(IV), only one mode of a particular sym-

metry species occurs in that molecule, then Eq. 92 can be factored,

resulting in the particularly simple relation

L
1

= G
-1/2.-1/2 (93)
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N
and the G's are tabulated for both molecules in Appendix VI of

Wilson, Decius and Cross (18). Thus in all cases except the one

mentioned, the relationship between bond moments and dipole

moments is exact and does not depend on the force constants. For

v3 and v4 however, the two by two problem must be solved in its

entirety.

B. Bond Moments of 13-NaN3

Values for the dipole moment derivatives of 13-NaN
3

were

obtained for all infrared active modes except one (E
u

lattice), using

Eq. 91, and are listed in Table II. The values reported for the

internal dipole derivatives apiaSz and a p, /as3 differ appreciably

from the corresponding parameters for the isoelectronic molecule

CO2, in the gas phase, which are (61,62,63)

4./8S3 = ±8. 31d /A = ±1. 73e
a

4./8S2 = ±1. 23d /A = ±0. 26e

The question then arises as to why values are so different for two,

rather similar, isoelectronic molecules.

First, the question of whether there is a significant change in

the CO2 parameters upon crystallization should be examined. Yamada

and Person (64) have reported such a comparison which amounts to

approximate equality of the gas and crystal parameters for the bending
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mode, but a reduction of 20 to 30% for 8µ/8S3. In deriving the

dipole derivatives from integrated band intensities, however, Yamada

and Person (64) used a solvent model for the effective field which here

will be replaced with a more appropriate effective field model, based

on the known crystal structure. In fact, McKean (65) has already

made a calculation assuming the validity of the Lorentz-Lorenz field,

but his calculations involve the transverse-longitudinal separation

rather than the integrated absorbance. The value of 8p./8S3 deduced

from the T -L splitting turns out to be 8µ/2S3 = ±1. 55e, that is,

a value only 10% less than the gas phase value. From Yamada and

Person's (64) data it is found that apiaS3 = 1. 39e; this result was

obtained by assuming that the limiting absorbance integral is

where Im[c(v)]

oo

A = lim - J In Tdv
0 Pi 0

2 1

l+nw p

oo

2Tr Im[s(v)]vdv
0

is the imaginary part of the dielectric constant.

(94)

This result is related to the methods proposed by Maeda, Thyagarajan,

and Schatz (66), but emphasizes that for condensed phases there is no

need to separate the imaginary dielectric function into a product of

the refractive index, n and the absorption coefficient, k, since

the physically relative part of the dielectric constant is Im[e(v)].
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The damped oscillator model for an isolated mode yields an

expression for the imaginary part of the dielectric function given by

Eq. 14b, and because this example involves an isolated mode, the

Lorentz-Lorenz field and Eq. 12 are applicable, as in CO2. For this

mode, then

wIm[e( v)]vdv = S. v2

0 2 J
(95)

assuming that y, << v.. The numerical result (1. 39e) is obtained by

combining Eqs. 12, 94, and 95. It seems fair to say that a 11 /8S3 is

no more than 10 to 20% less in the crystal than in the gas phase.

For v2, the bending mode, the intensity is distributed

between two components of Eu symmetry. The total integrated

absorbance, using the same arguthents just employed for the 3

mode, gives a value of 8pl8c22 = ±71, which is about 10% larger

than either the gas phase value for CO2 or the result of Yamada and

Person (64).

Secondly, it is possible to investigate numerically the amount of

coupling between the internal and external modes of A 2u species. If

the internal modes were strongly coupled with the lattice modes, it

would explain the large value encountered for ail/8Q3 in I3-NaN3.

Labeling the A2u lattice mode as v4, force constants were cal-

culated (listed in Table II), Then assuming that these remained
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essentially constant during such coupling, off diagonal force constants

were calculated on the basis of a 10% shift in the eigenvalues (h).

The off diagonal force constant arrived at was of the same size

(F34 = 0. 279 and /A) as the A2u lattice mode force constant itself.

Because such a modest shift in frequencies requires an unreasonably

large coupling constant, it appears that coupling to a lattice mode is

not a valid explanation of the differences between the azide ion and

CO2.

There are several ways in which the dipole derivative may be

analyzed. One such method consists of an expression in which the

separate contributions due to nuclear displacements and to the dis

placement of the electronic centroid are considered (67). This results

in

3
2-1 /2[Z

A
-(mA iM)Z] ZIze

1as
3

(96)

in which Z
A

is the charge of the central nucleus, Z the total
3nuclear charge, -Z' the total electronic charge, and z el is

the derivative of the z component of the electronic centroid with

respect to S3. It is interesting to compare this analysis for CO2

and isoelectronic N3 The nuclear contribution is very small,

amounting to -0. 0001e for CO2, and vanishes exactly for N3. Z of

course, is 22 for both molecular species, so that the difference
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between the apdas3 values is apparently nearly all due to the term

i
z

3 ,. It must be mentioned that we are here assuming that the vibra-

tion of N3 occurs, like the vibration of CO2' with conservation of the

center of mass. As has already been demonstrated, this is a valid

assumption due to the absence of significant mixing of internal and

lattice modes.

If, instead of dissecting the contributions to the vibrating dipole

moment into nuclear and electronic parts, one imagines the core

charges to follow the nuclear motion, ZA = 4, Z = 16 for CO2 and

Z
A

= 5, Z = 15 for N3. One still finds a zero contribution from the

first term in Eq. 96 for azide ion, but one of -0. 258e for CO2. Since

arguments have been advanced in reference 67 suggesting that

2p./8S3 as defined here is positive, this dissection, in which the

remaining contribution is due to the valence shell electrons, results

in a significantly closer agreement between the dipole derivatives.

This would become 8p./0S3 (valence shell, CO2) = 1. 993e and

2p./8s3 (valence shell, N3) = 2. 45e. It should be mentioned also at this

time that Segal and Klein (68) have made a CNDO calculation of the

dipole moment for CO2 making this same assumption about the core

charge and leading to the overall value 8p./8S3 = +2. 27e.

For v2, the ratio of the CO2 and azide ion dipole derivatives

is much larger. An expression similar to Eq. 96 and appropriate to

this mode is (67)
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-(1 /2)[Z

A
-(m

A
/M)Z] Z
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(97)

The same remarks as those made with respect to the nuclear contribu-

tion to apJas3 apply here, and we find that the motion of the core

charges contributes +0. 182e to the derivative for CO2, but again

nothing to N3. Unfortunately,there are no convincing arguments

which can be used to fix the signs of the experimental quantities. A

positive choice in both cases, with the +0. 182e contribution in CO2

would lead to rather similar contributions from valence shell electrons

in the two cases. It should be noted, however, that the assumption

that the bending mode motion occurs with conservation at the center of

mass is less tenable because v2 = 638 cm-1 is much closer to the

external mode frequency.

C. Bond Moment Analysis of NH4C1(IV)

Values for the dipole moment derivatives for NH4C1(IV) and

ND 4
C1(IV) calculated from the transverse-longitudinal frequency

separations were listed in Table III. However, when calculating the

bond moment derivatives (ail/ OS.) for the ammonium system, one
".1

finds that the FG matrix problem is no longer diagonal. First,

both v3 and v4 are of the F2 symmetry species and therefore

have non-vanishing off diagonal terms. Secondly, this problem is
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further complicated by the resonance of v3 with vz + v4.

Because fundamentals are inherently much more intense than

combinations, it is a good approximation to assume that all the

intensity of the Fermi resonant pair, v3 and v2 + v4' arises from

v3. Therefore, one calculates a total value for the mode a II /aQ3 by

adding the intensities of the Fermi doublet:

ap.
aQ3 [(176)2 +(187) ] 1/2 = 257 esu gm-1/2

Ferriso and Hornig (69) found values for this same parameter rang-

ing from 173 to 305 from the integrated infrared absorbance of alkali

halide crystals containing ammonium ions. For the deuterated case,

a different procedure is necessary because (v
2

+v
4

)L was not

observed and is provided by observations of Wagner and Hornig (69)

who give the ratio of v2 + v4 to v3 as 1/17, which yields a

total 8p./8Q3 = 174. These values are given in Table IX.

Force constants for all six fundamentals are also given in Table

IX where those for the Fermi resonant pair were obtained from

Ferriso and Hornig (69). L elements were calculated from these

force constants and used in Eq. 91 to calculate the derivatives with

respect to symmetry coordinates. Because of the sign ambiguity in

the dipole moment derivatives, four different combinations were pos-

sible when calculating 8p./as3 and 8p./as4; some of which are
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Table IX. Force Constants and Bond Moments for NH 4
C1(IV) and

ND
4

CI(IV).

Mode ap,/aQ(esu g -1/2
) F.. (md/X )

-
L

1

13
8µ /85(e)

NH
4

Cl

v1

2

5. 496

0.585
* -1

3
±256.8 F33 5. 380 L33 0. 9654 ± O. 672

L34 0..0843 ± (0.659)
F

34
0.506

- 1

v
4

± 98 L43 O. 0257 0.113

1
F44

0.539 L
44

6494 ± (0. 229)

± 90 0. 242 3. 4494 ± O. 833

v6 0. 293

ND
4

CI

v1
5. 830

2

3

4

v5

v6

± 174

± 50

± 83

0.595

F
33

5.719

F 0.536
34

F44 0.541

O. 250

0. 297

1
L

33
1.3247

-1
L 0.1117

34

-1
L43 0. 1183

1
L44

0. 8657

3.6778

± O. 603

± (0. 634)

0.064

± (0. 168)

± 0.819

"Contains contributions from v2 + v4

*Force constants obtained from reference 50
**Preferred solutions without parenthesis
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related (those with parentheses are related and likewise those

without). Values of the effective charge of the ammonium and deutero-

ammonium ions were found to be 0. 833e and 0. 819e respectively,

and can be compared with that of CsC1 (0. 90e at 4°K) (70).

Analysis of the bond moment derivatives for tetrahedral mole-

cules has also been provided by Decius (67) and is given by the follow-

ing

and

as = 3
-1/2 [-1/2(n-(Inn

3

M)t)+2br] (98)

ap.
3

-1
/2[+1 /2( n-(mn /M))+2cr] (99)

aS4

Here tn is the effective charge of the nitrogen and t that of the

ammonium ion, while b and c are the charge flux parameters

for v3 and v4 respectively. By using both isotopic species,

b, c, and may be eliminated from Eqs. 98 and 99 yielding

m m
[NH +] - eµ

[ND-11
1 n n

)8s
3

4 as
3

4 2Nr-T- mn+4m
h

mn+4m
d

= 0.041 (100)

with the assumption of a = 1. For apiaszl, only the sign changes.

Examination to the possible values in Table IX clearly favors those

results without the parentheses [(4./a5 NH+4 - 8pies3ND+4) = 0. 069e
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and (ati/as
4 4

NH+ - au./aS
4

ND+) = -0.0494 By assuming that for

v4, c NO, it is possible to calculate the effective charge

(n = 0.387e for NH+
4 4and = 0.415e for ND+) and the charge

flux term (b = 0. 469e for NH4 and b = 0. 452e for ND ).

The charge flux parameters for the hydrogen atoms transform

as the normal coordinates (numbered as follows: 1 is colinear with

the threefold z rotation axis and its displacement is positive. The

nitrogen also lies on this axis and its displacement is negative. The

other three hydrogen atoms are coplanar with numbers 2, 3, and 4

being numbered in the counter clockwise direction when looking down

the z axis), i e.

Al 1/N[2(
1 2

+
3
+

)

F
2

)

1/4-6(22
4)

1/42(3-4).

For partial differentiation with respect to the bond coordinate S3

only that linear combination which is of the same species as the bond

coordinate is non-zero (Eq. 102). Solving Eq. 101, 103 and 104 and

expressing these results in Eq. 102, one arrives at

where

b = -0.135 (or -0.130 for ND+)
'

(105)
as

3
2,Q73 4

3= 4 -1/31
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Mode

APPENDIX I

Table of Critical Points

Branch Location Direction Type

1

2

V
6

A
1

F M

Al R M

Al X M

Al M M

Al A X, y S

A
1

T x, y S

Al A x, y S

Al Z x, y S

E F M

E R M

A X M
1

B
1

X M

Al M M

B1 M M

E A None

Al T x, y S

A2 T x, y S

Al A x, y S

AZ A x, y S

A(1) Z x, y S

A(2) Z x, y S

F
1

F NI*

Fl R. - -- None

A2 X M

E X z S

A2 M M

E M z S

120
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Mode Branch Location Direction Type

v6
A2 A x, y

E A None

A
2

T x, y S

B
1

T x, y S

B
2

T x, y S

A
2

A x, y S

B
1

A x, y S

B
2

A x, y S

A Z x, y S

B(1) Z x, y S

B(2) Z x, y S

v3, v4, v5 F2 F m*

F2 R None

B
2

X M

E X z S

B2 M M

E M z S

Al A x, y S

E A None

Al T x, y S

B
1

T x, y S

B
2

T x, y S

Al A x, y S

B
1

A x, y S

B
2

A x, y S

A Z x, y S

B(1) Z x, y S

B(2) Z x, y S

S 4 Saddle point.
M = Maxima or minimum.
M* = Maximum or minimum predicted by time reser sal symmetry.
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APPENDIX II

Raman Scattering Geometry

In accordance with Figure 7 it can be seen that the phonon wave

vector's position relative to the positive z axis is dependent on both

the scattering geometry and on the relative magnitudes of the incident

and scatter ed wave vector s . When the two magnitudes ( I kil and

ks ) are approximately equal, momentum conservation requires

that K be 45° from the positive z axis. However, for phonon

frequencies that are large compared with ks (NH stretch at 3000

1cm and k. at 19, 430 cm -1 ), the approximation that I k. I = IksI

is no longer valid and if

then

is the angle between ks and K ,
p

(13. = atan(k. 11( ) = atan(w.raw n)
1 s 1 s

The phonon wave vector has now been rotated by cl) + Tr degrees

about the x axis. In all cases where the factor 1/\r2 was used

previously, the exact term would now be cos cl).

Also in accordance with Section II. C. 3, the exact form of the

Raman scattering tensor may be obtained in a manner analogous to

that used previously. The procedure yields the table of polarization

schemes that follows
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F2T 2L

Z (XX)Y 0 0

Z(XZ)Y c
2

cos
2

.1) c
2 sin 2

4)

2 2 2 2
Z(YX)Y c sin (I) c cos cl)

Z(YZ)Y c
2

0


