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1.  Introduction

The tetragonal CeT2X2 compounds (where T  =  transition 
metal d-element and X  =  p-metal) form a large group of 
materials which exhibit various interesting physical proper-
ties as heavy-fermion behavior, valence-fluctuations, non-
Fermi-liquid behavior, or unconventional superconductivity. 
[1–5] These interesting properties stem from competition 

between RKKY and Kondo interactions and a strong influ-
ence of crystal field surrounding the Ce ions. The observation 
of an additional magnetic excitation in the neutron scattering 
spectra of CePd2Al2 is another interesting phenomenon. [6, 7]  
The existence of three excitations from the ground state of 
Ce3+ ions cannot be explained in terms of pure crystal field 
splitting and was ascribed to electron-phonon interaction 
leading to a formation of a new quantum quasi-bound vibron 
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Abstract
CePd2Al2 crystallizes in the CaBe2Ge2-type tetragonal structure (P4/nmm, 129) and undergoes 
a phase transition to the orthorhombic Cmme structure at around 13 K. Its inelastic neutron 
spectra reveal an additional magnetic excitation that was ascribed to electron-phonon 
interaction leading to a formation of a new quantum quasi-bound vibron state. We present the 
first-principles calculations of the crystal field excitations and lattice dynamics calculations 
of the phonon dispersions to compare with the experimental data. The calculated crystal field 
energy splitting in CePd2Al2 agrees well with the model used to describe the experimental 
neutron scattering spectra. The first excited crystal field level moves to higher energies when 
undergoing the transformation from tetragonal to orthorhombic structure, in agreement with 
the experiment. The analysis based on calculated elastic constants and lattice dynamics 
calculations show that in both tetragonal and orthorhombic structures there are no imaginary 
modes for any q-wave vector within the Brillouin zone, and therefore the lattice structures are 
stable. The phonon dispersions and density of states are calculated for both crystal structures 
of CePd2Al2 and its nonmagnetic counterpart LaPd2Al2. The results generally agree well with 
the experimental data including the high phonon density of states around 12 meV. The phonon 
density of states is also used to calculate the mean squared displacement, Debye temperature, 
lattice heat capacity and compared with similar properties of the available experiment.
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state similar to CeAl2 [8, 9] and CeCuAl3 [10]. This strong 
magneto-elastic coupling between orbital and lattice degrees 
of freedom and the resulting magneto-phonon mode have 
been described within the Thalmeier–Fulde model in the case 
of cubic CeAl2. [11]

CePd2Al2 crystallizes in the CaBe2Ge2-type tetragonal 
structure (P4/nmm, 129) and undergoes a phase transition to 
the orthorhombic Cmme structure at around TCePd2Al2

struc   =  13 K 
[6, 12–14]. Similar structural phase transition is also observed 
in LaPd2Al2 [6, 12] excluding a magneto-elastic origin of the 
phase transition. The structural instability is not unusual in 
this family of compounds. Phase transition from tetragonal to 
lower symmetry structures are observed in e.g. CeNi2Sn2, [15] 
CePt2Sn2, [15] CeRh2Sb2, [16] CePt2Ge2 [17] or CePd2Ga2. 
[18, 19] The magnetic properties of CePd2Al2 are character-
ized by an antiferromagnetic order below TN  =  2.7  K [13]. 
The ground state magnetic structure is an amplitude modu-
lated wave described by an incommensurate propagation 
vector �k   =  (δx, 1

2  +  δy, 0) with δx  =  0.06 and δy  =  0.04. The 
magnetic moments order antiferromagnetically within the 
planes stacked along the c-axis and are arranged along the 
direction close to the orthorhombic a-axis [7]. The recent 
neutron scattering experiment provided a clear link between 
the observed magnetic excitations and structural properties of 
CePd2Al2. The comparison of magnetic excitations measured 
above and below 13 K, where the structural transition from 
the tetragonal to the orthorhombic structure occurs, shows a 
strong shift of the energy of the first excited level to higher 
energies when cooling below 13 K. [7] The other two excita-
tions are almost unaffected by this transition. These results 
motivated our ab initio calculations of the phonon spectra and 
crystal field excitations in both structural phases of CePd2Al2 
to explore origin of the experimentally observed changes in 
energy spectra.

2.  Computational details

We performed first-principles electronic structure calculations 
using the general potential linearised augmented plane wave 
method (APW  +  lo, WIEN2k) [20]. The Kohn–Sham equa-
tions  were solved within the generalized gradient approx
imation (GGA) [21]. The relativistic effects were treated using 
scalar relativistic approximation. Atomic sphere radii (AS) of 
2.5, 2.1, and 1.8 Bohr radius (1 Bohr radius  =  52.9177 pm) 
were chosen for Ce, Pd, and Al, respectively. About 1400 lin-
earized augmented plane waves (140 per atom) were used in 
the interstitial region and the highest value of 12 in the expan-
sion of radial wave functions inside the AS to represent the 
valence states. The correlated Ce 4f states were treated in 
the open-core approximation and thus are characterized by 
integer number occupation 4f 1. We have carefully checked 
the convergence of the calculation with these parameters. The 
first principles crystal field (CF) calculations were performed 
using the method described in [22]. Within this method, the 
electronic structure and ground states charge density are 
obtained using the full potential APW  +  lo method. The CF 
parameters of the microscopic CF hamiltonian originate from 

the aspherical part of the total single particle DFT potential in 
the crystal. To eliminate the self interaction, the self-consis-
tent procedure is first converged with the 4f  electrons in core 
[22], which is the open-core approximation used in this work.

To obtain the dynamical properties, the Hellmann–
Feynman (HF) forces acting on the atoms starting from the 
equlibrium are required. In order to do so, we have utilized 
the unspin-polarized density functional theory method imple-
menting the projector-augmented wave (PAW) formalism 
[23, 24] to describe the electron-ion interactions as imple-
mented in the VASP code [23, 24]. The approximation for 
the exchange-correlation potential was used the same as in 
WIEN2k calculations, i.e. GGA. The Kohn–Sham wave func-
tions are expanded into plane waves up to a cutoff energy 
of 600 eV. The valence electrons of cerium, lanthanum, pal-
ladium, and aluminium atoms are represented by configura-
tions of 5s25p65d16s2, 5s25p64f 15d16s2, 5s14d9, and 3s23p1, 
respectively. The calculations for the geometry optimization 
used the 13 × 13 × 8(18 × 18 × 8) Monkhorst–Pack mesh of 
k-points for the orthorhombic(tetragonal) phase and the conv
ergence criteria for the system’s total energy and residual HF 
forces were of 10−7 eV and 10−4 eV Å

−1
, respectively.

The dynamical properties of the both LaPd2Al2 and 
CePd2Al2 lattice are obtained within the quasi-harmonic 
approximation and the direct method [25, 26] using the 
Phonopy code [26], which utilizes the DFT calculated HF 
forces acting on all atoms in a given supercell. Phonons 
are calculated for the supercells composed of 80 atoms (16 
Ce(La), 32 Pd and 32 Al atoms), which are created from the 
optimized unit cells. Such supercells were found to be large 
enough to avoid contributions from atoms belonging to the 
periodic images, as confirmed by the elements of the force 
constant matrices, which decay by more than three orders of 
magnitude at the distances smaller than the boundaries of the 
supercells. The Brillouin zone integration is performed with 
the reduced number of k-points 7 × 7 × 3(9 × 9 × 3) for the 
tetragonal (orthorhombic) phases. The non-vanishing HF 
forces required to construct respective dynamical matrix D(k) 
are generated by displacing the symmetry non-equivalent 
Ce(La), Pd, and Al atoms from their equilibrium positions by 
the amplitude of ±0.01 Å . Hence, for each configuration the 
total number of the calculated displacements amounts to 10 
for both phases.

The mechanical properties (including elastic constants, 
elastic moduli, Pugh ratio, and universal anisotropy index) in 
this work were determined via the AELAS code [36], which 
was developed as automatic elastic property derivations via 
high-throughput first-principles computation.

3.  Results and discussion

The crystal field parameters and corresponding energy levels 
have been calculated assuming the two crystal structures of 
CePd2Al2—high-temperature tetragonal (CaBe2Ge2-type) and 
low-temperature orthorhombic Cmme. The structural param
eters have been taken from experiment. [7] The results are 
summarized in table 1 for both tetragonal and orthorhombic 
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Ce positions in the corresponding crystal structures. Both CF 
hamiltonians are dominated by second order term B20. This is 
the reason that the full splitting of the Ce3+ ground state mul-
tiplet remains similar for both tetragonal and orthorhombic 
phases. In the tetragonal structure, the second excited state 
lies at 11.8 meV what perfectly fits to energy of the hypo-
thetical crystal field level assumed around 12 meV when ana-
lyzing the neutron scattering data [7]. The energy of this level 
changes only marginally when going from the tetragonal to 
the orhorhombic phase. The first excited level is calculated 
to be at 3.6 meV which is noticeably higher than the exper
imental value of 1.4 meV. [7] Possible explanation can be the 
complete neglect of hybridization in our first principles CF 
calculations. In compounds the hybridization of 4f  states with 
valence states is very sensitive to the details of position of 
the 4f  levels [27]. This crystal field level then considerably 
shifts to higher energies when undergoing transition to the 
orthorhombic phase. This is in a qualitative agreement with 
the experimental observation [7].

On the other hand, we think that our first principles CF 
calculations are more suitable than those published recently 
[29]. We are taking into account two radial nodes for aniso
tropy of 5d charge density which is very important for the 
resulting crystal field anisotropy of localized 4f charge density 
[22]. In the work [29] authors substituted the rare earth ion by 
yttrium ion. Therefore they are using 4d radial charge density 
which has one node only.

Prior to the investigation of the lattice dynamics the geo-
metrical optimizations need to be performed for the tetrag-
onal P4/nmm and orthorhombic Cmme phases of CePd2Al2 
and LaPd2Al2. Lattice parameters as well as the optimized 
internal degrees of freedom are summarized and compared to 
the experimental data in table 2. Calculated lattice constants 
agree well with the recorded ones, being slightly higher, but 
no more than 2%, than the measured ones. This is a typical 
feature of the PBE functional for the exchange-correlations 
effects that tends to underestimate the binding energy. The 
overall agreement is therefore very good. The relaxed internal 
degrees of freedom, z-component of the Wyckoff positions 
(for details see [7]) show excellent agreement.

Lattice dynamics was investigated for both CePd2Al2 
and LaPd2Al2. The dispersion relations of orthorhombic and 
tetragonal structures along Γ(0, 0, 0) → Z(0.0, 0.0, 0.5) → 
T(0, 0.5 0.5) → Y(0, 0.5, 0) → S(0.5, 0.5, 0.0) → R(0.5, 0.5, 
0.5) and Z(0.0, 0.0, 0.5)→ Γ(0, 0, 0) → M(0.5, 0.5, 0.0) → 
X(0.0, 0.5, 0.0) → Γ(0, 0, 0) → A(0.5 0.5 0.5) → M(0.5 0.5 0) 
are shown in figures 1 and 2, respectively. In both structures, 
there are no imaginary modes for any q-wave vector within the 
Brillouin zone and therefore the lattice structures are stable. 
CePd2Al2 in both structures has higher slopes see, e.g. the 
ones between the Γ and Z point, i.e. along the (00ζ) direction 
that indicates higher elastic stiffness along the c-axis. Another 
difference concerns the degeneracy of the transversal modes 
in the case of the tetragonal structure that is much higher in 
the case of LaPd2Al2 with respect to CePd2Al2, see transversal 
modes, e.g. along Γ to X and Γ to M, respectively.

The total and partial phonon density of states (DOS), for 
definition see, e.g. [30], for both CePd2Al2 and LaPd2Al2 are 
depicted in figures  3 and 4, respectively. The total phonon 
DOS for both compounds is very similar as regard frequency 
range owing to the fact that the mass difference is also small 
(MCe  =  140.115, MLa  =  138.906). Optical and acoustic fre-
quencies are separated in both compounds and structures by 
a gap in the frequency range of 18.2–26.9 meV. The low fre-
quency vibrations, in the range of 0–18.2 meV, are dominated 
by the motions of the rare earth metal as well as palladium. 
The Al atoms vibrate at much higher frequencies. Here, the 
shape of the spectra for tetragonal structure is also very sim-
ilar between both rare earth- based compounds with higher 
frequencies of CePd2Al2. In contrast, the orthorhombic struc-
ture shows a large shift of phonon DOS at the higher frequen-
cies (Al vibrations) for the Ce- versus LaPd2Al2 compound. 
Please note the distinction of the frequency range of vibra-
tions for the Al atoms, i.e. a clear difference between motions 
of atoms with Wyckoff positions 2c and 2b and 4b and 4g 
of tetragonal and orhorhombic structure, respectively. Also, 
for the orthorhombic structure the center of mass of the lower 
frequency of phonon DOS (R  +  Pd atoms) is shifted by ca 
2.1 meV to higher frequencies for CePd2Al2 with respect to 
LaPd2Al2. There is also a remarkable shift of the low frequency 

Table 1.  The calculated crystal field parameters for tetragonal and orthorhombic phase of CePd2Al2 in Steven’s notation Blm∗Olm [22]. 
The meV units are used for both Blm and the energy splitting ∆.

B20 B22 B40 B42 B44 ∆1 ∆2

Tetragonal 0.655 0.0 0.109  ×10−2 0.0 0.173  ×10−1 3.6 11.8

Orthorhombic 0.628 −0.389 0.104  ×10−2 −0.405 × 10−2 −0.127 × 10−1 4.8 12.2

Table 2.  The calculated lattice parameters a, b, c in Å  and internal degrees of freedom (zX, X  =  Ce/La,Pd,Al). The experimental parameters 
in brackets are taken from [7] (orthorhombic Ce-phase) and [19] (tetragonal Ce-phase and both La-phases).

CePd2Al2 a(Å) b(Å) c(Å) zCe zPd zAl

Tetragonal 4.435(4.415) — 10.090(9.874) 0.752 0.372 0.123
Orthorhombic 6.274(6.268) 6.271(6.132) 10.089 (9.886) 0.753(0.756) 0.372 (0.371) 0.124(0.119)
LaPd2Al2 a(Å) b(Å) c(Å) zLa zPd zAl

Tetragonal 4.451(4.441) — 10.087(9.896) 0.753(0.749) 0.371(0.376) 0.121(0.138)
Orthorhombic 6.334(6.313) 6.242(6.195) 10.105 (9.922) 0.752(0.745) 0.371(0.377) 0.129(0.149)

J. Phys.: Condens. Matter 32 (2020) 235402
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DOS (R  +  Pd atoms) to higher energies in the orthorhombic 
structure of CePd2Al2 with respect to the tetragonal one. No 
such shift occurs for LaPd2Al2.

The total phonon density of states allows us to estimate 
the Debye temperature (ΘD). Using lower frequencies of 
0–8.3 meV and fitting function of ΘD(ω) = aω2, where a is 

a parameter for the fitting function of ΘD = ( 9N
a )1/3, where 

N is the number of atoms in the unit cell. The total DOS of 
LaPd2Al2 in both structures is similar, see figures 3 and 4, and 
therefore the estimated Debye temperatures are practically 
the same, ΘD = 185(183) K for the orhorhombic(tetragonal) 
structure, respectively. A slighlty larger difference is in the 
case of CePd2Al2, here ΘD = 189 K versus 205 K between 
the tetragonal and orthorhombic one. The calculated Debye 
temperature for LaPd2Al2 is considerably larger than the one 

obtained from measurements of specific heat and electric resis-
tivity, (ΘD = 117 − 127 K [31]), yet in a very good agree-
ment with the value obtained by Kitagawa et al, ΘD = 174 K 
[18]. In fact, the results of the models used in both references 
are in agreement considering that the former one considers 
only the three acoustic branches for the ΘD evaluation at very 
low temperatures while ΘD in the latter one corresponds to the 
total number of 15 phonon branches. Our calculation is in line 
with the latter approach.

The calculated phonon DOS enable us to evaluate some 
thermodynamical quantities that are phonon-dependent. Here, 
we restrict our investigations to phonons calculated within 
the harmonic approximation (quasi-harmonic approximation) 
and analyze the phase stability, mean-squared amplitudes 
of atomic vibrations (Uij), and the lattice contribution to the 

Figure 1.  Phonon dispersion relation of LaPd2Al2 and CePd2Al2 in orthorhombic structure (Cmme, 67).

Figure 2.  Phonon dispersion relation of LaPd2Al2 and CePd2Al2 in tetragonal structure (P4/mmm, 129).

J. Phys.: Condens. Matter 32 (2020) 235402
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heat capacity as a function of temperature. The lattice vibra-
tions stabilize the orthorhombic structure with respect to the 
tetragonal one. Without including phonons the energy dif-
ference is 0.75(0.423)meV/f.u. while including motions at 
T  =  0 the differences amount to 11.3(3.4)meV/f.u. for the 
CePd2Al2(LaPd2Al2).

Furthermore, to guarantee the positive definiteness of 
strain energy upon lattice distortion, as formulated by Born 
[33], the mechanical stability criterion requires the following 
conditions regardless of the crystal symmetry: positive 
eigenvalues are required for the matrix of elastic constants. 
Accordingly, the necessary and sufficient elastic stability 
conditions are proposed [34] for the tetragonal P4/nmm: 

C11 > |C12|, 2C2
13 < C33(C11 + C12), C44  >  0, and C66  >  0; 

and for the orthorhombic Cmme: C11  >  0, C11C22 > C2
12, 

C11C22C33 + 2C12C13C23 − C11C2
23 − C22C2

13 − C33C2
12 > 0 , 

C44  >  0, C55  >  0, and C66  >  0. The values of the left-hand sides 
of the stability conditions are summarized in the table  3 
and none of them is broken for the tetragonal P4/nmm and 
orthorhombic Cmme phases of CePd2Al2 and LaPd2Al2. 
Therefore, they are considered to be mechanically stable. The 
Pugh ratio (i.e. the ratio of the shear to bulk modulus G/B) 
was also calculated, which is known as basic parameters to 
estimate the brittleness or ductility of a materials. Basically, 
if G/B  <  0.57 the material is more ductile, otherwise the mat
erials behave in a brittle manner [37]. Therefore, it is found that 

Figure 3.  Total and partial density of states in (states/meV) of LaPd2Al2 and CePd2Al2 in orthorhombic structure (Cmme, 67).

Figure 4.  Total and partial density of states in (states/meV) of LaPd2Al2 and CePd2Al2 in tetragonal structure (P4/mmm, 129).

J. Phys.: Condens. Matter 32 (2020) 235402



D
 Legut et al

6

Table 3.  Elastic constants (Cij), shear modulus (G), bulk modulus (B), Pugh ratio (G/B), and universal anisotropy index (AU) obtained using the Hill approximation [35] in GPa for the 
tetragonal P4/nmm and orthorhombic Cmme phases of CePd2Al2 and LaPd2Al2.

C11 C12 C13 C22 C23 C33 C44 C55 C66 G B G/B AU

Tetragonal 
CePd2Al2

145.5 62.0 86.8 — — 131.2 30.0 — 6.9 21.7 99.2 0.2 2.4

Orthorhombic 
CePd2Al2

140.3 92.5 98.0 125.2 92.4 140.2 30.4 35.3 30.6 26.7 107.5 0.25 0.3

Tetragonal 
LaPd2Al2

131.8 62.4 86.2 — — 125.1 22.1 — 3.8 15.5 95.0 0.2 3.9

Orthorhombic 
LaPd2Al2

92.6 84.9 93.4 123.4 86.3 99.9 21.3 36.7 26.5 12.9 92.5 0.14 13.4
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all of the tetragonal P4/nmm and orthorhombic Cmme phases 
of CePd2Al2 and LaPd2Al2 behave in a ductile manner, and 
LaPd2Al2 is more ductile than CePd2Al2 as a lower value of 
G/B. And as shown in table 3, orthorhombic LaPd2Al2 shows 
a much higher elastic anisotropy with the largest value (13.36) 
of AU, while orthorhombic CePd2Al2 has a much lower value 
(0.28) of AU, indicating it is nearly isotropic.

Mean-squared vibrational amplitudes of a given atom in 
crystal lattice constitute a second-rank symmetric tensor, and 
they can be expressed by the diagonal and off-diagonal partial 
phonon DOS [30, 32]. In figure 5 the Uij in ̊A

2
 is displayed for 

the LaPd2Al2.
Due to the site symmetries of particular atoms in tetragonal 

and orthorhombic structure one can see that the former has 
two independent components, for the latter three. In addi-
tion, MSD for the Pd atoms (2a, 2c) for tetragonal and for 
orthorhombic (4g, 4a) structures are very similar, with only 
one of them being shown in figure 5 for clarity. In the case 
of Al atoms, they differ for both structures, which indeed 
is in accord with respect to the larger differences at which 
frequencies the Al atoms (2c, 2b) and (4g, 4b) vibrate, see 

corresponding partial phonon DOS in figures 4 and 3, respec-
tively. The Al with higher(lower) frequencies are marked by 
thick(thin) lines in lower panel of figure 5. All mean-squared 
displacements exhibit typical increase with temperature due 
to applied harmonic approximation. Here, one can identify 
that for the La atom the U22 (ortho-y in figure 5) shows the 
highest vibration amplitude, higher than along the a-axis 
despite having the same lattice vectors, see table 2. The U33 
is lower by 50% indicating much lower thermal motion along 
the c-axis. Similarly for the Pd atoms where now only small 
difference in the MSD U11 and U33, i.e. between the motions 

Figure 5.  Mean square displacements (MSD) of the LaPd2Al2. The solid and dashed line mark for the orthorhombic and tetragonal 
structure, respectively.

Table 4.  On-site force constants Φij of La(4g), Pd(4g, 4a), and 
Al(4g, 4b) atoms in the LaPd2Al2 crystal. The force constants are 
given in (N/m).

Atom Φ11 Φ22 Φ33

La(4g) 3.8 3.6 4.8
Pd(4g) 5.5 5.7 7.2
Pd(4a) 5.7 5.5 4.6
Al(4g) 6.6 6.5 7.1
Al(4b) 5.5 5.6 5.2

Figure 6.  Comparison of measured and calculated specific 
heat of LaPd2Al2. The calculated curve includes, beside the 
dominant phonon contribution, also the electronic part taking the 
experimentally determined gamma coefficient of 15 mJmol−1 K−2 
from [31]. Indicated error bars correspond to about three percent of 
the measured values.

J. Phys.: Condens. Matter 32 (2020) 235402
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along x-axis and c-axis for the orthorhombic structure was 
determined being lower than the vibration along the b-axis. 
Again, the U22 = U11 > U33 of the tetragonal structure is 
rigidly shifted to lower values with respect to orthorhombic 
structure. An indications for more rigid tetragonal structure is 
seen from the slightly higher slopes of the frequencies along 
the Γ → Z dispersions in figures  1 and 2. Interesting situa-
tion appears for the Al atoms. The ones with higher phonon 
frequencies (i.e. at 4g) have U22 and U33 about 1/3 lower than 
the other Al atom (at Wyckoff position 4b). The former Al 
atom vibrates almost isotropically (U11 ≈ U22 ≈ U33). This is 
even more pronounced for the tetragonal structure, see lower 
panel of figure 5. Let us note that here also for Al in 4g(2c) in 
orthorhombic(tetragonal) structure has U33 > U22.

Such strong distinction in MSD between the Al atoms is 
a surprise, to some extent, assuming the same Al mass, but 
in accord with the calculated partial phonon DOS, (figures 3 
and 4), where basically both Al atoms at inequivalent crystal 
positions vibrate at almost distinct frequency ranges. It is also 
reflected by the difference in the on-site force constants Φ33 
versus Φ11 and Φ22 , see table 4 for all on-site (Φij) of all atoms 
for the LaPd2Al2 in the orthogonal structure. Here, the Φ33 is 
slightly higher (lower) than Φ11,Φ22 for the Al in 4g(4b) posi-
tion. Therefore, the difference of the MSD behavior among 
the Al atoms is related to the larger stiffness of Al in 4b posi-
tion (lower Φij) allowing even less thermal motion along the 
c-axis.

The quasiharmonic approximations, i.e. harmonic approx
imations for a number of volumes, allow us to evaluate the 
thermodynamical functions as volume-dependent (i.e. at con-
stant pressure). This is indeed more desirable as such situation 
is often found for many experimental measurements rather 
than studies at a constant volume. If the minimum of the Gibbs 
energy is found for every temperature and pressure(volume)

G(T , p) = minV[F(T , V) + pV]

where Helmholtz free energy F(T , V) consists of internal 
energy U(V) and phonon free energy Fph(T,V) then properties 
such as volumetric thermal expansion coefficient β and heat 
capacity at constant pressure Cp  are obtained from the calcu-
lated equilibrium volumes V(T) at dense temperature points 
T:

β(T) =
1

V(T)
∂V(T)
∂T

Cp(T , p) = −T
∂2G(T , p)

∂T2 = CV(T , V(T , p)) + T
∂V(T , p)

∂T
∂S(T , V)

∂V

∣∣∣∣
V=V(T ,p)

where the second term of the last equation is the contribution 
to heat capacity from thermal expansion [26] and the CV  is 
computed as

CV =

(
∂E
∂T

)
=

∑
�qm

C�qm =
∑
�qm

kB

(
�ω�qm

kBT

)2 e(�ω�qm)/(kBT)

[e(�ω�qm)/(kBT) − 1]2
.

� (1)

From the equation it follows that CV  and CP are related as

Cp = Cv + TVβ2/B.

For more details, see e.g. [28]. In our study, the exper
imental measurements were done at constant pressure and 
hence the calculated Cp  is compared with the recorded data in 
figure 6 for LaPd2Al2. The specific heat of LaPd2Al2 is repro-
duced with a reasonably good agreement. Rather surprisingly, 
the calculation corresponding to the tetragonal lattice agrees 
almost perfectly with the experimental data while the data for 
the orthorhombic structure slightly exceed the measured values 
in the low-temperature part (just above the Tc). The discrep-
ancy between the theoretical and experimental values of Cp  
at higher temperatures is comparable with usual experimental 
uncertainty. The absolute value of the experimental error of 
the heat capacity increases with increasing temperature due 
to various reasons. We added error bars in figure  6 consid-
ering usual 3 percent error at higher temperatures to docu-
ment this experimental uncertainty. We remind that LaPd2Al2 
undergoes the structural transition to the orthorhombic phase 
around 90 K. [6, 12, 19], so we would expect better agreement 
with the orthorhombic lattice calculation at low temperatures. 
The direct comparison for CePd2Al2 is not possible because 
the specific heat of the Ce material includes also significant 
magnetic contribution and large heat capacity connected with 
the structural phase transition at 13 K.

Let us finally relate all the calculated results to the ine-
lastic neutron scattering data [7] being it the primary goal of 
this work. The simultaneous occurrence of high density of 
phonon states and the CF level at the same energy is the key 
prerequisite for the magnetoelastic coupling and formation of 
the vibron states. Our present calculations are fully in agree-
ment with such a scheme. The high phonon density of states 
around 12 meV is (i) in good agreement with the experimental 
observation [7] and (ii) appears at energy which is the same or 
very close to the calculated energy of the second CF excited 
state. It should be noted that there is no CF excitation exper
imentally observed around 12 meV, but it is just the energy of 
the hypothetical CF level assumed when analyzing the neu-
tron scattering data [7].

When undergoing the structural transition from tetragonal 
to orthorhombic structure at 13 K, the experiment revealed a 
strong shift of the first magnetic excitation to higher energies 
[7]. Such a shift is qualitatively well reproduced by our first-
principles electronic structure calculations despite a certain 
quantitative difference occuring between the experimental 
and calculated energy as discussed above. The experimentally 
observed development of the energy of the first excited CF 
level can thus be primarily ascribed to CF changes when 
transforming from tetragonal to orthorhombic structure.

Our calculations also show some clear changes of 
the phonon spectra when comparing the tetragonal and 
orthorhombic case. As far as the low-energy part of the of 
CePd2Al2 phonon spectra is concerned, there is a clear shift of 
the DOS (R+Pd atoms) to higher energies in the orthorhombic 
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structure with respect to the tetragonal structure. No such shift 
occurs for LaPd2Al2. This can point to different characteristics 
of the structural transition in CePd2Al2 and LaPd2Al2.

4.  Conclusions

The first-principles electronic structure calculations for 
CePd2Al2 lead to crystal field excitations at 3.6 meV and 11.8 
meV for the tetragonal structure and at 4.8 meV and 12.2 meV 
for the orthorhombic structure. The change for the first excited 
level agrees qualitatively well with the experiment. The energy 
of the second excited level fits perfectly with the model used 
to describe the inelastic neutron scattering data. We analyzed 
the mechanical properties based on the calculated elastic con-
stants. Both phases of LaPd2Al2 and CePd2Al2 are of a ductile 
manner. The lattice dynamics calculations show that in both 
tetragonal and orthorhombic structures there are no imagi-
nary modes for any q-wave vector within the Brillouin zone 
and therefore the lattice structures are stable. In addition, the 
zero point vibrations stabilize the orthorhombic structure with 
respect to the tetragonal one. There is a large phonon DOS at 
around 12 meV, i.e. at the same energy as the first excited state 
of the crystal field splitting and in agreement with the exper
imental observation [7]. The 4f electron-phonon coupling was 
not calculated because one cannot use the perturbation theory 
for CePd2Al2. Therefore, we can only suggest the existence of 
a bound CF state and phonons creating the vibron states, which 
was observed experimentally [7]. Furthermore, the calculation 
indicates a shift of the low frequency DOS (R  +  Pd atoms) 
to higher energies in the orthorhombic structure of CePd2Al2 
with respect to the tetragonal structure. No such shift occurs 
for LaPd2Al2. The analysis by means of MSD, specific heat 
as well as estimation of the Debye temperature is also given.
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