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M2CdI4 compounds (M = Cs, Rb) belong to
incommensurate ferroelastics. In the ordered com�
mensurate phase both compounds have an orthor�
hombic lattice of the β�K2SO4 type with similar
parameters: а = 1.074 and 1.06 nm, b = 0.846 and 0.84
nm, and с = 1.485 and 1.49 nm in Cs2CdI4 and
Rb2CdI4, respectively (sp. gr. Pnma, z = 4) [1–3]. The
isostructurality of M2CdI4 compounds and close val�
ues of their lattice parameters facilitate the formation
of (Cs1 – xRbx)2CdI4 solid solution in the entire con�
centration range.

The absorption spectra of M2CdI4 (M = Cs, Rb)
were previously investigated in [3]. It was established
that both compounds belong to direct�gap insulators
and that low�frequency exciton excitations are local�
ized in the structural elements of the their lattice,

. In this localization, the top of the valence band
in M2CdI4 is formed by I 5p states and Cd 4d states,
while the lower conduction band is formed by the Cd
5s states [3].

In this paper, we report the results of studying the
absorption spectra and dispersion of the refractive
indices of (Cs1 – xRbx)2CdI4 solid solutions in the con�
centration range of 0 ≤ х ≤ 1.

EXPERIMENTAL

(Cs1 – xRbx)2CdI4 solid solutions were synthesized
by vacuum alloying of pure CsI, RbI, and CdI2 pow�
ders, taken in a specified molar ratio. Thin films were
prepared by thermal deposition of the alloy in vacuum
onto quartz substrates heated to 100 °С, according to

2
4CdI −

the technique [3]; the deposited films were annealed
for 1h at the same temperature.

The quality and phase composition of the films
were determined by measuring absorption spectra at
Т = 90 K. The phase composition can be optically
monitored because the spectral positions of the long�
wavelength exciton bands in (Cs1 – xRbx)2CdI4 (4.63–
4.65 eV), CdI2 (4.03 eV [4]), CsI (5.8 eV), and RbI
(5.74 eV) significantly differ. 

The absorption spectra were measured on (100–
150)�nm thick films, using an SF�46 spectrophotom�
eter, in a spectral range of 2–6 eV at temperatures Т =
90 K (0 ≤ х ≤ 1) and 290 K (x = 0 or 1). The mea�
surements were performed at 11 x values with a step
Δх = 0.1.

The parameters of the long�wavelength exciton
bands (position Еm; half�width Γ; and imaginary part
of permittivity in the band peak, ε2m) were determined
using the technique [5] by approximating the experi�
mental dependence of optical density with a mixed
symmetric profile (a linear combination of Lorentzian
and Gaussian profiles). The approximation was used
to obtain the best agreement between the calculated
profile and the measured optical density spectra D =
⎯lnτ at the long�wavelength slope of the bands.

The refractive index n(λ) of the (Cs1 – xRbx)2CdI4

solid solutions was determined in a spectral range of
300–1000 nm by the interference method from the
transmission spectra of the films. To this end, we used
rather thick films (t ~ 800–900 nm), whose transmis�
sion spectra Т(λ) contained several interference
extrema in the transparency range. The dispersion of
constants is generally low in this range; therefore, the
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extreme transmission values are obtained under the
condition 4nt = mλ, where m are even and odd integers
for maxima and minima, respectively. The film thick�
ness was measured by an MII�4 Linnik interferometer.
The unknown interference order m was found from the
spectral position of neighboring maxima or minima.
The refractive index was calculated from the afore�
mentioned formula.

ABSORPTION SPECTRA 
OF THIN (Cs1 – xRbx)2CdI4 FILMS

The absorption spectra of thin (Cs1 – xRbx)2CdI4

films (0 ≤ х ≤ 1) have a similar structure and position
of the main bands (Fig. 1). The spectra at Т = 90 K
exhibit a strong А1 band, a weaker А2 band, and high�
frequency В1 and В2 bands. With an increase in tem�

perature the A and B bands shift to longer wavelengths,
broaden, and become weaker due to the exciton–
phonon interaction (EPI), which indicates their rela�
tionship with exciton excitations.

The spacings between the A and В bands, ΔЕАВ =

 –  = 0.705 and 0.74 eV for Cs2CdI4 and
Rb2CdI4, respectively; these values are intermediate
between the spin–orbit (SO) splittings of the valence
band in CdI2 (ΔCO = 0.54 eV [6]) and in CsI and RbI
(ΔCO = 1.06 and 1.2 eV, respectively [7]) and appar�
ently correspond to the SO splitting in M2CdI4 (M =
Cs, Rb). For binary compounds, the SO splitting of
the top of the valence band is determined by the rela�
tion

ΔСО = С(ξ(1)  + ξ(2) ), (1)

where  is the SO splitting of the atomic spectrum

and ξ(1,2) characterizes the contribution of each type of
atoms into the SO splitting of the compound (ξ(1) +
ξ(2) = 1) [7]. Having generalized formula (1) to ternary

compounds, assuming that Δ  = ΔСО(CdI2) =

0.54 eV, and Δ  = ΔСО(CsI) = 1.06 eV [7], and sup�
posing that, for Cs2CdI4 ΔСО = 0.705 eV (while for

Rb2CdI4 ΔСО = 0.74 eV and Δ  = ΔСО(RbI) = 1.2 eV
[7]), we found from (1) that ξ(1) = 0.68 and 0.69 and
ξ(2) = 0.32 and 031 for Cs2CdI4 and Rb2CdI4, respec�
tively. Hence, the main contribution to the SO split�
ting in M2CdI4 is from the CdI2 sublattice, which addi�
tionally confirms localization of exciton excitations in

 tetrahedra of the compounds.

With a decrease in temperature, the A and B exci�
ton bands in (Cs1 – xRbx)2CdI4 are split into A1, A2, B1,
and B2 bands. The splitting of the A bands (ΔЕА =
ЕА2 – ЕА1 = 0.24 (х = 0) and 0.29 eV (x = 1)) and the
B bands (ΔЕВ = ЕВ2 – ЕВ1 = 0.25 (х = 0) and 0.28 eV
(х = 1)) are similar, which indicates the general nature
of splitting for both of these bands.

To reveal the nature of splitting of А and В exciton
bands, we will consider the structure of the crystal lat�
tice of Cs2CdI4 and Rb2CdI4 compounds in more
detail. As was noted above, both these compounds are
layered crystals of the β�K2SO4 type, with layers ori�
ented perpendicularly to the с axis. CdI4 tetrahedra are
located in the (ab) plane. The bond lengths dCd⎯I in
Cs2CdI4 vary from 0.274 to 0.313 nm; i.e., the tetrahe�
dra are somewhat distorted and the dCd⎯I distance is
much smaller than the sum of the Pauling ionic radii
(dCd–I = 0.313 nm), which indicates a contribution of
covalent bonding. Cs+ ions with dCs–I = 0.385–
0.428 nm, a value similar to the sum of ionic radii
(dCs ⎯ I = 0.385 nm), are located between tetrahedra
both inside and between the layers. The structure of
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Fig. 1. Absorption spectra of thin (Cs1 – xRbx)2CdI4
films, recorded at T = (1, 3) 290 and (2, 4) 90 K.
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Rb2CdI4 crystals is similar to the above�described
Cs2CdI4 structure.

The translational exciton transfer between equiva�
lent tetrahedra is most efficient along the short b axis.
There is another tetrahedron between equivalent tet�
rahedra, which is somewhat shifted with respect to the
b axis (with dCd–Cd = 0.546 nm for Cs2CdI4 and
0.54 nm for Rb2CdI4, according to our estimates). The
exciton transfer between neighboring nonequivalent
tetrahedra should lead to Davydov splitting of exciton
bands [8]. Apparently, the splitting of the A and B
bands in the Cs2CdI4 and Rb2CdI4 spectra is related to
the Davydov splitting of exciton bands [9].

With an increase in the concentration x the inten�
sity of B bands in the absorption spectra of
(Cs1 ⎯ xRbx)2CdI4 increases (Fig. 1); this increase is
apparently caused by the superposition of the exciton
absorption in the Cs1 – xRbxI sublattice with the В2

band. In the CsI and RbI spectra the long�wavelength
exciton band is located at 5.8 eV (90 K) and 5.74 eV,
respectively. With an increase in х the exciton band of
the Cs1 – xRbxI sublattice is nonlinearly red�shifted
[10]. The В2 band of (Cs1 – xRbx)2CdI4, on the con�
trary, is blue�shifted with an increase in х: from 5.6
(x = 0) to 5.65 (x = 1) eV. Note also that the intensity
of B bands is also overestimated because of their super�
position with the continuous spectrum of interband
absorption, which is adjacent to A bands.

The interaction of B excitons with the continuous
spectrum leads to their self�trapping and additional
broadening of the B bands. The half�width of the В1

bands (Γ(1) = 0.32 eV) and В2 bands (Γ(1) = 0.34 eV)
at х = 1 greatly exceeds the half�width of the А1 bands
(Γ(1) = 0.22 eV) and А2 bands (Γ(1) = 0.25 eV). The
parameters of the high�frequency В1 and В2 exciton
bands are difficult to determine precisely because it is
a serious problem to cut off the continuous spectrum.
Therefore, we investigated the concentration depen�
dences of the spectral position Еm(х) and half�width
Γ(х) for only low�frequency А1 and А2 exciton bands
(Fig. 2).

The concentration dependences Еm(х) and Γ(х) are
linear and have the form

Еm(х) = Еm(0) + ах (2а)

Γ(х) = Γ(0) + Ах, (2b)

where Еm(0) = 4.65 and 4.89 eV, а = dEm/dx = –1.2 ×
10–3, and 3 × 10–3 eV, Γ(0) = 0.18 and 0.25 eV, and
А = dΓ/dx = 4.5 × 10–3 and 0 eV for the А1 and А2

bands, respectively. In the case of binary solid solu�
tions the dependence Еm(х) generally exhibits a low�
frequency deflection at х ≈ 0.5, and the function Γ(x)
reaches a maximum at х ≈ 0.5. These deviations from
linearity are due to the small�scale composition fluc�
tuations, caused by solid solution disorder, and large�
scale fluctuations, related to the sample preparation

technique. The linear run of the concentration depen�
dences of the spectral position of exciton bands,
Еm(х), and the half�width Γ(х) for (Cs1 – xRbx)2CdI4

confirms that the exciton excitations are localized in

lattice structural  elements.
To reveal the character of exciton states in

(Cs1 ⎯ xRbx)2CdI4, one must estimate the exciton
radius аех. We will previously calculate the optical per�
mittivity ε∞(х), which must be done to determine аех.

DISPERSION OF REFRACTIVE INDEX n(λ)
IN THIN (Cs1 – xRbx)2CdI4 FILMS

The spectral dependences n(λ) for different x
(Fig. 3), obtained by the above�described technique,
are described well in terms of the single�oscillator
model as follows [11]:

, (3)

where Е = �ω, Е0, and Еd are the parameters of the
single�oscillator model. Е0 determines the spectral
position of the effective oscillator related to interband
optical transitions. The Е0 value exceeds Eg and is
close to the maximum of the electronic absorption
band [11]. Еd is the dispersion energy, which charac�
terizes the interband�transition strength.

As follows from (3), the dependence of (n2 – 1)–1

on Е2 should be linear, which is confirmed by its plot
constructed using the found n(λ) values in the range

2
4CdI −

2 0
1 2 2

0

1 dE En
E E

ε = = +

−

0.2

0 0.5

E
m

, 
eV

x

4.9

1.0
Rb2CdI4Cs2CdI4

4.7

4.5

0.3

0.1

Γ
, 

eV

1

2

1

2

Fig. 2. Concentration dependences of (a) spectral position
Еm(х) and (b) half�width Γ(x) of long�wavelength exciton
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λ = 350–1000 nm and in the entire range of х. The
concentration dependences Е0(х) and Еd(х) (Fig. 4)
were found to be linear:

Е0(х) = Е0(0) – b0x, (4a)

Еd(х) = Еd(0) – bdх, (4b)

where Е0(0) = 7.5 ± 0.3 eV, b0 = dE0/dx = 1.1 ± 0.5 eV,
Еd(0) = 19.3 ± 0.8 eV, and bd = dEd/dx = 5.9 ± 1.4 eV.
The dependences n(λ) calculated from (3) with the
found Е0 and Еd values are in good agreement with the
experimental results (Fig. 3). As was noted above, Е0 >
Eg, which is in agreement with the experimental data
[3]. It was shown in [11] that Еd is proportional to the
density ρ of the material; i.e., Еd characterizes the film
porosity. Apparently, large deviations of the experi�
mental values Еd(х) from the linear dependence (4b)
are due to the change in the film porosity from sample
to sample.

EXCITON STATES IN Cs2CdI4 
AND Rb2CdI4

The results obtained make it possible to study in
more detail the exciton states, which determine the
spectral position of the long�wavelength bands in
Cs2CdI4 and Rb2CdI4 and their solid solutions and
perform a comparison with the exciton characteristics
of CdI2 and MI.

As follows from (3), the extrapolation of ω = Е to
zero frequency yields the optical permittivity ε∞ = 1 +
Ed/E0, an important constant that is used in the anal�
ysis of excitons in crystals with an intermediate elec�
tron–hole coupling [12]. The data in Fig. 4 suggest a

�

linear falloff of ε∞(х) with an increase in the Rb con�
centration:

ε∞(х) = ε∞(0) – (dε∞/dx)x. (5)

A treatment of this dependence by the least�squares
method yielded ε∞(0) = 3.58 ± 0.04 and dε∞/dx =
0.49 ± 0.06. It is interesting to compare the found
ε∞(0) and ε∞(1) values with the corresponding values
for CsI and RbI (3.05 and 2.72, respectively) and for
CdI2 (4.05), components in synthesis of ternary com�
pounds. The value of 4.05 was found by measuring
n(λ) in thin CdI2 films and treating the measurement
results according to formula (3). For comparison we
will apply the interpolation formula

ε∞(М2CdI4) = 0.67ε∞(МI) + 0.33ε∞(CdI2). (6)

A calculation according to (6) yields ε∞ = 3.38 for
Cs2CdI4 and 3.17 for Rb2CdI4, values that agree with
the results of direct measurements (3.57 and 3.14) for
these compounds.

As was mentioned above, we believe the difference
ЕА2 – ЕА1 to be due to the Davydov splitting of exciton
bands, caused by the interaction of excitons in non�
equivalent tetrahedra in the М2CdI4 crystal lattice.
This fact was established when studying the spectra of
Cs2(Cd1 – xZnx)I4 solid solutions [9]; it hinders estima�
tion of the exciton binding energy Rex in ternary com�
pounds. The Rex value was determined in the following
way. The band gap Eg in М2CdI4 was found from the
inflection point of the continuous�spectrum edge after
separation of the А0 and А1 bands from the interband
absorption edge. Hence, Eg = 4.96 and 4.89 eV for
Cs2CdI4 and Rb2CdI4, respectively [3]. The Rex values
were determined from the difference Rex = Eg – ЕА1;
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they turned out to be 0.31 and 0.28 eV. Taking into
account that the Rex values are close at х ≠ 0 and 1 and
that the dependence ЕА1(х) is linear, we did not deter�
mine ЕА1 at other x values.

With the Rex and ε∞ values known, one can find the
exciton radius, because within the Wannier–Mott
model the 1s�exciton radius obeys the relation

, (7)

where аВ = 0.529 × 10–8 cm is the Bohr radius, R =
13.6 eV is the Rydberg constant, εef is the permittivity
determining the electron–hole Coulomb coupling
(ε∞ < εef < ε0), and ε0 is the static permittivity. For res�
onant frequencies, which determine the exciton exci�
tation in the compounds studied, it is natural to
assume that εef = ε∞ because the resonant frequencies
significantly exceed the eigenfrequencies. In other
words, the exciton excitation is not accompanied by
atomic displacements. Hence, with the found Rex and
ε∞ values, formula (7) yields аех = 6.5 Å for Cs2CdI4

and 8.2 Å for Rb2CdI4.

Let us compare the found characteristics of the
exciton states in these compounds with the corre�
sponding characteristics for CdI2, RbI, and CsI—
components for synthesing ferroelastics.

CdI2 is known to be an indirect�gap insulator.
However, we found that the introduction of a small
amount (х ≅ 0.01) of Zn impurity into CdI2 leads to
the following effects: absorption vanishes in the indi�
rect�transition range (3.5–4 eV); the Х1 exciton band
at 3.93 eV due to direct transitions is enhanced; and a
weaker band is formed at 4.12 eV [13]. Based on these
data, we found Rex = 0.2 eV and Eg = 4.17 eV. This Eg

value is close to the theoretical estimate Eg = 4.03 eV
[6] for direct transitions in CdI2. To evaluate аех in
CdI2, we used ε∞ = 4.05 in (7); hence, аех = 8.9 Å.

The exciton absorption spectra of RbI and CsI were
investigated in the early studies [14–16] devoted to the
transmission of thin iodide films deposited on trans�
parent crystalline substrates. The long�wavelength
part of the absorption spectrum in RbI is fairly simple
and consists of a narrow strong band at 5.74 eV (10 K),
which corresponds to the excitation of exciton with a
principal quantum number n = 1, and a much weaker
band at 6.12 eV that corresponds to n = 2. Based on
these data, we found (within the Wannier–Mott
model) Eg, Rex, and аех = 4.55 Å [15]. The absorption
spectrum of CsI is more complex, because it contains
several long�wavelength exciton peaks with n = 1; in
this context, the electronic bands and exciton spec�
trum of this compound were investigated in several
experimental [14, 16] and theoretical [17, 18] studies.
In [14], the positions of the longest wavelength peak at
5.81 eV (n = 1) and a weaker peak at 6.23 eV (n = 2)
were used to find Eg and Rex, and we calculated аех to

ex B
ex ef

Ra a
R

=

ε

be 4.75 Å from the ε∞ value. The assignment of the
weak peak at 6.23 eV to the 2s exciton was also con�
firmed by the calculation of the structure of electronic
bands in CsI in [18], where it was shown that excitons
in CsI are genetically related to the р�like valence band
and s� and d�like conduction bands at the point Γ of
the Brillouin zone.

The characteristics of excitons in Rb2CdI4,
Cs2CdI4, CdI2, RbI, and CsI are listed in table. The
data on Eg, Rex, and аех suggest the following. All these
characteristics of Rb2CdI4 and Cs2CdI4 have interme�
diate values between the corresponding values for CdI2

and RbI, CsI; however, the Eg and Rex values in fer�
roelastics are closer to these in CdI2 rather than in MI.
This is evidenced by the following. The difference
ΔEg = Eg(Rb2CdI4)–Eg(CdI2) = 0.72 eV, whereas
Eg(RbI)–Eg(Rb2CdI4) = 1.44 eV; the similar differ�
ences for the Cs�containing compounds are 0.79 and
1.41 eV, despite the fact that there are two MI mole�
cules per CdI2 molecule in ferroelastics. From the
point of view of the LCAO method, these results indi�
rectly indicate a smaller contribution of the wave func�
tions of Rb and Cs (in comparison with these of Cd
and I) to the formation of the conduction� and
valence�band edges, adjacent to the band gap in
М2CdI4. This conclusion is confirmed by the differ�
ences for Rex: ΔRex = Rex(Rb2CdI4)–Rex(CdI2) =
0.08 eV and Rex(RbI)–Rex(Rb2CdI4) = 0.3 eV, whereas
for the Cs�containing compounds the corresponding
values are 0.11 and 0.25 eV, respectively. The data on
ΔRex and, especially, Δаех indicate a stronger localiza�

tion of excitons in  tetrahedra of the Rb2CdI4 fer�
roelastic in comparison with Cs2CdI4.

We should emphasize that these conclusions are
only qualitative, because the data compared are for
compounds with different crystal lattices: cubic (MI),
hexagonal (CdI2), and orthorhombic (М2CdI4). Their
anisotropy indicates that the principal components of
the tensor ε should differ; however, we disregarded it in
our analysis. As the experiment showed, the layered
character of CdI2 and М2CdI4 facilitates crystallites in
thin films to be oriented with their с axis directed per�
pendicularly to the substrate plane; i.e., the found ε∞
values are ε⊥ for CdI2 and  for М2CdI4 (  = 0.5(εa +
εb)). More exact data on the absorption spectra of

+2
4CdI

⊥ε ⊥ε

Characteristics of exciton states in the compounds

Compound Eg, eV Rex, eV ε∞ аех, Å

Rb2CdI4 4.89 0.28 3.14 8.20

Cs2CdI4 4.96 0.31 3.57 6.50

CdI2 4.17 0.20 4.05 8.9

RbI 6.26 0.58 2.72 4.550

CsI 6.37 0.56 3.05 4.750
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М2CdI4 could be gained by depositing films on the
corresponding transparent crystalline substrates; how�
ever, the latter are difficult to obtain. Nevertheless, this
analysis is useful for the further study of the electronic
and exciton bands of М2CdI4.

CONCLUSIONS

We investigated the exciton absorption spectra of
thin films of Rb2CdI4 and Cs2CdI4 ferroelastics and
their solid solutions (Cs1 – xRbx)2CdI4, as well as the
refractive index dispersion in the range of their trans�
parency. The data obtained revealed a linear concen�
tration behavior of the spectral position of the long�
wavelength exciton А bands and their half�width, the
spin–orbit interaction energy, and the optical permit�
tivity. All of these data were used to compare the char�
acteristics of excitons in М2CdI4 with the correspond�
ing parameters for CdI2, RbI, and CsI compounds,
which are used to synthesize ferroelastic crystals. The
results of comprehensive analysis indicate that the
exciton states are better localized in the CdI2 sublattice
of Rb2CdI4 in comparison with Cs2CdI4 and that the
excitons in ferroelastics belong to the excitons
involved in intermediate Coulomb coupling.
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