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A B S T R A C T

The luminescence properties of two co-doped ZnSe:(Cr, Fe) single crystals, grown by the Bridgman method, have 
been studied using photoluminescence techniques. Structural characterization by high-resolution X-ray diffrac
tion (HR-XRD), electron paramagnetic resonance (EPR) and scanning electron microscopy (SEM) has revealed 
that the samples differ in terms of dopant concentration and intrinsic native defects. Analysis of the VIS and near- 
IR photoluminescence spectra, based on the modified crystal field theory and DFT calculations has shown that Fe 
and Cr exist in two charge states (+2/+3) and can be located in both tetrahedral and octahedral positions. In the 
blue light region, quantum dots (QDs) appear. These represent clusters of three Cr-containing octahedral com
plexes accompanied by Zn vacancies, anticipating the formation of spinel ZnCr2Se4 inclusions in the host 
chalcogenide ZnSe matrix.

1. Introduction

Nowadays, the wide bandgap semiconductor zinc selenide (ZnSe) 
and its solid solutions with transition and rare-earth metals continue to 
generate significant interest due to their potential applications in high- 
performance photoelectric [1–4] and spintronic devices [5,6]. A new 
intensive surge of interest has been emerged due to the advancements in 
technologies aimed at producing various structural forms of ZnSe, 
including single- and nanocrystals [7–11], film materials [12,13], 
nanowires [14,15], and quantum dots [16–18].

Despite a large amount of experimental and computational works, 
the interpretation of the photoluminescence (PL) spectra of both pure 
and doped ZnSe crystals is challenging. The problem lies in the complex 
behaviour of the dopants in the host ZnSe matrix during the solid so
lution formation [19–21]. The ability of Fe and Cr to embed in the 
interstitial space of ZnSe and readily change their valence states under 
the influence of external factors leads to changes in the desired dopant 
concentrations and the appearance of unwanted inclusions with the 
spinel structure [22]. Additionally, charge compensation is required, 

resulting in a rearrangement of the lattice structure. In particular, a 
precondition for the spinel ZnCr2Se4 formation in the ZnSe matrix is the 
appearance of quantum dots (QD), clusters of three Cr-containing 
octahedral complexes accompanied by zinc (Zn) vacancies. It can be 
noticed that this phenomenon has a common character for chalcogenide 
matrices and has been observed, e.g., in Refs [23]. and [24]. The reason 
why the Cr ions form centers in octahedral cavities instead of under
going isomorphic substitution is not completely understood.

This paper continues studying the optical properties of co-doped 
ZnSe: (Cr, Fe) single crystals obtained by the Bridgman method [25]. 
We report the PL spectrum obtained in the visual (VIS) and near-infrared 
(IR) wavelength regions in a wide temperature range from 290 to 4 K 
from the tested samples and discuss the reasons and origins of its for
mation. The study includes a thorough structural characterization with 
high-resolution X-ray diffraction (HR-XRD), electron paramagnetic 
resonance (EPR) and scanning electron microscopy (SEM), as well as a 
complex PL spectroscopic strategy and theoretical approach combining 
the semi-empirical Modified Crystal Field Theory (MCFT) [26] and the 
density functional theory (DFT) using a computational code CRYSTAL 
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[27]. We believe this approach is promising as it combines the possi
bilities of the semi-empirical method to derive information related to the 
dopant properties and the ab initio method to obtain information related 
to the host matrix.

We have shown that the PL spectrum of the co-doped ZnSe(Cr, Fe) 
samples comprises two main regions: the self-activated blue spectral 
region caused by the near-band edge emission and the green-red spectral 
region related to the impurity-containing defect complexes. Cr and Fe 
are considered as dopants, and Mn is classified as an uncontrolled im
purity. Both doped Fe and Cr can exist in two charge states (+2 and + 3) 
and occupy both tetrahedral and octahedral positions. This leads to the 
formation of multiple luminescence centers in the visible (VIS), near- 
infrared (near-IR), and mid-infrared (mid-IR) regions. Specifically, Fe³⁺ 
and Cr³⁺ emit light in the green and red wavelength regions, whereas the 
Mn2+ ions are seen in the yellow-orange region.

In the blue light region, we observe the formation of QDs, which is a 
first step before the creation of spinel ZnCr₂Se₄ inclusions within the host 
chalcogenide ZnSe matrix. In addition, the formation of these quantum 
dots gives rise to the emergence of a Cr [1]⁺ luminescent centre, which 
emits light in the near-infrared region.

2. Experimental section

Samples. Co-doped ZnSe:(Cr, Fe) samples were purchased from 
3photon Lithuania (ZnSe#1) and Advatech UK (ZnSe#2). The samples 
have been grown by the Bridgman technique; iron and chromium 
doping was carried out simultaneously during the process of directional 
solidification; Table 1. The Fe2+ and Cr2+ concentrations have been 
determined from optical transmission measurements. They do not point 
to the actual dopant concentrations but provide only the concentration 
of those ions incorporated into Zn sites of the metal sub-lattice.

HR-XRD and EPR characterization. High-resolution X-ray diffrac
tion was carried out in a triple-axis setup on a 9 kW SmartLab diffrac
tometer (Rigaku) using a four bounce Ge (220) Bartels monochromator 
and a two bounce Ge (220) analyzer crystal. In order to determine the 
lattice parameters of the samples with high absolute accuracy we have 
applied the modified Bond method. For more details about this tech
nique see Ref. [28]. The samples have a sphalerite structure with the 
F43m symmetry group and the following coordinates: Zn 4c – (1/4 1/4 
1/4) and Se 4a – (0 0 0). Both samples are single crystalline. In order to 
check the crystal quality of the samples, a high-resolution X-ray rocking 
curve analysis has been carried out. The rocking curves were recorded in 
the vicinity of the (220) and (440) Bragg reflections at room (300 K) and 
close to liquid nitrogen (93 K◦) temperatures; Fig. 1. The ZnSe#1 sample 
shows a slight broadening caused the presence of a few macroscopic 
grains with a maximum angular spread of about 0.11◦. The surface 
orientation is close to the (110)-plane with a small deviation of the order 
of 2◦. The ZnSe#2 sample is 3.5 off (111) orientation but do not contains 
grain boundaries; see Table 1.

The temperature dependence of the lattice parameters obtained in 
the 100 − 300 K range shows that the ZnSe#2 lattice parameter exhibits 
a weak kink at 200 K and probably undergoes a slight structural rear
rangement without lowering the initial symmetry; Fig. 2. We have 
extrapolated the HR-XRD data to zero to obtain the lattice parameters at 
the lowest temperatures. This is possible because the EPR data confirm 

that both co-doped samples exhibit structural stability throughout the 
temperature range of 4 K < T < 450 K; see Figs. A1 and A2 in the 
Supplementary materials. The changes observed are not strong enough 
to indicate a structural transition. Thus, one can consider that the lattice 
parameter a = 5.6611 Å can be used for the further analysis of the op
tical spectra obtained at low temperature in both samples.

SEM analysis. The microstructural analysis of the samples was 
carried out using a "dual-beam" NOVA 600 system that combines a field 
emission gun scanning electron microscope with a gallium focused ion 
beam. The SEM investigations revealed that the co-doped samples are 
free from any contaminating phases or clusters. The EDS analysis of the 
sample contents showed that the element composition corresponds to 
the sphalerite ZnSe structure and indicated the presence of Fe and Cr, 
but the distribution of Fe and Cr is not uniform across the samples. In 
ZnSe#1, the amount of Zn is 〈52.28〉 at.% and Se is 〈44.33〉 at.% [25]. 
Thus, the average exhibits many native defects like VSe because the 
number of Se positions is less than the Zn positions. ZnSe#2 has more 
stoichiometric composition: the average amount of Zn is 〈50.76〉 at.% 
and Se is 〈49.24〉 at.%.

Comparison of the XRD and SEM findings shows that the dopant 
concentrations are most probably not the reason for the observed dif
ference in the lattice parameter. Indeed, sample ZnSe#1 with the lower 
lattice parameter exhibits a higher Fe2+ concentration (~2⋅1018 cm− 3), 
while ZnSe#2 with the higher lattice parameter actually displays a 
lower Fe2+ concentration (~2⋅1017 cm− 3); see Table 1. The reason for 
the observed difference in the lattice parameter lies in the different 
element compositions or the different non-stoichiometry of the samples. 
Since the number of Se vacancies is higher in ZnSe#1, the lattice 
parameter is smaller than in ZnSe#2.

EPR measurements. EPR spectroscopy studies have been carried 
out on a Bruker ELEXSYS E580 spectrometer at X-band (9.382780 GHz) 
in a wide temperature range using the ER 4122 SHQE SuperX High-Q 
cavity with ER 4112HV variable temperature helium-flow cryostat. 
The following parameters were used for the EPR measurements: mod
ulation frequency – 100 kHz, modulation amplitude – 0.8 mT, micro
wave power – 0.4743 mW, conversion time – 60 ms, and spectra 
resolution – 4096 points.

The EPR spectra of the ZnSe#1 and ZnSe#2 samples recorded in a 
magnetic field B→ ⎪⎪ [110] at low temperatures are depicted in Fig. 3.

The EPR analysis of the ZnSe#1 sample performed in Ref. [25] 
revealed that Fe3+, Mn2+, Cr2+ and Cr3+ are responsible for the EPR 
spectrum. The analysis also indicated that Mn2+, Fe3+ and Cr2+ are 
situated in the tetrahedra, while Cr3+ is located in the octahedrons.

The EPR spectrum recorded from the ZnSe#2 sample shows a well- 
resolved hyperfine structure with nuclear spins I = 5/2 of 55Mn 
isotope which correspond the Mn2+ ions located in the tetrahedral po
sitions. The EPR spectrum can be described with a conventional spin 
Hamiltonian since Mn2+ have 3d [5] electron configuration with the full 
electron spin S = 5/2 and a 6-fold degenerated orbital singlet 6A as the 
ground state. 

Ĥ = gμBBS+D •

[

S2
z −

1
3

S(S+1)
]

+ E •
(

S2
x − S2

y

)
+ ASI. (1) 

The first term in formula (1) represents the Zeeman interaction, 
where B is the external magnetic field, μB is Bohr’s magneton, g is a g- 
factor, and S is a full electron spin. Sx, Sy, and Sz are the fullspin pro
jections. The second term describes the zero-field interaction with a 
constant D. The third term defines the degree of rhombicity of the system 
with a constant E. The hyperfine interaction between electrons with spin 
S and a nuclear spin I is described by the fourth term. In general, A 
represents an anisotropic hyperfine tensor. The last term in the spin 
Hamiltonian describes an HF interaction with nuclear spins I = 5/2 of 
the 55Mn isotope.

The parameters of the spin Hamiltonian extracted using the 
MATLAB-based software package EasySpin 6.0.5 [29, 30] are the 

Table 1 
The characteristics of ZnSe single crystals co-doped with Fe2+ and Cr2+.

Sample Orientation Size 
(mm3)

Dopant concentration 
(cm− 3)

Cr2+ Fe2+

ZnSe#1 ~2◦ deviation from (110); many 
grain boundaries

5 × 6 × 2 2 ×
1018

2 × 1018

ZnSe#2 ~3.5◦ deviation from (111); no 
grain boundaries

10 × 10 ×
10

~1017 <2 × 1017
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following: g = 2.0091, A = 6.46 ± 0.01 mT, D and E are negligible. The 
final result can be explained by the fact that the Mn2+ ions predomi
nantly occupy the tetrahedral positions and have the highly symmetric 

ground state, which does not distort the Td symmetry.
There are no visible EPR signals from of the Cr and Fe dopants due to 

their low concentrations compared to Mn2+ in the ZnSe#2 sample.
PL measurements. Temperature-dependent photoluminescence 

(PL) was measured in both samples tested using a SPEX1672 double 
grating monochromator in the 300–800 nm spectral range with a 365 
nm UV LED as the excitation source and a cooled PMT as the detector. 
Fig. 4a and b displays the PL spectra obtained over a wide temperature 
range of 4 K < T < 290 K. Fig. 4c and d shows the decomposition of the 
PL spectra obtained at 4 K.

Although the samples are almost identical, the PL spectra look very 
different. Indeed, the samples have the same crystal symmetries. The 
lattice parameters are slightly different, and this difference does not 
affect the energy spectrum. However, the various concentrations and 
numbers of native defects, such as Zn vacancies, give rise to the crucial 
difference between these spectra.

Nevertheless, the PL spectra show the same characteristics. The PL 
spectra of both samples are composed of three complex bands at 
400− 500 nm (the blue bands), 500− 600 nm (the green bands) and 
600− 700 nm (the red bands). The room-temperature luminescence is 
practically not observed; the intensity of the 400− 500 nm band in
creases on cooling from 290 to 4 K; the 500− 700 nm band forms only in 
the spectra below 100 K.

The blue PL band in both samples has a complicated structure and 
slightly shifted in the red region compared with undoped ZnSe [31, 32]; 
Fig. 4c and d. The pronounced near-band edge emission at 460 nm, 
labeled as ZnSe, appears at 100 K in both samples and is generally 

Fig. 1. Rocking curves obtained for the tested samples at the (220) and (440) Bragg reflections: (a) ZnSe#1 (220); (b) ZnSe#1 (440); (c) ZnSe#2 (220); (d) 
ZnSe#2 (440).

Fig. 2. Temperature dependence of the lattice parameters of the 
tested samples.
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associated with the emission of free and bound excitons [33, 34]. In 
particular, the three successive equidistant bands at 464, 470, and 476 
nm, well-resolved on the PL spectra in Fig. 4b, are longitudinal (LO) 
phonon replicas of the ZnSe band. The observed averaged energy 
spacing of 244 cm− 1 agreed with the LO phonon energy of 251 cm− 1 

measured by the Raman techniques for the ZnSe: (Cr, Fe) samples (is not 
shown here).

In addition, the blue PL band contains at least two bands of equal 
intensity, labelled QD1 and QD2. The positions of the QD1 and QD2 
bands (407 and 431 nm in ZnSe#1; 455 and 449 nm in ZnSe#2) are in 
good agreement with the sub-bandgap luminescence of the ZnSe quan
tum dots (QD) observed, for example, in Ref. [35]. Since the bandgap of 

a quantum dot is broadened as compared to a bulk crystal due to the 
quantum confinement effect [4, 36], the sub-bandgap luminescence 
maximum is blue-shifted. The size of a quantum dot influences the 
quantum confinement effect – the smaller the size, the larger the 
bandgap and the higher the emission energy, respectively [17, 18]. 
Therefore, the presence of two peaks (QD1 and QD2 in Fig. 4) indicates 
the existence of quantum dots with two different sizes. The quantum 
dots could be formed during the crystal growth within the crystal host. 
For example, the LaAl11O12 and CeAlO3 phases appear as inclusions 
within crystal volumes during the crystal growth in the LaAlO3:Ce host 
matrix [37, 38].

We can conclude that the lower intensity of the sub-bandgap 

Fig. 3. EPR spectrum of the co-doped ZnSe#1 sample recorded at T = 20 K. (b) EPR spectrum of the co-doped ZnSe#2 sample recorded at T = 4 K The operating 
frequency is f = 9.382780 GHz. The magnetic field is oriented along with the [110]-axis.

Fig. 4. PL spectra measured in the ZnSe#1 sample (a) and ZnSe#2 sample (b) under excitation in λex = 365 nm. QD1 and QD2 denote the bands originating from the 
ZnSe quantum dots. ZnSe denotes the sub-bandgap luminescence of the ZnSe host. Decomposition of the low-temperature (4 K) PL spectra of the ZnSe#1 sample (c) 
and ZnSe#2 sample (d). See text below for descriptions. Peak maxima are given in nm.
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luminescence in the case of ZnSe#1 as compared to ZnSe#2 is caused by 
several factors. Firstly, it is the reduced amount of the single crystal in 
the ZnSe#1 due to the formation of the quantum dots and, secondly, the 
light scattering and tunnelling at the quantum dots leading to both to the 
re-absorption and non-radiative transitions. Note that QDs are difficult 
to detect by HR-XRD when their concentration in the host material is 
low [39].

Finally, the green and red bands are related to the emission of 
impurity-containing complexes [40] and references therein. To define 
what kind of impurities contribute to the PL spectra in the visual range, 
we have decomposed the low temperature PL spectra. We found that 
Fe3+, Cr3+ and Mn2+ appear in the spectra in different environments. 
Cr3+ is only found in an octahedral selenide cage, Mn2+ and Fe3+ can be 
found in both tetrahedral and octahedral positions.

IR-PL measurements. To get more information about the samples, 
infrared (IR) photoluminescence has been measured as well. The IR PL 
spectra were measured at room temperature in the range of 550–1100 
nm using a Horiba H20IR grating monochromator. A 532 nm laser was 
used as an excitation source and a Si photodiode as a detector. To ach
ieve a better spectral resolution, some of the IR PL spectra were also 
measured using a Nicolet iS50 FTIR spectrometer (Thermo Fisher Sci
entific) equipped with an FT Raman module with the 1064 nm laser and 
InGaAs photodiode detector. The IR PL spectra of both samples are 
shown in Fig. 5.

Both spectra consist of a broad band in the visual 500− 850 nm re
gion and a pronounced band in the near IR region of 850–1100 nm. As in 
Fig. 4, the spectral bands have different intensities related to the 
different dopant concentrations. The decomposition of the IR-PL spectra 

indicates the presence of impurity-containing complexes in the samples. 
The broad near-IR band suggests the appearance of Cr1+ ions in the 
tetrahedral positions caused by the formation of the quantum dots and 
the further clustering process.

3. Results and discussion

Analysis of the co-doped ZnSe (Cr, Fe) structure. Although a ZnSe 
compound exhibits a very simple cubic crystal structure, a number of 
problems arise with transition metal doping [23, 24, 25, 41,42]. First of 
all, it is a problem related to the formation of the Frenkel defects. In 
particular, under Cr and Fe doping, it is expected that Cr and Fe will 
have charge state +2, substitute Zn2+ and occupy tetrahedral positions. 
However, the dopant ions can embed in the interstitial space and form 
the Frenkel defects written in accordance with the Kröger–Vink notation 
like ø = (Cr/Fe)2+i + Vʹ́

Zn (where i denotes interstitial space and Vʹ́
Zn is a 

two-charged Zn vacancy) as shown in Fig. 6a. The same applies to Mn 
ions, which are present in the tested samples as uncontrolled impurities. 
The other problem is linked to the different solubilities of foreign atoms 
in chalcogenide matrixes. If the doped ions are well dissolved in a host 
matrix, a homogeneous solid solution is formed [41–44]. If impurity 
ions are weakly dissolved in a host matrix, the nanoclusters with the 
spinel structure can be formed around them [22, 23, 24]; see Fig. 6b. The 
last problem is that the Cr and Fe ions readily change their charge state 
by adapting to the crystalline environment or reacting to temperature. 
For example, the charge transfer Fe2+↔Fe3+ occurs as a result of a 
self-ionization process [42, 45] and Cr3+ appears due to a clustering 
process. Thus, Cr and Fe embedded in the host ZnSe matrix can occupy 
both tetrahedral and octahedral positions and change their charge 
states, giving rise to four different paramagnetic subsystems: Fe2+/Fe3+

and Cr2+/Cr3+.
The incorporation of Fe into the interstitial space does not lead to the 

formation of any other crystalline phases, whereas the incorporation of 
Cr leads to the formation of spinel phase inclusions. In general, the 
clustering occurs in two steps depending on the Cr concentration. The 
quantum dots are formed at low Cr concentrations. As the Cr concen
tration increases, spinel clusters are formed. In the first step, two or three 
Cr2+ ions cluster together in the interstitial space forming Frenkel de
fects; see Fig. 6b. Being in the octahedral position, they change their 
charge state from +2 to +3 and release extra electrons into the ZnSe 
crystal. These extra electrons are captured by the nearest Cr2+ and as a 
result, Cr1+ ions settle in the nearest tetrahedrons. The Cr3+ ions begin 
to interact with each other as quantum dots and can be seen in the blue 
band in Fig. 4.

In the second step, as the Cr concentration increases, the nano
clusters with the spinel structure are formed based on these quantum 
dots. Thus, the QDs are the prerequisite for the formation of a new 
ZnCr2Se4 spinel phase. The process can be written like: 

Step 1: øi = Cr2+
oct + VZn ⇔ Cr2+ − e− + VZn ⇔ Cr3+

oct + VZn + Cr1+
tetr

Step 2: ø1 + ø2 + ø3 ⇔ QD ⇔ [ZnCr2Se4].

DFT analysis. First-principles calculations have been performed 
using the CRYSTAL23 code [12] within the Linear Combination of 
Atomic Orbitals (LCAO) approximation and using the hybrid PBE0 
exchange-correlation functional [46, 47]. The POV-TZVP-rev2 basis sets 
[48] were applied for Zn and dopant ions (Mn, Fe, Cr); for the Se ions, we 
use the pseudopotential effective-core basis set ECP28MDF of Dolg et al. 
[49] together with the corresponding (4s4p4d)/[3s3p2d] valence basis 
[50]. A homogeneous neutralising charge background was used to 
calculate charged defects.

We have calculated the band structure and total density of states for 
the cubic ZnSe sphalerite and ZnCr2Se4 spinel structures; see Fig. 7. The 
lattice parameters of 5.6611 Å and 10.54 Å are applied for ZnSe and 
ZnCr2Se4 respectively. The band gap for ZnSe was found to be 2.91 eV Fig. 5. IR-PL spectra of ZnSe#1 and ZnSe#2 samples obtained at room tem

perature. The excitation wavelength is 532 nm.
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Fig. 6. Elementary cells of a ZnSe sphalerite (a) with three ions of Cr3+ ions embedded in the interstitial space and a ZnCr2Se4 spinel (b) structures.

Fig. 7. The band structure and total density of states calculated for an undoped cubic ZnSe (a) sphalerite and ZnCr2Se4 spinel structures (b). The dashed line is the 
ZnSe band structure determined by spin-current density functional theory. In the density of states (DOS) plot for ZnSe, the calculated and smothened DOS are shown 
in solid, and the dashed line is experimentally measured XPS data [56].
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without considering the spin-orbit interaction. Inclusion of the spin- 
orbit interaction into consideration using a spin current DFT formula
tion [50–54] results in a reduction of the band gap to 2.78 eV, which is 
due to the lowering of the conduction band bottom. The spin-orbit 
splitting energy of the valence band at the Γ-point of 0.38 eV, which is 
in good agreement with the experimentally measured value of 0.40 eV 
[55]. The splitting also affects the highest valence band within the entire 
first Brillouin zone.

The direct band gap of the ZnCr2Se4 spinel structure in the Γ-point is 
2.37 eV. Additionally, there are possibilities for indirect transitions 
through Γ-to X-points due to the less band gap of 1.77 eV.

The CRYSTAL23 code was used to determine the energies of defect 
formation in the tested samples. A periodic 2×2×2 supercell consisting 
of 64 atoms was used to simulate isolated defects in the crystal lattice. 
The defect formation energy Ef is calculated according to the following 
equation [57]: 

Ef = ED – Ep – μMe + μZn.                                                                     

In our calculations, ED represents the total energy of the defect supercell, 
and Ep indicates the total energy of the pristine supercell. The chemical 
potentials for the cations are denoted as μZn and μMe. For the chemical 
potential of selenium μSe, we use the energy of a single atom in the se
lenium crystal. Additionally, the chemical potential for a dopant ion μMe 
is derived from the total energy of the corresponding MeSe selenide in its 
ferromagnetic phase.

The formation energies of Mn (~0.01 eV) and Fe (~0.02 eV) sub
stitution defects (Me2+→Zn2+) are close to zero, indicating that these 
impurities are freely soluble in a ZnSe matrix. In contrast, the substi
tution of Zn by Cr is more chellenging and requires 0.59 eV. The 
calculated energies of the defect complexes Me2+

tetr + VZn show that the 
binding of Cr2+ substitution defects to a nearest Zn vacancy is energet
ically favourable (− 17.8 eV), whereas for Fe and Mn defects this process 
is endothermic and takes 8.8 and 68.8 eV, correspondingly. Addition
ally, the formation of a Frenkel defect like ø = Cr2+

oct + Vʹ́
Zn requires 3.61 

eV. As a result, Cr tends to change its charge state to +3 when in an 
octahedral position [58]. Multiple edge-shared [Cr3+Se6] octahedrons 
can cluster together, serving as a seed for the formation of the spinel 
ZnCr2Se4 inclusions [22].

We also analyzed the positions of the electronic states associated 
with substitutional defects concerning the band gap. Fig. 8 illustrates 
that Mn and Fe substitutional defects do not generate electronic states 
within the band gap. Instead, their d-states are located within the 
valence band. The unoccupied d-states of Mn and Fe are found close to 
the bottom of the conduction band. It can be expected that when an 

electron is trapped at these levels, it will move into the band gap 
following further radiative relaxation. The electronic states of Cr ions 
and Zn vacancies can be found within the band gap. For Cr2+ ions 
located in tetrahedral positions, the occupied states are positioned just 
above the valence band, while the unoccupied states are near the bottom 
of the conduction band. In the case of Cr1+ ions, which are also in 
tetrahedral positions, their energy levels reside in the middle of the band 
gap. Conversely, when Cr3+ ions occupy octahedral positions, we only 
observe unoccupied states within the band gap, with the occupied states 
located deep within the valence band. Studying the defect complexes 
(Me + VZn), we observed that vacancy defect has almost no effect on the 
d-states of impurity ions.

MCFT: basic statements and parameters of the problem. We 
applied the modified crystal field theory to confirm the presence of 
Cr2+/3+, Fe2+/3+, and Mn2+ in the Pl and IR-PL spectra shown in Figs. 3 
and 4. MCFT is a semi-empirical numerical method for calculating the 
electron energy levels of paramagnetic ions embedded in a coordination 
complex of arbitrary symmetry. We have detailed the main statements of 
the MCFT in the monograph [26]. Here, we briefly mention the 
following points.

Similar to the conventional crystal field theory, we consider a 
paramagnetic ion in a crystal potential, which is created by the electrons 
and nuclear charges surrounding a paramagnetic ion. The point charge 
approximation is valid. All calculations are carried out within the single- 
configuration approximation. The model utilizes the many-determinant 
wave functions constructed from hydrogen-like functions to describe the 
electron states of an unfilled shell of a paramagnetic ion. The Born- 
Oppenheimer approximation is inherently assumed, i.e., the eigen
functions used to construct a solution are parametrically dependent on 
the positions and charges of ligands. All the relativistic interactions and 
the interaction with an external magnetic field can be taken into account 
within the MCFT.

The parameters of the problem are an effective nuclear charge of a 
paramagnetic ion and a constant for accounting for the relativistic in
teractions. The effective nuclear charge is an averaged parameter 
characterizing the Coulomb’s field of the core, which is simultaneously 
modified in the presence of a cloud of ligand electrons. It gives the op
portunity to implicitly account for the influence of ligand electrons, or, 
in other words, the covalence degree of a «paramagnetic ion− ligand » 
bond. It significantly enhances the predictive capabilities of the modi
fied crystal field theory.

Thanks to the simple parameterization MCFT makes it possible to 
investigate coordination complexes with arbitrary symmetry and a set of 
ligands, to study various types of distortions of the coordination complex 
by modelling their effect on the electron states of the system, as well as 
to investigate the evolution of the electron structure under the influence 
of external parameters such as pressure, temperature, and magnetic 
field. Applying MCFT, one can get information about spin and orbital 
states of a paramagnetic ion, calculate g-factors for analyzing EPR 
spectra [23, 41, 42] and also the intensity of magneto-dipole transitions 
for analyzing the spectra of optical absorption and luminescence [25, 
59].

Finally, the calculated spectrum depends on parameters describing 
the paramagnetic ion and the coordination complex. In other words, we 
need to know the coordinates and charges of the ligands, the parameter 
characterizing the relativistic interactions, and the value of an effective 
nuclear charge of a paramagnetic ion in a host matrix Zeff.

Thus, for the MCFT calculations, we use the ligand coordinates for 
both samples with a = 5.6611 Å. The ligand charges are assumed to be 
− 2, given the oxidation state of the selenide. The one-electron constants 
of the spin-orbit interaction for the dopants Cr3+, Cr1+, Fe3+, and the 
uncontrolled impurity Mn2+ depend on the Zeff as follows ξcalc

3d ∼

Z2− βZ 2
eff [60], where the parameter Z is a nuclear charge and β are equal 

to βCr3+ = 0.13, βCr1+ = βFe3+ = βMn2+ = 0.06. The calculated spin-orbital 
constants for the free ions are in a good agreement with the 

Fig. 8. Electronic defect states generated by chromium and zinc vacancy de
fects in the ZnSe matrix. Only states within the band gap are shown. Filled 
circles represent filled states, while empty circles represent unfilled states.
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experimental values ξCr3+ = 288 cm− 1, ξCr1+ = 189, ξFe3+ = 485 cm− 1 

and ξMn2+ = 342 cm− 1 [61, 62], correspondingly. The other character
istics of the tested ions are given in Table 2. Note that the spin-orbital 
constants are reduced in the crystal field due to the ligand charges, 
which provide additional shielding of the Zeff of a paramagnetic ion.

MCFT analysis. Table 2 shows characteristics the octahedral and 
tetrahedral coordination complexes in the co-doped ZnSe samples and 
also Fe3+, Cr3+ and Mn2+ ions. According to Table 2, the Cr3+, Fe3+ or 
Mn2+ ions embedded in the interstitial space of ZnSe become 6-fold 
coordinated. The large octahedral volume weakens the influence of 
the octahedral crystal field on these ions. However, they can move from 
the symmetry center of the coordination complex towards the associated 
vacancy in the next coordination sphere; see Fig. 6a. Conversely, when 
the Cr1+, Fe3+ or Mn2+ ions replace Zn2+ in the tetrahedra, they feel a 
sufficiently strong crystal field from the surrounding selenide cage to 
prevent any displacements from the symmetry center.

The presence of Cr1+, Fe3+, and Mn2+ in the ZnSe matrix does not 
cause low-symmetry distortions of the selenide cage, as these ions have a 
spherically symmetric 6S ground state. Conversely, Cr3+ has a small 
ionic radius and a strongly anisotropic 4F ground state—the first results 
in displacements of Cr3+ ions from the octahedral center, and the second 
causes low-symmetry distortions of the selenide octahedron. Addition
ally, the presence of VZn in the nearby coordination sphere violates the 
electrostatic equilibrium and results in its deformation.

We have calculated the energy diagrams of the Fe3+, Cr3+, Mn2+ and 
Cr1+ ions located in the selenide tetrahedra and octahedra, depending 
on the effective nuclear charge Zeff. The diagrams can be found in the 
Supplementary material in Figures B1-B6, showing the energy levels up 
to 6⋅104 cm− 1. For Cr3+ in the octahedrons (Figure B5), the energy range 
is restricted to 4⋅104 cm− 1. Experimental excitation wavelengths λex =

365 nm (or 27397 cm− 1) and λex = 532 nm (or 18797 cm− 1), as well as 
the peak values of the PL and IR-PL transitions in Fig. 4a and 5, are 
depicted by red dash lines and red solid arrows. The obtained results are 
summarized in Table 3.

The diagrams in Figures B1-B6 and Table 3 indicate that the lumi
nescence bands observed in Figs. 4 and 5 can be attributed to the dopant 
ions Fe and Cr, as well as the impurity ions of Mn. The Fe ions exist in a 
charge state of +3 and occupy both tetrahedral and octahedral positions. 
The Cr ions can have charge states of +3 and + 1, with +3 occupying the 
octahedral positions and +1 occupying the tetrahedral positions. The 
Mn ions are incorporated in the host ZnSe matrix as +2 ions and pre
dominantly occupy the tetrahedral positions, although a fraction can 
also be found in the octahedral positions.

According to Fig. 4b and Table 3, the determined band positions for 
the Mn and Cr ions’ bands as well as Fe3+ in the tetrahedral positions 
have very close energies. Given this, we can use a single value for Zeff for 
both samples, except the Fe3+ ions are in octahedral positions. The en
ergy difference between the bands is approximately 1600 cm⁻1, which 
complicates the accurate determination of Zeff due to the low intensity 

and broad width of the Fe³⁺ band in the ZnSe#2 sample, as shown in 
Fig. 4b.

The presence of Fe3+ in tetrahedral and octahedral positions of the 
ZnSe matrix is caused by the temperature-induced charge transfer and 
confirmed by the EPR analysis made in Ref [42] and also in the works of 
other authors [65, 66].

A signal from Cr3+ as a part of spinel inclusions has been recorded in 
the EPR spectrum of the Cr-doped HgSe matrix [23] and also in ZnSe#1 
(i.e., co-doped ZnSe:(Cr, Fe) single crystal) in our earlier work [25]. The 
other authors confirm the existence of the +3 charge state of Cr in 
various chalcogenide matrices; see e.g. [58, 67]. The EPR signals of Cr1+

in a ZnSe matrix have been indicated using time-dependent photo-EPR 
method as a result of Cr charge transfer processes [68].

In addition, we have recorded the presence of Mn2+ in two crystal
lographic positions. In particular, Mn2+ in the tetrahedral positions 
gives the band at 587 and 582 nm in ZnSe#1 and ZnSe#2 samples, 
respectively. These emission band positions are similar to those for Mn2+

in bulk [69, 70] and nanocrystalline [71] ZnSe samples. Mn2+ in the 
octahedral positions emits in the orange region at 632 and 630 nm. The 
presence of Mn2+ in the octahedral positions has been observed in the 
EPR spectrum of Fe doped ZnSe [42]. Also in Ref. [72], EPR and optical 
absorption studies showed that the site symmetry of Mn2+ in Mn2+

doped ZnSe nanoparticles is predominantly octahedral.
To provide a comprehensive understanding, we calculated the en

ergy levels of all the ions involved at the specified Zeff and presented the 
results in Fig. 9. The energy levels for the ions are confined to a range of 
3.5 × 10⁴ cm⁻1 to enhance clarity.

The calculations show that the observed luminescence transitions are 
spin-forbidden. In particular, there is a ⁴T2(G)→⁶A1(S) transition in Fe3+, 
Mn2+ and Cr1+ and a 2A1(G)→4A2(F) transition in Cr3+. It is seen in 
Fig. 9 that the octahedral [Cr3+ Se6] complex, as calculated using the 
XRD data, does not align well with the experimental PL band. This 
discrepancy can be attributed to three main reasons: (i) Cr3+ has a small 
ionic radius (0.615 Å) compared to a large selenide cage; (ii) the ground 
orbital state of Cr3+ is a highly anisotropic 4F term; (iii) a zinc vacancy in 
the nearby coordination sphere.

These factors significantly distort the [Cr3+Se] [6] coordination 
complex, and the Cr3+ can move away from the center of the 
octahedron.

4. Conclusions

Our investigations of the co-doped ZnSe:(Cr, Fe) samples have 
revealed that the incorporation of Cr and Fe into the host ZnSe matrix is 
a complex process leading to the formation of several luminescence 
centers. Firstly, there is a well-known process where Cr2+ and Fe2+

replace Zn2+ in tetrahedral complexes and emit in the mid-IR region. 
Fe2+ can easily change its charge state due to the temperature-induced 
charge transfer Fe2+↔Fe3+, and Fe3+ in the tetrahedra emits green 
light at 551− 556 nm. We did not detect any evidence of Cr3+ in the 
tetrahedra.

Another process involves the formation of Frenkel defects such as ø 
= (Cr/Fe)2+tetr + Vʹ́

Zn, when Cr2+ and Fe2+ occupy the interstitial space. 

Table 2 
Characteristics of manganese, iron and chromium ions.

Ionic radii (Rion) based on Shannon’s data [63] and [64]

Octahedral [MSe6] complex, 
M = Cr3+, Cr1+, Fe3+ and Mn2+

Tetrahedral [MSe4] complex, 
M = Cr3+, Cr1+, Fe3+ and Mn2+

Cr3+

S = 3/2
Fe3+

S = 5/2
Mn2+

S = 5/2
Cr1+

S = 5/2
Fe3+

S = 5/2
Mn2+

S = 5/2
0.618 Å 0.645 Å 0.83 Å >0.66 Å 0.49 Å 0.66 Å
The ground term, 2S+1L
4F 6S 6S 6S 6S 6S
Difference between Rion of an embedding TM ion and the bond lengths
R(ø-Se) = 2.8348 Å 

Rion(Se2− ) = 1.98 Å
R(Zn–Se) = 2.4550 Å 
Rion(Zn2+) = 0.60 Å; Rion(Se2− ) = 1.98 Å

− 0.2363 Å − 0.2098 Å − 0.0248 Å >0.185 Å 0.015 Å 0.185 Å

*R(Zn–Se) is a bond length; R(ø-Se) is a distance from the center of an octahe
dron (ø) and Se; Rion is an ionic radius.

Table 3 
Characteristics of the found PL centers.

PL centers Fe3+
tetr  Fe3+

oct  Mn2+
tetr  Mn2+

oct  Cr3+
oct  Cr1+

tetr  

ZnSe#1
λ, nm 

E, cm− 1
551 
18149

493 
20284

587 
17036

623 
16051

662 
15106

977 
10235

ZnSe#2
λ, nm 

E, cm− 1
546 
18315

533 
18716

582 
17082

630 
15873

646 
15480

991 
10091

Zeff 5.43 <5.66> 5.21 5.17 5.44 4.45
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Cr2+ changes its charge state up to +3. The extra electron then transfers 
to the nearest Cr2+ in a tetrahedron forming a Cr1+ luminescent center. 
As a result, Cr3+ in the octahedrons emits in the red region at 646− 662 
nm, and Cr1+ in a tetrahedron can be detected in the near-IR region at 
977− 991 nm. Fe3+ in the octahedrons is seen in the green-blue region at 
493− 533 nm.

We also found two emission bands from Mn ions presented in the 
samples as an uncontrolled impurity. Mn2+ located in the tetrahedrons 
emits in the yellow region at 582− 587 nm, and Mn2+ located in the 
octahedrons is seen in the orange region at 623− 630 nm.

The PL bands observed in the blue region at 480− 460 nm have been 
identified as emissions from free and bound excitons. We have linked the 
prominent bands at 401 and 407 nm in ZnSe#1 and 445 and 449 nm in 
ZnSe#2 to the formation of the QDs, which represent the first step in the 
development of the spinel ZnCr2Se4 structure in the host ZnSe matrix.
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