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ANALYSIS OF THE FREQUENCY SHIFTS
CLOSE TO THE SECOND ORDER PHASE

TRANSITION IN NH4Cl

H. Yurtseven and D. Kayişoğlu

Department of Physics, Istanbul Technical University,
Maslak, Istanbul, Turkey

ABSTRACT

In this study we analyzed observed Raman data for the fre-
quencies of the disorder-induced modes of ν7 (93 cm−1) and
ν5 (144 cm−1) in the second order phase region of NH4Cl (P =
2.8 kbar). By means of a power-law formula describing the crit-
ical behaviour of the frequency shifts 1

ν
( ∂ν
∂T )p for those phonon

modes studied, we extract the critical exponent value of a = 0.25,
which can also describe the critical behaviour of the specific heat
Cp close to the second order phase transition in NH4Cl. Within
this content, our spectroscopically modified Pippard relations are
introduced here.

Key Words: Raman; Phase transition; NH4Cl; Disorder-induced
modes; Ammonium halides; Phase transitions.

INTRODUCTION

Ammonium halides have been studied extensively in the literature since they
show λ type of phase transitions. In particular, the NH4Cl crystal has been studied
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due to the fact that it undergoes the first order phase transition at zero pressure,
the tricritical transition at ∼1.6 kbar and the second order transition at ∼2.8 kbar
pressures. Experimentally, these phase transitions have been observed by means
of the length-change measurements [1].

During those phase transformations, the crystal structures of the phases
change with their symmetries. At higher temperatures the disordered β phase
of ammonium halides (NH4Cl and NH4Br) has the CsCl structure with O1

h sym-
metry (space group Pm3m), where the NH+

4 tetrahedra are randomly distributed
between two energetically equivalent states. At lower temperatures, the CsCl struc-
ture of the β phase transforms into the tetragonal structure of the antiferro-ordered
γ phase with the D7

4h symmetry (space group P4/nmm), which occurs in NH4Br
only. In the γ phase the NH+

4 tetrahedra have the antiparallel arrangement in the a-b
plane and they are parallel along the c-axis. As the temperature decreases further,
the antiferro-ordered γ phase transforms into the ferro-ordered δ phase where all
the NH+

4 ions are parallel to each other (NH4Cl and NH4Br). The crystal structure
of the δ phase is cubic with T1

d symmetry (space group P43m). The phase tran-
sition from the disordered β phase the ferro-ordered δ phase takes place at T ∼=
243 K (P = 0) in NH4Cl. This β-δ transition occurs at TC = 257 K as the tricritical
(P = 1.6 kbar) and at T = 267 K as the second order (P ∼= 2.8 kbar) transition
for the NH4Cl crystal. Regarding the tricritical points (TCP) in the ammonium
(deutero-ammonium) chloride and bromide structures, a generalized P-T phase
diagram has been given by Leung et al. [2]. An experimental P-T phase diagram
in ammonium halides was first obtained by Stevenson [3]. This phase diagram has
been modified by Press et al. [4]. Using the Raman spectroscopic technique, the
P-T phase diagrams for ammonium halides have been obtained by Ebisuzaki [5]
and also by Hochheimer et al. [6]. The experimentral T-x phase diagrams in the
ammonium halides have also been reported in the literature. For the NH4Brx Cl1−x

system the T-x phase diagrams have been obtained experimentally by Jahn and
Neumann [7], Goto et al. [8], Garland et al. [9] and Yoshizawa et al. [10]. The
phase diagrams in the ammonium halides have been calculated theoretically as
well. Yamada et al. [11] have introduced an Ising pseudospin-phonon coupled
model to predict the phase diagram of NH4Br. Also, some other model studies
due to Hüller [12], Vaks and Schneider [13], Vlasova et al. [14] have predicted the
phase diagrams in the ammonium halides. Recently, we have predicted P-T phase
diagrams in the ammonium halide structures using the mean field theory [15].

The λ-phase transitions in the ammonium halides, in particular, in NH4Cl
have been studied extensively. As we have given some of those studies above,
the other studies have also been reported in the literature [16–24]. Among those,
the Raman studies [5,19,23] have concentrated on the various aspects of the λ-
phase transitions in NH4Cl. In our early study [23] in particular, we have correlated
the volume changes to the our observed Raman frequencies for the disordered-
induced modes of ν7 (93 cm−1) and ν5 (144 cm−1) in the first order (P = 0),
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tricritical (P ∼= 1.6 kbar) and second order (P ∼= 2.8 kbar) phase regions of NH4Cl.
By using our observed Raman data, we have also calculated the specific heat Cv

for those phase transitions in NH4Cl, as given in our recent study [25].
In this study we concentrate on the temperature dependence of our ob-

served frequencies of the disorder-induced Raman modes of ν7(93 cm−1) and
ν5 (144 cm−1) in the second order phase region (P ∼= 2.8 kbar) of NH4Cl. We
analyze our Raman frequencies of those modes using a power-law formula and
obtain the value of the critical exponent for the frequency shifts close to the second
order phase transitions in the NH4Cl crystalline system.

In Section 2 we give our calculations and results. Our results are discussed
in Section 3. Finally, our conclusions are given in Section 4.

CALCULATIONS AND RESULTS

The λ-type of phase transitions can be studied by means of the Pippard
relation in the vicinity of the λ point. The thermodynamic functions such as the
specific heat Cp, thermal expansivity αp and the isothermal compressibility κT,
exhibit similar critical behaviour near Tλ. This critical behaviour can be expressed
by means of the Pippard relations

Cp = αpV T

(
dP

dT

)
λ

+ T

(
dS

dT

)
λ

(1)

and

αp = κT

(
dP

dT

)
λ

+ 1

V

(
dV

dT

)
λ

(2)

where (dS/dT )λ and (dV /dT )λ are constants at Tλ. Thus, linear plots of Cp versus
αp and αp versus κT enable one to obtain the slope (dP/dT )λ in the vicinity of the
λ transition point.

We have modified the Pippard relations spectroscopically by defining the
isobaric mode Grüneisen parameter

γp = − 1

αp

1

ν

(
∂ν

∂T

)
p

(3)

and the isothermal mode Grüneisen parameter

γT = − 1

κT

1

ν

(
∂ν

∂ P

)
T

(4)

as we have given in our earlier study [23]. By inserting Equations (3) and (4) into
Equations (1) and (2), respectively, we then obtain our spectroscopically modified
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Pippard relations given by

Cp = − 1

γp
T V

(
dP

dT

)
λ

1

ν

(
∂ν

∂T

)
p

+ constant (5)

and

αp = − 1

γT
T V

(
dP

dT

)
λ

1

ν

(
∂ν

∂ P

)
T

+ constant (6)

as we have also reported in our earlier study (26). According to Equations (5) and
(6), we can assume that the frequency shifts have similar critical behaviour as the
specific heat CP and the thermal expansivity αP. Thus, we expect that the frequency
shifts 1

ν

(
∂ν
∂T

)
p

vary linearly with the CP (Eq. 5). We also obtain a linear variation
of 1

ν

(
∂ν
∂ P

)
T

with the αP (Eq. 6). This critical behaviour of the frequency shifts can
be expressed by a power-law formula

1

ν

(
∂ν

∂T

)
p

= Aε−a (7)

where a is the critical exponent for the frequency shifts and also for the specific
heat (Eq. 5). A is the amplitude and ε = |T − Tc|/Tc is the reduced temperature.
By solving Equation (7) for ν, we get

ln(ν/νc) = ATc

1 − a
|ε |1−a (8)

where νc is the critical frequency at T = Tc. By taking the logarithm of Equation
(8), we then get

ln[ln(ν/νc)] = ln

(
ATc

1 − a

)
+ (1 − a) ln|ε | (9)

By plotting in the log-log scale the logarithm of ln(ν/νc) against |ε |, we obtain
the critical exponent a and the amplitude A.

Similarly, we can describe the frequency shifts 1
ν

(
∂ν
∂ P

)
T using the power-law

formula

1

ν

(
∂ν

∂ P

)
T

= Bε−b (10)

where b defines the critical exponent for the frequency shifts and also for the
thermal expansivity (Eq. 6) B is the amplitude and ε = |P − PC|/PC is the reduced
pressure. (PC is the critical pressure). Similar to Equation (7), Equation (10) can
also be solved for ν which gives

ln(ν/νc) = B Pc

1 − b
|ε |1−b (11)
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Here, νc is the critical frequency at P = Pc. Again, by plotting logarithm of ln(ν/νc)
as a function of ln|ε|, we obtain the critical exponent b and also the amplitude B,
according to

ln[ln(ν/νc)] = ln

(
B Pc

1 − b

)
+ (1 − b) ln|ε | (12)

In this study we consider Equation (7) and as a result of this, Equation (9)
to analyze our observed frequency data for the disorder-induced Raman modes
of ν7 (93 cm−1) and ν5 (144 cm−1) in the NH4Cl system for its second order
phase transition (P = 2.8 kbar). For this analysis, we first calculated the critical
frequencies for those phonon modes using the length-change data [1], as given in
our earlier work [25].

The values of the critical frequencies for the ν7 (93 cm−1) and ν5 (144 cm−1)
modes, which we obtained, were 98.16 cm−1 and 151.37 cm−1 at 266.5 K (T <

T c), respectively for the second order phase transition (P = 2.8 kbar) in the NH4Cl
[25]. Our values for those phonon modes were 95.73 cm−1 and 150.92 cm−1 at
267 K (T > T c) for this phase region (P = 2.8 kbar) in the NH4Cl [25].

Figures 1 and 2 give our plots of ln[ln(ν/νc)] against ln|ε|, according to
Equation (9) using our observed frequency data for the ν7 (93 cm−1) Raman
mode (P = 2.8 kbar) below and above Tc, respectively. We give those plots for the
ν5 (144 cm−1) Raman mode (P = 2.8 kbar) below and above Tc in Figures 3 and 4,
respectively. The values of a and A within the limits of the reduced temperature ε

are tabulated for both phonon modes in Table 1.

DISCUSSION

Using our observed Raman data, the frequencies of the disorder-induced
modes of ν7 (93 cm −1) and ν5 (144 cm −1) were analyzed here in the second
order phase region of NH4Cl (P = 2.8 kbar). By means of Equation (9) or Equa-
tion (7), from our analysis of both phonon modes, we got the same value of
a = 0.25 for the frequency shifts above and below Tc, which can describe the
second order phase transition in NH4Cl at P = 2.8 kbar (Tc = 266.6 K). Our ex-
ponent value of a = 0.25 can be compared with those values of 1/16 (∼0.066)
for T < T c and 1/8 (0.125) for T > Tc due to 3d Ising model and also 0 (dis-
continuous) value of the mean field theory for the specific heat. We assume here
that our exponent value does not only describe the frequency shifts, but it also
describes the specific heat Cp, according to Equation (5), close to the λ-phase tran-
sition in NH4Cl. Thus, if our modified Pippard relation (Eq. 5) is satisfied close to
the second order phase transition (P = 2.8 kbar) in NH4Cl, the critical exponent
for the frequency shifts then describes the critical behaviour of the specific heat
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Figure 1. ln(ν/νc) for the ν7 (93 cm−1) Raman mode of NH4Cl as a function of ε =
(Tc − T )/Tc for P = 2.8 kbar below Tc, according to Equation (9) where νc represents the
critical frequency (Tc = 266.6 K). Our observed Raman data are shown by squares.
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Figure 2. ln(ν/νc) for the ν7 (93 cm−1) Raman mode of NH4Cl as a function of ε =
(T − Tc)/Tc for P = 2.8 kbar above Tc, according to Equation (9) where νc represents the
critical frequency (Tc = 266.6 K). Our observed Raman data are shown by squares.
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Figure 3. ln(ν/νc) for the ν5 (144 cm−1) Raman mode of NH4Cl as a function of ε =
(Tc − T )/Tc for P = 2.8 kbar below Tc, according to Equation (9) where νc represents the
critical frequency (Tc = 266.6 K). Our observed Raman data are shown by squares.
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Figure 4. ln(ν/νc) for the ν5 (144 cm−1) Raman mode of NH4Cl as a function of ε =
(T − Tc)/Tc for P = 2.8 kbar above Tc, according to Equation (9) where νc represents the
critical frequency (Tc = 266.6 K). Our observed Raman data are shown by squares.
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Table 1. Our Values of the Critical Exponent a and the Amplitude A for the Disorder-
Induced Raman Modes of ν7(93 cm−1) and ν5(144 cm−1) Close to the Second Order
Phase Transition (P = 2.8 kbar) in NH4Cl (Tc = 266.6 K), According to Equation (9). The
Limits of the Reduced Temperature ε = |T − Tc|/Tc are Given. The Critical Frequencies of
ν7 (93 cm−1) and ν5 (144 cm−1) Modes at the Temperatures Indicated Are Also Given Here

A × 10−4 νc νc

a (K−1) ε T (K) (cm−1) (cm−1)

T < Tc 0.25 1.69 2.25 × 10−3 < |ε | < 3.6 × 10−2 266.5 98.16 151.37
T > Tc 0.25 1.69 3.4 × 10−3 < |ε | < 1.65 × 10−2 267 95.73 150.92

Cp. This assumes that the isobaric mode Grüneisen parameter γp remains con-
stant right through the phase transitions in NH4Cl as we also noted in our earlier
studies [23,25].

Similar analysis can be carried out to determine the critical exponent b for
the frequency shifts with the pressure at constant temperatures 1

ν

(
∂ν
∂ P

)
T
, according

to Equation (10) or Equation (12), close to the second phase transition in NH4Cl.
This requires the Raman frequencies measured as a function of pressure at constant
temperatures for the ν7 (93 cm −1) and ν5 (144 cm −1) modes of NH4Cl close to
the phase transitions in this crystalline system. This then leads us to examine the
second Pippard relation, which we modified spectroscopically (Eq. 6) by means
of the thermal expansivity data for NH4Cl close to the phase transitions in this
crystal. As for the isobaric mode Grüneisen parameter γp in Equation (5), we also
assume that the isothermal mode Grüneisen paramter γT remains constant across
the phase transitions in NH4Cl for the validity of Equation (6). By means of both
relations (Eqs. 5 and 6), the value of the slope (dP/dT )λ can be calculated close
to the λ-phase transitions in NH4Cl and they can be compared with that measured
experimentally.

CONCLUSIONS

We studied here the disorder-induced Raman modes of the ν7 (93 cm −1) and
ν5 (144 cm−1) close to the second order phase transition in NH4Cl (P = 2.8 kbar).
Our observed Raman data were analyzed for those phonon modes, which gave us
the exponent value of a = 0.25 for the frequency shifts 1

ν

(
∂ν
∂T

)
p
. We assume that

our exponent value also describes the critical behaviour of the specific heat Cp,
according to the validity of our spectroscopically modified Pippard relation close
to the second order phase transitions in NH4Cl. Our exponent value is close to the
values of 1/8 (T > Tc) and 1/16 (T < Tc) predicted by a 3d Ising model for the
specific heat.
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