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Crystal field parameters of the Cr®*-doped Csp;CdCly single crystal are determined by the superposition
model. The zero-field splitting parameter D is then evaluated employing microscopic spin Hamiltonian
theory. The theoretical zero-field splitting parameter for Cr3" in CsoCdCly single crystal at the axial
symmetry site is in good agreement with the experimental value. The local distortion is considered to

find the crystal field parameters.
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1. Introduction

Electron paramagnetic resonance (EPR) is use-
ful in obtaining information about the local site
symmetry and zero-field splitting (ZFS) param-
eters of transition ions doped in different crys-
tals [1, 2]. It also identifies the defects respon-
sible for the charge compensation in the system.
Cr?t is one of the most investigated transition
metal ions with 3d> electronic configurations and
4A, ground state for the electron paramagnetic
resonance [3].

Due to the combined effect of the crystal field
and the spin—orbit coupling, the principal mecha-
nism for the zero-field splitting of the ground state
of 3d? ions is the spin—orbit interaction from an ad-
mixture of higher multiplets [4]. The superposition
model (SPM) has been useful in finding the crystal
field parameters and spin Hamiltonian parameters
for several 3d™ ions [5, 6].

Inorganic metal halide perovskites like CsyCdCly
are important due to their intriguing properties,
such as tunable band gaps [7] and long carrier
diffusion lengths [8]. These inorganic metal halide
perovskites are investigated as promising materi-
als for various applications, including solid-state
lighting [9], photocatalysis [10], photovoltaics [11],
and thermoelectric [12]. These materials, when
doped with transition metal ions, are of partic-
ular interest due to their extensive applications
in light-emitting display technologies, optoelectron-
ics, lasers, solar cells, and biomedical imaging [13].
The optical and scintillation properties of un-
doped, Sb3*-doped, and T1t-doped CsoCdCly sin-
gle crystals were investigated. The light yield of
undoped CsyCdCly is enhanced by doping with
Sb3*+ and TI*. The thermally stimulated lumines-
cence characteristics are also achieved by doping
with Sb3* [14].
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The EPR study of Cr3t ion doped in various
single crystals has been done due to the zero-field
splitting of this ion being quite sensitive to small
distortion in the lattice. EPR study of Cr3* ion
in CsyCdCly crystal has been reported [15]. It is
important to find the site of the paramagnetic im-
purity Cr3*, whether substitutional or interstitial,
when incorporated in Csy;CdCly. EPR study [15]
indicated that Cr®* ion substitutes at the Cd?*
ion site with charge compensation and uncompensa-
tion. The EPR spectra of CsyCdCly crystals doped
with trivalent chromium suggest three distinct Cr3+
centers. Two of the centers have axial symmetry
about the crystallographic c-axis while the third
exhibits a rhombic one. The rhombic Cr3t cen-
ters occupy four orientationally distinct sites in the
CsoCdCly crystals. Two structurally distinct types
of Cs* ions surround a Cr3* ion occupying a cad-
mium site. There are eight equivalent Cs™ (1) ions
and two equivalent Cs™ (2) ions. A deficiency of one
Cs™ ion from either group will balance the charge
discrepancy. If one of the Cs™ (1) ions is missing, the
symmetry at the Cr3* ion is reduced. The zero-field
splitting tensor for a Cr3*—Cs™ (1) center should be
rhombic [15]. As any of the eight Cs™ (1) ions could
be lost, there are eight possible orientations for the
Cr3T-Cs™ (1) center in the Cs;CdCly lattice. Four
orientations are distinguishable by EPR [15]. These
orientations become equivalent when the magnetic
field is along the crystallographic a-, b-, or c-axes.
If one of the two Cs* (2) ions is missing, the sym-
metry at the Cr?®* ion is only reduced to Cy,, and
the center is axial. Only one magnetically distin-
guishable orientation for the Cr3T—Cs™ (2) center
is obtained [15]. The one axial center results from
an uncompensated Cr3* ion and is designated as
Cr3+—(0) (Center I). The other axial centers can be
attributed to Cr®* ions which are associated with
Cs™ (2) deficiencies, Cr3T-Cs* (2) (Center II) [15].
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The EPR parameters, namely zero-field split-
ting D, the g factors g| and g, , and hyperfine struc-
ture constants A and A, of Ti*t and V3t (3d?)
ions in CdS crystals with trigonal symmetry have
been determined by applying the high-order pertur-
bation formulae based on the cluster approach [2].
The local lattice distortion of a Cr3+—(0) center
(Center I) in a CsyCdCly crystal has been stud-
ied by fitting the calculated EPR parameters D, g,
and g, to the experimental values with semi-SCF
d-orbit wave functions model and perturbation loop
method in a tetragonal strong field scheme [16].

In the present investigation, the ZFS parameter
D for the Cr3* ion in Cs,CdCly (Center I, II) is
evaluated using crystal field parameters from the su-
perposition model and perturbation equation. The
thus obtained ZFS parameter D matches well with
the experimental value. The present method gives
a better match of calculated D with the experimen-
tal value compared to earlier studies [2, 16]. In addi-
tion, crystal field (CF) energy values are also com-
puted and compared with the experimental values
in the present investigation.

2. Crystal structure

The CsyCdCly crystal is tetragonal with a = 5.26
and ¢ = 16.88 A, Z = 2 [17]. The space group
is I4/mmm, and the crystal is isostructural with
KoNiF, [18]. Atoms are in the following positions:
4Cs in (e), z = 0.357, 2Cd in (a), 4Cl T in (c¢), and
4Cl I in (e), with z = 0.149. The structure is pre-
sented in Fig. 1. The local site symmetry at the
Cr3* ion is tetragonal or axial.

The crystallographic axis system CAS (a, b, c)
is taken as shown in Fig. 1. A common axis sys-
tem (a || @, b || y, ¢ || 2) is taken to simplify the
calculations.

3. Theoretical aspect

The ZFS parameter of the Cr®t ion is obtained
using the microscopic spin Hamiltonian (MSH) the-
ory [19]. Taking the ZFS and Zeeman terms, the
effective spin Hamiltonian for Cr3T ions at axial
symmetry is given by [5]

1
H=D {53 — gS(S + 1)} + uBg)| B.S:

where g and g, are the spectroscopic splitting
factors, up is the Bohr magnetron, S is the elec-
tronic spin, B = (B,, By, B.) is the external mag-
netic field, and D is the second rank axial ZFS
parameter.

For a doped crystal, the crystal field is given as

M= Br,CH, (2)
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Fig. 1. Ligands around Cr?t in CseCdCl, with
symmetry adopted axis system (SAAS).

where Bj, are the crystal field parameters in

Wybourne notation and Cék) are the Wybourne
spherical tensor operators.

In Cs3CdCly single crystal, the local symmetry
around Cr3* ions is axial. In axial symmetry, the
ZFS parameter D is given by [5]

D= % [E (’E’ (“F | %Ay, L 4By) >)

—c (‘E”(4F 1 4A2g ¢4Bl)>) ]7 (3)

where the free-ion *F ground term of 3d® (Cr3T)
ions splits in octahedral symmetry into 4A29, 4ng,
and 4Tlg states, 4A29 being the ground state, and
not split in the axial field, but its irreducible rep-
resentation changed into *B;. Due to the combined
action of the axial field and magnetic interactions,
4By will split further, and this is expressed by group
theory as By@D®/?) — B, ®(E'®E") — E'®E",
the value of splitting is 2D, where D is ZFS pa-
rameter of the ground state. Diagonalization of full
Hamiltonian matrices yields the energy levels and
eigen-vectors in terms of Byg, B, C, and &, where
By, are defined above; B and C' are Racah pa-
rameters giving electron—electron repulsion, and &
is the spin—orbit coupling parameter. In terms of
average covalency parameter IV, the Racah param-
eters [20-22| and the spin—orbit coupling parameter
can be written, respectively, as

B=N%B,, C=N*Cy, and &= N2,
where By and Cjy are Racah parameters for free ion
and & is free ion spin orbit coupling parameter. For
the Cr®* ion, By = 918 ecm ™!, Cy = 3850 cm ™!, and
& = 276 cm ™! are taken [21, 22].

Taking the values of Racah parameters (B
516 cm~!, C = 3797 cm™!) found in the optical
study of Cr®*-doped crystal having halide (fluo-
rine) ligands [23], the average covalency parameter
N = 0.9568 is obtained employing

=3 (EE)

(5)
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TABLE I

Fractional position of Cr®*" ion along with spherical coordinates (R, 0, ¢) of ligands in Cs2CdCly single crystal.

Position of Crd+ . Spherical coordinates
} Ligands z [A] y [A] z [A] of ligands

(Fractional) O -
Riom| [ 011 [ 4[]

ClI(1) 0 0.5 0 0.2630 90 90

Site: Substitutional C11(2) 0.5 0 0 0.2630 90 0
Cdl (0, 0, 0) Cl1I(1) 0 0 0.149 0.2515 0 45
ClII(2) 0 0 —0.149 0.2515 180 45

4. Results and discussion

The SPM yields the crystal field parameters
[24, 25] as

qu = ZTk(Rj)qu(eja@j)7 (6)
J

where the coordination factor Kjq(6;,¢;) is an ex-

plicit function of the angular position of the ligand.

The intrinsic parameter A, (R;) is given by

Ry

A (Ry) = Ar(Ro) (R) (7)

where R; is the distance of the d" ion from the lig-
and, Ay (Rp) is the intrinsic parameter of the ref-
erence crystal, t; gives the power law exponent,
and Ry is reference distance. Using the superposi-
tion model, the relation between the local structure
parameters and crystal field parameters is written

as [5]

Bag = —245 <Ro>t2— 44, <R0)t?
Rio+AR; Roo+ARy
(8)
—( R "o ( R "
Byo = 164, (R10+()AR1> + 124, <R20+°AR2) ,
(9)
Buy = 2V704, (R0>t% (10)
Roo+ARy

Here, the reference distance Ry is taken as 0.255 nm,
which is slightly larger than the sum of ionic
radii of the Cr** ion (0.0615 nm) and Cl~ ion
(0.181 nm) [22]. Due to the incorporation of the
impurity ion in the crystal, the local environment
of the paramagnetic ion may be different from that
of the host ion, and the bond lengths will change.
The bond lengths may be expressed in terms of the
distortion parameters AR; and AR, ie., Ry =
R+ ARy, Ry = Ryy + ARs. Note that Ay and
ti are already defined. For octahedral coordination,
Ay is represented as [26]

3
As(Ro) = De (11)
Using optical study [23], Dg = 1494 cm™' and
so the value of A4(Ro) = 1120.5 cm™*. It should
be noted that the ratio of Ay(Rp) and A4(Ro)
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lies between 8 and 12 [21, 27, 28]. In the present
=
Ay = 11205 em~!. The crystal field parameters By,
of Cr3* ion in Cs,CdCl, are calculated by taking
the parameters A, and A4, as well as the arrange-
ment of chlorine atoms around the Cr3* ion having
matched experimental ZFS parameter. For the Cr3+
ion in Csy;CdCly, the parameters to = 4 and t4 = 6
have been used. The position of the transition ion
Cr?t and the spherical coordinates of ligands when
the Cr?* ion substitutes the Cd?T ion are shown in
Table I. The ZFS parameter D of the Cr3* ion in
Cs2CdCly crystal is calculated from (3) [5]. The dis-
tortion parameters are taken as AR; = 0.1290 nm

investigation, 10 is taken, which gives

and ARy = 0.1289 nm with Rig = 0.2572 nm
and Rgy = 0.2572 nm for Center I. The dis-
tance Ry is the average of the Cr3™—ClI~ I(1) and

Cr3T—Cl1~ 1I(1) bond lengths, and Ry is the av-
erage of the Cr3t-Cl~ 1(2) and Cr3*-Cl~ II(2)
bond lengths. The distortion parameters for Cen-
ter IT are AR; = 0.0810 nm, AR, = 0.0816 nm
with Ryg 0.2572 nm and Ry 0.2572 nm.
The calculated crystal field parameters and ZF'S pa-
rameter, along with reference distance with distor-
tion, are presented in Table II. The above parame-
ters without distortion with the same reference dis-
tance also are given in Table II. The ZFS param-
eter calculated using crystal field parameters from
the superposition model for both Centers I and II
without distortion is larger than the experimental
value [15]. The ZFS parameter calculated employ-
ing crystal field parameters from the superposition
model for both Centers I and II with distortion is
in good agreement with the experimental value [15],
as can be seen in Table II. With the help of By,
parameters and the CFA program [29-30], the op-
tical spectra of the Cr3t-doped CsyCdCl, crys-
tal are calculated. The energy levels of the impu-
rity ion are computed by diagonalizing the com-
plete Hamiltonian, which consists of the Coulomb
interaction (in terms of B and C parameters),
Trees correction, the spin—orbit interaction, the
crystal field Hamiltonian, the spin—spin interac-
tion, and the spin—other-orbit interaction. The
computed energy values are shown in Table III
(input parameters are given below), along with
the experimental values [15] for comparison.
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TABLE II

Crystal field (CF) parameters and zero-field splitting (ZFS) parameter D of Cr®*T-doped CsoCdCly single crystal

with and without distortion.

Crystal field Zero-field splitting

AR; [nm] AR [nm] Ry [nm] parameters [cm™"] parameter |D|

By Byo By (x107%) [em™]
0.1290 0.1289 0.255 —12779.8 2599.255 1554.731 228.1
I 0.0000 0.0000 0.255 —64902.6 29758.97 17784.39 4855.0
228.0"
0.0810 0.0816 0.255 —21611.8 5732.773 3405.186 595.4
II 0.0000 0.0000 0.255 —64902.6 29758.97 17784.39 4855.0
595.0"

*Experimental [15]
TABLE III

Calculated energy band positions of Cr3T-doped CsoCdCly single crystal together with the experimental values

for comparison.

Transition Observed energy

Calculated energy bands [cm™!]

with distortion

from * Ax(F) bands [cm ™| (Ref [23])

I II

13855, 14009, 14178, 13747, 13940, 14098,

T, (F) 14948
14820, 14832, 14941 14920, 15026, 16603
2E4(@) 15263 15014, 15359 16825, 16975
18818, 1 191 19697, 1 2
7,(P) 90406 8818, 18995, 19163, 9697, 19967, 20033,

It is concluded from Table III that there is
a reasonable match with the experimental energy
values [23].

Input parameters are as follows: numbers of free
ion parameters = 5; number of d shell electrons =
3; number of fold for rotational site symmetry =
1; Racah parameters in A, B, and C, spin—orbit
coupling constant, and Trees correction are 0, 516,
3797, 240, and 70 cm™!, respectively; number of
crystal field parameters = 3; Byg, Bjg, Ba4 are
taken from Table II; spin—spin interaction parame-
ter, M0 = 0.0000; spin—spin interaction parameter,
M2 = 0.0000; spin—other-orbit interaction parame-
ter, M00 = 0.0000; spin—other-orbit interaction pa-
rameter, M22 = 0.0000; magnetic field, B = 0.0 Gs;
angle between magnetic field B and z-axis = 0.00
degree.

It is observed from Table II that considering
a small lattice distortion gives good agreement be-
tween theoretical and experimental results. This
suggests that the distortion model employed here is
quite reasonable. The parameters AR; and AR5 are
positive, which shows that the bond length of Cr—C1
is larger than Cd—Cl. When distortion in the crystal
is neglected, a larger value of D is obtained. Tak-
ing a small distortion, the calculated ZFS parame-
ter D is very close to the experimental value. This
indicates that local distortion plays an important
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19881, 19946, 20872 20183, 20485, 20760

role in the contribution to the ZFS parameter
and therefore must be taken into account in the
calculation.

5. Conclusions

Cr3t ions substitute at Cd?* sites in CsoCdCly
crystal. The differences of charge and ionic radii
between Cr3t and Cd?* ions provide local distor-
tion around Cr®* impurity. The theoretical investi-
gation of the ZFS parameter has been done using
the perturbation formula and crystal field parame-
ters found in the superposition model. Taking local
distortion, the ZFS parameter values of Cr3 ion in
Cs2CdCly crystal for both Centers I and II are in
good agreement with the experimental values. It has
also been found that there is a reasonable agreement
between the computed and experimental optical en-
ergy values. Thus the theoretical result supports the
conclusion of the experimental study.
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