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TNTRODUCTTON

The ammonium halides are well known to undergo a number of struc-
A - . «
tural modifications. The various crystallographic structures and transition

1-6
temperatures have been estnhlished( )). At atmospheric pressure, the dif-

ferent known phases are referred to as phases I,-II, ITT and TV in order of
the decreasing temperatures. In the disordered phases I and IT, the ammonium
ions are randomly distributed between enefg;£ically equivalent orilentations.
In phase T, the arrangement of the ammonium and halide ions in the lattice 1s
the same as in the NaCl crystal (space group Oi) whilé phase IT has a struc-
ture of the CsCl type (space group Oi). Phases III and IV are the ordered
ones. A small distortion along one of the cubic symmetrv axes causes the
transformation to the tetragonal structure of phase IIT which contains two
"molecules'" per unit cell. The ammonium ions are parallel-oriented along the
n_n

z" axis but are antiparallel-oriented in the xy plane perpendicular to the

7 .
tetragonal axis. The space group of phase. IIT is D4 In phase IV, we have

h'
again a cubilc lattice of the CsCl type, with all the ammonium ions parallel-

1]
oriented along the three-fold axis of the cubic lattice; the space group is

1
T,
d

The bromide presents all these modifications at atmospheric pres-
sure, while the tetraponal antiparallel phase is not known for the chloride
and the CsCl-ordered phase does not appear with the iodide at atmospheric
pressure. A mapping of the phase transitions in the different ammonium halides
at atmospheric pressure is given in Ref. 20.

A lot of spectroscopic investipations have been carried out By in-

(7-14) - (16-20)

elastip neutron scattering measurements

(20)

by dinfrared transmission

(19-30)

and reflection and by Raman scattering experiments . The sgpectra

of the_ordered phases III and IV are well known and well understood on tﬁe
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basis of factor-group analysis. Additional features appcar on the infrared
‘

spectra of the chloride ‘and the bromide in phase II, near the VA triply degen-

erate bending mode of the ammonium lons, and are shown to be induced by the

disorder(l7’18).

Croupltheorctically inagtive modes appear also for all the
ammonium halides in phase IT in the low frequgpcy reglon of the Raman spectra’
corresponding to the external modes of the_crystals; Wang et 'al. have studied
the temperature dependence of the lowest f}cquency peak of the chlorlde and
the bromide, above and just below the order-disorder phase transition tempera-
ture. They concluded that this additional peak in the bromide can be inter-

(27)

preted in terms of short-ranpe ordering , but for the chloride this short-
. (28) . '

range ordering is less important . Such an analysis has not been made for

the lodide in the disordered phases T and 1T, and no spectroscoplc data 1s

available for the chloride and the bromide in phase I. On the other hand, no

attempt has been made 1in order to explain the spectra of the disordered phases

on the basis of group theoretical considerations.

We report in this work new Raman scattering data of the ammonium

-halides in both disordered phases I and II. The effect of disordef and that

of short-range ordering 1s discussed in terms of group theoretical arguments.
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TXPERIMENTAL

The Raman sbcctra have been recorded using a Spex double monochromator
with pﬂoton—counting detection, and a Coherent Radiation Model No. 52 argon- .
{on laser, operating with the 48807 and 51458 lines. Right angle and back
scattering geometry have been used.

The single crystals of ammonium chloride and bromide came from Prof.
C. W. Garland, Department of Chemlstry and -Center for Materials Scilence and
Fngineering, Massachusetts Institute of Technology. The ammonium lodide single
crystals were grown from saturated aqueous solutions.

The spectra at high temperature have been obtalned with a small
heating unit, by placing the single crystals in a bath of diffusion pump oill.
This procedure has the advantape to avoid the sublimation of the samples at
high temperature and to provide a good temperature control. The only observ-
able effect of the oil bath‘on the Raman spectra is a little increase of the

background intensity.
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iodide single crystals at room temperature with polarized incident and Scatl‘gf
- . .. N LA -

. ) R

tered lights. The chloride and the bromide are in phase IT while thefiodide‘i?

: ' Leom Femne Al e
is in phase I at room temperature.

We have also obtained the spectrd.of the

chloride and that of the bromide at- high temperature, above the phase ¥iftq‘“

o _ L
phase I transformation temperature (457.7 K for the chloride and All.ZDK for

T

the bromide). Tt appears that the crystals become multidomained above this
transition temperature. - TFor the iodide, there is only a very litéle tempera-
ture range corresponding to phase It (225.80K —A231.80K)., Since the fodide
cfystalé also hreak on cooling from phase T to phase TT and sémé data havé

(19,20)

already been obtained in phase 11 with polycryétalline samples we did

not repeat these experiments.

ﬁﬂaCl and NHﬁRrgphase TL

The Raman spectra of these samples depend on the polarization of -
the lipghts and on the orientqtion of the crystal with respect to the incident 
and the scattered beams. But, for a given orientation of the crystal, the
same results are obtained using either right angle or back'scattefing freo-
metries.

In the low frequency region corresponding to the external modes,
the Raman spectrum of the chlorlde at room temperature is composed of five
Peaksbwhosc frequenciles are 95, 115, 145, 170 and 195 cm_l.v’With the,bromide-'
in the same conditions, only four distinct peaks appéar at 56, ~80, 137 and
180 cmfl.' These results are‘iq good agreement with the previous works

For cuBic crystals, the Raman active representations are of A, E :, v
and F types. With the'usual 900 geometry, the.incident'and scattering lighté
| ' (31) | |

have been selected as described by Krauzman to'enable'separate observation

\ .

We have recorded the Raman spectra of ammonium chloride, bromide\anQ;_

(19-30) - |
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of the phonon symmetrics; Tf the X, Y and Z.dircctions correspond to the
principal axes of the crystal, the Z(xx)Y confipuration allows A + 4F while
the other crossed confipurations allow ¥ alone. 1If the a, b and c directilons
refer respectively to the 110, 110 and 001 directions of the crystal, then
the a(bb)c confipuration allows A +~E + ¥, a(ba)e 35, alch)c and afca)c T.

The peaks of the chloride at 115, l45"170 and 195 cm_l and those
of the bromide-at 80, 137 and 180 cm—l correspond to the T type since they
are obhserved with the Z(xz)Y, Z(yx)Y, Z(yz)Y, a(bb)e, al(cb)c and a(ca)c con-
figurations only. The peak of the chloride at 95 cm—1 and that of the bromide
at 56 cm—l appear only with the Z(xx)Y, a(bb)c and a(ba)c configurations.
They correspond unambiguously to the F type, but it is also possible that they
receive a contribution of an A component. If these peaks were purely E, the
de¢polarization ratio between the a(bb)c and a(ba)c confipurations should be:
0.33. For a comparison, we have measured this ratio for the peak of theichlo—
ride observed at 1710 cm—l, which, corresponds to the type E bending mode of
the ammonium ions, and we found 0;39 in good agrecment with the theoretical
value. The value 0.66 obtained.fér the peak at 95 cmﬂl allows us Qo'thiuk
that an A component contributes to the scattered intensity at 95 cm_l and that
its intensity is of the same order of magnitude as the I component. With
the bromide, unfortunately, the .quality of the sample was not good enough to
enable us to determine unambiguously if there is a contribution coming from:

' . -1
an A component in the peak at 56 cm .

S IS TR

-




‘ | ~7-

TABLE T - Low frequency Raman spectra of the ammonium halildes in phase II.

o} ann0 L o %
NI, C1 (3007K) Nnanr (3007K) NHAI (2407°K)
t
Frequency Type Frequency Tvpe Frequency
(em-1)
95 A+ FE 56 AC?)Y + T
115 T a0 i
145 3 137 i 125
170 T
195 T 1.80 T 160

See Ref. 20.

The spectra obtained at high temperature below the phase IT to phase
I transformation temperature show a decrease of the Raman intensity in the low
frequency region, aécompanied‘by an increase of the bakéground intensity. Tor
the chloride, we.also notice a progressive disappearance of the peak at 170 cm—l
wiéﬁ respect to the other peaks, as the temperature i1s raised up. At about
»
440°K this peak has completely disappeared while the other peaks at 95, 115,

-1 '
145 and 195 em © are still present and quite well observable, hut hroader than

at room temperature. With the bromide




__]_IJ*C]., NHAIBr and NHA_T phase T | ,

As 1t has already heen mentioneq, the NHACI and NHABr sinple crys- .
tals, in phase Il at room temperature, bC?ome multidomained above the phase IT
to phase T transition temperature, but we:have obtailned the spectrum of NHAI
single crystal in phase I at room temperature.

The low frequency Raman spectra:of all the ammonium halldes in
phase T are almost [leatureless. All we chn see are very weak and bhroad bands
at about 100 and 160 cm_]' with the chlor:i.:dc, with the

-1 . .
bromide and 125 cm with the iodide. These bands are almost indiscernible

from the background and it was not possible to determine their symmetry type.

These new results with the chloride and ﬁhc bromide in phase T are very sim-
(19,20,23,24) '

ilar to what had already been observed with the iodide




DISCUSSTON

I - Selection Rules

Because of the disorder in the ammonium flons orientations of phases

‘I and TI, one usually considers the ammonium ions as having a cublc symmetry,

so that they occupy Oh sites in the lattice. Thus, the space group of phase TI

(disordércd cubic of the CsCl type) is Oi and that of the phase T (disordered

5

W Under these assumptlons, the optical phonons

cubic of the NaCl type) is 0

belong to the F type for both phases T and IT, so that they are infrared,

lu
active but Raman inactlve at wave-vectors k é‘O, corresponding to the T point,
the center of the Brillouin zone. This approximation seems to be good for
phase I since only very weak featufes are observed, hnt.is not convenient for
phase 1I, where strong scattering arises in the phonﬁn frequency reglon.

The space pgroup of phase IT is not exactly 0& since the ammonium ions

1 \
have always a tetrahedral symmetr but is "1 disordered'. There is a break-
, ¥ y Y, (

1

down of the translational invariance of the crystal and so, we cxpect because

of the breakdown of the k conservation rule, a spectrum which reflects the one
. p - (32-34) B

phonon density of states '~ . The spectrum of NHACl observed at’ room tem-

perature is in good agreement with the one phonon frequency distributlon calcu-

4)

lated by Cowley for NHQCl and NDACl in the Tl.ordercd plmse(l , and the three

a’
méan peaks at 95, 145 and 170 cm—l can be very well correlated with the threc
maximdwﬂ of the calculated one phonon densityiof states,

In order to explain the observed poiarization of the Raman spectra
in phase TI, we have to find the selection ruics in thls disordered phase, by
considering the symmetry proﬁcrticé of optilcal ana acoustical phonons in the
diffeyent branches of the Brillouiu zone, ' T&?do that, we shall refer to the

model introduced by Loveluck and Sokoloff for disordered crystals(33’34) and

we shall apply the method used for crystals sloped by impurities(35); éséuming
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here that the impurity is due to the ammonium ions themselves since the break-
down of the translaticnal invariance of the crystal 1s due to the disorder in

theilr orientatilon. So, we have to construct the space-proup representations

(36)

From the corresponding wave-vector group represcntatlons , using the method

(37)

described by Koster and applied by Toudon for the sodium chloride, diamond

and zincblende 1atticcs(3)).

In the model of Sokolofg(33’34), in pléce of the polarizabillity of
the crystal, the polarizabiiity'of a single NHZ enters ﬁhe expression for the
cross-section in the disordered phase. This polﬁrizability tensor has an "
index o, in addition to the tensor indices, to sﬁecify the orientation of the

+ s , ' . .
NH, site. The halide ions in the disordered phase occupy 0 sites, whercas

4 h
the nitrogen site has a tetrahedral symmetry because of the four hydrogen sur- RS
rounding it. If we place the origin to which the symmetry operations are re- , A

ferred at a halide ion site, the factor—ﬁroup of ' the disordered crystal would

be Oh. Since some operations of this group would change the index ¢ on the

+ S ;
polarizability of a particular N”A fon, this tensor will not transform as a L

U N
tensor under the Oh group. DBut, if we choose the origin to be at a nitrogen S

site, the point group of the lattice is T

E because the hydrogen of that part-

»icular nitrogen must be invariant. Thus, with this choice of ordgin, it is

possible to apply the usual arguments of examining whether the various symmetry

of phonons are contained in the tensor.

i

The symmetry properties of the optical and acoustical branches of

émmonium chloride in. the ordered cubic Tn
C

(14)

structure have been tabulated by
Cowley by makling the cholce of the orlgin to;which the symmetry operatlons

are referred on the hallde ion. As a conseqﬁencé of the choilce of origin we

have made (nitrogen site) the appropriate labels for the warious optical and

(38)

 acoustical modes given by CoWley'must be interchanged . This is of

B R e I I R R R R R R LTt
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importance only for the X, M and Z points where the optlcal and acoustical
modes do not belong to the same symmetry types, but for all the other points
in the Brillouin zone the labels arve the same as those given by Cowley, since
at these points the optical and acoustical modes have respectively the same
| 1

symmetry types. . Table 1T shows the symmetry propertics of phonons in the Td

lattice of ammonium chloride, with the oripin taken at a nitropen site. We

utilize here the usual notations given for example in Ref. 39 (for a comparison
of the different notations used in the literature, see for example Ref. 40).
The resultsof the calculation of the space group reduction coeffi=i. .

, , . 1
cient for the ammonium halide T
(¢

1 lattice are given in table TIT. If we con-

4 . 1
sider the disordered crystal to be a perfect ordered lattice T(

| of right ori-

ented ammonium ions containing 507 of left oriented ammonium ions as impurity,
randomly distributed in the cation sites of the crystal, we can find the Raman
selection rules of the disordered phase TI of NHaCl by a comparison of tables

IT and TTXI. The Raman active phonons must contain the A ,, ¥ or F_ represcnta-

] 2

tions and have the corresponding polarization characters. These results are
1]

given in table 1V.
The selection rules for the ammonium halides phase 1 can be obtained
in a similar way, by considering the space group reduction coeffilclents of the

(35)

NaCl structure

and the symmetry propertics of optilcal and acoustical pho--
OnS(35,41)

n cassuming that the dispersilon curves of NaCl are similar to those

of the ammonium halides phase I (this must be a good approximation considering
+ +

the fact that the mass of the Na and N”A ions 1s almost the same)., Here again,

we must make the choice of the origin at a nitrogen site, so that the labels

of the optical and acoustical modes given in Refs. 35, 41 arc the same as ours.

Furthermore, we have also to perform the calculation of restricting the symmetry’

SO Y S OROC A
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+
from that of the space group Oh to that of the site group Td of the N”A lons,
(39)

which 1is easily done with the correlation tables . Table V shows the Raman

selection rules for the phonon modes in the ammonium halides phase T.

T1-- Analysis of thq_Spectrn

Tables IV and V show that all the phonon modes can be Raman active
for both the disordered phases I and IT, but they must present different polar-
izatlon characters due to thelr different symmetry propérties in the branches
of the Brillouin zone.

(12-14)

By considering the dispersion curves of ammonium chloride and
the results of table IV, we can correlate the maxima :- observed on the Raman
gpectrum of NﬂaCl phase II with phonon modeé in the Bril}ouin zone corrgsponding
to wave-vectors k # 0, The same correlations can be tentatively established
for the bromide and.the iodide phase IL, if we assume that the shapesg of the
dispersion curves are similar to those of the chloride. :Thé results of this
assignment are shown in table VI. !

So, according to their polarization character and to thebr frequency,
all the maxiﬁavw and shoulders observed on the Raman speétra of ammonium halides
in phase II can be assigned to different optical and acgusticml phonon modes
at high symmetry points in the Brillouin zone (table VI). But, with such an
explanation, since the observed pcaks present a well-defined polafizntion charx-
acter, we muéﬁ assume that a lot of phonon modes which have both characters
6f crossed and uncrossed polarization (table IV), do not contribute to the
Raman scattering. At least, we must assume that only the I component of the
Raman tensor gives xnisc to scattéring by opt&cal phononé,and that only the

. A+ ¥ components contribute to the scattering by acoustical phonons. In other

words, the spectra do not reflect exactly the one phonon density of states
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but show only resonant modes corresponding to phonons at high symmetry points
in the Brillouin zone. Two kinds of arguments can be considered in order to

explain this phenomecnon.

1) The maxima observed on the Raman spectra correspond effectively
- 11 1 e (14) ‘ ’ ' 1
to maximaw: of the frequency distribution . On the other hand, the Raman

scattering intensity has the frequency dependence of the orde%ed crystal den-
sity of states wedghted by the frequency dependent Amplitudc.of vibration
squared. So, assuming that the one phonon density of states of the 1a;tice
is weighted by a strongly [requency depending amplitude, 1t may be possible
to understand the spectra of ammonium halides phase IT in terms of phonons at
high symmetry points of the Brillouinrznne. ﬁowever, therérareﬂstill éome
difficulties:
a) We cannot explain tﬁe behavior of the peak observed at 170 cmfl
wiﬁh the chloride phase IT. This frequency can be assigned ﬁo the TO(I') and/or
LO,TO(R) and/or LO,Tlﬂ(M) modes [ (table VI),.and the corresponding maximum dis-
appears progressively on heating the sample in phase TI, whilc’all thé other ':»j
features of the spectrum remain almost unchanged. On the other hand, no sim- | Liﬁ £
ilar peak is observed with NHABr and NHaI phase II, the TO(I') mode frequcncy
belng determined by infrared absorption rcspéctively at 147 and 143 cm":L (20).-
b) It is difficult also to understand.the fact that in phase T, the

spectrum resembling the one phonon density of states disappears almost com-.
pletely with all the ammonium halides, whereas disorder also occurs in this
phase and all the phononvmodes can also be Raman active (table V).

2) We can also consilder ‘that the mechanism which enhances the scattering
by phonons at high symmetry points in the Brillouln zone is due to the prcs- 
ence of short-range ordering in the disordered phase IT. Such an argu%ent

has already been considered by Wang et al.(“6 28)

and theoretically by
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Sokoloff(34). Py this way, Wang explalned the hcehavior of the low frequency

H

peak at 56 cm—l in NHZBr near the phase TTI to phase TI transition tempera=:
{ , .

re(26’27) but Wang concluded that the short-range ordering does not con-

(28)

tu ,
tribute totally to the corresponding band observed at 95 cm_l with NHQCI
In phase IT, the three—-fold axes of the NHz lons coincide with
those of tﬁe cubic Sublattice of the halide ioﬁs. ‘So, they have only two en-
ergetically equivalent orientations. Tt is casy to imagine some short-range
correlation can occur, so that parallel or antiparallel Short-rénge ordering
can be present in phase II. The transition from phase II to thé tetragonal
phase III involves a halving of the Briﬁlouin zone which replaces the M point
of the cubic lattice at the zone center of the tetragonal one. 'The calcula-=" - -
tions of Sokoloff show that there should be strong Raman scattering from pho-
nons near the M point of the Brillouin zone, enahnccd_by such an antiparallel

(34) (12,13)

short-range ordering . The dispersion curves and our 'group thecor-

etical considerations show that we can reasonably assign the maxima observed

at 95, 115, 145 and 195 cm‘_l with NHQCl phase II to phonon modes at the M

t

point of the Brilluoin zone (table VI); this is consistent with'Sokoloff's -

point of view(34). In a similar way, the peaks at 56, 80, 137 and 180 cm—l

i

of NﬂéBrvdnd those of NHAI at 125 and 160 cm—; can also be assigncd to the
phonon modes at the M point (table VI). According to this assignment, in the
pure phase III, the frequencies of the phoﬁon.modes which can bé regarded as
zone boundary modes of -the phase IT cubic lattice are observed ét 02, 75,>133
énd 179 Cm_l with NHABr and at 45, 57, 123 and 155 Cm"l with NH%I(ZO).
Besides, 1if we‘considcr now that a parallel short—ranéo ordering, .

similar to the ordering existing in phase IV can enhance the scéttering by

phonons at the zone center in phase II, we account for the maximum observed.

at 170 cm.l with NHQCl phase IT by the assignment 1'(T0O).
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So, after these considerations, we find antiparallel short-range
ordering to be present for all the ammonium halides in phase IT, while the

parallel one appears only in NHACl: This may he explained by the fact that

phase 11 NH/Cl occurs just after the parallel ordered phase TV, while with
'

the hrqmidc,_we must go through the antiparallel ordered phase ITI before
reaching phase IV at very low temperaturec. :

When we heat NHACl in phase 1T, after this interpretation, £he
parallel short—rangé ordering progressively disappears, while the antiparal4ﬁ”

lel one 1s still present. Again, this is consistent with the fact that the
pure antiparallel ordered phase occurs at higher temperature than the paral-

lel ordered.. '

1

We arc also able to understand why in phase T, only a very weak C g

spectrum in observed with all the ammonium halides in the low frequency reglon.

(23,24)

Couture-Mathieu and Mathieu have shown, by measuring the depolarization

ratio of the Raman peak of NHAI phase I at 1630 cm_l, corresponding to the

. .+ .
doubly degenerate bending mode of the NI[4 ions, that one three-fold axis of
the ammonium ions coincides with one of the four=fold axes of the dubic lat- .gl: W

tice of the halide ilons. So now, in phase T, the ammonium ions have.six cn-

ergetically equivalent orientations so that it is more difficult. than in
phase II to imagine a short-range ordering to be present. Furthermore, the
measured depolarization ratio agrees well with the calculated onc assuming

A N oy
that all the possible orientations occur with an equal probability(ZJ’z‘).

We expect that the crystal is very much more random in phase I than in phase TI.
The short-range ordering which enhances scattering by phonons at spekial points

in the Brillouin zoune is now a lot less probable, and so, the resulting pho-

non spectra of phase T are a lot less intense than those of phase II

s
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Remarks

!
1. We can also imagine another type of antiparallel short-range ordering,

similar to the ordering which has been suggested by Garland et al. for a new

(42)

high pressure phase of NH, B In this hypothetical antiparallel ordered
; : g

10
tetragonal phase, whose space group might be D&h’ there i1s a halving of the

Brillouin zone of the cubic lattice of phase II, which replaces the zone center

of the tetraponal lattice at the X point. Tf such a short-range ordering is

i

present in phase IT, we expect an enhancement of the scattering by phonons' at
the X point of the Brillouin zone. Table VI shows that such a hypothesis can

. . "'lv
account for all the observed peaks, except that of the chloride at 95 cm and
1

that of the bromide at 56 cm—l. The only phonon mode at X with a A + I polar-

ization character is LA(X) (table IV), located at about 175 cm_l wilth Nﬂadl(lz—la)
1

’ ‘ . -1
and so expected for the bromide at higher frequency than 56 cm . '

2, The pressure dependence of the Raman peak of NH401 phase 1I at 170 cm—l
3

has been measured by Nicol et ul.(zg)

. We have found exactly the same préssure
1
dependence for the T0(I') band at 172 cm_l by infrared absorption where 1t is

group theoretically active in phase IT. So, the assignment of the Rifman pcak

of NHACI phase 1T at 170 cm—1 to TO(r') is supported by these results.




CONCLUSTON

We have established the Raman selection rules of the ammonium halides .
in the disordered phases I and II, on the basis of the model of disordered
crystals dntroduced by Sokoloff and Loveluck, ﬁnd by group theoretical con-
siderations. The obscrved phonon Raman spectra of phase 1T can bhe assigned
to phonon modes at high symmetry points of the Brillouin zone. The best under}
standlng of the spectra is given by the hypothesis according to which the mech}
anism which enhances the scattering by phonons at special points of the Brilloﬁin'
zone is due to short-range ordering present in phase IT, and that such a mech{
anism does not occur in phase T which mipght be a lot more disordered than i
phase II. However, it is also quite possible that the effect of disorder alsd

. 4
contributes to the phonon spectra of phase II. : \

J
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TABLE, 11 - Symmetry properties of the phonon hranches of the dispersion curves

1
in ammonium chloride in the ordered cubic phase I(

_.7'.'
E

Lo

© -k 1s any point in tﬁe Brillouin zone.

C is any point on the symmetry planes

1 1
Point in the Group of Optical Acousgtical
Brillouin zone kk branches branches
. o T \ s
T Tl LZ(LO,JO) T7 (pure translation)
¢ A
R ',[‘d ¥y (1.0,70) r, (LA,TA)
X D B, (LO) + E(ro) A, (TA) + T(TA)
2d 2 1
T L0, T T (L
M Day B, (T,0) + 1.(10,1‘10) /\1(.!.2/\) + F(LA,T,A)
A 9 A, (LO) + 1(T0) A (LA) 4 E(TA)
3v 1 1
L @ _ &
4 R.BR_(T I + BB (T
A CZV Al(IO) + RPTZ(JO) Al([A) ]l’ 2( A)
2 CQ AC(LO) + A’(T?ﬂ) + A"(T1O) A" (LA) -+ A'(T?A) + A”(T]A)
| @ @
ST ) 3, B ) B
T LZV Al +-1TP2 Al + )l, 2
@ .
s,C . C"; 2N+ A7 2N 4+ A7
Z (.‘.2 A+ 2B 2N + B
]<<) C 3 3
: 1
]
L
% :
See Ref. 14. The labels of the optical and acoustical branches have been inter-
changed with respect to Ref. 14, because of a change of origin (sece text).
T The F2 optical modes are split by the macroscopic electric field.
® Bl’ B2 modes are degenerate in pairs owing to time-reversal symmetry.
&
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TABLE III - Space group reduction cocfficlents for the ammonium halide lattice

ok
ld

Point in the

Wave vector

Space group representations

Brillouin =zone oroup
representations A2 F Fl F2
Al
A2 1
ry R I 1
¥y 1
12 1
Al 1
A2 1
X, M Bl 1 1
Rz 1
I 1 1
A 1 1
1 1 1
2
A, T - ‘
i 1 1
1'2 1 1
A 1
A
A2 1 1
F 1 1 1
- 1 1 2
S, C
» 5, C I 3 N 5 )
A 1 2 -1 -1
A
B 2 2
k 1 2 3 3




-22-

TABLE IV - Raman selection rules of the optical and acoustical bhranches of the

dispersion curves for the ammonium halides in the disordered phase II.

Points in the Optical Polarization Acoustical Polarization
Brillouin zone branches character hranches character
I 1.0, TOK b purce translation -
R LO, TO F LA, TA I
LO I LA A+ T
X TO T TA F
y EZO T lZA A I
' L0, T10 ¥ LA, T]A T
.0 A+ F LA A+ T
A TO I ¥ TA 4+ F
) 1.0 A+ T +F LA A4+ F+F
b o’ T AT T
LO A+ T 4+ ¥ LA A+E 4+ T
)) TIO F+7 T]A FoA 0
T20 A+ T+ T '12/\ A+ TF T
0 0 f ¥ A A T 0
T 12 1’ N '
’ 0 A+F + T A A+ T+ T
3 3
01 A4+ T+ A1 + F -+ F
S, G 0., A+ E+T A, A+ E + T
0. DR T DT
3 1 1 /\3 o
0 I D ;
1 /\1 A+ FE +1
Z 02 A+ T 4+ 7T ) T
0, v ; ;
3 ) A3 A+ T +T
M e -l T w "7“’*‘

R T TSR R e T T

T T YT




TABLE IV - (continued)

: A+ E 4T Ay A+ T +F
k 0, A+ T A, A+FE+TF
0, A+ AR . A, A+ E +F

The L0, TO mode at the I' point is split by the macroscopic electric fileld.

Modes degenerate in pairs owing to time-reversal symmetry.

A A O LA P S AR 2O
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TABLF, V - Raman selection rules of the optical and acoustlical branches of the

dispersion curves for the ammonium halides in the disordered phase T,

Points in the Optical Polarization Acoustical Po]_arzi_zationi
Brillouin ZzZone branches character branches character
% .
r Lo, TO ¥ pure translation -
SO F LA F
X .
TO i TA ¥
1.0 o LA A+ E
L .
TO T TA ¥
0 + Rk 7
1 A |0 Al A+T
W
()2 T A2 ¥ |
1.0 A+TL +F LA A B !
A )
TO F TA l
LO A+ F LA A+ T
A o
TO ' L+ F TA I+ 7T
()1 A+L+T Al A+ FE+F
L, K, U, s 02 I+ TF A? I+ ¥
0 + T+ T TR
3 A 1 1 A3 A+ F +1

e et o e - e AR T




TABLE V - (continued)
01 A+ B4 ¥ A] A+ E+T
2 0, 13 A, ¥
It ’ B
03 { /\3 ]
+ T+ F : ;
Dl A 1 Al A+ E ¥
Q ()? A+TF +F /\2 A+ E I
+E+‘ >t. )
04 A F A, A+ T +F
0] A+ TF + T - A1 A4+ T ¥
k 0, A+ L+ F /\2- A+ T +F
E+ T ST+ F
04 A+ Ay A+ T 41

The 1.0, TO mode at the T' point is split

by the macroscopilc electric field.

e ey ;-<rp¢v,x-—rg-«7'—,..-..v} e+ e
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TABLE VI - Possible asslgnments of the peaks observed on the Raman spectra of
ammonfum halides in phase IT.
Frequency Observed Possible
Haldde 1
(cm ) polarization assipnment
95 A+ T ’l'?A(M)
115 & LA, T AQH) ¢ TACO
NHacl 145 ¥ T,00M): TO(X)
170 T TO(T) ; LO,TO(R): I.O,Tlﬂ(M)
195 r Lﬂ,'J,‘]O(M); 1.0O(X)
56 A(?) + E T, A (M)
80 ¥ TA,T AM) : TA(X)
NI, Br 1
4 137 F 000 5 TO(X)
180" T L(),'.i.’10(M): LO(X)
. 125 - T,0(M); T0(X)
N, T 2
4 160 - LO,',I.‘1()(M)_: 1.0 (X)-
o »

A

*
See Ref. 20.




