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We perform first-principles calculations of the lattice dynamics and the thermodynamic properties of LaCl3
and LaBr3. Using density-functional perturbation theory, we obtain the Born effective charge tensors, the
dielectric permittivity tensors, the phonon frequencies at the Brillouin zone center, and the phonon dispersion
curves, as well as corresponding density of states. The Born effective charge and the dielectric permittivity
tensors exhibit anisotropy, which are analyzed in detail. The calculated phonon frequencies at the � point of the
Brillouin zone show good agreement with the experimental values for most vibrational modes. The light yields
of LaCl3 :Ce and LaBr3 :Ce are theoretically estimated to be 62 400 and 71 400 photons/MeV, respectively, on
the basis of the calculated values of the dielectric constants and the highest longitudinal optical infrared phonon
frequencies. The thermodynamics properties including the phonon contribution to the Helmholtz free energy
�F, the phonon contribution to the internal energy �E, the entropy S, and the constant-volume specific heat Cv
are determined within the harmonic approximation based on the calculated phonon dispersion relations.
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I. INTRODUCTION

Nowadays, lanthanide trihalides hosts are the very impor-
tant host materials for the development of new inorganic
scintillators. The cerium-doped lanthanide trihalides
LaCl3 :Ce and LaBr3 :Ce have been extensively studied as
scintillators with the remarkably high light yields of 46 000
and 63 000 photons/MeV, respectively.1–7 At present,
LaBr3 :Ce is the brightest commercially available scintilla-
tors. They have very good energy resolution and their decay
times are shorter than 30 ns without intense slow component
under �-ray excitation,3,5 which supports counting applica-
tions at very high rate.

Lattice vibration can severely affect the luminescent
quantum efficiency through the nonradiative transitions of
multiphonon orbit-lattice relaxation of excited states of
doped rare-earth ions in crystals.8,9 Although the present
work does not deal with the multiphonon transition, determi-
nation of the phonon frequencies in LaCl3 and LaBr3 is an
important basis for the further understanding of the mul-
tiphonon transition process, and thus the luminescence effi-
ciencies.

The phonons at � point of the Brillouin zone are involved
in the optical behavior in crystal. The Raman spectra of
LaCl3 �Ref. 10� and LaBr3 �Ref. 11� was used to investigate
the Raman-active lattice vibrational modes. Symmetry coor-
dinates analysis was made and the infrared-active phonons
were demonstrated by infrared absorption spectrum of
LaCl3.12 The lattice vibrational spectra of LaCl3 and LaBr3
were investigated to experimentally determine the phonon
frequencies through doping rare-earth ion such as Pr3+ as
probe, assuming that the vibrational spectra were essentially
unchanged with the doped rare-earth ion.13,14 However, since
the inelastic neutron-scattering measurement cannot be
found in the literature, the experimental data of phonon fre-
quencies are limited to the � point. The dielectric tensors of
LaCl3 and LaBr3 were obtained by the measurement of elec-
tric field polarized reflectance spectra, showing the strong

anisotropic properties due to the hexagonal crystal
structure.15 Therefore the first-principles calculations are
highly desirable in order to obtain a deep understanding of
fundamental properties of LaCl3 and LaBr3.

In this work, we use density-functional perturbation
theory to study the dynamical and the dielectric properties of
LaCl3 and LaBr3. We compute the Born effective charge ten-
sors, the dielectric permittivity tensors, the phonon frequen-
cies at the Brillouin zone center, the phonon dispersion
curves, and the thermodynamics properties.

The present paper is organized as follows. In Sec. II, the
details of the calculation are described. In Sec. III, the cal-
culated results are presented and discussed in comparison
with the available experimental data. In Sec. III A, the study
of the structural properties of LaCl3 and LaBr3 are reported.
In Sec. III B, the Born effective charge tensors are given and
analyzed in detail. The lattice vibrational properties, includ-
ing the phonon frequencies at the � point of the Brillouin
zone and the phonon dispersion relations along the high sym-
metry lines of the Brillouin zone as well as the correspond-
ing density of states, are given and discussed with the avail-
able experimental results in Sec. III C. The calculated
dielectric permittivity tensors are reported and compared
with the experiments in Sec. III D. Section III E is devoted to
the thermodynamic properties, including the phonon contri-
bution to the Helmholtz free energy, the phonon contribution
to the internal energy, the entropy, and the constant-volume
specific heat. Finally, the main results and conclusions are
summarized in Sec. IV.

II. CALCULATIONAL METHODS

All calculations are performed using the ABINIT

package16,17 which is based on pseudopotentials and plane
waves. It relies on an efficient fast Fourier transform
algorithm18 for the conversion of wave functions between
real and reciprocal space, on the adaptation to a fixed poten-
tial of the band-by-band conjugate gradient method19 and on
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a potential-based conjugate-gradient algorithm20 for the de-
termination of the self-consistent potential. Exchange and
correlation are treated in the local density approximation
�LDA� to DFT, using Perdew-Wang’s parametrization21 of
Ceperley-Alder electron-gas data.22 The Hartwigsen,
Goedecker, and Hutter �HGH� pseudopotential23 is used for
La �5s ,5p ,5d ,6s� levels treated as valence states.
Troullier-Martins24 pseudopotentials, generated thanks to the
FHI98PP code,25 are used for Cl �3s ,3p� and Br �4s ,4p� levels
treated as valence states. Relaxation of the lattice parameters
and interatomic positions within the unit cell is performed
using the Broyden-Fletcher-Goldfarb-Shanno algorithm26,27

until the maximum component of force acting on any atoms
is less than 1 mH/Bohr.

Linear response properties such as the Born effective
charge tensors and the phonon frequencies are obtained as
second-order derivatives of the total energy with respect to
an external electric field or to atomic displacements within
the framework of density functional perturbation theory.28–30

The linear response method allows the calculation of the dy-
namical matrix at arbitrary q vectors. The force constants are
extracted from a Fourier transform of the dynamical matrices
obtained for a grid in the Brillouin zone �BZ�. There are later
employed to obtain the phonon frequencies at arbitrary
points in reciprocal space and the phonon-dispersion rela-
tions by interpolation. The phonon density of states is also
calculated using these force constants. The wave functions
are expanded in plane waves up to a kinetic energy cutoff of
70 Ha. The BZ is sampled by a 4�4�4 Monkhorst-Pack31

mesh of k points. Convergence tests show that the BZ sam-
pling and the kinetic energy cutoff are sufficient to guarantee
an excellent convergence within 1 cm−1 for the calculated
phonon frequencies. The phonon band structures based on
interatomic force constants are obtained by Fourier interpo-
lation with specific treatment of the long-range dipole-dipole
interaction.28 The role of spin-orbit coupling is considered
for the calculation of phonon frequencies at the � point.

III. RESULTS AND DISCUSSIONS

A. Structural properties

LaCl3 and LaBr3 are isostructural and have very similar
static crystalline electric fields32 with C3h symmetry at the
site of the rare-earth ion. They have a hexagonal dipyramidal
type of symmetry and belong to the space group P63/m
�C6h

2�.33 The primitive cell consists of two molecules, shown
in Fig. 1. The La atoms are located in the 2c Wyckoff sites
�1/3 ,2 /3 ,1 /4� and �2/3 ,1 /3 ,3 /4�. The X= �Cl,Br� atoms
occupy the 6h Wyckoff sites �u ,v ,1 /4�, �1−v ,u−v ,1 /4�,
�1−u+v, 1−u, 1 /4�, �u−v ,u, 3 /4�, �1−u, 1−v, 3 /4� and
�v ,1−u+v, 3 /4�, where u and v are internal parameters.
Table I summarizes our results obtained after relaxation of
the lattice constants, as well as the experimental values. The
calculated lattice constants are underestimated with the
maximal error of 2.2%, which is typically the expected pre-
cision for the LDA. This reflects the reliability of our self-
consistent calculations and the pseudopotentials.

B. Born effective charge tensors

For insulators, the Born effective charge tensor Z�,��
* is

defined as the proportionality coefficient relating, at linear

order, the polarization per unit cell, created along the direc-
tion �, and the displacement along the direction � of the
atoms belonging to the sublattice �, under the condition of a
zero electric field:30

Z�,��
* = �0

�P�

�	��

, �1�

where �0 is the unit cell volume.
The Born effective charge tensors of La and X= �Cl,Br�

atoms are reported in Table II. The form of effective charge
tensor for the constituents is dependent on the site symmetry
of the ions. The point symmetry at the site of a La ion is C3h
�2c sites� while the point symmetry at a halogen ion site is Cs
�6h sites�. The matrices for equivalent sites are obtained by
the point group rotations. As a consequence, the values of
ZLa

* are almost diagonal with an anisotropy of 19.3 and
18.7 % for LaCl3 and LaBr3, respectively. They have only
two independent components: parallel and perpendicular to
the c axis. For the halogen ions X= �Cl,Br�, ZX

* are also
shown to be almost diagonal, but with three independent
components, shown to be quite anisotropic. The values of
ZLa

* are anomalously large compared with the nominal ionic
charge Z= +3, indicating a mixed covalent-ionic bonding.34

This behavior has also been observed in the case of La2O3
and La2O2S 35,36. This tendency can be explained from the
view point that the Born effective charge depends on the
electronic charge reorganization induced by atomic displace-
ments. Since the Born effective charge is dynamical charge,
contrary to the static charge, consequences of the covalence
effects are to increase the amplitude of Z*. As can be seen in

TABLE I. Calculated lattice parameters of LaCl3 and LaBr3

compared to experimental values. The length unit is Å.

LaCl3 LaBr3

Theor. Expt. Theor. Expt.

a 7.312 7.468 7.777 7.951

c 4.282 4.366 4.413 4.501

u 0.385 0.375 0.382 0.390

v 0.308 0.292 0.297 0.300

Volume 198.40 211.01 231.12 246.40

FIG. 1. Structure of LaCl3. The ions in the 1
4c plane are dark

color balls and the ions in the 3
4c plane are light color balls. LaBr3

has the same structure but different lattice constants.
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Table II, the values of ZLa
* for LaCl3 are slightly larger by

1.3 and 0.5 % in parallel and perpendicular to the c axis,
respectively, than those of LaBr3. Such difference can be
contributed from the stronger covalent characteristic for the
La-Cl bond.

C. Vibrational properties

We calculate the phonon frequencies at the � point for
LaCl3 and LaBr3. Since there are eight atoms in the primitive
cell, there are a total of 24 modes of vibration. The theoret-
ical group analysis predicts the following irreducible repre-
sentations of acoustical and optical zone-center �q=0� modes

�aco = Au � E1u

for acoustic modes and

�opt = 2Ag � Au � 2Bg � 2Bu � E1g � 3E2g � 2E1u � E2u

for optical modes.
The Ag, E1g, and E2g modes are Raman active, the Au and

E1u modes are infrared active, and the Bg, Bu, and E2u modes
are neither Raman nor infrared active �silent modes�. The
crystal symmetry contains the inversion operation, so that the
Raman and infrared vibrations are mutually exclusive. Be-
fore the acoustic sum rule �ASR� is applied, the errors in the
acoustic frequencies are 0.424, 0.430, 0.656 cm−1 for LaCl3
and 0.282, 0.288, 0.561 cm−1 for LaBr3. In Table III, the
calculated phonon frequencies for LaCl3 and LaBr3 are pre-
sented as well as the experimental values in the literature.
When the spin-orbit coupling effect is considered, the maxi-
mal differences of phonon frequencies at � point are 0.12
and 0.06 cm−1 for LaCl3 and LaBr3, respectively. Since the
differences are very small, the spin-orbit coupling is ne-
glected for the phonon dispersion calculations. The present
calculations predict six Raman-active modes. The Raman
spectrum of LaCl3 measured by Asawa et al. showed five
Raman lines �two Ag, one E1g, and two E2g� but one E2g was
missing.10 The comparison between the calculational and the
Raman frequencies gives the maximum deviation of
17 cm−1, a rms of absolute deviations of 9.5 cm−1, and a rms
of relative deviations of 6.4%. The phonon frequencies from

TABLE II. Calculated Born effective charge tensors for La and
X= �Cl,Br� atoms in LaCl3 and LaBr3. The nominal charges of La,
Cl, and Br are, respectively, +3, −1, and −1.

LaCl3 LaBr3

La �3.71 −0.03 0

0.03 3.71 0

0 0 4.60 � �3.69 −0.05 0

0.05 3.69 0

0 0 4.54 �
X �−0.63 0.01 0

−0.01 −1.85 0

0 0 −1.53 � �−0.66 0.03 0

−0.03 −1.80 0

0 0 −1.51 �

TABLE III. Calculated phonon frequencies �cm−1� at the � point of the Brillouin zone and the mode
assignments for LaCl3 and LaBr3. Experimental values are also shown for comparison.

Mode

LaCl3 LaBr3

Present
Cal.

Ref. 10 Ref. 14 Ref. 12 Present
Cal.

Ref. 11 Ref. 14

Expt. Expt. Expt. Cal. Expt. Expt.

Raman

Ag�1� 185.2 180 177.3 176 111.8 116

Ag�2� 221.1 212 229 131.5 137.6

E1g 203.0 186 177.4 185.2 193 118.3 122 126.9

E2g�1� 108.9 108 78.3 106.7 88 76.6 83 68.2

E2g�2� 183.2 105.3 208.6 204 132.5 139.2 92.1

E2g�3� 226.5 219 215.5 215 145.4 146

Infrared

Au �TO� 180.5 165 130.8

Au �LO� 270.5 190.7

E1u �TO1� 176.6 135.4 138 120.3 115.1

E1u �LO1� 186.9 122.2

E1u �TO2� 205.6 164.4 210 139.8 126.1

E1u �LO2� 267.4 184.2

Silent

Bg �1� 88.8 49.6 90 74.6 39.0

Bg �2� 230.1 117.6 250 151.9 97.1

Bu �1� 124.4 196.8 123 79.0 139.5

Bu �2� 269.4 248.2 263 161.6 166.9

E2u 169.8 158.0 193 109.4 110.5
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the Raman spectra in Ref. 12 also show good consistency
with our calculation. The Raman spectrum of LaBr3 reported
by Asawa gave six Raman-active lines.11 Compared with the
experimental values, the present calculation results give the
maximal deviation of 6.7 cm−1, a rms of absolute deviations
of 5.1 cm−1, and a rms of relative deviations of 4.7%. There-
fore, the quantitative agreement seems excellent. To the best
of our knowledge, the infrared spectra of LaBr3 is not avail-
able in the literatures, while the infrared active modes of
LaCl3 for transverse optic modes can be found:12 138 cm−1

for the Au mode and 165 and 210 cm−1 for two E1u modes.
Only one of the E1u modes shows somewhat large deviation
from the calculated value. As shown in Table III, the phonon
frequencies and their symmetry assignments were also ob-
tained from an analysis of the vibrational spectra of Pr3+ in
LaCl3 and LaBr3,14 including Raman-active, infrared-active,
and silent modes. Some of them are in good agreement with
our calculated values, while others exhibit rather large devia-
tions, especially for the silent modes. Such large deviations
are very likely due to the wrong experimental values because
the vibronic spectra using Pr3+ ion as probe can lead to a
large experimental error and even wrong assignment when
the absorption peaks are very week or somewhat overlapped.
In addition, our calculations for the phonon frequencies of
LaCl3 for the silent modes are consistent with those calcu-
lated using the central force method in Ref. 12. Assuming
that the difference in structure of LaCl3 and LaBr3 is small
and the force between atoms is approximately the same in
LaCl3 and LaBr3, the change in phonon frequency for any
given mode is dependent on the different mass of Cl and Br.
As a result, the phonon frequencies of LaCl3 are higher than
those of LaBr3.

In order to obtain the phonon dispersion curves through-
out the Brillouin zone, the dynamical matrices are obtained
4�4�6 grid of q points, and real-space force constants are
then found by Fourier transform of the dynamical matrices.
The dynamical matrix at an arbitrary wave vector q can then
be calculated by an inverse Fourier transform. The acoustic
sum rule is applied to force the three acoustic phonon fre-
quencies at the � point equal to zero strictly as being implied
by the translation symmetry. The calculated phonon disper-
sion curves along the high symmetry lines of the Brillouin
zone and corresponding density of states of LaCl3 and LaBr3
are shown in Fig. 2. The experimental values for the neutron
scattering data are not available in the literature. Both pho-
non structures are stable. For LaCl3, it is found that there are
three phonon bands with frequencies below about 115 cm−1,
frequencies between 125 and 245 cm−1, and frequencies be-
tween 255 and 271 cm−1. The frequency gaps are about
10 cm−1. However, there is no frequency gap in the phonon
density of states of LaBr3. The highest phonon frequencies
are 271 cm−1 for LaCl3 and 191 cm−1 for LaBr3.

D. Dielectric permittivity tensors

The macroscopic static dielectric permittivity tensor 
0 is
calculated by adding the ionic contribution to the electronic
permittivity tensor 
�.30 In other words, the static dielectric
tensor can be decomposed in the contributions of different
modes as follows:


��
0 ��� = 
��

� + �
m

�
m,�� = 
��
� +

4

�0
�
m

Sm,��

�m
2 , �2�

where �0 is the volume of the primitive unit cell, �m is the
frequency of vibration of normal mode m, and Sm,�� is the
mode oscillator strength,30 which can be determined by the
eigendisplacements and the Born effective charge tensors.
The electronic and static permittivity tensors of LaCl3 and
LaBr3 have two independent components 
� and 
�, parallel
and perpendicular to the c axis, respectively. The calculated
values of 
� and 
� are listed in Table IV. The average di-
electric tensor of 
� �or 
0� can be expressed as �2
�

�

+
�
� � /3. The electronic dielectric tensors are near isotropic

with a small anisotropy of 9.7 and 8.6 % for LaCl3 and
LaBr3, respectively. The average electronic dielectric tensor
of LaBr3 �4.91� is larger than that of LaCl3 �4.05� partly due
to the larger polarizability of bromine.37 The theoretical
value for average electronic dielectric tensor of LaCl3 is
larger than the experimental one15 by 9.2%, which is the
usual error in the LDA to the density-functional theory.38 Our
calculated static dielectric tensor of LaCl3 is comparable
with the experimental value with an average deviation less
than 5%. However, for LaBr3, we are not able to find the
experimental values in the literatures. The calculated average

FIG. 2. Calculated phonon dispersion curves �left� and density
of states �right� of LaCl3 �top panel� and LaBr3 �bottom panel�.
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static dielectric tensor of LaBr3 �9.37� is larger than that of
LaCl3 �8.16�, which can be partly explained by the fact that
the LaBr3 has lower infrared-active phonon frequencies than
that of LaCl3. For the static dielectric tensor, the distinct
anisotropy is 29.9 and 28.9 % for LaCl3 and LaBr3, respec-
tively. Compared with the electronic dielectric tensors, the
increasing anisotropy of the static dielectric tensors comes
from the different contribution of the infrared-active modes
Au and E1u. The contribution of the individual modes �
m to
the static dielectric constant is also shown in Table IV. The
two infrared-active Au modes contribute to the static dielec-
tric tensor parallel to the c axis, while the infrared-active
mode E1u contributes to the perpendicular component. For
each infrared-active mode, the relevant components of the
oscillator strength tensor Sm, the mode-effective charge vec-
tors Zm

*, the LO frequencies �m, and the LO-TO splitting
�� are presented in Table V.

As can be seen in Table V, for both LaCl3 and LaBr3, the
Au mode has a much larger oscillator strength �Sm� and
mode-effective charge �Zm

*� than those of the E1u�1� and
E1u�2� modes. However, the differences in phonon frequen-
cies for modes Au and E1u are not too much. As a result, the
Au mode has the larger contribution to the static dielectric
constant, compared with the E1u modes. It is noticed that the
largest LO-TO splitting is found in the Au mode which in-
volves the displacements of both the halogen and the lantha-
num ions in z direction. However, the E1u mode involves the

displacements of both the halogen and the lanthanum ions in
the x, y plane. The static dielectric tensors are more highly
anisotropic than the electronic dielectric tensors due to the
different contributions from the infrared-active modes Au and
E1u.

Now we can estimate the light yield of LaCl3 :Ce and
LaBr3 :Ce from the calculated dielectric constants. The over-
all quantum efficiency of the scintillation process is gener-
ally expressed as �=�SQ, where the �, S, and Q are the
efficiencies of conversion, energy transfer, and lumines-
cence, respectively.39,40 The parameter � is approximately
expressed as �=1/ �1+0.65 K�.41 K, the energy loss param-
eter, is given by K=0.244�104�
�

−1−
0
−1����LO�3/2 / �1.5Eg�.

Where 
� and 
0 are average electronic and static dielectric
permittivity constants, respectively. �LO is the longitudinal
optical phonon frequency. Eg, the band gap of the host, is 6.5
and 5.9 eV for LaCl3 and LaBr3, respectively, estimated
from the excitation spectra.42 The light yield L can be ex-
pressed as L= �106/ �2.3Eg���SQ.43 For an ideal situation, as-
suming that all electron-hole pair energy arrives at the lumi-
nescence center �S=1� and the quantum efficiency of
luminescence center is to be unity �Q=1�. The theoretically
estimated light yield are 62 400 and 71 400 photons/MeV
for LaCl3 :Ce and LaBr3 :Ce, respectively, on the basis of the
calculated values of the dielectric constants and the highest
longitudinal optical infrared phonon frequencies. Therefore,
LaCl3 :Ce and LaBr3 :Ce are excellent scintillators with high
light yield predicted by theoretical calculations, especially
for LaBr:Ce. The experimental values mentioned in the in-
troduction section reach 74 and 88 % of the theoretical val-
ues for LaCl3 :Ce and LaBr3 :Ce, respectively.

E. Thermodynamic properties

The thermodynamic functions of LaCl3 and LaBr3 can be
determined by the entire phonon spectrum, assuming that the
vibrational degrees of freedom of the lattice play a noticeable
role while the electronic degrees of freedom are ignorable. In
the present work, the phonon contribution to the Helmholtz
free energy �F, the phonon contribution to the internal en-
ergy �E, the entropy S, and the constant-volume specific
heat Cv, at temperature T are calculated using the formulas in
Ref. 44 within the harmonic approximation,45 shown in Fig.
3. �F and �E at zero-temperature represent the zero-point
motion, which can be calculated from the expression as

�F0 = �E0 = 3nN�
0

�max ��

2
g���d� , �3�

where n is the number of atoms per unit cell, N is the number
of unit cells, � is the phonon frequencies, �max is the largest
phonon frequency, and g��� is the normalized phonon den-
sity of states with �0

�maxg���d�=1. The calculated �F0

=�E0=12.1 kJ/mol for LaCl3 and 8.0 kJ/mol for LaBr3.
The zero-point motion contribution to the thermodynamic
functions of LaCl3 is more important than that of LaBr3. The
temperature-dependent �F and �E are higher for LaCl3 than
LaBr3 since LaCl3 has much higher average phonon frequen-
cies and lower entropy. The calculated entropies of LaCl3

TABLE IV. Electronic and static dielectric tensors of LaCl3 and
LaBr3. The contributions of individual phonon modes to the static
dielectric tensor are indicated. The phonon mode contributions to

� �perpendicular to the c axis� come from the two infrared-active
E1u modes, while the contributions to 
� �parallel to the c axis�
come from the infrared-active Au modes. �
m �m=1,2 ,3� are the
contributions of the different phonon modes to the static dielectric
tensor. The experimental dielectric tensors for LaCl3 at temperature
82 K are also indicated between parentheses �Ref. 15�.

LaCl3 LaBr3


� 
� 
� 
�


� 3.92 �3.71� 4.30 �3.71� 4.77 5.18

�
1 1.71 0.53

�
2 1.79 3.25

�
3 5.34 5.84


0 7.42 �8.02� 9.64 �9.56� 8.55 11.02

TABLE V. Oscillator strength tensor Sm �in 10−4 a.u.�, mode-
effective charge vectors Zm

* �in units of 	e	, where e is the electronic
charge�, LO frequencies �m �in cm−1�, and LO-TO splitting �� �in
cm−1� for each of the infrared-active modes of LaCl3 and LaBr3.

LaCl3 LaBr3

Sm Zm
* �m �� Sm Zm

* �m ��

Au 3.86 6.07 270.5 90.0 2.58 7.16 190.7 59.2

E1u �1� 1.18 3.16 186.9 10.3 0.20 1.84 122.2 1.9

E1u �2� 1.67 3.44 267.4 61.8 1.63 5.51 184.2 44.4
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and LaBr3 exhibit reasonable agreement with the experimen-
tal values46 above room temperature. The experimental val-
ues are slightly larger by about 5% than the calculated values
since the effects of anharmonicity are ignored and the theo-
retical lattice constants are used in the calculation. LaCl3 is
found to have lower entropy than LaBr3, which can be ex-
plained by the smaller phonon density of states for LaCl3 for
low-frequency modes.

The constant-volume specific heats Cv are calculated and
shown in Fig. 3�d�. In the low-temperature limit, the two
specific heats exhibit the expected T3 power-law behavior,
and they both approach at high temperatures the classical
asymptotic limit of Cv=3nNkB=99.8 J /mol K. The experi-
mental Cv cannot be found, but the experimental constant-
pressure heats Cp are 98.25, 103.486, and 107.545 J /mol K
for LaCl3 and 99.654, 103.685, and 106.871 J /mol K for
LaBr3 at temperatures of 300, 400, and 500 K,
respectively,46 which is systemically larger than the Cv. Due
to the thermal-expansion caused by anharmonicity effects Cp
is different than Cv. The relation between Cp and Cv is de-
termined by47

CP − CV = �V
2�T�B0VT , �4�

where �V is the volume thermal expansion coefficient, B0 is
the bulk modulus, V is the volume and T is absolute tempera-
ture. In order to deduce the theoretical Cp, the determination
of thermal expansion coefficients is necessary, which is in
progress.

IV. SUMMARY

The lattice dynamics and thermodynamic properties of
LaCl3 and LaBr3 using density-functional perturbation

theory and pseudopotential methods are performed. For both
LaCl3 and LaBr3, the relaxed lattice constants are found to be
in good agreement with experimental ones with the errors
less than 2.2%.

The anisotropy in the Born effective charge tensors is ob-
served. For La and halogen ions in some directions, these
effective charges are found to be larger than the nominal
ionic charge, indicating a mixed covalent-ionic bonding be-
tween La and halogen ions. The electronic and static permit-
tivity tensors of LaCl3 and LaBr3 have two independent com-
ponents 
� and 
�, parallel and perpendicular to the c axis,
respectively. A detailed analysis of the contribution of the
different vibration modes to the static dielectric constant has
been performed. The mode-effective charges and the oscilla-
tor strengths are also calculated. The static dielectric tensors
show to be much more anisotropic than the electronic dielec-
tric tensors due to the different infrared-active modes Au and
E1u.

The phonon frequencies at the � point of the Brillouin
zone are calculated and their symmetry assignments are
given. The calculated Raman-active phonon frequencies are
in excellent agreement with the experimental values. The
difference in phonon frequencies between LaCl3 and LaBr3
can be analyzed by the different mass of Cl and Br. The
phonon dispersion curves along the high symmetry lines of
the Brillouin zone and the corresponding density of states for
LaCl3 and LaBr3 are computed. The highest phonon frequen-
cies are 271 cm−1 for LaCl3 and 191 cm−1 for LaBr3. The
density of states of LaCl3 shows three phonon bands while
LaBr3 has a continuous density structure. Based on the cal-
culated values of the dielectric constants and the highest lon-
gitudinal optical infrared phonon energy, the theoretically es-
timated light yield are as high as 62 400 and
71 400 photons/MeV for LaCl3 :Ce and LaBr3 :Ce, respec-
tively.

FIG. 3. The calculated phonon
contribution to the Helmholtz free
energy �F �a�, the phonon contri-
bution to the internal energy �E
�b�, the entropy S �c�, and the
constant-volume specific heat Cv
�d� of LaCl3 �solid lines� and
LaBr3 �dashed lines�. The experi-
mental values of entropy �solid
circles for LaCl3 and open circles
for LaBr3, Ref. 39� are also shown
in �c�.
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The thermodynamics properties including the phonon
contribution to the Helmholtz free energy �F, the phonon
contribution to the internal energy �E, the entropy S, and the
constant-volume specific heat Cv are present within the har-
monic approximation. Their difference for LaCl3 and LaBr3
can be understood in terms of the phonon density of states.
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