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Anharmonic behaviour of BaFCl using Raman scattering
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Abstract. Raman scattering from oriented single crystals of BaFCl was recorded at various temperatures
from 20 to 1073 K for the first time. The Raman spectra, corrected for phonon population, were fitted to
the sum of four Lorentzian peaks. The peak frequencies and full width at half maximum (FWHM) of the
peaks were obtained from the fit. The FWHM is accounted for by cubic and quartic anharmonic processes.
The quartic anharmonicity of the mode increases with the mode frequency. The quartic anharmonicity
of the fluorine mode is exceptionally high. The peak frequencies decrease linearly with the increasing
temperature. Fluorine mode frequencies decrease more than the internal mode frequencies do. The LO-TO
splitting of the fluorine modes and that of the internal modes increases with temperature indicating the
increase of the ionic bonding character. The results are discussed.

PACS. 78.30.-j Infrared and Raman spectra – 63.20.-e Phonos in crystal lattices

1 Introduction

MFX (M = Ca, Sr, Ba; X = Cl, Br, I) ternary compounds,
belonging to the matlockite structure (PbFCl), crystallize
with tetragonal P4/nmm (D7

4h) symmetry and platelet
morphology. Planes containing all F ions, M ions and X
ions are stacked one over the other along the c-axis in the
sequence of F, M, X, X, M and F. MFX have a natural
cleavage plane perpendicular to the c-axis where bond-
ing between the neighbouring X-planes is weaker [1]. The
growth rate along the a-axis is at least twenty times larger
than that along the c-axis [2]. Single crystals of MFX are
grown by flux method [3], Bridgman method [4], and mod-
ified Kyropoulos method [2]. It is reported that thick sin-
gle crystals of MFX can be obtained in horizontal Bridg-
man growth by mixing MF2 and MX2 in stoichiometri-
cally F–rich proportion [5]. In the modified Kyropoulos
method thicker crystals can be grown using a ring heater
around the growth interface but they tend to have a lot
of inclusions [2]. The flux method yields high quality sin-
gle crystals of relatively low thickness. However, dendritic
growth was observed in such crystals [3,6].

Polarized Raman scattering from oriented MFX sin-
gle crystals at room temperature has been recorded and
the modes have been assigned [7]. The group theoretical
analysis indicates the division of 18 degrees of freedom (2
molecules of MFX in the unit cell) into the modes of the
following symmetries [7,8]

Γ18 = 2A1g + B1g + 3Eg + 3A2u + 3Eu. (1)

There are six Raman active modes, namely, 2A1g, B1g and
3Eg. All of them appear in the unpolarized Raman spec-
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tra recorded with the ac-face oriented perpendicular to the
incident beam. The Raman frequencies have been calcu-
lated and compared with the experimental values [9,10].
Infrared modes have been investigated in these crystals [6,
9]. Extensive lattice dynamics calculations have been car-
ried out to obtain phonon dispersion relations, elastic con-
stants, phonon density of states and specific heats of these
crystals [10–12]. Ultrasonic and Brillouin scattering mea-
surements [13] and cohesive energy calculations [14] con-
firm the predominantly ionic nature of the bonds, which
is a basic input to the phonon calculations [10–12]. High
pressure X-ray diffraction from BaFCl reveals a structural
phase transition at about 21 GPa [15]. However, the high
pressure phase has not yet been identified. High tempera-
ture X-ray diffraction (HTXRD) from BaFCl powder from
298 to 873 K has provided the thermal expansion coeffi-
cients of BaFCl [16]. HTXRD investigation of BaFCl sin-
gle crystal from 298 to 883 K has provided the temper-
ature dependence of the cell parameters and fractional
coordinates [17]. Anharmonic potential parameters and
anisotropic thermal vibration parameters of all the ions
have also been obtained [17]. Electrical properties of alka-
line earth fluorohalide (MFX) crystals have been investi-
gated at high temperatures [18]. Ayachour et al. [18] have
conjectured the possibility of an order-disorder type anti-
ferroelectric to paraelectric phase transition at about 1000
K in BaFBr and BaFI based on dielectric measurements.
However, they have not made mention of any phase transi-
tion in BaFCl. Ionic conductivity of BaFCl has been stud-
ied from 298 to 773 K [19].

In this work, the unpolarised Raman spectra of BaFCl
single crystals oriented with their ac-face perpendicular to
the incident beam were recorded from 20 to 1073 K and
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analysed. The full width at half maximum (FWHM) and
the peak frequency were obtained from the spectra. The
results are discussed.

2 Experimental

Clear, transparent and dendrite-free single crystals of
BaFCl (5×5×0.5 mm3) were grown by the flux method. To
grow single crystals of BaFCl, the powders of BaCl2.2H2O
and KF (both LOBA GR grade) were mixed in equal mole
fraction and ground thoroughly in a mortar and pestle.
The XRD pattern of the mixture showed the presence
of BaFCl and KCl, indicating that reaction occurs while
grinding itself. This mixed powder was loaded in a plat-
inum crucible and heated to 1133 K in a vertical kanthal-
wound muffle furnace where BaFCl dissolves in the molten
KCl. The solution was cooled at a rate of 20 K/h till 973 K
and then furnace cooled to RT (298 K). Methanol was used
to separate out the single crystals from KCl matrix. Op-
tical microscopic examination revealed that the crystals
are clear, transparent and dendrite-free. The Laue pat-
tern of the single crystal of BaFCl recorded at RT with
c-axis parallel to the unfiltered Cu radiation X-ray beam
in a Laue camera (Huber Type 802) indicates a strain-
free single crystal nature [16,20]. The XRD pattern of the
powdered BaFCl crystals obtained in a SIEMENS D-500
powder diffractometer using Cu−Kα radiation matched
well with the ICDD pattern 240096 [16,20,21].

The unpolarized Raman spectra of BaFCl single crys-
tals oriented with their ac-face perpendicular to the in-
cident beam were recorded in a laser-Raman spectrome-
ter built around a double grating monochromator, SPEX
model 14018. A Kr-ion laser, lasing at 482.5 nm with
80 mW power was used as the source. This beam, after
passing through a plasma filter [22], was focussed onto
the oriented single crystal of BaFCl and the scattered
light in the backscattering geometry was collected using
a camera lens (Nikkon) and a focussing lens. A thermo-
electrically cooled photomultiplier tube model ITT-FW
130 was used to detect the scattered light after passing
through the monochromator. A microprocessor based au-
tomated data collection system was used. A slit width of
the monochromator corresponding to 4.2 cm−1 in terms
of FWHM of the instrument resolution function was em-
ployed. The scattered light was integrated for 5 S and
digitally recorded at 0.5 cm−1 wavenumber interval.

Raman spectra were recorded in the range of 298
to 1073 K by heating the crystal in an one-end-closed
cylindrical kanthal heater (3.5 cm internal dia., 5 cm
length) which was controlled using a temperature con-
troller, model INDOTHERM 401. The laser beam entered
and the scattered light exited through the open-end of
the heater. The sample was held in the heater by two ‘L’
shaped SS-strips. A K-type thermocouple was fixed near
the sample. The temperature accuracy was about ± 1 K
at temperatures below 573 K and about ± 2 K for higher
temperatures.

Raman spectra were recorded in the range of 20 to
298 K in another laser Raman spectrometer using a closed

Fig. 1. The recorded unpolarised Raman spectra of BaFCl
oriented single crystal at temperatures 20, 298, 773 and 1023 K.
The Raman modes R0, R1, R2, R3 and R4 are marked. The
spectra were shifted from one another along Y -axis for clarity.

cycle refrigeration system (Displex bought from M/s. Air
Products, USA). An Ar+ laser, lasing at 514.5 nm with 25
mW was used as the incident beam. A home-made double
grating monochromator was employed along with a ther-
moelectrically cooled PMT [23]. The scattered light was
integrated for 1 S for the low temperature measurements
and digitally recorded at 0.5 cm−1 interval. The FWHM
of the instrumental resolution function was 2.5 cm−1.

3 Results and discussion

Figure 1 shows the unpolarized Raman spectra of BaFCl
single crystal oriented with their ac-face perpendicular to
the incident beam at 20, 298, 773 and 1023 K. The high in-
tensity Raman peaks at 145 (R1), 167 (R2), 216 (R3) and
254 cm−1 (R4) are marked in Figure 1. The low intensity
Raman peak at 133 cm−1 (R0) is also marked. R0 belongs
to A1g external mode. R1 and R2 belong to Eg and A1g

internal Ba-Cl stretching modes respectively [7]. R3 and
R4 belong to B1g and Eg fluorine modes respectively [7].
The Raman spectrum was also recorded in the frequency
range of 70 to 120 cm−1 and a weak peak was identified at
about 82 cm−1. This peak belongs to Eg external mode.
This 82 cm−1 peak and R0 were very weak to extract the
information about the mode parameters. Hence R1, R2,
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R3 and R4 were considered for the analysis. The red shift
and broadening of the peaks with increasing temperature
are clearly illustrated in this figure. The small humps seen
at 137 and 232 cm−1 in the 298 K spectrum in Figure 1
are the plasma lines.

The Raman spectra were corrected for the phonon
population density by dividing the recorded intensity by
1+n(ω) where

n(ω) =

[
exp

(
~ω
kBT

)
− 1

]−1

(2)

is the population factor [24]. Here, ω is the Raman fre-
quency, T is the temperature, h is the Planck’s constant
and kB is the Boltzmann constant. The corrected Raman
spectrum, Ic(ω), was least square fitted to the sum of four
Lorentzians centered at the peak frequencies, ω0i, having
the observed FWHM, Γei, and a second order polynomial
for the background intensity, namely,

Ic(ω) =
4∑
i=1

aei
Γ 2
ei

Γ 2
ei + (ω − ω0i)2

+ a5 + a6ω + a7ω
2 (3)

aei are the observed height of the Raman peaks. The
fit was excellent and the parameters (ω0i and Γei) were
considered for further analysis. Since the recorded Ra-
man spectrum is a convolution of the actual spectrum
and the instrumental resolution function having FWHM
(Γs) of 4.2 cm−1 for high temperature spectra and 2.5
cm−1 for the low temperature spectra, the FWHM (Γei)
obtained from the fit using equation (3) would be differ-
ent from the actual values. The true FWHM (Γi) were
deduced from the observed values using the empirical re-
lation given by Arora and Umadevi [25]. They convoluted
the Lorentzian Raman line shape function having vari-
ous Γ with the Gaussian spectrometer resolution function
having various Γs by computation and obtained Γe of the
convoluted function. They obtained empirical formula for
Γ in terms of Γs and Γe which correctly reproduced the
Γ of the Raman line shape function for various Γs and
the computed Γe. This empirical relation was found to be
valid for Γe/Γs ≥ 1, which is satisfied in the present study.

Figure 2 shows the FWHM, Γi, of the four Raman
modes as a function of temperature. Consider the Γ of any
particular Raman mode. Γ increases monotonically with
T . The temperature behaviour of Γ is analysed by consid-
ering the multiphonon processes. The cubic anharmonicity
of the mode leads to the decay of a phonon of frequency
ω0 at temperature T into two phonons each of frequency
ω0/2. These phonons would be longitudinal acoustic (LA)
phonons [26]. This process results in the broadening of the
Raman mode by [24,27]

Γc = A

[(
exp

(
~ω0

2kBT

)
− 1

)−1

+
1

2

]
(4)

where A is the constant. Similarly, the quartic anhar-
monicity leads to the decay of the phonon having the fre-
quency ω0 at temperature T into three phonons each of

Fig. 2. Full width at half maximum, Γ1(o), Γ2(x), Γ3(∗), and
Γ4(+) of the R1, R2, R3 and R4 modes as a function of tem-
perature. The solid lines are the fit to the equation (6).

frequency ω0/3. These also would be LA phonons. This
process results in the broadening by [24,28]

Γq = B

((exp

(
~ω0

3kBT

)
− 1

)−1

+
1

2

)2

+
1

12

 , (5)

where B is the constant. Γ is fitted to

Γ = Γc + Γq. (6)

The solid lines in Figure 2 are the fits to equation (6).
The fit are very good. The fitted values of A and B for all
the modes are tabulated in Table 1. The values of B in-
creases monotonically with the mode frequency, ω0. This
is expected since the dissipation of the vibrational energy
via a four phonon process will be more important for a
mode of higher frequency [24]. The value of B/A for R4 is
very large as compared to that for the other three Raman
modes (Tab. 1). This might be due to the possibility that
the R4 mode phonon of frequency 254 cm−1 can decay
into 3 phonons of frequency each of 84 cm−1 which hap-
pens to be the Eg external mode in the present system.
This additional mode of decay, in addition to the decay
into 3 LA phonons, might result in the larger quartic an-
harmonicity. The increase in Γ , when T is increased from
20 to 1073 K (∆Γ ), shows a monotonic increase with ω0

(Tab. 1).
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Table 1. The values of the parameters A and B, of the fit to Γ (Eq. (6)), the ratio B/A, the change in Γ and that in ω0 on
heating the BaFCl from 20 to 1073 K, ∆Γ and ∆ω0. ∆Γ = Γ (1073 K) – Γ (20 K); ∆ω0 = ω0(20 K) – ω0(1073 K).

Raman modes Symbol used Peak freq. at RT (cm−1) A (cm−1) B (cm−1) B/A ∆Γ (cm−1) ∆ω0 (cm−1)

Eg(int) R1 145 0.75 0.015 0.020 12 16

A1g(int) R2 167 1.45 0.040 0.028 21 12

B1g(flu) R3 216 3.2 0.085 0.027 33 23

Eg(flu) R4 254 1.6 0.490 0.306 52 21

Fig. 3. The peak positions, ω01(o), ω02(×), ω03(∗) and ω04(+)
of the Raman modes R1, R2, R3 and R4 as a function of tem-
perature. The solid straight lines are the guide to the eye.

Figure 3 shows the temperature dependence of the
peak positions of the four Raman modes. They decrease
linearly with the increase of temperature from 20 to
1073 K. The solid straight lines are a guide to the eye.
The change in peak position with temperature has re-
sulted from quasi-harmonic contribution and anharmonic
contribution [24]. The quasi-harmonic contribution can be
understood in terms of thermal expansion and the re-
sulting change of harmonic force constants. The anhar-
monic contribution arises due to the cubic and quartic
anharmonicities [24,29]. In order to determine the quasi-
harmonic contribution, the temperature dependences of
the thermal expansion coefficients, molar volume, com-
pressibility and the specific heat are required in the tem-

perature region from 20 to 1073 K [24]. Though the first
two data have been generated recently over a limited tem-
perature region [16,17], the information about the other
two are scanty. The calculated specfic heat data [11] has
been shown to be incorrect [13]. Hence, the contributions
to the change in peak position due to the various processes
have not been calulated in this work. The decrease in ω0

when T is increased from 20 to 1073 K (∆ω0) is given in
Table 1. ∆ω0 of the fluorine modes (R3 and R4) are larger
than those of the internal modes (R1 and R2). This can be
understood qualitatively on the basis of the recent report
on the temperature dependence of the interionic separa-
tion distances in BaFCl [16]. The fluorine mode vibration
involves predominantly the F–F separation distance while
the internal mode vibration predominantly involves the
Ba–Cl distance. When heated from 298 to 873 K, the F–
F distance has increased by about 1.7% while the Ba–Cl
distance increases by only about 0.3% [16]. As the bond
length increases, the vibration frequency decreases due
to the quasi-harmonic effect. Larger increase in the bond
length implies a larger value of∆ω0. The cubic and quartic
anharmonicity contribution to FWHM are larger for the
fluorine modes as compared to those for internal modes
(see Tab. 1). Anharmonicity also contributes to the de-
crease in the peak frequency. Fluorine modes have larger
anharmonicities and hence the larger value of ∆ω0. Hence,
∆ω0 for fluorine modes can be expected to be more than
that for internal modes.

It has been reported that the transverse optic (TO)
branch of the internal Ba–Cl stretching mode occurs
at 145 cm−1 and its longitudinal optic (LO) branch at
167 cm−1 at RT [7,8]. The frequency difference between
these LO and TO (LO-TO splitting) is mainly due to the
ionic bonding character. As the ionic character of the bond
increases the LO-TO splitting will increase [30,31]. The
fluorine mode also shows the LO-TO splitting. However,
this splitting is inverted. Figure 4 shows the temperature
dependence of the LO-TO splitting for the internal mode
as well as for the fluorine mode. The solid straight lines
are a guide to the eye. The LO-TO splitting for both the
modes increases with the temperature indicating that the
ionic character of the bonds increases with the tempera-
ture. As the bond lengths increase with temperature, the
overlap of the electrons belonging to the bonding ions de-
creases and hence the increase of the ionicity.

There is no disappearance of a peak or appearance of
a new peak in the Raman spectra with temperature. Fur-
ther, the data presented here did not show any disconti-
nuity in the temperature range of 20 to 1073 K indicating
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Fig. 4. The temperature behaviour of the LO-TO splitting of
the fluorine modes (+) and that of the internal modes (o). The
solid straight lines are the guide to the eye.

that there is no structural phase transition in BaFCl in
this temperature range. The frequency of the Eg external
mode was found to decrease from 84 cm−1 at 20 K to 71
cm−1 at 1073 K and that of A1g external mode decreased
from 136 cm−1 at 20 K to 118 cm−1 at 1073 K continu-
ously. However, the error was large (± 1 cm−1) due to the
low intensity of the modes.

4 Summary

Transparent and dendrite-free single crystals of BaFCl
were grown by the flux method. Unpolarised Raman spec-
tra from the oriented single crystal of BaFCl with ac-face
perpendicular to the incident beam were recorded from
20 to 1073 K. The FWHM, Γ , of the peaks increases with
temperature due to the cubic and quartic anharmonic-
ities. The peak position decreases linearly with the in-
creasing temperature. The faster decrease of the fluorine
mode frequency than the internal mode frequency as T in-
creases is understood on the basis of their corresponding
increase in bond lengths with temperature and the anhar-
monicity of the modes. The LO-TO splitting of the modes
increases with temperature indicating the increase of the
ionic bonding character. There is no structural phase tran-
sition in the temperature range from 20 to 1073 K.

We thank Dr. S.K. Deb, BARC for providing us the low tem-
perature Laser-Raman Spectrometer.
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