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ABSTRACT The structural features and real compositions
with point defects of Bi+-doped TlCdCl3 and TlCdI3 single
crystals, grown by the Bridgman-Stockbarger technique, are
first studied using the X-ray diffraction, X-ray synchrotron
radiation, and EXAFS/XANES spectroscopy. In the structures
of Bi+-doped TlCdCl3 and TlCdI3 crystals, the Cd, Cl, and I
sites are found to be defect-free. The vacancies in the Tl sites
and interstitial Bi atoms located in the vicinity of the Tl sites
are detected in the structures of both samples. In the Bi+-
doped TlCdCl3, the presence of a small amount of Bi+ ions in
the Tl+ sites is possible. The correlation between photo-
luminescence bands and point defects in the refined structures
are determined. Photoluminescence spectra and decay kinetics
of the Bi+-doped TlCdCl3 and TlCdI3 demonstrate that they
are attractive materials for potential applications in photo-
nics.

Keywords: single crystal, growth, doping, crystal structure, point
defects, photoluminescence

INTRODUCTION
Compounds doped with the Bi+ ions can exhibit an ef-
fective photoluminescence (PL) in the near infrared
spectral range (900 –1600 nm) and, hence, may be used in
optical devices, in particular, new tunable lasers and op-
tical amplifiers. These devices can find a wide application
prospect in medicine (laser surgery) and metrology. A
controlled synthesis of new optically active media re-
quires an understanding of the formation mechanism of
photoluminescent Bi+ centers.

Subvalent bismuth compounds and cluster forms at-
tract a great scientific interest [1–7]. Within the 6s26p2

electron configuration, the Bi+ cation possesses the 3P0

ground electronic state and the 3P1 and 3P2 low lying
excited states, the energy gap between these levels being
due to a strong spin-orbit coupling [8]. An additional
splitting of degenerate 3P1 and 3P2 states by the crystal
field forms the energy diagram of Bi+ impurity in the
crystals, which determines its optical properties. The
optical transition from the 3P1 excited state to the ground
state results in a long-lived (hundreds of microseconds)
photoluminescence in the near infrared spectral region
[9].
It is known that the low-valence (subvalent) Bi+ cation

can be obtained in acidic melts and solutions by the re-
duction reactions of trivalent bismuth compounds or via
their synproportionation with metallic bismuth [10,11].
The location of Bi+ ions in the crystal structures of the
compounds has not been established. The presence of
bismuth in the form of isomorphous impurity in the
position of cations having the formal charge 1+ (K, Rb,
Cs, Tl) was only assumed based on the close ionic radii of
Bi+ and these cations [12]. It is isomorphism and synth-
esis conditions that formed the basis for correlating the
spectral bands with Bi+ ions [13–18]. However, neither
confirmation of isomorphous substitution of the above-
mentioned components, nor consideration of any other
possible Bi+ locations in the crystal structures of Bi+-
containing compounds with different compositions can
be found in the literature.
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The purpose of our study was to determine the precise
real compositions of TlCdCl3 and TlCdI3 single crystals
doped with the Bi+ ions and find their correlations with
optical parameters.

EXPERIMENTAL SECTION
The Bi+-doped TlCdCl3 (TlCdCl3:Bi) and TlCdI3 (TlCdI3:
Bi) single crystals were grown by the Bridgman-Stock-
barger technique (Fig. 1).
The initial batch for growth of TlCdCl3:Bi crystal was

composed of the TlCl, CdCl2, and BiCl3 with a molar ratio
of 44.8:54.8:0.4. The initial components were placed into
a quartz glass ampoule with the inner diameter of 20 mm
together with a small amount of metallic bismuth taken in
proportion of BiCl3/Bi = 1, which has been determined
experimentally to form the univalent bismuth [19]. All
the procedures of weighing of the reagents and placing
them into the ampoule were carried out under dry inert
gas atmosphere. Then, the ampoule was evacuated and
sealed off at the preformed waist. The single-crystal grew
at an ampoule lowering speed of 1 mm h−1. During crystal
growth, the temperature in the upper zone of the furnace
was maintained at 460°C. The as-grown TlCdCl3:Bi single
crystal with a diameter of 20 mm and a length of 100 mm
was pale blue. According to the energy-dispersive X-ray
microanalysis (FEI Quanta 200), the Tl, Cd, and Cl
content is 20.11, 17.63, 58.74 at.%, respectively. Accord-
ing to inductively coupled plasma mass spectrometry data
(Thermo Scientific iCAP Q ICP-MS), the content of
bismuth impurity in the resulting sample is 0.1 at.%.
The above-described technique was used for the TlCdI3:

Bi single crystal growth. The initial batch for growth of
TlCdI3:Bi crystal was composed from TlI, CdI2, and BiI3
with a molar ratio of 49.9:49.9:0.2, respectively. The metal
Bi in proportion BiI3/Bi = 1 was also introduced. During
crystal growth, the temperature in the upper zone of the
furnace was maintained at 263°C. The as-grown TlCdI3:Bi
single crystal with a diameter of 20 mm and a length of
100 mm was dark red (Fig. 1b).
The X-ray diffraction (XRD) analysis of TlCdX3:Bi (X =

Cl, I) microcrystals ~0.1×0.1×0.1 mm3 in size was per-
formed with an Enraf-Nonius CAD-4 single-crystal dif-
fractometer at room temperature (Ag Kα, graphite
monochromator, ω-scan mode). To reduce the error as-
sociated with the absorption, the XRD data were collected
over the entire Ewald sphere. The preliminary XRD data
processing was carried out using the WinGX pack [20].
The atomic coordinates, anisotropic displacements para-
meters of all atoms, and occupancies of cation and oxygen
sites were refined using the SHELXL-14 software package
[21], taking into account the atomic scattering curves for
neutral atoms, with a semi-empirical (azimuthal scan)
correction of absorption [22].
The TlCdI3:Bi crystal was additionally studied on a

Swiss-Norwegian Beamlines (SNBL) at the European
Synchrotron Radiation Facility, Grenoble, France
(SCXRD). The data were collected at 200(2) K (ω-scan
mode). The wavelength of the synchrotron radiation was
set to λ ~0.6999 Å. The data were recorded with single φ-
scan and 0.1 slicing. The single-crystal data were pre-
processed with SNBL Tool Box [23], the integral in-
tensities were extracted from frames with CrysAlisPro
software [24], and the crystal structure was refined with
SHELXL-14 [21].
The structural parameters were refined in several steps.

Initially, the positional and displacement parameters were
simultaneously refined in isotropic and anisotropic ap-
proximations. Then the refinement of displacement
parameters together with occupancy of Tl site was per-
formed with fixed occupancies of Cd and Cl/I sites. Then
the refinement of occupancy of d site was carried out
with fixed occupancy of Cl/I site, and, finally, occupancy
of Cl/I site was refined with fixed occupancy of Cd site.
Due to the well-known correlation between displacement
parameters and site occupancies we used the strategy of
crystal structure refinement developed by us for both
present objects and other complex oxides as described in
detail [25,26]. After each refinement step, the residual
electron density, displacement parameters, and intera-
tomic distances were analyzed. The real compositions
taking into account the electroneutrality, the correct va-
lues of the displacement parameters, the lowest values of
the R factors, and the absence of residual electron-density
peaks serve as criteria for the accuracy of the structure
refinement and the correctness of the determination of
the composition.
The EXAFS/XANES measurements of the TlCdX3:Bi (X

= Cl, I) (~100 mg) were performed at room temperature
at the Structural Materials Science beamline of the
Kurchatov synchrotron radiation source [27]. Samples

Figure 1 Photos of fragment of TlCdCl3:Bi crystal (a) and TlCdI3:Bi
single crystal (b).
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were ground to a powder and evenly applied on the ad-
hesive tape, having small X-ray absorption coefficient.
The energy scans were performed using Si(220)-crystal
monochromator with the energy resolution ΔE/E
~2×10−4. The XAFS spectra were collected at the Tl and
Cd K edges in a transmission mode, placing the sample
between two ionization chambers connected to a pi-
coammeter (Keithley), which also serves as a voltage
source. The intensity of the monochromatic beam, in-
cident on the sample and passing through it, was mea-
sured in air ionization chamber, filled with pure Ar up to
atmospheric pressure, respectively.
The standard processing of experimental spectra was

performed using an IFEFFIT program package [28]. The
character of the atom’s immediate environment was re-
vealed by analyzing the radial distribution function φ(r),
obtained by Fourier transform of k3⋅χ(k) function during
the experiment, where the multiplication by k3 was used
to compensate attenuation of Fourier transforms with
distance from the absorption edge. Fourier transforms of
EXAFS oscillations were extracted in the range of pho-
toelectron wave number (k) from 2 to 12.0 Å−1 at the both
edges and modeled in the range of interatomic distance
(dEXAFS, Å) from 1.0 to 3.5 Å at the Tl edge, and from 1.0
to 3.2 Å at the Cd edge.
The photoluminescence spectra in the range of 880–

1700 nm were obtained with a SDH-IV spectrometer
(Solar LS), equipped with a G9212-512 InGaAs linear
array photodetector (Hamamatsu). For photo-

luminescence excitation in the samples, compact laser
modules, emitted at wavelengths of 405, 445, 450, 532,
635, 660, 685, 780, 808 and 820 nm, were used. The power
of these sources was 20–400 mW. All the measurements
were performed at room temperature.
The photoluminescence decay kinetics was studied at

room temperature with a FLSP 920 fluorescence spec-
trophotometer (Edinburgh Instruments, UK) equipped
with a xenon lamp.

RESULTS AND DISCUSSION

Structural studies
The TlCdCl3 and TlCdI3 compounds are isostructural and
crystallize in the space group Pnma (Z = 4) (Fig. 2a). In
the crystal structure, the Cd atoms are located in distorted
octahedra with different interatomic distances (CN = 2 +
2 + 1 + 1; CN is coordination number), and the Tl atoms
are in distorted bicapped trigonal prisms (CN = 2 + 2 + 2
+ 1 + 1) (Fig. 2b).
The Cd 6 polyhedra as well as the TlX8 ones are com-

bined via edges to form chains along the 〈110〉 direction,
whereas chains along the 〈111〉 direction are formed by
alternation of the Cd 6 and TlX8 polyhedra, connected
also by edges (Fig. 2a).
Fig. 3 shows the correlation between the unit cell

parameters of TlCdX3 and the type of X atom [29,30]. A
logical increase in the parameters with increasing radii of
the X atoms (RI > RBr > RCl; R is an anion radius) is found.

Figure 2 Structure of TlCd 3 (X= Cl, I) ( ), and TlX8 (b), (Tl,Bii)I8 (c), (Tl,Bi)Cl8 (d), and (Tl,Bii)Cl8 (e) coordination polyhedra.
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The unit cell parameters of TlCdI3:Bi single crystals,
determined by both XRD and SCXRD analyses (Table 1),
are smaller than those found for the undoped TlCdI3
crystals [30]. It follows that the Tl+ ions (rTlVIII = 1.59 Å
[31]; r is a cation radius) are not replaced by the Bi+ ones
(rBiVIII = 1.774 Å [12]), as was supposed [17,32–38]. The
refinement of the Tl site occupancy showed its decrease,
which also evidences an absence of the Bi+ ions in this site
(the form factor or atomic factor is proportional to the
atomic number), but indicates the presence of vacancies
(Table 1). The deficiency of the Tl site was found by both
XRD and SCXRD analyses, but the defectiveness degree
was different (Table 1), which may be explained by in-
homogeneity of the crystal composition by volume. The

deficiency of Cd and I site occupancies was not revealed.
The peak with Δρmax = 3.08 was detected in the residual

electron density of TlCdI3:Bi sample. It can be responsible
for the Bi+ ions with a formal charge 1+ (according to the
electroneutrality condition), located as interstitial atoms
in the vicinity of the Tl+ ions (Table 1, Fig. 2c). A defect
formation in the TlCdI3:Bi crystal can be described by a
quasi-chemical reaction (Equation (1)):

0 V +  Bi ,Tl i
• (1)

where VTl′ is vacancy in Tl site (′− negative-charged) and
Bii• is interstitial Bi atom (•− positive-charged).
The unit cell parameters of undoped TlCdCl3 crystals

[29] are either smaller (the a and c parameters) or larger
(the b parameter) than those found for the TlCdCl3:Bi
crystals (Fig. 3, Table 1). Therefore, the crystal structure
of TlCdCl3:Bi was refined under two assumptions
(Models): the Bi+ ions partially replace the Tl+ ones (de-
fined as Model 1, Fig. 2d) or Bi occupies interstitial sites
(defined as Model 2, Fig. 2e). According to the Model 1,
the refined composition was (Tl0.78(15)Bi0.22)Cd l3 (the fi-
nal reliability factors were S/R1/wR2 = 1.137/0.0250/
0.0550) without vacancies in the Cd and Cl sites; the
quasi-chemical equation is

0 Bi ,Tl
× (2)

where BiTl× indicates a Bi atom replacing a Tl site (×−
neutral) (Fig. 2d). According to the Model 2, the refined
composition was Tl0.998(1)Bi(i)0.005(1)CdCl3 (the final relia-
bility factors were S/R1/wR2 = 1.1220/0.0246/0.0546) with
vacancies in the Tl site and interstitial Bi+ ions; the quasi-
chemical equation is as Equation (1) (Fig. 2e). As can be
seen, the reliability factors are slightly better for the
Model 2. Nevertheless, the simultaneous realization of
both Models according to Equation (3)

0 V +  Bi + Bi ,Tl i
•

Tl
× (3)

as well as the formation of different associates containing
the point defects observed, is possible for both TlCdCl3:Bi
and TlCdI3:Bi crystals.
The greater content of interstitial Bi atoms in the vi-

cinity of the Tl atoms in the TlCdI3:Bi structure (Fig. 2c)
compared with the TlCdCl3:Bi one (Fig. 2e) is due to the
larger radius of the I− ions compared with Cl− ones. The
Tl–Bi distance (Model 2) in the TlCdCl3:Bi structure is
greater than that in the TlCdI3:Bi one (Tab. 1), which
confirms the higher content of vacancies in the Tl site in
the TlCdI3:Bi structure. It should be noted that all the
above-mentioned is concerned with the main point de-
fects that can be detected by the XRD method with its
sensitivity.

Figure 3 The relationship between the a (a), b (b), and c (c) unit cell
parameters and type of the X anion in the TlCdX3.
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Table 1 Crystallographic data, experimental details and parameters, coordinates of atoms and their equivalent thermal parameters Ueq × 102 (Å2),
site occupancies (SOF), main interatomic distances d (Å), and refined compositions of TlCdX3:Bi crystals according to the SXRD and XRD data

Chemical formula of the nominal
composition TlCdI3:Bi TlCdCl3:Bi

Method SXRD XRD
System, space group, Z Pnma, Z = 4

(Å) 10.0724(2) 10.070(1) 8.913(2)
b (Å) 4.40649(6) 4.401(3) 3.959(2)
c (Å) 16.2826(3) 16.240(6) 14.848(5)
V (Å3) 722.69 719.78 523.96

Dx (g cm−3) 6.410 6.436 5.364
Radiation λ (Å) 0.6999 Ag Kα; 0.5594

Absorption μ (mm−1) 253.53 33.84 24.16
T (K) 200(2) 295(2)

Sample size (mm) > 0.1 × 0.1 × 0.1 ~ 0.1 × 0.1 × 0.1

Facility with the radiation source Synchrotron
SNBL beamline of ESRF Enraf-Nonius CAD-4 diffractometer

Type of scan φ ω
2θmax (°) 50.50 43.85 43.80

Limits h, k, l −11 ≤ h ≤ 11 −13 ≤ h ≤ 13, −11 ≤ h ≤ 11,
−5 ≤ k ≤ 5, −5 ≤ k ≤ 5, −5 ≤ k ≤ 5,

−18 ≤ l ≤ 18 −21 ≤ l ≤ 21 −19 ≤ l ≤ 19
No. of reflections: measured/unique

(I> 2σ(I)) 2598/664 1250/1011 777/740

No. of parameters in refinement 37 33

Weighting scheme
1/[σ2(F0

2)+(0.0382P)2+0.37P], 1/[σ2(F0
2)+(0.0382P)2+0.39P], 1/[σ2(F0

2)+(0.0249P)2+2.08P],
P = (F0

2+2Fc
2)/3

R1 (I> 2σ(I)) 0.0385 0.0446 0.0250
wR2 0.1069 0.1143 0.0554
S 1.113 1.247 1.137

Tl(4 )
x 0.4371(4) 0.44212(2) 0.42999(4)
y 0.250 0.250 0.250
z −0.17617(5) −0.17563(2) 0.82319(2)
p 0.490(6) 0.3840(1) 0.39(7)
Ueq 0.0325(6) 0.03981(3) 0.0297(2)

Bi(4 )
x 0.379(14) 0.41443(5) 0.5319(97)

yz 0.250
−0.177(3)

0.250
−0.17764(2)

0.250
0.818(4)

p 0.007(6) 0.1135(1) 0.0027(5)
Ueq 0.006(13) 0.03981(5) 0.0296(6)

Cd(4 )
x 0.1676(1) 0.16764(2) 0.16849(7)
y 0.250 0.250 0.250
z 0.05630(7) 0.05631(2) 0.05615(4)
p 0.500 0.500 0.500
Ueq 0.0222(4) 0.02645(4) 0.0182(2)
1(4 )
x 0.1631(1) 0.16332(2) 0.2873(2)

(To be continued on the next page)
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EXAFS/XANES spectroscopy
The XANES spectra measured at the Tl L3-edge for
TlCdCl3:Bi and TlCdI3:Bi samples (Fig. 4a, b) have pro-
nounced differences in the intensity of the “white line”
and some shifts of curves along the energy scale, but the
general character of the spectra is similar for both sam-
ples. Such differences may be due to the fact that in the
TlCdCl3:Bi and TlCdI3:Bi samples, having a similar local
structures, the Tl ions are coordinated by the Cl and I
ions, respectively.
The EXAFS Fourier transform curves measured at the

Tl L3-edge for the TlCdCl3:Bi and TlCdI3:Bi samples
contain a series of peaks corresponding to the chlorine or
iodine environment of Tl atoms (Fig. 4c). Table 2 con-
tains the results of modelling the Tl environment using

three nonequivalent paths of photoelectron scattering on
Cl or I atoms. The modelling procedure results in the
significantly reduced (dEXAFS = 2.53 Å and 2.73 Å) and
increased (dEXAFS = 3.86 Å and 4.02 Å) values of several
interatomic distances compared with the XRD data for
the TlCdCl3:Bi and TlCdI3:Bi samples, respectively (Ta-
bles 1, 2). It may indicate the presence of vacancies either
in the Cl (the coordination number have not been varied
due to the large number of model parameters, but in sum,
it should be one unit lower than the number of Cl atoms
coordinated Bi atom according to the diffraction data) or
Tl sites which is consistent with the XRD data (Table 1).
The large values of the Debye parameters are due to the
fact that the real nature of the coordination environment
is more complicated than the indicated model.

( )
Chemical formula of the nominal

composition TlCdI3:Bi TlCdCl3:Bi

y 0.250 0.250 0.250
z 0.48989(6) 0.48986(2) 0.2097(1)
p 0.500 0.500 0.500
Ueq 0.0190(4) 0.02134(3) 0.0234(4)
2(4 )
x 0.2915(1) 0.29108(2) 0.1680(2)
y 0.250 0.250 0.250
z 0.21462(6) 0.21401(2) 0.4954(1)
p 0.500 0.500 0.500
Ueq 0.0214(4) 0.02502(4) 0.0194(4)

X3(4 )
x 0.0236(1) 0.02396(5) 0.0239(2)
y 0.250 0.250 0.250
z −0.10712(6) −0.10697(4) 0.8987(1)

pUeq
0.500

0.0170(4)
0.500

0.01845(3)
0.500

0.0173(4)
Tl –2×X1 3.63110(15) 3.6322(2) 3.3492(2)
–1×X1 3.79230(15) 3.7501(2) 3.4294(2)
–2×X2 3.64950(15) 3.5283(2) 3.2416(2)
–2×X2 3.56620(15) 3.6836(2) 3.2413(2)
–1×X3 3.63460(15) 3.6255(3) 3.7890(2)
[Tl–X]avr 3.64006 3.6330 3.3603
Cd–2×X1 2.9830(1) 2.9840(2) 2.6184(2)
–1×X2 2.8474(1) 2.8468(2) 2.5138(2)
–2×X3 3.0411(1) 3.0400(3) 2.7034(2)
–1×X3 3.0184(1) 3.0207(2) 2.6695(2)
Tl–Cd 4.2052 4.9032 4.5178
Tl–Bia 0.5812 0.2486 0.9119

Refined compositions Tl0.980(12)Bi(i)0.014(12)CdI3 Tl0.7680(6)Bi(i)0.2270(6)CdI3 Tl0.78(15)Bi0.22CdCl3 (Model 1)
Tl0.998(1)Bi(i)0.005(1)CdCl3 (Model 2)

Note: The interatomic distance d(Tl–Bi ) is the distance between centers of mass of Tl site (TlTl×) or vacancies in this site (VTl′) and atomic site with
vacancies (Vi

×) or interstitial Bi atoms (Bii•)
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Figure 4 The XANES spectra (a, b) and EXAFS Fourier transform curves (c, d) measured at the Tl L3-edge (a, c) and Cd K-edge (b, d) for TlCdCl3:Bi
and TlCdI3:Bi crystals. A maximum noted as Ti-Bi can be either a physical maximum or an artifact of Fourier filtering.

Table 2 Structural parameters of the Tl local environment, obtained from the modeling of EXAFS Fourier transforms from the TlCdCl3:Bi and
TlCdI3:Bi samples (σ2, the Debye factor; CN, coordination number; Rf, the quadratic discrepancy)

Edge Sample Scattering path dEXAFS (Å) σ2 (Å2) CN Rf (%)

Tl

TlCdI3:Bi
Tl–I 3.86 0.0037 1.5

4.2Tl–I2 4.02 0.0011 0.7
Tl–I3 4.09 0.0154 3.0

TlCdCl3:Bi
Tl–Cl1 2.53 0.0129 2.0

2.1Tl–Cl2 2.73 0.0100 2.0
Tl–Cl3 3.17 0.0191 2.0

Cd
TlCdCl3:Bi

Cd–Cl1 2.58 0.0026 1.3
2.6

Cd–Cl2 2.71 0.0119 4.4

TlCdI3:Bi
Cd–I1 2.87 0.0018 0.7

3.6
Cd–I2 3.00 0.0107 3.8
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The processing of EXAFS spectra usually includes a
low-pass Fourier filtering, which excludes oscillations
corresponding to the interatomic distances less than Rbkg

~1 Å. Such oscillations are either an artifact of the in-
correct operation of monochromator or can be associated
with the AXAFS-scattering of photoelectron emitted by
atom on external electron shells of this atom or electron
pairs formed covalent bonds. A decrease in the Fourier
filtering level to Rbkg ~0.2 Å allows to reveal an intense
peak at very small interatomic distances (~0.6 Å) (Fig. 4c,
d). In our case, for predominantly ionic crystals, this peak
can indicate the presence of Bi atoms at an ultra-short
(1 Å and less) distance from Tl ones. The huge intensity
of the peak is due to the fact that an atom located at a very
small distance closes a large solid angle. The expected
decrease in the peak intensity due to the relatively low
occupancy of Bi interstitial site (in contrast to the AX-
AFS) is compensated by a high atomic number of the Bi
atom, i.e., high electron density and atomic mass. Esti-
mation of the interatomic distance and the coordination
number of Tl–Bi (Table 1) was not performed for this
peak, since both intensity and peak location strongly
depend on the Fourier filtering range.
The EXAFS Fourier transforms measured at the Cd K-

edge for the TlCdCl3:Bi and TlCdI3:Bi samples have one

significant peak, which is responsible for the chlorine or
iodine environment of Cd atom (Fig. 4d). In the
TlCdCl3:Bi structure, there are four nonequivalent Cd–Cl
distances. But it is reasonable not to consider such a large
number of nonequivalent paths of photoelectron scat-
tering since three of them are in the narrow range of 2.6–
2.7 Å, taking into account an error in the determination
of interatomic distances, which can exceed 0.05 Å for
unequal but close distances. Hence, two independent
scattering paths were considered. The CNs obtained are
close to the volume value CNCl = 6, and the interatomic
distances correspond to those found by the XRD analysis.
High value of the Debye factor for a longer scattering
path is due to the fact that this path corresponds to
several nonequivalent scattering paths within the frame-
work of the simplified model. These conclusions are re-
lated also to the TlCdI3:Bi sample, wherein the Tl–I
distances are greater than the Tl–Cl ones, hence, the shift
of the most intense peak toward higher R values is ob-
served in the curve measured for the TlCdI3:Bi (Fig. 4d).
A weak peak at R ~2.2 Å, coinciding in position with the
Cd–Cl peak, is not associated with the presence of
chloride. It can be explained by interference phenomena
during the photoelectron scattering on nonequivalent I
atoms.

Figure 5 Photoluminescence spectra of TlCdCl3:Bi (a, b) and TlCdI3:Bi (c, d) samples recorded at room temperature with excitation with laser
sources at different wavelengths.
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Optical properties
The photoluminescence spectra of TlCdCl3:Bi and TlCdI3:
Bi single-crystal samples excited with light with different
wavelengths are given in Fig. 5. Comparison of the
spectra of both samples indicates their obvious differ-
ences, which is consistent with the XRD and EXAFS/
XANES results. The differences are related to the number
of photoluminescence bands (there are two bands for
TlCdCl3:Bi, and one band for TlCdI3:Bi) and to the shift
of the band with λ ~1200 nm to ~1253 and ~1175 nm for
the TlCdCl3:Bi and TlCdI3:Bi, respectively (Fig. 5) [38,39].
The position of the first photoluminescence band with

λ ~1025 nm in the spectra of TlCdCl3:Bi sample (Fig. 5)
corresponds to the emission of the Bi+ cation [19]. The
nature of the second optically active center (photo-
luminescence band with a maximum at λ ~1253 nm) was
unclear. According to the results of present work, the
band with λ ~1025 nm can really be due to the presence
of Bi+ ions at the Tl+ site, and the second band with λ ~
1253 nm is associated with interstitial Bi+ atoms (Equa-
tion (3)). This conclusion is confirmed by the results of
XRD study of TlCdI3:Bi crystals: in all the spectra of the
TlCdI3:Bi sample, the photoluminescence band with λ ~
1000 nm is absent (Fig. 5), and only one broad intense
photoluminescence band with a maximum at λ ~1175 nm
occurs, which is probably due to a high concentration of
interstitial Bi atoms (Equation (1)) caused by a shift in the
luminescence band (Fig. 5). It should be noted that these
discussions and conclusions are related to main point
defects, which, in turn, can enter into associates of dif-
ferent types and compositions.
Despite the similarity of the spectra of TlCdI3:Bi given

in Fig. 5c, d, they are slightly different in the intensities at
the center and at the wings of the band. It indicates that

there is one photoluminescent center in the sample re-
sponsible for most of the emitted radiation. However,
along with it, the sample under investigation contains one
or more radiating centers, which contribute insignif-
icantly to the overall photoluminescence signal. The
emission of these centers causes differences in the pho-
toluminescence spectra obtained with the excitation at
different wavelengths.
The photoluminescence decay from the TlCdI3:Bi and

TlCdCl3:Bi samples after photoexcitation with a pulsed
light source was studied (Fig. 6).
Fig. 6 shows that the photoluminescence decay from

both samples is well described by a one-exponential
model. The characteristic lifetimes are 30 μs (1) and 35 μs
(2) for the TlCdI3:Bi (Fig. 6b). Due to the fact that the Bi+-
doped RbAlCl4, CsAlCl4, RbMgCl3, CsMgCl3, KCdCl3 and
RbCdCl3 crystals were found to possess the long-lived
luminescence from 280 μs to 525 μs [19], the Bi+ ion can
hardly be the source of photoluminescence from the
TlCdI3:Bi sample. The characteristic lifetimes are 150 μs
(1) and 170 μs (2) for the TlCdCl3:Bi (Fig. 6 ). It is as-
sumed that the appearance of IR photoluminescence
bands in the TlCdCl3:Bi is apparently due to the optical
transitions between the energy levels of the Bi+ cation
located in a crystalline environment (field), similar to the
KMgCl3:Bi crystals, which also possess long-lived lumi-
nescence [17].

CONCLUSIONS
The Bi+-doped TlCdCl3 and TlCdI3 single crystals have
been investigated by XRD analysis using X-ray and syn-
chrotron radiation with the subsequent refinement of site
occupancies and analysis of the residual electron density
as well as EXAFS/XANES spectroscopy. In addition, the

Figure 6 Decay curves of photoluminescence peaked at 1035 (1) and 1270 nm (2) under excitation at 620 and 690 nm for the TlCdCl3:Bi sample (a)
and decay curves of photoluminescence peaked at 1170 nm under excitation at 740 (1) and 350 nm (2) for the TlCdI3:Bi (b). The approximation of the
obtained curves by a single-exponential function is shown.
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photoluminescent properties have been studied for both
samples.
The crystals studied here have precise real compositions

Tl0.7680(6)Bi(i)0.2270(6)CdI3 and Tl0.998(1)Bi(i)0.005(1)CdCl3 with va-
cancies in the Tl sites (VTl′) and interstitial Bi atoms (Bii•)
and defect-free Cd ( dCd

×) and I or Cl (XX
×) sites. The

presence of Bi ions in the Tl site, i.e., (Tl,Bi)0.998(1)Bi(i)0.005(1)
CdCl3, is possible for the TlCdCl3:Bi1+ sample.
The TlCdCl3:Bi1+ single crystals are characterized by

two optical centers (λ ~1025 nm and λ ~1253 nm), which
corresponds to the presence of Bi+ ions in the Tl+ sites
(BiTl×) and interstitial Bi atoms (Bii•), respectively. Inter-
stitial Bi atoms (Bii•) are responsible for one optical center
(λ ~1175 nm) in TlCdI3:Bi single crystal. Associates
comprising of these point defects and vacancies in the Tl
site (VTl′) may also affect an appearance of the optical
centers.
The wide luminescence band, non-hygroscopicity and

easiness of obtaining Bi+-doped TlCdCl3 and TlCdI3 sin-
gle-crystals make them attractive for potential applica-
tions in photonics.
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