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Abstract: The optical reflectance spectra of alkali halide crystals KI and RbI were measured over the
energy range of 4.14 to 6.91 eV. Both single crystal and poly-crystal samples were used to accomplish
this task. The phase θ(ω) was computed using the Kramers-Kronig relation between the real and
imaginary parts of the complex function, ln r = ln |r| + iθ(ω). Subsequently, the optical constants
n and κ were determined from the Fresnel reflectivity equation. The real and imaginary parts of
dielectric constants ε1 and ε2 were then calculated using n and κ. The optical absorption spectra of
the crystal have also been measured in these spectral regions. The spectra agree reasonably well with
the current theory concerning exciton peaks. In addition, a shoulder was found in the spectra similar
to those previously seen and associated with the band-to-band transition in the alkali iodides.
Keywords: alkali halides; reflectance; absorption; optical constants; Kramers-Kronig

1. Introduction
The alkali halides KI and RbI crystalize in the NaCl structure under ambient conditions. The lengths
of the sides of the unit cells for KI and RbI are 7.11 Å and 7.36 Å, respectively [1]. The electronic band
structure of ionic crystals KI and RbI at room temperature suggests that insulator–metal transitions
occur due to the reordering of the energy band where the empty, d-like band drops in energy below the
top of the filled p-like bands [1]. The upper valence band located at the low energy part of the spectrum
arises from the highest filled p states of the halogen ion [2,3]. The conduction band (the lowest Γ and
X points) is mainly characterized by the positive ions in the lattice, as modeled by Onodera et al. [3]
and Oyama et al. [4] The experimental band gaps are 6.2 eV for KI and 6.1 eV for RbI [5]. The band
structures of ionic solids suggest that they are direct band gap insulators at normal pressure [6,7].
The pressure dependence of the band gap suggests that KI and RbI are conventional ionic insulators
whose band gaps decrease with increases in pressure [6].
Because of their simple crystal structures and bonding schemes, alkali halides have played a
very important role in the development of solid-state physics. Their stability and availability in the
form of single crystals of meaningful size, as well as of poly-crystals, have made them the subject of
numerous experimental investigations. Physicists and material scientists have used alkali halides for
testing their theories for several decades. The alkali halides were used to develop Debye’s theory of
specific heat [8,9], Gruneisen’s theory of thermal expansion [10,11], Born’s theory of cohesions [12,13],
Kellermann’s lattice dynamics [14,15], Lowdin’s very first application of quantum mechanics to crystal
elasticity [16,17], and substrates for epitaxial growth studies in surface science [18–20]. More specifically,
alkali iodides KI and RbI are of great physical interest, as they find application in the manufacture of
opto-electronic devices and serve as typical models for other ionic compounds [21].
The fundamental optical properties of alkali halides have been extensively studied since 1930,
when absorption measurements of the alkali halides were first carried out by Hilsch and Pohl [22].
However, it appears that there is still much to be learned from experiments done on these materials.
In the early days, the optical properties of alkali halides were mostly studied for single crystals, and
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were limited in terms of reflectivity studies and band structures. Before 1970, Baldini et al. studied
the reflectivity data of many single-crystal alkali halides such as KI, KCl, KBr, RbI, RbCl, and RbBr
in 5 eV to 10 eV [23,24]. Similarly, single-crystal alkali halides CsI [25], KI [26–29], KBr [30], and
KCl [31] were also studied to calculate their optical constants. In contrast, studies of thin films of many
alkali halides in the UV spectral region were limited in absorption measurements [32–34]. In addition,
a literature review reveals a few more analyses of alkali halide crystals, such as a study on the influence
of surface condition [35], on the strain effects on fundamental absorption [36], and on the effect of the
layer thickness or uniaxial stress on the shape/location of exciton bands in RbI [37,38]. The literature
on alkali halides has demonstrated that studies on the optical properties of RbI are comparatively
limited. Cardona and Lynch studied the optical properties of a thin film of RbI, but their work was
concentrated in the extreme ultraviolet region, i.e., from 50 eV to 250 eV [39]. S. Hashimoto and N.
Momi-ie studied the interference effect and dispersion in thin RbI crystals [40]. The authors calculated
the refractive indices in the spectral range of 4.8 eV to 5.7 eV, which is only part of the spectral range
of present study. Similarly, the dielectric properties of single crystal RbI were discussed by Peimann
and Skibowski in photon energies between 10 to 30 eV [41]. Finally, Roessler and Walker undertook
research which was very similar to the present work for both KI and RbI single crystals [42]. They
measured reflectance spectra in the range of 4–11 eV at 300 K and 77 K, respectively. Even though
their first exciton peak matched with the present work for single crystal KI, the reflectance spectra
for polycrystalline thin films of KI and RbI were not provided. Also, the authors used reflectance
data measured at 77 K to calculate the real and imaginary parts of dielectric constants, instead of
data measured at room temperature. They also did not calculate the refractive indices and absorption
coefficient of the materials. The optical constants (n and κ) and dielectric constants (ε1 and ε2 ) of a
single crystal and poly-crystal thin film of RbI are subjects of interest for the scientific community, as
these studies are lacking in the short- and medium-UV region.
In this work, the author presents the results of reflectance and transmittance measurements
on single crystal and poly-crystal KI and RbI over a photon energy range of 300 nm (4.14 eV) to
180 nm (6.91 eV). From the reflectivity measurement, the wavelength-dependent refractive indices
n(ω) and k(ω), as well as dielectric constants ε1 (ω) and ε2 (ω), are measured using Kramers-Kronig
relations [43–45]. The behavior of the dielectric constants in any region of the spectrum can be
analyzed according to the theories for various optical excitations of the crystal, such as the formation of
electron-hole pairs commonly referred to as Excitons. Excitons form at the band gap energy of materials;
thus, they are exceedingly important in studies of the electronic properties of photo conductors, and in
the location of critical point energies in tertiary epitaxial materials such as AlGaAs [46].
2. Apparatus
A schematic of the experimental arrangement is shown in Figure 1. A high-pressure deuterium
lamp served as a light source that provides a continuum of photon energies from 180–300 nm. The light
was passed through a Czerny-Turner Monochromator with a grating of 2400 grooves/mm and suitable
for wavelength range of 105 nm to 500 nm (Cornerstone 130, model: 77217). A highly-regulated power
supply was connected in series with a (ELOGAR) C line conditioner that kept the intensity level steady
to within 1% over the duration of the measurement. This was checked by examining the intensity
of the source after the run in the 280 nm region, where RbI is transparent. The monochromator was
driven by a stepping motor that allowed us to control the scanning rate and the dwell time at each step.
The light output was observed using a 13-stage photomultiplier (Hamamatsu: R9875U) whose gain
was flat in our region of interest. The photomultiplier tube detected radiation in the spectral range of
165 to 320 nm.
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light. The intensities of the transmitted light from the single crystals could not be measured, as they
were too thick, and the transmitted light was below the noise level.
For the measurement of the film thickness, the masses of the substrate before and after growing
the crystal were measured; the difference between the two masses was the mass of the crystal grown.
Then, the diameter of the circular substrate was measured, and the cross-sectional area was calculated.
Using the mass and density obtained from the handbook of Chemistry and Physics [47], the thicknesses
of the films were calculated by dividing the volume by the cross-sectional area. The thicknesses of the
KI and RbI films were ~1.039 ± 0.177 µm and ~0.916 ± 0.156 µm, respectively.
4. Theory
To describe the response of a medium to electromagnetic fields as a function of space and time,
we can use either the complex dielectric function e
ε(ω), consisting of real and imaginary dielectric
n(ω), consisting of the real and imaginary index
constants (ε1 , ε2 ), or the complex index of refraction e
of refractions (n, κ). The complex index of refraction is related to dielectric constants by [48]
e
n2 = ε1 + iε2

(1)

Optical constants n and κ are also defined by writing out the complex index of refraction e
n as
e
n = n(ω) + iκ(ω)

(2)

The imaginary index of refraction, κ, also known as the extinction coefficient, measures the
attenuation of the wave in the medium. When losses are absent, n, which plays the role of an index of
refraction, is just the ratio of the velocity of light in empty space to the velocity in the medium.
Squaring both sides of (2) and comparing with (1), we get
ε1 (ω) = n2 (ω) − κ2 (ω)
ε2 (ω) = 2nκ

(3)

In the case of normal incidence, the complex reflection coefficient (also called Fresnel reflection
coefficient) is given by [49]
e
n − 1 + iκ
n−1
Er
e
=
=
,
(4)
r=
Ei
n + 1 + iκ
e
n+1
It is sometimes convenient to write e
r in terms of an amplitude |r| and a phase shift upon reflection
θ, that is
e
r = |r|eiθ(ω) = |r|(cos θ(ω) + i sin θ(ω))
(5)
Experimentally, we do not measure e
r, but we do measure the reflection coefficient R(ω):
R(ω) = |r|2 =

( n − 1 ) 2 + κ2

(6)

(n + 1)2 + κ2

It is difficult to measure the phase angle θ(ω) of the reflected wave, but it can be calculated
from the measured reflectance R(ω) if we know it for all frequencies [50]. The phase change θ(ω0 )
at a particular frequency, ω0 , between the incidence and the reflected signal is obtained from the
Kramers-Kronig dispersion relation [51]:
θ(ω0 ) = −

ω0
P
π

∞

Z
0

lnR(ω)dω
ω2 − ω20

,

(7)
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where P stands for the Cauchy principle value of the integral; singularity in the integral at ω = ω0 is
omitted from the integration. Simplifying (7) by integrating by parts gives insight into the contribution
to the phase angle θ(ω0 ) as
θ(ω0 ) =

1
2π

∞

Z
0

dlnR(ω)
ω + ω0
ln
dω,
dω
ω − ω0

(8)

The logarithmic weighting function in (8) becomes small for frequencies far from ω0 . Thus,
it reduces the relative contribution to the integral at such frequencies. Also, ln R(ω) appears as a
derivative in the integrand, so there is no contribution to the integral for the frequencies where the
reflectance is constant, and positive and negative slopes on the same side of ω0 tend to cancel each
other out. The phase in radians at ω0 is thus obtained from Equation (8) by numerical integration using
a computer.
Having determined a value of θ(ω0 ) for a given frequency, the real and imaginary parts of the
complex refractive index e
n = n + iκ are obtained using Equations (4) and (5) as following.
n+iκ−1
n+iκ+1

= |r|(cos θ(ω) + i sin θ(ω))

Now, simplifying the above expression the real and imaginary parts of refractive indices can be
calculated as
1 − |r|2
n=
(9)
1 + |r|2 − 2|r| cos θ(ω)
κ=

(n + 1)|r| sin θ(ω)
|r| cos θ(ω) − 1

(10)

The real and imaginary parts of the complex dielectric constants are then determined using
Equation (3), and absorption coefficient α by the relation
α=

4πκ
λ

(11)

5. Results and Discussion
For a comparison with past work, we present some results for KI [26,32,52]. The absolute
reflectance of KI was measured from one polished single crystal and one poly-crystal grown in a
vacuum system for photon energies ranging from 4.14 to 6.91 eV. The spectra of reflectance from a
thick single crystal and a thin poly-crystal are shown in Figure 2a,b, respectively. In Figure 2a, we have
compared present work (solid line) with previous work (dashed line) by H. R. Philipp et al. [26]. The
prominent peaks in these spectra are at photon energies 5.62 eV for the thick and 5.64 eV for the thin
sample, respectively. Proceeding to the lower energies in Figure 2a,b, the structure to be noted is at
photon energy 5.18 eV for the thick and 5.17 eV for the thin sample, respectively. Similarly, proceeding
to the higher energies, the next structures to be noted are the shoulders at hω = 6.08 eV for the thick
and 6.03 eV for the thin sample. The next prominent peaks in the reflectance are observed at hω = 6.68
and 6.64 eV in both cases.
Since excitons in alkali halides are localized on an atomic level, the results for single crystals and
poly-crystals are very similar, and appear to be in agreement with the results of previous investigators.
We next considered RbI where some results are unknown.
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(a)

(b)
Figure 2. (a) Spectral dependence
dependence of the reflectance of KI (Single crystal). The result for a reflectance
spectrum by H. R. Philipp et al. [26] is shown by the dashed curve; (b) Spectral dependence of the
reflectance of KI (poly-crystal).
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Figure 5. Optical-absorption coefficients of RbI (a) thick sample and (b) thin sample. The prominent
peaks are indicated by arrows with magnitudes.

As n and κ are frequency dependent, their values even for the same crystal are different for
different frequencies. Tables 1 and 2 summarize the results of refractive index n for single and
poly-crystalline samples.
Table 1. Refractive Index (n): Thick Single Crystal Sample.
Materials

Maximum

Minimum

KI
RbI

2.04 (5.63 eV)
1.76 (5.63 eV)

1.55 (5.86 eV)
1.43 (5.78 eV)

Table 2. Refractive Index (n): Thin Poly-crystal Sample.
Materials

Maximum

Minimum

KI
RbI

1.93 (5.65 eV)
1.45 (5.55 eV)

1.49 (5.86 eV)
1.24 (5.81 eV)

Dielectric function describes the response of the crystals to an electromagnetic field. When an
electromagnetic wave is incident on the crystal, it gets polarized. The polarization is due to the motion
of the valence electrons (electronic polarization) as well as displacements of the crystal ions (lattice
polarization). The relative effects of these two polarizations contribute to the dielectric functions.
Similar to refractive index, we have summarized the results of the real part of dielectric constants in
Tables 3 and 4 respectively.
Table 3. Dielectric constants (real parts): Thick Single Crystal Sample.
Materials

Maximum

Minimum

KI
RbI

4.14 (5.63 eV)
3.10 (5.55 eV)

2.40 (5.86 eV)
2.03 (5.78 eV)

Table 4. Dielectric constants (real parts): Thin Poly-crystal Sample.
Materials

Maximum

Minimum

KI
RbI

3.71 (5.65
1 eV)
2.09 (5.55 eV)

2.21 (5.86 eV)
1.54 (5.81 eV)

The real parts of the dielectric constants and refractive indices are similar to the reflectance
spectrum, and the imaginary parts are also somewhat similar to the optical density of the crystals,
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Figure 6. (a) Optical absorption spectra of thin films of the KI deposited on suprasil substrate, solid
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The small energy shift between the present results and Eby’s could not be accounted for, except
for the difference between the amorphous and crystalline substrates. Temperature difference could not
account for the fact that peaks in Eby’s data occur at lower energy. Similarly, the narrowness of the
peaks in both cases suggests that both samples were pure and crystalline. Thus, we can only conclude
that the substrate/interface affects exciton energy and is responsible for the shift to the lower energy
observed in Eby’s data. Lattice matching is essential to grow high quality thin films. In case there is
slight mismatch between the substrate and the film, there is some strain on the films, which probably
affects some of the properties of the overgrown layer on the substrate. Besides lattice matching, the
thermal and chemical stability and thermal expansion coefficients of the substrate can also influence the
properties of deposited films. If there are similarities in the lattices between the film and the substrate,
then the promotion of epitaxial growth is possible with the same or different crystal structures.
In the present work, sapphire and suprasil are used as substrates, where suprasil is amorphous in
nature, but sapphire (Al2 O3 ) has hexagonal crystal structure (a = 4.785 Å, c = 12.991 Å). In a work by
Eby et al. [32], LiF was used as a substrate which has a cubic crystal structure (a = 4.02 Å) similar to that
of KI and RbI (aKI = 7.06 Å and aRbI = 7.342 Å). Therefore, small differences in peak position between
the present data and Eby’s data may appear from substrate/interface effects. Although impurities can
shift the band edge to the lower energy, impurities would also broaden the exciton peaks [33].
A direct interband threshold has been identified as a shoulder in the absorption spectrum. The
shoulders in KI and RbI fall at 6.12 and 6.02 eV, respectively, as shown in Figure 6. The positions of the
shoulders in KI and RbI agree fairly well with those found in the absorption spectra by K. Teegarden et
al. [33]. They have found these shoulders to be located at 6.2 and 6.1 eV at 10 K. The appearance of
these shoulders was also found to be the same as those previously reported and discussed by Taft and
Phillip and others [32,52]. The band gap energy increases as the temperature is decreased.
Band structure calculations for the ionic crystals show that the valence bands, originating from the
filled p states of the negative ions (halogen ions), are about 0.75 eV wide [2–4,55–58]. The corresponding
wave functions are localized on the negative halogen ions sites, and have a strong p character [55,58].
The important structure in the valence band is determined by the spin-orbit splitting parameter η. The
3η
splitting parameter can be estimated [32] from the splitting of the free halogen doublet by 2 . This
gives the separation of the ground state doublet of the free halogen atom. For iodine, the value of η is
0.63 eV. Similarly, η for chlorides is about 0.1 eV, and for bromides 0.4 eV. For KI, the first peak of the
doublet is at 5.70 and the second at 6.68 eV, i.e., split by 0.98, as expected from the iodine splitting of
3η
0.945 eV (calculated from 2 . Similarly, in the RbI spectrum shown in Figure 6, the doublet is at 5.64
eV and 6.59 eV, a split of 0.95 eV, compared with the expected 0.945 eV. The values of these peaks, as
determined by J. C. Phillips [5], are shown in Table 5.
Table 5. Splitting of the halogen doublets at 80K [32].
Materials

First Peak

Second Peak

Difference

KI
RbI
NaI
CsI
LiI

5.80 eV
5.70 eV
5.56 eV
5.76 eV
uncertain

6.68 eV
6.47 eV
6.73 eV
5.91 eV
uncertain

0.88 eV
0.77 eV
1.17 eV
0.15 eV

The optical densities of KI and RbI (present work) were compared with those of NaI, CsI, and LiI
taken from Eby et al. [32], as shown in Figure 7. All spectra are compared in the same spectral energy
range except for LiI, where absorbance spectra are provided only from 6.4 eV to higher energy, due to
its comparatively high energy band gap ~6.6 eV [59]. Thin films of NaI, CsI, and LiI were grown on
a LiF substrate, and spin orbit splitting of the halogen doublet for each alkali halide was calculated
at 80 K. The splitting of halogen doublets is provided in Table 5. The splitting of CsI and NaI was
inconsistent with the expected values, whereas this value for LiI could not be determined.
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6. Conclusions
6. Conclusions
The author presents normal incidence-reflectance spectra of KI and RbI in the ultraviolet spectral
The author presents normal incidence-reflectance spectra of KI and RbI in the ultraviolet spectral
regions, and uses the Kramers-Kronig (KK) theory to analyze some of these spectra. The application of
regions, and uses the Kramers-Kronig (KK) theory to analyze some of these spectra. The application
KK theory produced nearly the same results for both single and poly-crystalline samples of RbI. The
of KK theory produced nearly the same results for both single and poly-crystalline samples of RbI.
author also demonstrates and analyzes absorbance spectra of KI and RbI, and finds that the present
The author also demonstrates and analyzes absorbance spectra of KI and RbI, and finds that the
results are more accurate than previously published work, as is clear from the spin-orbit splitting
present results are more accurate than previously published work, as is clear from the spin-orbit
parameters. The peaks observed in the reflectance or absorbance spectra of KI and RbI are caused by
splitting parameters. The peaks observed in the reflectance or absorbance spectra of KI and RbI are
excitons associated with critical points (second derivative of ε1 w.r.t. energy). Excitons are especially
caused by excitons associated with critical points (second derivative of 𝜀 w.r.t. energy). Excitons are
important in these insulators because of the electron–hole interaction in the 1absence of strong screening.
especially important in these insulators because of the electron–hole interaction in the absence of
Due to the small dielectric constant, Coulomb interactions between an electron and a hole are strong,
strong screening. Due to the small dielectric constant, Coulomb interactions between an electron and
and excitons thus tend to be small. Since the excitonic peaks are sharp and very well separated, the
a hole are strong, and excitons thus tend to be small. Since the excitonic peaks are sharp and very
optical properties of alkali halides are localized on an atomic level. Finally, it may be concluded that the
well separated, the optical properties of alkali halides are localized on an atomic level. Finally, it may
shift in the absorbance peak positions in energy found in this work in comparison with the results of J.
be concluded that the shift in the absorbance peak positions in energy found in this work in
E. Eby et al. [32] appears to be attributable to the substrate–sample interface. Impurities and substrate
comparison with the results of J. E. Eby et al. [32] appears to be attributable to the substrate–sample
effects would generally occur at lower energy.
interface. Impurities and substrate effects would generally occur at lower energy.
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