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ABSTRACT

The electronic and optical properties of KCl and Cu doped KCl (KCl:Cu) were calculated within full potential augmented plane wave method based on Density
Functional Theory (DFT), as implemented in WIEN2k software. Calculations were carried out using two energy functional approximations, the exchange-correlation
functional of Perdew, Burke and Ernzerhof (PBE96) to optimize the KCl lattice parameter, and the modified Becke-Johnson (mBJ) exchange potential in combination
with the local density approximation (LDA) for correlation, to obtain the band structure. The energy bands reveal the insulating properties of KCl with a direct band
gap of 8.6 eV, and the semiconductor nature of KCl:Cu with a direct band gap of 3.4 eV. From the analysis of the total and partial density of states, it is apparent that
the KCl and KCI:Cu states at the Fermi level arise from CI p states and Cu d states, respectively. Also, the optical properties reported here (dielectric function and
absorption spectra) show that Cu atoms are responsible of electronic excitations occurring from Cu d valence bands to conduction bands of Cu, Cl and K with p

character.

1. Introduction

Optical properties of monovalent copper as dopant in alkali halide
(HA) crystals havebeen the subject of a variety of experimental and
theoretical studies since the decade of the 1970’s due to its remarkable
properties of absorption (UV) and emission (UV-vis) of light, char-
acteristics that make these crystals excellent phosphor materials for a
number of technological applications. In copper-doped HA crystals, the
presence of several absorption bands in the UV region has been re-
ported, assigning these bands the inner electronic transition 3d'°—
3d%4s! of isolated copper [1]. Several theoretical studies based on dif-
ferent approaches have supported this result [2,3]. However, the high
oscillator strength as well as the temperature dependence of the ab-
sorption intensity shown in some HA has introduced a controversy,
stimulating some authors to ascribe this absorption to the allowed
electronic transition 3d'°—3d°4p’ of the isolated copper ions [4]. In
fact, W. E. Hagston [5] (and references therein) suggests as an alter-
native explanation for KCl, that the forbidden electronic transition
3d'°—3d°4s' occurs with the Cu™ ions located in an off-center position.
This possibility is strongly supported by the work carried out by Ste-
phen A. Pyne [6], who studied the off-center effect on the components
of the 3d'°—3d°4s' transition of Cu™ ions in HA by using the crystal-
field theory, and also through studies on the optimal position of sub-
stitutional Cu™ in KCl crystals reported by Furuya et al. [7].

The fast growing of the medical diagnostics technology, e.g. nuclear
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medicine and computer imaging, stimulated during the past decade an
intensive research effort to find new Cu™-doped matrices to detect io-
nizing radiation (X-ray, gamma and beta rays, protons) through lumi-
nescence measurements, i.e., thermoluminescence (TL) and optically
stimulated luminescence (OSL) [8-14]. In recent studies, copper-doped
single LiGaO, [8] and alkali halo-phosphato Na,Zn(PO4)Cl [9] crystals
showed green and blue luminescence under UV excitation, respectively,
property that is favorable to convert them in phosphor materials and
usable as radiation sensors. In these crystals, the UV absorption signal
has been attributed to both inner transitions, 3d!°—=3d°4s! and 3d'°—
3d°4p’, of the isolated Cu* ions.

Recently, several studies have been performed to analyze the effect
of X-ray [10,11], y-ray [11], and also UV radiation [12], in Cu*-doped
silica glasses (SiO,) obtained by sol-gel method in shape of monolith as
well as optical fiber, for the development of real time and remote do-
simetry to observe the radiation effects in dangerous locations or places
difficult to access. Also, investigations of Cu-doped amorphous silica-
glass optical fiber were conducted to analyze its potential use in proton-
therapy treatments by OSL methodology [13]. For UV radiation mon-
itoring, several materials have been studied due to their potential use as
TL and OSL dosimeters. Copper-doped silica glass optical fiber [12] and
ZrO,:Cu™ nanocrystalline [14] were also analyzed under UV radiation,
and KCl:Eu?" crystals were tested for monitoring radiation harmful to
health [15,16]. In the latter, the TL and OSL signals were related to an
ionizing effect of the Eu®>* impurities.
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TL and OSL are phenomena based on the existence of electrons and
holes produced during the irradiation process. UV dosimetry in copper-
doped fused quartz glass suggests the excited states of Cu* should be
close to the conduction band, hence expecting mixing between these
states to produce free electrons and holes (like Cu?™) that may be
trapped in metastable traps. Afterwards, electrons and holes can re-
combine via photo- or thermal-stimulation to produce OSL or TL sig-
nals, respectively [17]. On the contrary, under ionizing radiation, for
instance X-rays, in Cu-doped LiAlO, [18] or in KCl:Cu™ [19], where it is
believed the excited state of Cu™ is well separated from the conduction
band and the mixing effect of the excited state should not be observed,
the OSL spectra in both crystals notably coincide with the photo-
luminescence (PL) of the inner transitions of Cu™.

Theoretically, structural, electronic and optical properties of pure
and Cu*-doped HA have been recently studied in the Density
Functional Theory (DFT) formalism [20-22]. The pressure-dependent
electronic properties in pure KCl have been investigated through ab
initio calculations based on the pseudopotential approach with the DFT
method [20]. Calculations in the rocksalt structure of KCI revealed that
the valence band is formed by Cl 3s and Cl 3p orbitals and also by K 3p
orbitals, but the lower part of the conduction band is dominated by K 3s
orbitals [20]. In Cu*-doped LiF and NaF crystals, the energy of the
3d'°—3d%4s and 3d'°—3d°4p transitions was obtained and their ab-
sorption spectra determined, employing a simple model of oscillator
strength [21]. These calculations were performed on the model cluster
M;,F14Cu* (M = Li, Na; F = Fluorine) utilizing the embedded-cluster
approach to electronic structure calculations in crystals. The Cu™ ion
was placed in the center of clusters. In this approach, the energy dif-
ference between both inner transitions of Cu* was about 3.2 and
2.5-3.0 eV in NaF:Cu* and LiF:Cu*, respectively. Additionally, the
obtained absorption spectrum showed two bands that were associated
with the splitting of the 3d° level of the 3d'°—>3d°4s' transition of
copper ions due to the crystalline field [21]. Formerly, the electronic
structure and optical properties of LiF:Cu™ were calculated by the DFT
scheme using the plane-wave pseudopotential approach [22]. In that
study the results revealed the presence of the Cu 3d level inside the
band gap due to Cu™ doping of LiF. In this crystal compound it was also
determined that the Cu s and p electronic levels are close or mixed with
the states of the conduction band of LiF crystals.

Clearly, in spite of the remarkable efforts that have been made to
understand the origin of the absorption and emission electronic tran-
sitions observed in crystalline matrices doped with Cu ions, up to date
this is an objective not fully reached and additional studies are evi-
dently required. In this work, we investigated the effect of Cu doping in
the KClI crystal by performing first principles calculations of the optical
properties of KCl and KCIL:Cu crystals. For these calculations we assume
the Cu ions substitute K ions, considering copper static and placed on-
center. The lattice deformation is taken into account considering the
difference in the ionic radii of Cu and K ions. This paper is organized as
follows: In Section 2 we give the computational details of this work,
Section 3 presents a detailed discussion of results, and conclusions are
provided in Section 4.

2. Structural and computational details

Potassium Chloride (KCl) is a typical ionic crystal with rock salt-
type structure (NaCl). The experimental lattice parameter of this face-
centered cubic (fcc) crystal is a = 6.29 A and the associated space
group is Fm-3 m (number 225) [23]. The cation atom (K) is located at
(0, 0, 0), while the anion atom (Cl) is at position (1/2, 1/2, 1/2) within
the primitive unit cell. In the current work, the optimum lattice para-
meter is obtained by periodically varying the unit cell volume from the
experimentally known data, calculating at each step the corresponding
DFT energy. To model the KCI:Cu structure, we use a cubic 3 x 3 x 3
supercell from the previously obtained KCl optimized cell, replacing
one of the K atoms in the supercell by a Cu atom. Fig. 1 depicts the
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Fig. 1. Cubic 3 x 3 x 3 supercell model for KCl:Cu. Blue, green, and brown
spheres represent K, Cl, and Cu atoms, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article).

supercell thus generated, displaying the large distance between Cu
atoms. In order to optimize the atomic positions and lattice parameter
of this KCL:Cu supercell, we first carried out an internal relaxation of the
atomic positions, then we calculated the total energy as a function of
the cell volume to obtain the optimized lattice parameter. The resulting
optimized cells for both KCl and KCl:Cu were utilized to calculate the
electronic and optical properties of the pristine and Cu-doped crystals.

The calculation of the electronic and optical properties of KCl and
KCI:Cu was performed using a relativistic “full-potential” method based
on “augmented-plane waves + local orbitals” (APW + lo) [24] within
the DFT scheme [25,26], as implemented in the WIEN2k code [27]. In
the APW method the unit cell volume is partitioned in two regions:
muffin tin spheres (around each nucleus) and interstitial region. Inside
each atomic sphere the wave function is approximated by a linear
combination of radial functions times spherical harmonics, while in the
interstitial region a plane wave expansion is used. For the exchange-
correlation energy functional we employed two approximations: a
generalized gradient approximation (GGA) to the exchange-correlation
energy functional in the parametrization of Perdew, Burke and Ern-
zerhof (PBE96) [28], and the combination of the modified Becke-
Johnson for exchange potential (mBJ) [29,30] together with the LDA
approximation to the correlation [26]. The mBJ potential is a mod-
ification of the exchange potential of Becke and Johnson (BJ) [31],
which reproduces the experimental gap of semiconductors with accu-
racy several orders of magnitude better than the previous version of the
WIEN2K code using either the LDA or the GGA approximations, and is
computationally cheap and efficient. For an extensive presentation and
analysis of mBJ potential, see Koller et al. [30]. The computational
implementation of mBJ approximation has three free parameters,
which can be selected when starting the calculations. Specifically, in
our work we use the parameterization presented by Tran and Blaha
[29] (A = -0.012, B = 1.023 bohr'/?, and e = 0.5).

The maximum [ value for the waves inside the atomic sphere was set
t0 Lyax = 10. The muffin tin radii R,,, was set to 2.5 a.u. (atomic units)
for potassium, chlorine and copper atoms. The wave function in the
interstitial region was expanded in plane waves with a cutoff of Ky;;qx =
7.5/Rm for KCl and Kjqx = 7.0/Ry for KCL:Cu, while the charge
density was Fourier expanded up to Gpe =12. K (1s% 25* 2p%), Cl (1s*
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252 2p6) and Cu (1s® 25> 2p6 3s2) electronic states are treated as core
states, and K (3s 3p® 4s"), Cl (3s% 3p®) and Cu (3p® 3d'° 4s') are con-
sidered valence states. For the KCl lattice, a self-consistent procedure
was performed on a grid containing 10 x 10 X 10 k points in the First
Brillouin Zone (FBZ), i.e., the Irreducible Brillouin Zone (IBZ) was
sampled on a tetrahedral mesh with 47 k points. For the KCl:Cu lattice,
the calculations were performed using a grid containing 3 x 3 x 3 k
points in the FBZ, sampling the IBZ on a tetrahedral mesh with 4 k
points.

For the calculations of the optical properties, the WIEN2k program
optic was used. The Independent Particle Random Phase Approximation
(RPA) is assumed and local field effects are not included [32]. The
momentum matrix elements are calculated from the electron states, and
the integration over the IBZ is performed to calculate the imaginary
part of the dielectric function e, [33,34]. A Kramers-Kronig analysis is
performed to obtain the real part of the dielectric function &,, and fi-
nally, the absorption spectra are calculated from this complex dielectric
function. In the present study of optical properties, we only take into
account the electric-dipole allowed interband transitions and neglect
the d-d transitions. The primary quantity that characterizes the elec-
tronic structure of any crystalline material is the probability of photon
absorption, which is directly related to the imaginary part of the di-
electric function e,. Thus, this function can be associated with inter-
band transitions providing information about single particle excitation,
i.e., the peaks observed in this function can be related to electronic
transitions in the crystalline material. The real part ¢, provides in-
formation about collective electronic excitations (plasmons) in the
system, obtaining the plasmon energy at points where &, crosses zero
with a positive slope.

3. Results and discussion
3.1. Structural properties

In order to verify our computational parameters, we firstly opti-
mized the lattice parameter of KCl, using WIEN2k with the PBE96 ex-
change-correlation energy functional. For this, we calculate the total
energy of the cubic lattice for different volume values (varying the
parameter a). Fitting our calculated data with the Murnaghan equation
of state [35], we obtain a value of a =6.384 A for the lattice parameter,
which overestimates the experimental value by 1.45 % [24]. For the
KCl:Cu supercell optimization, we compute both the atomic positions
and the cell volume that minimize the internal forces and total energy,
respectively. First, we calculate the atomic positions minimizing the
internal forces acting on the atoms. To this, an internal relaxation of the
atoms is performed by varying the positions of the K and Cl atoms
surrounding the Cu atoms, and the total forces exerted on each atom are
calculated. The system is relaxed until the total forces are below 1.0
mRy/a.u. This internal relaxation produced a reduction of the distance
Cu-Cl, compared with the K-Cl distance of the pristine crystal. Similarly,
the distance of the nearest K atoms to Cu ones also decreased, thus
causing a distortion of the lattice around Cu atoms. This behavior is
expected, given the smaller size of Cu ion regarding that of the K ion.
After relaxation of the internal positions, we calculate the total energy
versus lattice volume curve, varying the lattice parameter of the su-
percell. Fitting our calculated values to the Murnaghan equation [35],
we obtain the optimized supercell lattice parameter a = 19.117 A.

3.2. Electronic properties

3.2.1. Energy band structures

To analyze the k-resolved information of KCl and KCl:Cu com-
pounds, we utilized the modified Becke-Johnson (mBJ) exchange po-
tential in combination with the local density approximation (LDA) for
correlation, as suggested by Tran and Blaha [29]. we calculate the
energy band structures using the atomic positions and the optimized
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Fig. 2. Calculated band structures of (a) KCI and (b) KCl:Cu. The Fermi level is
shifted at 0.0 eV.

cell parameters. For KCl, the band structure is obtained along the lines
connecting the high-symmetry points in the reciprocal space shown in
Fig. 2(a). This figure displays an insulator behavior of the pure crystal,
with a direct band gap of 8.6 eV at I point. This is in excellent agree-
ment with the experimental values reported by Phillips [36], and
Roessler and Walker [37] at T point (8.69 and 8.5 eV, respectively).
Bands with low dispersion are observed at -12.2, -11.0 and 0.0 eV. The
Fermi level is indicated by a horizontal line at 0.0 eV, separating the
valence band (VB) from the conduction band (CB), which are located
above 8.6 eV. Analyzing the band character, the bands at -12.2 and
-11.0 eV are constituted by Cl s and K p states, respectively. At the Fermi
level the bands correspond to Cl p states, and the unoccupied K d states
conform the conduction bands, principally. This is in agreement with
the analysis presented by Roessler and Walker [37]. Recently, Bahattin
et al. [38] calculated the band structure of KCl with the ABINIT code
using the PBE96 approximation. In the current work, the overall shape
of the calculated band structure compares quite well with that obtained
by Bahattin et al. [38]. In Table 1 we present the calculated transition
energy values at different reciprocal space points, which are compared
with experimental values presented in [36,37]. Our results show a good
agreement with the available experimental information.

For KCl:Cu, energy bands are plotted in Fig. 2(b) for different high-
symmetry points in the reciprocal space, ranging from R(1/2,1/2,1/2)
to I'(0,0,0) to X(1/2,0,0) to M(1/2,1/2,0) to I'(0,0,0). Examining this
figure, it is observed that no bands cross the Fermi level, which suggests
a non-metallic behavior and reveals the existence of a band gap. This
direct band gap is found at the I point with a calculated value of 3.4 eV.
It is also evident the dispersionless character of the band structure,
which shows the existence of localized states. These are reflected in the
existence of sharp peaks in the density of states, in particular around the
region of the Fermi energy. In this compound, the band character near
the Fermi level is dominated by Cu d states, while the flat band at 3.4
eV is constituted by Cu s states. These new bands are introduced as an
effect of doping of the KCl lattice with Cu atoms. Also, the bands above
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Table 1
Comparison of the calculated energy values of selected KCl band transitions
with experimental data. Band transitions nomenclature is taken from [37].

Energy (eV)

Band Transition (a) (b) This work
I'is =14 8.69 8.5 8.62

Lz — Ly 9.0 10.35, 10.45 10.90

A3z = A; (LAMBDA) 9.2 - 9.67

Xs' = X 10.9 13.7 10.81

As = A 11.1 - 9.72

Xs' — X3 9.9 12.6 9.43

Lz — L3y 11.2 - 11.24

I'is = I'as’ 11.6 - 10.55

(a) See reference [37].
(b) See reference [36].

3.8 eV are mostly constituted by K d states and the bands around -5.0 eV
primarily by Cl p states. The low dispersion of bands at -5.0, 0.0 and 3.4
eV is representative of a relatively high concentration of electrons
corresponding to Cl p, Cu d, and Cu s states, respectively.

3.2.2. Total and projected density of states

To elucidate the atomic electronic contributions to the electronic
structure of KCl and KCl:Cu crystals, we calculate and examine in detail
the corresponding total and partial density of states (DOS and PDOS,
respectively). For KCI (Fig. 3), our results show that at the Fermi level
(0.0 eV) the main contribution to DOS arise from Cl p states, whereas
the Cl s and K p states are well below the Fermi level (12 and 11 eV,

Fig. 3. Calculated total and partial density of states (PDOS) of KCl using mBJ
approximation. The Fermi energy is shifted at 0.0 eV.
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Fig. 4. Total density of states of KCl:Cu (blue line) and the total contribution to
DOS from (a) K, (b) Cl, and (c) Cu atoms (shaded in gray). The inset shows the
contribution of Cu s and p states to empty valence states above the Fermi level.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

respectively). The conduction states start to appear at 8.6 eV above
Fermi energy, which mainly result from the K d states. Our calculated
DOS is similar to that calculated by Bahattin et al. [38], but as men-
tioned before, they underestimate the energy gap. Our calculated band
gap is of 8.6 eV, in close agreement to the reported experimental value
[36,37]. Fig. 4 depicts the DOS and PDOS results of KCl:Cu, showing the
principal contributions of Cu, K and Cl states to the DOS. The peaks
around -5.0 eV are mainly formed by Cl states, specifically p states, the
peaks at the Fermi level arise from Cu d states, and the strong peak at
3.4 eV has mainly Cu s character with minor contributions from states
between 3.8 and 5.0 eV (see inset in Fig. 4). Above 5.0 eV, this figure
also reveals contributions to the conduction states from K, Cl, and Cu
atoms (PDOS in gray). Likewise, it is observed that the peak structure of
the DOS for KCl is present in the DOS of KCl:Cu, with additional states
within the band gap of KCl, which are associated to the doping Cu
atoms.

3.3. Optical properties

The aim of this section is to examine the optical properties of both,
pristine and Cu-doped KCl. To this end, the real (¢;) and imaginary (e5)
parts of the dielectric function are computed (Fig. 5), as well the ab-
sorption spectra (Fig. 6). The overall shape of the calculated optical
properties (Figs. 5 and 6) for KCI and KCl:Cu are quite similar, except
for the peaks shifting left towards lower energy values, by about 0.1 eV,
of the KCl:Cu system regarding those of the pure KCl compound. Also, a
small peak at about 8.17 eV appears in the KCl:Cu spectrum (Fig. 5(b)).
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Fig. 5. Dielectric function of KCl and KCl:Cu, calculated using the TB-mBJ
functional.

Fig. 6. Calculated optical absorption as a function of energy for KCl and KCl:Cu,
using TB-mBJ approximation.

This feature is reproduced in Fig. 6(b), thus attributing this peak to the
Cu doping of KCl, i.e., to contributions from a number of Cu states to
the conduction band. With the aim of understanding the origin of this
peak, a closer look on the calculated absorption spectrum of the doped
KCl crystal is necessary. Therefore, the absorption spectrum is calcu-
lated and examined in a much narrower range of energies. In Fig. 7 we
show the optical absorption spectrum for KCl and KCl:Cu within an
energy range between 3 and 9 eV. Interestingly, for the doped crystal,
our analysis shows the existence of two peaks appearing at 5.7 and 8.17
eV, and two more small peaks revealed at about 6.8 and 7.4 eV. Thus,
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Fig. 7. Calculated absorption spectra of KCl and KCl:Cu, depicted in an energy
range below 9 eV.

Fig. 8. Calculated total and partial absorptions spectra of KCl:Cu. These partial
absorptions are calculated considering only transitions between energy bands in
a reduced energy range (see optical properties, section 3.3).

these additional peaks are also related to interband transitions invol-
ving Cu states. From an analysis of the partial absorption spectrum of
KCl:Cu (see Fig. 8, partial absorption 1) related to bands at the Fermi
level and above (up to 14.21 eV), it exhibits peaks at 5.7, 6.8, and 7.4
eV, which correspond to electron transitions between valence bands
with Cu d character to conduction bands with p character of Cl, K and
Cu. The peak at 8.17 eV is obtained by calculating the partial absorp-
tion spectrum involving bands in the range of energies -5.65 to 5.0 eV
(see Fig. 8, partial absorption 2). This peak arises from transitions be-
tween bands with Cl p character and the first conduction band with Cu s
character. Also, in this region of energy a small peak is observed at
about 4.9 eV, this is a truncated peak due to the limited range of en-
ergies considered, and can be assigned to transitions between bands
with Cu d character to conduction bands with p character.

Comparing our results with experimental information, our calcu-
lated e, function for KCl reproduces quite well the experimental data
published in [37]. They obtain a wide peak between 10 and 14 eV in the
€5 function produced by interband transitions, while our calculated e,
function shows a wide structure between 9.0 and 14.0 eV. The com-
parison with data beyond 14 eV is not good, but in this work it is
commented an increase in €5 beyond 16 eV because of transitions be-
tween valence and conduction bands, which we also observe. For
KCl:Cu, Oggioni and Scaramelli [39] report three peaks below 6.5 eV in
the absorption spectra of KCl:Cu, at about 4.79, 5.37, and 6.093 eV
(259, 231, and 203.5 nm, respectively). The absorption at 4.79 eV is
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attributed to the forbidden transition Cu d - Cu s of isolated Cu ion,
while the absorption at 5.37 and 6.093 eV are attributed to optical
transitions of Cu ion from the ground state to higher excited states.
These latter peaks are apparently related to our calculated peaks at
about 5.7 and 6.76 eV which are due to Cu d electron transitions from
the valence band to bands with p character of Cl, K and Cu in the
conduction band.

4. Conclusions

A detailed analysis of the electronic and optical properties of KCl
and KCLl:Cu has been performed through density functional theory,
utilizing two different exchange-correlation functionals, PBE96 and a
combination of mBJ (exchange) and LDA (correlation) functionals.
From the calculated energy band structure and density of states, an
insulating behavior is predicted for KCl with a direct band gap of 8.6 eV
at I point, a value very close to the experimental result, while a
semiconductor behavior is obtained for KCl:Cu, with a direct band gap
of about 3.4 eV at I point. For KClI the valence states at the Fermi level
correspond to Cl p orbitals, while conduction states arise from K d or-
bitals. For KCl:Cu, the valence states arise from Cu d orbitals, and
conduction states result mainly from K d orbitals. Our results show that
new states emerge in the band gap of KCl when Cu atoms are in-
corporated into the KCl lattice.

From the calculated optical properties, the optical absorption
properties of KCl are modified below 9.0 eV as an effect of Cu doping. In
this range, KCl:Cu shows new peaks in the calculated absorption
spectra, which are ascribed to several interband transitions. From an
analysis of the partial absorption spectra we determine that peaks at
5.7, 6.8, and 7.4 eV are related to band transitions with Cu d and Cu p
character, and the peak at 8.17 eV is due to electronic transitions be-
tween bands with Cl p and Cu s character. Thus, our results support that
the 3d'°—3d°4p transition gives rise to the three absorption peaks
below 7.4 eV.
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