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Raman spectra of single crystals of ammonium chloride ha ve been studued to 40 kbar at room temper
ature. Effects of pressure on the frequencies of the Reststrahlen, librational , and internal modes are de
scribed, and the origins of these shifts are discussed. 

1. INTRODUCTION 

Room temperature, Raman spectra of single 
crystals of ammonium chloride have been studied 
to 40 kbar. This halide is an interesting candi
date for such an investigation owing to the pres
ence in its Raman speccrum of lines associated 
with many lattice and internal vibrational normal 
modes [1], to its large compressibility [2,3], 
and to phenomena associated with an order-dis
order transition that accurs at about 10 kbar at 
room temperature [4]. A few of the salient fea
tures of these spectra will be outlined in this 
communication including the effects of pressure 
on the Reststrahlen frequency (115), the libration
al binary overtone frequency (116), and the fre
quencies of internal modes of the ammonium ion 
(Ill - 114) [5]. 

2. EXPERIMENTAL 

The technique for Raman spectroscopy of 
crystals under high pressures used in this work 
has been described elsewhere [6]' Recent cali
bration studies in this laboratory confirm that 

. the pressure of the sample is about 20% less 
than the "pressure" calculated from the applied 
load and the area of the piston that has been us ed 
in our earlier work. The revised pressure scale, 
that will be reported else'.vhere [7], is us ed in 
this work; it is probably accurate within ± 2 kbar 

* The support provided by Contract AT(1l-l)34, Proj
ect 88 with the U.S.Atomic EDf'~ rgy Commission is 
gratefully acknowledged . 
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from 5 to 40 kbar. Single crystals of NH4Cl were 
grown from saturated aqueous solution of recrys
tallized NH4Cl containing urea. 

3. RESTSTRAHLEN FREQUENCY 

In fig. 1, the Reststrahlen frequency, repre
senting the vibration of the NH4 sublattice against 
the CI- sublattice, is plotted as a function of 
pressure. The plot can be roughly divided into 
two regions; this divis ion is typical of the shifts 
of almost all of the vibrational modes of NH4Cl. 
In the disordered phase below 10 kbar, the shift 
can be fitted to a straight line of slope (6115 / t.p) 
of +2.65 cm- 1kbar- 1. This slope is of similar 
magnitude to those of the transverse optic modes 
of alkali halides [8], and it is among the largest 
known for lattice or internal vibrations, being 
two to twenty times larger than those of the in-
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Fig. 1. A plot of 115 versus pressure . The slopes of thc 
solid lines are +2.65 and +0 .61 cm-1kbar- 1. 
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ternal modes of the ammonium ion and of com
parable modes of other Solids. Above 15 kbar in 
the ordered phase, (l!..1I5 ! l!..p) is +0.61 cm-1x 
kbar-1. 

When the observed frequency is plotted as a 
function of volume [2], a smooth curve is obtained 
throughout the 0 - 30 kbar region, with no notice
able break in the transition region. A 10gll-logV 
plot for the 0 - 30 kbar data can be fitted to a 
straight line of slope -y = a Inll/ alnV = -2.4, 
where y is the Grilneisen parameter. This value 
is perhaps fortuitously equal to that for KCl [8]. 
Neither plot, however, appears to be completely 
satisfactory above 30 kbar, and further data is 
being collected at higher pressures in an attempt 
to establish the precise volume dependence. 

4. LIBRATIONAL MODE 

Raman scattering at the librational fundamen
tal, 116' is allowed only by fluctuations of the lo
cal crystal symmetry in both phases. This funda
mental is extremely weak, and it could be detect
ed only in the low pressure (disordered) phase. 
However, the binary overtone, 2116' is quite in
tense and could be followed in both phases, fig. 2. 
The pressure dependence of the overtone frequen
cy, which is approximately 2(l!..1I6 / l!..P), is +5.0 
cm- 1kbar- 1 in the disordered phase. This implies 
that 116 in the disordered phase also is among the 
most pressure sensitive vibrational frequencies 
known. 

The frequency of the overlone was used with 
Gutowsky, Pake, and Bersohn's potential func
tion [9] for the libration of the NH:4 ion in a cubic 
field to calculate the potential barrier for rota
tion around a (100) axis. This barrier is found 
to increase with pressure from 4.4 kcal mole-1 
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Fig. 2. A plot of 2116 versus pressure. The slopes of 
the solid lines are +5.0 and +0.48 em-1kbar-1. 
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Fig. 3. A plot of the librational barrier height versus 
pressure . 

at 1 atm to 5.3 kcal mole- 1 at 40 kbar, as shown 
in fig . 3. In this calculation, the moment of in
ertia was taken to be 4.826 x 10-40g cm 2 [10], 
and it was assumed that the N-H bond length and, 
thus, the moment of inertia does not change with 
the density of the crystal at these pressures. 
This assumption has been used successfully by 
Nagamiya in calculations of the ordering temper
ature of NH4CI [11]. 

5. INTERNAL MODES 

The Raman active, symmetric stretching fre
quency, lib at 3052 cm- 1 (1 atm) is the strongest 
peak of the spectrum and has the smallest pres
sure dependence [(l!..1I1 / l!..P) = -0.11 ± 0.05 cm- 1x 
kbar- 1] of all of the observed modes. This fre
quency also appears to be unaffected by the order
disorder transition; within the relatively large 
experimental uncertainty, its frequency variation 
with pressure can be fitted by a linear plot over 
the entire range studied, fig. 4. This is in sharp 
contrast to the other observed modes, all of which 
show a break of (l!..I1 / l!..P) at the phase transition. 
The negative sign of the pressure dependence can 
perhaps be explained as arising from the decreas
ing distance between the hydrogen and chloride 
atoms and the resulting increase of hydrogen 
bonding. This loweriny of the hydrog~nic stretch
ing frequency (-4 cm- for about 0.2A decrease 
of the N-Cl bond length) by hydrogen bonding is 
consistent with data for other N-H· . Cl systems 
[12,13]. 

The doubly degenerate bending mode, 112, is 
the only internal fundamental having a positive 
pressure dependence, fig. 5. The variation of 
this frequency can be fitted to straight lines of 
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Fig. 4. A plot of Ill. versus pressure. The slope of the 

solid line is -0.11 cm-1kbar-1. 
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Fig. 5. A plot of 112 versus pressure. The slopes of the 
solid lines are +0.65 and +0.12 cm-1kbar- 1. 

slopes +0.65 and +0.12 cm- 1kbar- 1 in the ordered 
and disordered phases respectively; the uncer
tainties in these numbers are estimated to be 
± 0.10 cm- 1kbar-1. This mode involves motion 
normal to the direction of the N-H· . Cl bond. As 
the strength of the hydrogen bond increases, this 
motion might be expected to become more diffi
cult, thus the positive shift. 

The frequencies, 113 and 114, of both triply de
generate modes of the "free" ion decrease as 
pressure increases. The variations of 113 with 
pressure are -1.20±0.10 and -0.38±0.10 cm- 1x 
kbar- 1 for the disordered and ordered phases 
respectively. The degeneracy of 114 is split by 
crystalline interactions into transverse and lon
gitudinal components. The transverse component 
shows a larger pressure dependence than the 
longitudinal component with values of (~1I4/ ~P) 
of -0.35 (transverse, disordered). -0.16 (trans
verse, ordered), - 0.29 (longitudinal, disordered) 
and -0.17 cm-1kbar- 1 (longitudinal, ordered). 
The uncertainties of these numbers are estimated 
to be ±0.10 cm-1kbar1. The motions associated 
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Fig. 6. A plot of 113 versus pressure. The slopes of the 
solid lines are -1.20 and -0.39 cm-1kbar- 1. 
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Fig. 7. A plot of the longitudinal (uppcr) and trans ver se 
(lower) components of 114 versus pressu re . The slopes 
of the solid lines are: -0.35 and -0.16 (upper); -0. 29 

and -0.16 (lower) cm-1kbar-1. 

with both 113 and 114 have components along the 
N-H' . Cl axis, and the decrease of the frequen
cies with pressure, like that of II 1, can be attri
buted to the effects of increased hydrogen bond 
strength at high pressure. 

Another interesting feature of the 114 mode is 
the increase of the intensity of the longitudinal 
component relative to that of the transverse com
ponent by about four times in the pressure range 
studied. The origin of this is not clear at pres
ent, but it may be related to the changing site 
symmetry. This and other unusual intensity ef
fects in the 0 - 3000 cm- 1 r egion will be de
scribed in detail elsewhere [1) together with a 
detailed description uf effects' of pressure on the 
many combination and overtone bands of the s pec
tra which are being studied. Preliminary r esults 
already suggest that several previous assignme Il t ~ 
[5) of these bands are incorrect. 
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