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Abstract. The inﬂuence of temperature on the far-infrared (FIR) spectrum of polycrystalline Ag2 CdI4 has
been investigated by Fourier Transform Infrared (FTIR) spectroscopy measurements. The FIR phonon
spectrum has also been calculated by means of quantum mechanical density functional theory (DFT). The
comparison of calculated and measured spectra allows the fast and reliable assignment of the measured
phonon modes, and thus clariﬁes the mode splitting character obtained at elevated temperatures.
PACS. 71.15.Mb Density functional theory, local density approximation, gradient and other corrections –
78.30.Hv Other nonmetallic inorganics

1 Introduction
Ag2 MX4 compounds, where M = Cd, Hg, Zn, etc., belong to a class of superionic solids which are promising
materials for use in solid state batteries and fuel cells due
to extraordinarily high ionic conductivity at supercritical
temperatures [1]. In such ternary superionic conductors
mobile ions of diﬀerent type contribute to the total electric
conductivity and thus result in diﬀerent vibration frequencies. In their turn, the vibration frequencies reﬂect the
interaction between the lattice and charge carriers. From
this point of view IR spectroscopy provides an eﬀective
understanding of resonant processes in solid electrolytes
as it is very sensitive to temperature induced phase transitions aﬀecting nearest neighbor dynamics. Although the
lattice dynamics of Ag2 MX4 family representatives was
extensively studied (see Refs. [2,3] and references therein),
results obtained for Ag2 CdI4 are extremely scarce in the
literature. Only one study reporting Raman and infrared
(IR) spectroscopy of low frequency dynamics in Ag2 CdI4
at 300 K appeared so far [4]. However, due to the significant broadening of the infrared reﬂectivity spectrum at
300 K, it is not possible to resolve clearly and characterize
the phonon modes associated with the stretching vibrations of Ag-I bonds and with the bending modes of the
Cd-I complex. Therefore Ag2 CdI4 remains the only compound in the Ag2 MX4 family for which complete information describing the material properties in the FIR domain is eﬀectively missing. Motivated by this situation, in
a
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the present study we complement the detailed experimental FTIR measurements with the phonon spectra calculated from quantum mechanical density functional theory.
Such an approach is an eﬀective method for the phonon
mode identiﬁcation in relatively complex systems (see e.g.
Ref. [5]). In our study we make use of the fact that the important dielectric parameters can be derived from factorized ﬁtting and Kramers-Kronig analysis, but since superionic conductivity is straightly related to phonon density
of states an important complementary information can be
extracted from ﬁrst-principle calculations. Thus, this respect to mentioned above, Ag2CdI4 as a ternary derivative of the “classic” solid electrolyte, AgI, is an interesting
model material to study by combining theoretical and experimental techniques from methodological considerations
as well.

2 Experimental procedure
In the AgI-CdI2 system, Ag2 CdI4 is the only chemical
compound stable at ambient conditions [6]. Bulk polycrystalline samples of Ag2 CdI4 were obtained by solid state
chemical reactions as described elsewhere [7–9]. Approximately 5 mm thick cylindrical pellets with diameter of
about 10 mm were prepared. Pellet surfaces were carefully
polished in several stages in order to ensure maximum
intensity of the reﬂected signal. IR spectroscopy was performed at the Daphne Light synchrotron IR facility, which
is described in [10] and intensively used for nondestructive
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quantitative characterization of diﬀerent types of the
micro- and nanomaterials [11–15]. A BRUKER Equinox
55 interferometer modiﬁed to work under vacuum and a
Helitran LT-3 cryostat were employed to collect FIR spectra in the temperature range of 10–420 K. Measurements
were performed for non-polarized light with a resolution
of 1 cm−1 in the frequency range from 35 to 600 cm−1 .
The reﬂected signal was detected using a Si bolometer,
cooled to 4.2 K, which is capable of working in the energy range 10–700 cm−1 . Preliminary experimental data
processing and Kramers-Kronig analysis were performed
using Bruker’s OPUS spectroscopic software. For spectra
ﬁtting purposes we used the FOCUS optical functions creation utility.

3 Computational details
Quantum-mechanical total energy calculations of εAg2 CdI4 in its low-temperature tetragonal phase (I42m)
were carried out with the latest version of the CRYSTAL06 computer code [16], which employs Gaussian-type
functions centered on atomic nuclei as basis set (BS) for
expansion of the crystalline orbitals. The Hay-Wadt smallcore eﬀective pseudopotential was used to represent inner electrons of Ag, while the outer electron shells were
described by a BS in the form of 311d31G [16]. An allelectron BS in the form of 9-76(d6)311d31G was used for
Cd, and iodine atoms are described by a Hay-Wadt largecore pseudopotential and the BS in the form of 31G [16].
In order to provide balanced summation in direct and reciprocal lattices the reciprocal space integration was performed by sampling the Brillouin zone with the 8 × 8 × 8
Pack-Monkhorst mesh [17], which for tetragonal Ag2 CdI4
results in 59 k-points in total. The cutoﬀ threshold parameters of CRYSTAL for Coulomb and exchange integrals
evaluation (ITOL1-ITOL5) have been set to 8, 8, 8, 8,
and 16, respectively. Calculations were considered as converged only when the total energy diﬀers by less than 10−9
a.u. in two successive cycles of the self-consistency procedure. The central-zone vibrational spectrum of ε-Ag2 CdI4
is calculated by building the Hessian matrix numerically
from the analytical gradients of the energy with respect
to the atomic coordinates. The mass-weighted hessian matrix is diagonalized to obtain eigenvalues, which are converted to frequencies, and eigenvectors, which are the normal modes. Normal modes reported in terms of the atomic
cartesian displacements normalized to classical amplitudes
allow us to perform the precise assignment of vibrational
modes. The nonanalytical part is obtained with a ﬁnite
ﬁeld supercell approach for the high-frequency dielectric
constant and a Wannier function scheme for the evaluation of Born charges (for details see [16] and references
therein). The dielectric tensor components, εxx and εzz ,
are evaluated at N = 6 (size of supercell).

4 Results and discussion
Figure 1 shows the experimental temperature dependence
of the FIR reﬂectivity of Ag2 CdI4 . At the lowest measured

Fig. 1. Temperature evolution of FIR reﬂectivity of Ag2 CdI4 .

temperature one can unambiguously address four sharp
features in the range 35–160 cm−1 which are directly related to IR active processes. To obtain the parameters
which describe the observed phonon modes we exploit the
factorized Lyddane-Sachs-Teller equation which incorporates the transverse and longitudinal frequencies (ωiTO
and ωiLO ) and the respective damping factors (ΓiTO and
ΓiLO ) for each mode i [18,19]:
ε(ω) = ε∞

 ω 2 − ω 2 + jΓiLO ω
iLO
,
2
ωiTO
− ω 2 + jΓiTO ω
i

(1)

where ε∞ stands for the high frequency dielectric constant and j 2 = −1. Equation (1) can describe the significant LO-TO splitting for ionic crystals in good approximation [20]. Combined with the known Fresnel relation
between the reﬂectivity factor R and the dielectric function ε [21,22], which for the case of near normal incidence
simpliﬁes to the form
 1

 ε 2 − 1 2


R= 1
 ,
ε2 + 1

(2)

allows for constructing the model spectrum R(ω). Equations (1) and (2) have been successfully applied in the
investigations of various solid-state systems, including superionic conductors [23]. We have performed a non-linear
least squares ﬁt to adjust the parameters of equation (1)
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Fig. 2. Frequency dependence of FIR reﬂectivity of Ag2 CdI4
at 10 K. Solid line corresponds to the experimental spectrum.
Dotted line represents the reﬂectivity factor calculated from
Fresnel’s formula assuming the dielectric function in equation (1).

for each studied temperature. The result of this modeling at T = 10 K is shown in Figure 2. ε∞ was found
to decrease from 3.43 at 10 K to 3.15 at 420 K. Total
mean square deviation between the curves in Figure 2 is
less than 0.035 and the ﬁtting accuracy increases as one
goes to higher temperatures. The LO and TO frequencies,
determined by ﬁtting the experimental reﬂectivity with
Fresnel’s formula and taking into account equation (1),
have been plotted in Figure 3 versus temperature. The
frequency of the ω1 mode decreases slightly upon heating to approximately 375 K, with nearly constant LO-TO
splitting below this temperature. Similar behavior is observed in the case of the ω4 mode. For both modes there
is a “switching point” between 370 and 380 K where the
respective frequencies begin to increase and the LO-TO
splitting begins to decrease. The two other optical phonon
modes exhibit more complicated temperature behavior.
ω3LO shows generally a smooth decrease versus temperature below 250 K, ﬂuctuations around 119 cm−1 between
250 and 350 K and a linear increase starting from 375 K.
Some deviations in ω3LO (T ) at higher temperatures which
might be due to the signiﬁcant overlapping of ω2 and ω3
bands above room temperature and/or some uncertainty
in the determination of the exact phonon frequency. It is
also obvious from the lower part of Figure 3 that there is a
correlation between the ω2TO (T ), ω3TO (T ), and ω2LO (T )
curves and the thermal conductivity λ(T ) (data taken
from [7]). Thus, one obviously can not neglect the contribution of optical phonons to the thermal conductivity
of Ag2 CdI4 . Although it is expected that melting of the
silver sublattice should lead to abrupt changes in the temperature dependencies of phonon modes ascribed to Ag-I
vibrations, this kind of behavior is not observed in Figure 3. One possible explanation is the blurring of the phase
transition in Ag2 CdI4 , in the sense that the compound
transforms into the superionic state through a series of
intermediate mixed phases [1,6]. According to [2], ternary

Fig. 3. Temperature dependences of LO and TO phonon frequencies in Ag2 CdI4 , as derived by non-linear least squares
ﬁtting of the experimental reﬂectivity assuming the dielectric
constant to be in the form of equation (1). The thermal conductivity λ of Ag2 CdI4 (diamonds) [7] is plotted together with
the phonon frequencies in the lower part of the ﬁgure. Solid
lines are to guide the eye.

compounds derived from silver iodide remain indeed ordered even very close to (but still below) the superionic
transition temperature. In our case, the transition temperature might be yet out of the range of measurements,
therefore we do not observe abrupt changes in Figure 3.
Although our IR spectrum partly correlates with the
one published in reference [4], the mode splitting character in our case is completely diﬀerent. In reference [4]
LO and TO modes are identiﬁed as minimum and maximum points in the room temperature reﬂection spectrum,
respectively. One should notice, however, that such identiﬁcation may contain substantial error, whereas the reﬂection spectrum at 300 K (as it is clear from Fig. 1 and as
well from the corresponding spectrum in Ref. [4]) does not
allow for the precise determination of minimum and maximum points. Here we used a more accurate procedure.
Furthermore, in addition to the dielectric response modeling within the factorized approach, we have extracted LO
and TO frequencies from the Im ε(ω) and Re ε(ω) curves
calculated on the basis of the Kramers-Kronig analysis
of the experimentally measured spectra. We should note
here, that due to the fact that the wavelengths of FIR
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Table 1. Lattice constants a0 and c0 (in Å), atomic coordinates I(x) and I(z) (in fractional units), components of dielectric
tensor (εxx and εzz , can be compared to the isotropic dielectric constant of 3.43 obtained from the measurements at 10 K),
and frequencies of IR-active TO and LO modes (in cm−1 ) of ε-Ag2 CdI4 as calculated by means of GGA and hybrid exchangecorrelation functionals within DFT. Calculated intensities of IR modes are given in brackets (in KM/mol). Two numbers in a
row correspond to TO/LO frequencies.
a0
c0
I(x)
I(z)
εxx
εzz
E
E
B2
E
E
B2
B2
E
1

PW
6.4935
13.2472
0.2661
0.1153
2.668
2.736
31(3)/32(1)
38(0)/38(0)
49(8)/52(2)
99(59)/99(0)
100(69)/113(53)
101(68)/112(16)
132(65)/155(122)
143(108)/160(186)

PBE
6.5070
13.3039
0.2631
0.1156
2.643
2.710
30(3)/31(1)
38(0)/38(0)
49(8)/52(2)
97(91)/111(51)
98(38)/98(0)
99(70)/111(16)
130(63)/153(123)
140(108)/158(188)

Taken from powder diﬀraction study [6].

2

B3PW
6.5102
13.2738
0.2655
0.1154
2.434
2.494
31(3)/32(1)
40(0)/40(0)
50(9)/53(2)
99(0)/99(0)
99(121)/113(48)
101(65)/113(16)
134(62)/158(118)
144(108)/162(184)

B3LYP
6.7240
13.4492
0.2655
0.1181
2.326
2.372
29(4)/30(1)
41(0)/41(0)
50(1)/51(1)
91(49)/92(2)
94(78)/108(50)
92(1)/92(0)
133(19)/133(5)
139(110)/158(190)

Exp.
6.33381
12.68071
0.26671
0.11831

43/442
101/1082
114/1212
141/1512

Measured in present study at 10 K.

emission are comparable to the average grain size in the
samples of polycrystalline Ag2 CdI4 , the eﬀective medium
approximation (EMA) approach cannot be properly applied for the evaluation of measured phonon spectra [24].
In this study, we report results of quantum chemical calculations performed using four diﬀerent generalized gradient approximation (GGA) exchange-correlation
functionals within DFT. Table 1 shows equilibrium geometries, dielectric tensor components, and frequencies
and intensities of visible IR-active TO-LO phonon modes
as calculated using the Perdew-Wang (PW) [25,26],
the Perdew-Burke-Ernzerhof (PBE) [27], and the two
three-parameter “hybrid” GGA functionals B3PW and
B3LYP [28] (which involve admixtures of non-local Fock
exact exchange). The internal coordinates and cell parameters of ε-Ag2 CdI4 have been fully optimized for each
Hamiltonian considered. Here we note that B3LYP was
less adequate to describe both bulk and vibrational properties of Ag2 CdI4 , while results obtained using other GGA
functionals correlate well with each other and are in relatively good agreement with experimental observation (see
Tab. 1). In this study we do not consider the local density
approximation and Hartree-Fock Hamiltonians which are
known to be unprecise in estimation of vibrational properties of wide-gap materials [29]. In further discussion we
refer to calculations performed with the PW Hamiltonian.
The theoretical factor group analysis indicates that the
phonon modes of tetragonal ε-Ag2 CdI4 (I42m) at the Γ
point can be decomposed as [30]:
Γ = 2A1 (R) + A2 + 2B1 (R) + 4B2 (IR,R) + 6E(IR,R). (3)
In total there are 8 modes of B2 and E symmetry being IR active, and two acoustic modes (B2 and E) yield
zero frequencies at the Γ point. Since the sample under

study has a polycrystalline structure, on the one hand
the mode symmetry cannot be directly assigned on the
basis of the measured FIR response, on the other hand
analysis of vibrational modes (intensities) calculated from
ﬁrst principles is a fast (calculations just take a few hours
on a dual-socket quad-core machine) and reliable tool to
validate the measured low temperature FIR spectra. Observable optical IR-active LO-TO phonon modes are also
listed in Table 1. In Figure 4 we have plotted the IR-active
TO phonon mode intensities for the PW Hamiltonian, as
well as those measured experimentally at 10 K. For the
purpose of comparison, calculated intensities were used
to create a model spectrum by means of a Gaussian ﬁt.
Each calculated intensity was ﬁtted with a sum of four
Gaussians (F W HM = 19). FIR measurements at 10 K
yield four well-recognizable peaks at 43, 101, 114, and
141 cm−1 which correspond to four calculated peaks at
49, 100, 132, and 143 cm−1 . The calculated shifts between
TO and LO optical modes are in good agreement with
those derived from experiment (Tab. 1). IR modes of E
symmetry near the low-energy limit of the range of measurements (∼31 and ∼38 cm−1 ) have very low intensities
of 3.08 and 0.02 KM/mol, respectively and thus are neither observed experimentally nor distinct in the calculated
spectrum. The weak shoulder at ∼155 cm−1 is recognizable only in the spectrum at 10 K. It is invisible at elevated
temperatures. Also, it does not appear in the calculated
spectrum. A reliable assignment for the 155 cm−1 peak
at 10 K can be made only with a higher resolution IR
spectroscopic study (using an upgraded instrument).
In agreement with measured spectra, our calculations
exhibit four IR-frequency bands. Three of four calculated
bands are in line with the experiment, while the bands
around 132 cm−1 (calculations) and around 114 cm−1
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