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Detailed first-principles calculations have been carried out to study the stabilization, excitation and lumines-
cence mechanisms of the ion Mn®* in a series of A3B,B,0y, garnet hosts. The formation energy shows that
Mn>* is dominant and is situated at the octahedral B site. The excited states, excitation, and emission energies
of Mn*" have then been calculated. The calculated energy levels of Mn®* confirm that the red emission is
due to the T, — °F’ transition and the near-infrared (NIR) emission arises from the !T, — 3T, transition.
The populations of the >T, and 'T, excited states and the corresponding radiative rates lead to the temperature
dependence of the red to NIR emission. Furthermore, the adiabatic potential energy surfaces along the A, and E,
moeity modes of [MnQOg] have been calculated and fitted well in the harmonic approximation. The high activation
energy for Mn** indicates a low nonradiative multiphonon relaxation rate of >T, to >T,. Hence, the ionization
process was considered, and we show that it is responsible for the luminescence quenching of Mn>*, so that the
luminescence has rarely been reported experimentally. This work illustrates a well-designed approach based on
the density-functional theory framework to predict the optical transition properties of the transition metal ion
Mn** by calculating the structural distortions due to the Jahn-Teller effect, the optical transitions, quenching
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processes and the influence of pressure.
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I. INTRODUCTION

The transition metal manganese is attractive for the non-
trivial interplay of charge, spin, lattice and orbital freedom
degrees, which are essential for the engineering of magnetism
[1], multiferroic [2], photoluminescence [3], and many other
properties [4]. The transition metal manganese can present
multiple valence states, from Mn>* to Mn’* [5,6] and their
distinct energy-level distributions give rise to different opti-
cal transition behaviors. For instance, the activator Mn** in
general exhibits broad excitation bands in the ultraviolet-blue
spectral region and sharp red emission lines in the visible
spectral region [7,8]. By contrast, green to red and even
near-infrared (NIR) emissions have been reported for Mn?t,
depending greatly on the ligand environment [9]. The ions
Mn?* and Mn** have been widely studied for their outstand-
ing color rendering index and correlated color temperature as
phosphor-converted white light-emitting diodes [10,11]. The
intermediate valence state, Mn>T, can be stable under the
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relevant chemical potential [12] and it is critically important
for luminescence engineering [13,14]. However, the over-
lapped spectra of Mn®* and Mn?* enhance the difficulty of
luminescence identification [15,16]. Thus a systematic study
of the optical transition characteristics and an effective and
predictive method for the luminescence of Mn** are urgently
needed.

Besides, Mn®" can trigger unique physical properties, such
as the Jahn-Teller effect, magnetic properties, the temperature
dependent red to NIR luminescence and the quenching of
photoluminescence. For instance, the anti-Jahn-Teller polaron
leads to the antiferromagnetic to ferromagnetic transition in
LaMnOj [17]. The room-temperature ferromagnetism has
been studied in Mn-doped CH3NH;3Pbl; perovskite and it
originates from the double exchange interaction between
Mn?*—I"—Mn3* ions [18,19]. The Mn-Mn superexchange
interactions lead to a blue shift of an on-site Mn>* d — d tran-
sition in multiferroic RMnO; [20,21] and the detailed study of
the optical characteristics is important. The luminescence of
the Mn** ion has previously been reported in garnet, kyanite,
grossular, beryl and yttrium orthoaluminate crystals [22-25].
The temperature dependent luminescence has been studied
in garnet crystals [23,24], whereas by contrast the emission
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from Mn>" is lacking in YAIOj3 [25]. Furthermore, it has been
pointed out that Mn’t, with a 3d* electronic configuration,
can exhibit a strong Jahn-Teller distortion in the E ground
state in octahedral coordination [24,26], which can strongly
influence the optical spectra and luminescence quenching of
transition-metal-ion-doped materials [27,28]. Up to now, the
analysis and interpretation of the experimental results that
have been attributed to Mn>* are based on the phenomenolog-
ical Tanabe-Sugano model. However, reliable first-principles
calculations are lacking but are essential for identifying the
experimental observations with more certainty and in reveal-
ing the detailed underlying mechanisms.

First-principles calculations have emerged as a predictive
tool in the identification and characterization of the stabiliza-
tion and luminescence [29] of activator centers, such as Ce>*
[30], Bi** [31] and Mn** [32]. Here in our present work, the
Mn-activated garnets, Y3AlsO; (YAG), Y3GasO0p; (YGG),
Gd;Gas04, (GGG), and CazGa,Ges; O, (CGGG), have been
chosen based on the fact that garnets are important solid-
state laser host materials [33] and the experimental results
are abundant for testing our calculations [23,24]. We have
studied the site occupancy and valence states of manganese
under relevant chemical conditions and reveal the Jahn-Teller
effect on Mn3*. Then, the excited states and the excitation
and emission energies of dominant Mn** are deduced and
presented. In particular, the temperature-dependent emissions
in a series of garnets are discussed and attributed to the com-
petition of °T, — JE’ and !'T, — 3T; transitions. Notably,
the effects of ligand environment and pressure have been
considered. The electron-phonon coupling on de-excitation
phenomena through nonradiative multiphonon relaxation is
analyzed by the adiabatic potential energy surface (APES),
which is an important property for describing photochemi-
cal and photophysical processes in chemistry, biology, and
materials science [34]. The nonradiative decay route, which
is critically important for the luminescent engineering of
Mn?7, is analyzed by multiphonon relaxation and ionization
processes.

II. METHODS
A. Parameter settings

All calculations have been performed in the framework of
density-functional theory (DFT) implemented in the Vienna
ab initio simulation package (VASP) code [35,36]. The inter-
action between ions and electrons is described by the projector
augmented wave method [37] and the exchange correlation
functional is given by the generalized gradient approximation
(GGA) of the Perdew-Burke-Ernzerhof (PBE) functional [38].
The lattice parameters are relaxed using a 400 eV cutoff
energy and a 3 x 3 x 3 k-point mesh, deviate slightly from
experimental results [39-42] by —0.4% to 0.1%, but would
be overestimated by a larger cutoff energy. Thus we adopt
the experimentally measured lattice parameters under ambient
conditions (ICSD-41144, ICSD-185862, ICSD-192181, and
ICSD-195450) for the calculations. Defect calculations are
modeled with the periodic supercell formalism, and the con-
ventional unit cell of garnet with 160 ions is used. The settings
U=4eVandJ =1eV,ie., Ug = 3 eV, are applied for the

on-site Coulomb correction of transition metal manganese in
the GGA+U scheme [43]. The defect geometric optimiza-
tions are calculated at the GGA+-U level and the energies are
calculated at the hybrid HSEO6 level [44,45], unless otherwise
stated. Geometric optimization is performed by the conjugate
gradient technique until the scale of the Hellmann-Feynman
forces on atoms is less than 0.01 eV/A. As a compromise
between accuracy and the computational resources of hybrid
HSEOQ6 calculations, 400 eV has been applied for the kinetic
energy cutoff and only one I' point is applied to sample the
Brillouin zone. To confirm the reliability of our approach,
we have performed the tests of the influence of different
U.sr, k-point meshes and HSEO6 on optimized structures and
transition energies, which are discussed in detail in Note 1 of
the Supplemental Material [46]. The results show that the de-
viation of transition energies obtained by different parameter
settings is no more than 0.1 eV, not affecting our conclusion.

B. Formation energy of a point defect

The formation energy of a defect X in the charge state of ¢
is defined as [29]

E'[X9] = Eq[X?] = Ealbulk] = Y " niu; + qEp, (1)

where Ei[X?] is the total energy derived from a supercell
containing the defect, and Ei[bulk] is the total energy of the
corresponding pristine supercell; #; is the change in the num-
ber of type i atom species, which is added to (n; > 0) and/or
removed from (n; < 0) the perfect supercell; w; is the rela-
tive chemical potential for type i atom species and Ef is the
electron Fermi energy. Post hoc corrections to the total energy
of charged defects are employed and we follow the method
proposed by Durrant et al. [54], where the combination of the
Lany-Zunger correction [55,56] due to image charge and the
potential alignment between neutral systems was shown to
yield accurate corrections for cubic supercells. More details
are available in Note 2 of the Supplemental Material [46].

The defect concentration is related to the Gibbs energy of
formation, which is usually approximated with the formation
energy for solid phases [29,57]. Hence we have the following
expression [57,58]:

¢/Nyies = wexp(—E” JkgT). )

Here E/ is the formation energy calculated by Eq. (1), T is
the temperature at which the defects reach thermal equilib-
rium distribution and is usually close to the temperature of
synthesis or annealing, and Njes and @ are the numbers of
available atomic sites for doping and the degeneracy factor of
the defect, respectively.

C. Excited state and geometric optimization

In the DFT framework, a spin multiplicity control method
[59,60] supplemented by a constrained occupancy approach
[30,61] is adopted for the excited-state calculations. In the
presence of octahedral ligands, the five 3d orbitals split
into the higher twofold degenerate e orbitals and the lower
threefold degenerate f, orbitals. The ground state of Mn’*
is the Jahn-Teller-split SE’ state with the tje! electronic
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configuration, which can be obtained by spin quintet setting
in the DFT framework. Then, the excited-states | (tzzez) 5T,),
| (t5)3T1), | (¢3) ' T,) are considered. Herein the 73 electronic
configuration is viewed as the 73 hole configuration and the
excited-states >T; and !T, are obtained from the DFT single-
determinant calculations as follows [12]:

ECT) =E(&Tn" ),
E(Ty) =2[E( &0 D—E(&E T DI+ECT), 3)

where &, n, and ¢ are the components of #, orbitals. Thus
the excited-states >T; and 'T, can be obtained by £*n* and
&*n~ hole occupancy, which can be achieved by triplet and
singlet setting, respectively. The excited-state >T, is obtained
by the constrained occupancy approach with the t2262 elec-
tronic configuration at the GGA+U framework. Besides, the
geometry configuration of the non-Jahn-Teller ground state
is obtained by optimizing the total energy of the constrained
occupancy of three electrons occupying three #, orbitals and
one electron being equally distributed over two e orbitals in
octahedral coordination. Then the total energy of the ground
state is calculated at such a geometric configuration with the
DFT+U or HSE06 method. The detailed projected Mn>*-d
orbitals’ density of states for both the ground and the various
excited states can be found in Fig. S4 of the Supplemental
Material [46].

The equilibrium geometric configurations of ground and
excited states are obtained by geometric optimization with the
corresponding electronic configuration. We note that in our
calculations we ignore the small geometric relaxation of T,
and T, as both are of the same ¢ electronic configuration.
Based on the Franck-Condon principle, the excitation and
emission energies are obtained by the ASCF method using
the corresponding geometric structures [60,62].

The multiplet splitting is obtained by wave function
based multiconfigurational calculations, as implemented in
the MOLCAS package [63]. A defect cluster [MnOg]°~
with the Mn®* ion at the center is constructed based on
the DFT-optimized crystal structure. The ab initio model
potential (AIMP) embedded cluster approach [64] is ap-
plied and the energy spectrum of Mn*" is calculated at the
state-average complete-active-space self-consistent-field (SA-
CASSCF)/MS-CASPT2 [65-67] level. In the SA-CASSCF
calculations, the following energy averages are minimized:
The average of five states derived from the quintuplet states
(E, °T,), the average of five states derived from the triplet
states (°Ty, *E), and the average of five states derived from
the singlet states (' T, 'E).

III. RESULTS AND DISCUSSION

A. Luminescent properties of Mn*" in YAG
1. Formation energies of the native defect and Mn dopant

The garnet system crystallizes in the /a3d space group
with the stoichiometric formula A3B,B50;, composed of in-
terconnected [AOg] dodecahedra, [BOg] octahedra, and [B'O4]
tetrahedra with D, Cs;, and Sy point group symmetry, respec-
tively. Each oxygen atom is a member of two dodecahedrons,
one octahedron and one tetrahedron. In the case of YAG, the B
and B’ sites are all occupied by aluminum ions and manganese

can substitute the dodecahedral Y (Mny,,), the octahedral Al
(Mnay,,,), and the tetrahedral Al (Mnay,,).

In order to evaluate the Mn site occupancy and valence
states, the formation energies of Mn dopants and intrinsic de-
fects have been calculated. The main intrinsic defects, cation
and oxygen vacancies and antisite defects are taken into con-
sideration [68]. To sustain the stable YAG phase, the chemical
potentials are restricted by

2 Ay,0, + 2 Apano, = AHQMSOU- “4)

AH{{3 AL;0,, 18 the formation enthalpy of YAG with respect to
Y,03 and «-Al,O3 raw materials, where the latter are limited
by Auy,o0, < 0and Apai,o, < 0. Here the equal contribution
to formation enthalpy is first considered, where AH{;3 ALO, =
—1.00 eV, AMY203 = —0.33 eV and A/,LA1203 = —0.20 eV.
The chemical potential of oxygen can be related to partial
pressure, p, and temperature, 7', by [57]

1
Ho = §E02 + Auo, (52)
1 v,

EkBT[ln (’%) — 0 Zy — anVib:|. (5b)

Here Vj is the quantum volume (h?/2wmkpT )*? and Z,o
and Zy;, are the rotational and vibrational partition functions.
Here kg and h are the Boltzmann and Planck constants and
m is the mass of the oxygen molecule. In experiments, the
sintering temperature is above 1500 °C and an inert growth at-
mosphere is adopted to obtain the luminescence of manganese
trivalent state [24]. Applying the experimental conditions 7' =
1700 K and partial pressure p = 0.01 to Eq. (5b) leads to
Apo = —1.5 eV. Then the chemical potential wg is obtained
via Eq. (5a), with Eqp, being corrected by adding 1.36 eV
per O,, which is related to overbinding in the O, molecule
by the usual GGA type functionals [69]. The formation
energy of the overwhelmingly dominant manganese defect
Mnpgy,,,, 1.€., Mn3t at the octahedral Al site, is determined
with Eq. (2) from the manganese doping concentration per
octahedral Al site of ¢/Nse = 1.0 at.% (i.e., 0.4 at.% of
the total Al site from the original experimental work [24])
as Ef ~ G/ = —kgT In(c /Nsite ), where the degeneracy factor
has been omitted altogether with the formation entropy. Fi-
nally, the chemical potential of manganese pmy, is determined
via Eq. (1) with the known E/ and those quantities on the
right-hand side of Eq. (1) other than py,. The chemical poten-
tial pmy, should ensure that the MnO, and Mn3O4 phases are
depleted. The formation energies of point defects calculated
by GGA+U method are plotted in Fig. 1.

The charge neutrality condition leads to identical forma-
tion energies of the dominant positive charged defect MnXloa

(Mn**) and negative charged defect Mny (Mn?") and the

Fermi energy Ep is estimated by the intersection of the two,
as shown in Fig. 1. At this E?, the formation energies of
intrinsic defects are relatively much higher than those of the
Mn dopant. Among the intrinsic defects, the antisite defect
is dominant, which agrees with experiment [70-72] and it is
known to act as a shallow electron trap and affect the structure,
luminescence, and other properties of pure [73] and doped
YAG [74]. The formation energies of manganese substitutions

Apo
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FIG. 1. The formation energies of Mn substitutions Mny,,,
Mny,,,, and Mny,,, and intrinsic defects as a function of Fermi
energy. The energy of the VBM is set to zero and the equilibrium
Fermi energy is labeled as Ep. The integer on a line segment indicates
the total charge of the defect.

at the tetrahedral Al site are higher than at the octahedral
Al site. Among all of the defects, Mn},  (Mn’") is domi-
nant in concentration, followed by Mn, (Mn**) and Mny
(Mn2%).

The influence of chemical potentials on the formation
energies of manganese in different valence states and site
occupancy is now discussed. First, the relative chemical po-
tentials of py and ) are considered, which can be tuned by
the formation enthalpy distribution on Y,03 and Al,O3 within
the two limits set by the depletion of Y,03 or Al,O3 {see
also Fig. S1(a) of the Supplemental Material [46]}. The lower
1 relative to oy is beneficial for manganese to substitute the
octahedral Al site with the Mn>" valence state. By calculation,
Mn** is dominant in all allowed chemical potential ranges,
no matter for the Y,0s3- or Al,O3-excess conditions. Further-
more, the oxygen chemical potential has no influence on the
relative chemical potential of wy and pa; and thus has little
influence on manganese site occupancy and valence states.

2. Geometric structure and luminescence of Mn>*

The Mn*t ion is dominant in the octahedral AI*T site
among all of the defects with neutral charge, while the domi-
nant positive and negative charged defects are Mnj{lw (Mn**)
and Mny (Mn?"), respectively. The concentrations of Mn>*
and Mn** are lower than that of Mn** and the luminescence
energies of Mn?>* and Mn** are calculated in the Supple-
mental Material (Note 3) [46]. The *T;, — °A, emission
energy of Mn”* in dodecahedral ligands is calculated to be
about 2.07 eV at the HSEO6 level, which agrees well with
the experimentally measured energy of 2.10 eV (~590 nm) in
YAG [24].

We now study the luminescent properties of octahedral
Mn** (d*) in detail. The original [AlOg] octahedron strictly

TABLE I. Mn-O bond lengths of [MnOg] in the corresponding
geometric configurations of C(°E), CCE’), C(°T,), and C(’T;) of
Mn>* in YAG host (in units of A).

C(CE) CCE) CCTy) CCTy)
Mn-01(04) 2.021 2.119 2.083 1.993
Mn-02(05) 2.020 1.969 2.046 1.976
Mn-03(06) 2.020 1.963 2.032 1.975
Average 2.020 2.017 2.054 1.981

follows C3; symmetry but acts very close to Oy, point group
symmetry selection rules. The minor distortion from standard
octahedral coordination is therefore neglected here. The five
3d orbitals split into the higher twofold degenerate e orbitals
and the lower threefold degenerate 7, orbitals in octahedral
symmetry. The electronic configurations of the lowest-energy
terms for the non-Jahn-Teller ground-state SE, the Jahn-Teller-
split ground-state °E’, and excited-states °T», ' T,, and 3T, are
t3e! (non-Jahn-Teller), t;¢' (Jahn-Teller-split), 7€, £, and t5,
respectively. The energy levels can be obtained by the spin
multiplicity control method supplemented by a constrained
occupancy approach in the DFT framework and the equi-
librium geometric configurations are obtained by geometric
optimization with the corresponding electronic configuration,
as described in the Methods section.

First, the geometric configurations of the ground and ex-
cited states of Mn** are discussed. The equilibrium geometric
configurations of the SE, SE/, >T,, and 3T states are labeled
as CCE), CCE’), C(’T,), and C(*T;). We ignore the small
geometric relaxation of *T; and 'T, because both are of the
same tg electronic configuration. The six Mn—O bond lengths
of octahedral [MnOQg] are listed in Table I. The six Mn—O bond
lengths are equal in the non-Jahn-Teller C(°E) due to the half-
filled #, subshell and the evenly filled e subshell. The Mn—-O
bond lengths of the original octahedral [AlOg¢] are equal and
measure 1.93 IOX, which is smaller than for [MnQOg] due to
the smaller ionic radius of AI**. The degenerate ground-state
SE exhibits strong electron-lattice instability, which couples
with the E,-type mode (Qy and Q.), and yields an orbitally
nondegenerate Jahn-Teller-split °E’ and SE” states. The aver-
age Mn—O bond length of C (°E)) is close to that of C(’E).
However, C(°E’) mainly shows a tetragonal compression dis-
placement (Qy) relative to CCE). Also, the average Mn—O
bond length of C(°T») is larger than that of C°E) since two
electrons occupy the e subshell, while the average Mn—O bond
length of C(*T) is smaller than that of C(°E) because the e
orbitals are empty.

The detailed energy levels at the geometric configurations
of CCE), CCE"), CCT,), and CCT;) are shown in Fig. 2.
The solid lines—calculated at the HSE06 level—give the
lowest multiplet energy, whereas the dotted lines calculated
by MOLCAS give the multiplet splittings. The splitting of
SE” relative to °E’ can also be estimated by the energy dif-
ference of the KS orbital at the HSEO06 level (gray solid
lines), which is close to the splitting obtained by MOLCAS
(black dotted lines). It is noted that due to convergence prob-
lem in applying the constrained occupancy approach to the
t3€* electronic configuration in the HSE06 calculation, the >T
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FIG. 2. The energy levels of Mn®* calculated at the correspond-
ing geometric configurations of CCE), CCE’), C(°T,), and C(T)).
The solid lines are calculated at the HSEO6 level and the dotted lines
are the multiplet splittings, which are calculated by MOLCAS.

energy is not obtained directly but by adding the crystal-field
splitting between the highest e and the highest #, KS orbitals
to the energy of the ground-state °E’ calculated at the same
geometric configuration. The crystal-field splitting is obtained
with the HSEO6 calculation for the electronic configuration
when the four electrons are spread equally onto the 5 spin
up 7, and e orbitals. Other calculation methods, GGA+U,
SCAN-+U [75,76], HSE06, and MOLCAS [63], are compared
in Note 4 of the Supplemental Material [46].

At the non-Jahn-Teller C(°E) configuration, the multiplets
are close to degenerate. The little distortion from standard
octahedral coordination leads to small multiplet splitting. The
calculated energy levels at the non-Jahn-Teller C(°E) geomet-
ric configuration are adopted to estimate the Racah parameter
B as 857 cm~! (see more details in Note 5 of the Supple-
mental Material [46]). The ligand field strength of Mn" is
calculated to be 2.17 eV, which is obtained as the difference of
average f, orbital and average e orbital energies in octahedral
ligands at the HSEQO6 level, and the value is close to the
5T, energy level. Besides, the ligand field strength of Mn3*
in the YAG host is smaller than that in the ZnGa;O4 host
[12], which leads to lower 3T, and higher 'T, excited states
in the YAG host. Thus both red and NIR luminescence are
observed in the YAG host [24], while only NIR luminescence
is observed in the ZnGa,0,4 host [77]. However at CCE’),
the Jahn-Teller-split ground state is lower in energy and the
excited states are all slightly higher relative to the energy
levels at C(°E). By our calculation, the energies of the spin-
allowed excitations ’)E' — 3E” and ’'E' — °T, are 0.71 and
2.37 eV, respectively. Experimentally, the infrared and visible
excitation energies are correspondingly 0.82 and 2.43 eV in
the Mn-doped YAG crystal [24]. Besides, the excited-state
I'T, at C(T)) is lower in energy than the 3T, at C(°T,) by
0.34 eV. The small geometric relaxation of C(3T;) and C('T,)
is ignored since both are of the same #5 electronic configu-
ration. The calculated emission energies of °T, — °E’ and
T, — 3T are 2.06 and 1.14 eV, respectively, which are

TABLE II. Experimental [24] and calculated excitation and
emission energies of Mn>" in YAG host (in units of eV).

Excitation Calc. Expt. Emission Calc. Expt.

SE — SE 0.71 0.89 T, — E 2.06 2.00
SE — T, 2.37 243 T, — B/ 1.84 1.64
IT, — 3T, 1.14 1.08
— SE/ 1.68 1.70
— 5B’ 1.58 1.41

coincident with the observed red and NIR emissions at 2.00
and 1.08 eV. The detailed excitation and emission energies are
listed in Table II. To conclude, Mn3* is excited vertically from
the stable ground-state E’ to >T,, thermalizes quickly to the
equilibrium geometric configuration C(°T5), and then relaxes
nonradiatively to the 'T, state at C('T,), which is slightly
lower in energy than the 3T, at the C(°T,) geometry. Thus at
sufficiently low temperature, the population of the ' T, excited
state is decisive, leading to the observation of NIR emission,
'T, — 3T,. However, at sufficiently high temperature, the
population at the 3T, excited state increases and its large
spin-allowed radiative transition rate leads to the observation
of the (visible) red emission °T, — °E’.

In Mn-doped YAG, the NIR and red emissions can both
be observed at room temperature, but only NIR emission is
observed at low temperature. It can be roughly deduced that
for the comparable NIR and red emissions, the stable ST, state
should be higher than ' T, by 0.2 eV in energy, according that
the radiative transition rate of °T, — JE’ emission is about
500 times larger than that of 'T, — 3T, emission [24]. Here
the energy difference of the stable 3T, state relative to 'T,
is calculated to be about 0.34 eV, which is slightly higher
and supports the observation of NIR and red emissions at
room temperature in YAG crystal. Hence the experimental
results are well reproduced except that the Jahn-Teller effect
is systematically underestimated by about 0.2 eV. However,
we note that the average bond length is smaller by about 0.5%
and the Jahn-Teller distortion is larger by about 10% for the
HSEO06 relaxed geometric structures, which leads to a larger
Jahn-Teller splitting °E’ and SE” splitting) of 0.81 eV.

3. The APES of Mn>*

For a clearer understanding of the excitation, emission,
and the electron-lattice interaction, the APESes have been
calculated. The vibrations of the [MnQOg] octahedron are clas-
sified in terms of six moiety modes [78], which include three
even-parity Ai,, Eg, and 15, modes. The A, (Q,) and E, (Oy
and Q,) modes are considered here for analyzing quenching
processes [24,28]. The A, mode yields a systematic change
in the metal ion-ligand distance. For the E, modes, Oy and QO
are the components of E,-type distortions of tetragonal and
rhombic symmetry, respectively.

In octahedral coordination,

Qu = V6(Ray + Regi + Reg2)/3, (6a)
05 = 2V3(Rax — Rey)/3, (6b)
Qs = Reql - Rquv (6C)
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FIG. 3. The APESes along Q, (a), Qs (b), and Q. (c) moiety modes. The top abscissa ¢ is the mixing parameter used in obtaining
intermediate structures from two reference ones. Parameter ¢ = 0 corresponds to C(°E), and r = —1, 1, and 1 in (a)=(c) corresponds to
C(Mn*h), C (°E)g,, and CCE')y,, respectively. The bottom abscissa is the corresponding magnitude of moiety modes. The points are
calculated results and the lines are fitted in the harmonic approximation. In (b), light and dark colors are of single and double degeneracies,

respectively.

where R, Req1, and R, are the change of axial and equato-
rial distances of [MnQOg] respective to non-Jahn-Teller C(°E)
geometry [79]. The C(Mn*") configuration mainly shows a
systematic shrink (Q, < 0) relative to C(E). Then, we con-
struct a series of interpolated structures which are obtained
by CCE) + t[C(E) — C(Mn**")]. For each interpolated struc-
ture, the six bond lengths in the [MnOg] moiety can be
determined, and their changes relative to the non-Jahn-Teller
structure are obtained, and such changes are characterized by
Q, determined in Eq. (6a) for the A; symmetry displacements
of the six O ligands. The APESes of ground and various
excited states along Q, are plotted in Fig. 3(a). The C(SE’)Qﬁ
configuration mainly shows a tetragonal compression distor-
tion (Q,) relative to CCE). C (SE’)QS is obtained by geometric
optimization with fixed Mn—-O1 and Mn—O4 bonds, and the
obtained Mn-01(04), Mn-02(05), and Mn-03(06) bond
lengths are 2.02, 2.10, and 1.94 A, respectively. The obtained
C(°E/)g, configuration mainly shows a rhombic distortion
(Q,) relative to CCE). Similar to the APESes along Q,,
we construct two series of interpolated structures C(E) +
t[CCE')g, — CCE)] and CCE) +t[CCE')g, — C(E)], ob-
tain Oy [Eq. (6b)] and Q. (Eq. (6¢)), and plot their APESes
in Figs. 3(b) and 3(c), respectively.

Thus the APESes at Q, (a), Qs (b), and Q. (c) moiety
modes are plotted in Fig. 3, where the top abscissa ¢ is the mix-
ing parameter used in obtaining intermediate structures from
two reference ones and the bottom abscissa is the correspond-
ing magnitude of moiety modes. All geometric structures are
described relative to C(°E) and all energies are calculated
relative to the lowest Jahn-Teller-split ground-state energy of
SE’. The points in Fig. 3 are the calculated energy levels of
the relevant electronic configuration at interpolated geometric
configurations, where the lowest multiplets are calculated by
the GGA+U method (for computational resources) and the
multiplet splittings are calculated by MOLCAS. The lines are
fitted in the harmonic framework as [24,80,81]

£i(Q) = 1Ki(Q — 0in)” + €. (7

where K; is the force constant, Q;y is the equilibrium coor-
dinate, and ¢&; is the energetic minimum. The fitted force
constants are close for different electronic configurations and
the detailed fitting data are listed in Table S6 of the Supple-
mental Material [46].

As shown in Fig. 3(a), the equilibrium coordinate Q,9 <
0 for both 3T; and !T, excited states, which indicates a
slight shrinkage of bond length, whereas Q,0 > O for the
ST, excited state, i.e., indicating a slight expansion. This is
coincident with the obtained excited-state equilibrium geo-
metric configuration, as shown in Table I. The activation
energy at the Q, mode is high and the energy difference
of T, and 3T, is 1.08 eV at the HSE06 level, indicating
a weak multiphonon nonradiative relaxation of T, —3 T}
via the Q, distortion mode. Besides, the APES of the ion-
ized excited-state Mn** ~+ecp is plotted, which shows a much
larger shrinkage of bond length compared with the 3T; and
IT, excited states. Here the electron transfer from the 3d
orbital of Mn>" to the conduction band (CB) is denoted as
the ionization transition Mn®T <> Mn**+ecg. The excited-
state Mn*T+ecp is relatively higher in energy than the 3T,
excited state in the YAG:Mn system. Ionization quenching is
not severe either, in agreement with experimental results [24].

Along the O moiety mode, Fig. 3(b), the Jahn-Teller-split
lower states are labeled as E’ or E” with tetragonal sym-
metry stretching or compression distortion, respectively. Both
are onefold degenerate. The energetic minimum ez of °E’ is
slightly lower in energy than that of E” by 0.025 eV and is
lower in energy than that of the non-Jahn-Teller “E state by
0.164 eV at the GGA+U level. However, the degenerate T
states (T, 3T, and 'T, excited states) can each split into
a twofold degenerate E, state and a onefold degenerate B,
state with tetragonal symmetry distortion, which are labeled
by light and dark colors, respectively, in Fig. 3(b). Besides,
the equilibrium coordinates Qg of the >T,, 3Ty, and 'T,
excited states are much smaller than that of the 5E ground state
along the Oy mode. However, at the O, moiety mode with
rhombic symmetry, Fig. 3(c), the degeneracy is fully lifted.
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FIG. 4. The APESes of ground state (a), >T, (b), 'T, (c), and min(°T,, ' T,) (d) at Q, and Q; double moiety modes. It is noted that the

energies in (b)—(d) are relative to the minimum energy of the ' T, state.

The intersections of T, and 3T, along Q. and Qy modes
are also very high, indicating weak multiphonon nonradiative
relaxation also via these two distortion modes [28].

The above discussions focus on APES along a single mode.
Some discussions of the APES along two distortion modes
are given in the following. Previously, electronic coupling
with two modes of E, type has been discussed [82] in the
case of standard octahedral coordination. The “Mexican hat”
APES is obtained for the ground-state °E interacting linearly
with Q, and Qy modes (E, type), which is approximately
described by €(p, ¢) = %K,o2 + p|Fg| to the second order.

Here the distortion magnitude py is about 0.16 A and the
Jahn-Teller stabilization energy is 0.17 eV at the GGA+U
level. Three paraboloids interact at the reference configura-
tion for the triplet terms interacting with Q, and Oy modes
(E, type). The high-order coupling terms lead to the ground
states at C(CE’)g, smaller than the saddle point at CCE'), by
~0.01 eV.

Then, the electron-lattice couplings with Q, (Ai,) and Oy
(one of the E, modes) double moiety modes are calculated, as
shown in Fig. 4. There are two wells along Q, = 0, due to cou-
pling with Qy, for the ground state in Fig. 4(a). One of these is
the most stable ground-state E’ (marked with a white circle).
When Mn* is excited vertically from the stable ground-state
E’ to the excited-state T, at sufficiently low temperature,
the excitation relaxes first to the most stable T, excited state
marked with a triangle in Figs. 4(b) and 4(d), then the coupling
with both Q, and Oy leads to nonradiative relaxation from the
5T, APES across to the APES of the ' T, excited state shown
in Figs. 4(c) and 4(d), and eventually to the population of the
I'T, well [the white cross in Figs. 4(c) and 4(d)]. This leads
to the occurrence of NIR emission 'T, — 3T;. However, at
sufficiently high temperature, the T, well is populated as an
endeavor to achieving thermal equilibrium population before
decaying to the ground states. This leads to the red emission
from °T, at the expense of the ! T, emission.

B. Trends of optical transitions of Mn** doped
in the garnet series

1. Effects of the ligand environment on the luminescence of Mn**

The phenomenological Tanabe-Sugano model can be em-
ployed to reveal the ligand-field strength dependence of Mn>**

energy levels. The energy of the >T, excited state relative to
the E ground state is dominated by ligand field strength, and
the 3T, energy level increases as the ligand field increases.
The energy of the !T, level decreases as the ligand field
increases, and the energy of the 'T, excited state relative
to 3T, is dominated by Coulomb repulsion and it is almost
independent of ligand-field strength.

In our work, the variation trends of energy levels and pho-
toluminescent properties of Mn3* in a series of A3B;B,01
garnet hosts, YAG, YGG, GGG, and CGGG, have been stud-
ied systematically with first-principles calculations.

First, the ranges of allowed chemical potentials of com-
position elements are determined by various chemical con-
straints by following Refs. [83—-85]. Then, the formation
energies of Mn substitution and intrinsic defects are calculated
and the ranges of chemical potentials for Mn** to be dominant
are discussed (see more details in Note 2 of the Supplemental
Material [46]). For YAG, YGG, and GGG hosts, the intrinsic
defect concentrations are small compared with that of the Mn
dopant, while in the CGGG host, the antisite defect concen-
trations are large and comparable with that of the Mn dopant.
The lower chemical potential of B ion, g, induces manganese
substituted at octahedral B sites to form Mn**. By calculation,
Mng (Mn*") dominates in all the allowed chemical potential
ranges in YAG, YGG, and GGG hosts, whereas the dominant
manganese site occupancy and valence states in the CGGG
host depend on the determined Fermi energy level, and Mn%a
(Mn>®%) is dominant over other Mn valences and substitutions
over a broad range of chemical conditions.

The energy levels of octahedral Mn** have been cal-
culated at the equilibrium geometric configurations of the
non-Jahn-Teller ground-state C(°E), Jahn-Teller-split ground-
state CCCE’), and excited-states C(°T») and C(*T;), as shown
in Fig. 5. The calculated energy levels at the non-Jahn-Teller
configuration C(°E) are adopted to estimate the Racah param-
eter B and the values are all around 860 cm™~! in a series
of garnet hosts (see more details in Note 5 of the Supple-
mental Material [46]). The ligand field strengths are 2.17,
2.12, 2.07, and 1.99 eV, respectively, for the YAG, YGG,
GGG, and CGGG hosts. These are obtained as the difference
of the average t, orbital and average e orbital energies in
octahedral coordination at the HSEQ6 level. Thus the ligand
field strength of Mn* decreases for YAG > YGG > GGG >
CGGG. The excitations of Mn>* at the stable Jahn-Teller-split
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FIG. 5. The energy levels calculated at corresponding geometric configurations of CCE), C(CE’), C(°T,), and C(*°T}) in YAG, YGG, GGG,

and CGGG hosts.

ground-state C(°E’) are the spin-allowed infrared °’E’ — E”
and visible °E' — 3T, transitions. By calculation, the visi-
ble °T, — 5E’ emission energies are 2.06, 2.02, 1.97, and
1.81 eV for the YAG, YGG, GGG, and CGGG hosts, respec-
tively, which show redshift as the ligand field decreases. The
NIR !T, — 3T, emission energies are calculated as 1.14,
1.19, 1.19, and 1.21 eV for the YAG, YGG, GGG and CGGG
hosts, respectively, which show no significant dependence on
the ligand field strength. Besides, the energies of the weak
intensity emissions 'T, — °E’/°E” with AS = 2 have been
calculated and the dependence on the ligand field is opposite
compared with>T, — JE’. The detailed calculated excitation
and emission energies are plotted in Fig. 6 for comparison
with experimental results, and good overall agreement is
achieved.

We now discuss the temperature dependence of the emis-
sions. In room-temperature experiments [24], a NIR emission
~1150 nm is observed for YAG:Mn>**. This emission is very
weak for YGG:Mn>* but not observed in the other crystals.
Besides, a red emission is observed in all crystals at room
temperature. However, a weak red emission is observed at low
temperature for CGGG:Mn>" only, while the NIR emission is
present for all of the systems. The red emission corresponds
to °T, — JE’ and the NIR emission is the !T, — 3T,
transition. The different behavior may be related to the relative
energy of the T, and 'T, excited states. By calculation, the
energy of the stable excited-state >T, [>T, level at C(°T,)]
relative to that of the stable excited-state 'T, [!T, level at
C('Ty)]is largest in the YAG host and smallest in the CGGG
host. The relative energies are correspondingly 0.34, 0.14,
0.10, and —0.01 eV in the YAG, YGG, GGG, and CGGG
hosts. By considering the temperature-dependent population
and the ratio of radiative relaxation rate between T, and !T,
excited states, the relative energy of >T, with respect to ' T,
should be ~0.2 eV for comparable NIR and red emissions at
room temperature, as discussed above. Thus the NIR emission
at room temperature is due to the large energy of T, relative
to 'T,, i.e., to the large ligand field strength. As mentioned
above, the energies of 5T, relative to 'T, are 0.34 eV for
YAG and 0.14 eV for YGG. The former is larger than 0.2 eV,
while the latter is comparable with 0.2 eV, which leads to the
occurrence of NIR emission in the YAG host and a very weak

NIR emission in the YGG host at room temperature. Similarly
considering the temperature-dependent population and the ra-
diative relaxation rate of the T, and 'T, excited states, the
relative energy of T, relative to ' T, should be ~0.003 eV for
comparable red and NIR emissions at the low temperature of
5 K. The calculated relative energy of —0.01 eV for CGGG is
compatible with experimental observations that T, emission
still dominates at 5 K.
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FIG. 6. Calculated versus experimentally reported [23,24] exci-
tation and emission energies of Mn>* in garnets. The dotted y = x
lines are plotted as a guide for the eyes.
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The luminescence of Mn?t and Mn** in garnet hosts is
now briefly mentioned. By calculation, the emission energy of
Mn?* in dodecahedral oxygen coordination is calculated to be
~2.1eV at the HSEO6 level. Experimentally, a weak ~590 nm
emission is observed in YAG:Mn. Thus it is attributed to
Mn?* in dodecahedral coordination and the formation energy
of dodecahedral Mn?* is lower in YAG than in the other
crystals. Besides, the emission energy of Mn** in octahedral
coordination is ~2.0 eV at the HSEO06 level, which has been
shown by a previous study to overestimate the emissions [12],
and the observed ~650 nm emission arises from Mn** in
octahedral coordination (see more details in Note 3 of the
Supplemental Material [46]).

2. Trends in the quenching process of Mn>*

The quenching of the red Mn** emission T, — JE
with temperature has been reported in the literature [24] and
the quenching temperatures are in the order YAG > YGG
> GGG > CGGG. The calculated energy differences of
5T, and 3T, at CCT,) are correspondingly 1.08, 0.94, 0.91,
and 0.78 eV for Mn-doped YAG, YGG, GGG, and CGGG
crystals, which may enable nonradiative multiphonon lumi-
nescence quenching. When the energy difference increases,
the nonradiative decay process involves a larger number of
phonons and consequently its transition probability becomes
smaller. Hence the critical temperature of the de-excitation
transition increases with the larger ligand field strength. The
required number of phonons is correspondingly 28, 28, 24,
and 21 when the effective phonon energy fiw = 306 cm™!
is applied [24]. However, the energy difference in the YAG
host is close to that in YGG and GGG hosts and it is some-
what contradictory to the experimental results [24], where the
quenching temperature in YAG:Mn>" is much higher than for
other garnet hosts.

We notice that the ionized excited-state Mn4++eEB is
comparable in energy with the 3T, excited state in garnets
so that the quenching processes through ionization are pos-
sible at high temperature. The relative energies (i.e., stable
Mn4++eEB relative to the stable 5T, excited state) are 1.29,
0.43, 0.43 and 0.70 eV for YAG, YGG, GGG and CGGG,
respectively. The Mn** /Mn>* transition energy levels relative
to the CB minimum are plotted in Fig. S2. It should be noticed
that the relative energy for CGGG is larger than that for
YGG/GGG. However, there are large concentrations of Gage
and Geg, antisite defects, which can lower the CB and this
leads to the much lower quenching temperature for CGGG.
Besides, the luminescence quenching temperature for Mn** in
Y3ScyGaz 04, (YSGG) and Gd3Sc,Gaz 04, (GSGG) is similar
to that for CGGG [24]. There are a large number of antisite
defects in YSGG/GSGG solid solutions, which leads to the
low luminescence quenching temperature. Hence the appear-
ance of luminescence of Mn** requires a low Mn**/Mn3**
transition energy relative to CB or band tail, and a potentially
large band gap of host.

C. The effect of pressure on photoluminescence of Mn**

Due to the large radius of 3d orbitals and lack of shielding
by outer filled shells, the electronic states of Mn>* are sen-
sitive to the local ligand environment, i.e., to the symmetry,
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FIG. 7. The corresponding calculated emission energies (a) and
ZPL energies (b) as a function of pressure and average bond length.
The light red circles are experimental data [23] and the lines are
linear fitting.

bond lengths, angles, and coordination polyhedra. The effect
of the ligand environment on the luminescent properties of
Mn** may be revealed by pressure. The effects of high pres-
sure on luminescence have been experimentally studied for
CGGG:Mn** [23]. Figure 7 displays the calculated energies
of °T, — °FE, 'T, — °FE and !T, — 3T, emissions as
a function of pressure and average ground-state bond length.
It is noted that the calculated pressure for the experimental
structure under ambient conditions [42] is not zero in the
DFT calculations due to error. Hence the pressure adopted
in Fig. 7 is the change of calculated pressure. By applying
pressure, the Jahn-Teller structural distortion effect on the
ground state does not have a significant change, whereas the
average bond length decreases with pressure. The dependence
of average bond length on pressure is calculated to be about
—4.29 x 10~* A /Kbar.

As shown in Fig. 7(a), the red emissions show a
blueshift with pressure, and the dependence of the T, —
SE’'/’E” emission energy on pressure is calculated to be
1.65/1.67x 1073 eV /kbar, which is slightly larger than exper-
imental results of 1.29/1.31x107% eV /kbar [23]. However,
the 'T, — SE’ emissions exhibit a redshift with pressure.
The dependence of 'T, — SE’ emission energy on pressure
is calculated to be 1.77 x 1073 eV /kbar. By contrast, the
I'T, — 3T, emission energy is 1.22 eV and is independent
of pressure. Also, the ZPL energies of the 5T, and !'T, excited
states relative to °E have calculated and their trends versus the
pressure are plotted in Fig. 7(b). The two slopes are opposite
but are of similar absolute values. The 'T, excited state can
be much lower in energy than the T, excited state at high
pressure, which enhances the NIR IT, — 3T, emission.
Furthermore, our calculations show that the Mn** /Mn>" tran-
sition level shifts upward due to the compression of ligands,
which is beneficial for the stabilization of Mn**t (rather than
Mn?*) at octahedral sites. Note that the photoluminescence
of Mn** is observed experimentally at high pressure [23].
The calculated results agree with and further enrich the phe-
nomenological Tanabe-Sugano model, where the 5T, and 'T,
excited states, relative to ground-state SE, show the inverse
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dependence with ligand field strength, and the energy of 'T,
relative to *T) is independent of pressure.

IV. CONCLUSIONS

We have performed first-principles calculations based on
DFT to systematically study the stabilization and luminescent
properties of Mn>* in a series of A3B,B’,01, garnet hosts. The
formation energy shows the dominance Mn>* at the octahe-
dral B site for a large range of chemical potentials. The excited
states, excitation and emission energies of this Mn** moeity
have then been analyzed in detail. The calculated energy levels
of Mn* show that the characteristic infrared absorption is
the Jahn-Teller-split 'E’ — SE” transition and the visible
absorption band is the spin-allowed E' — °T, transition.
The characteristic red and NIR emissions are attributed to the
’T, — SE’ and !T, — 3T, transitions, respectively. The
experimental excitation, emission energies, and temperature-
dependent red to NIR emissions are well reproduced by our
calculations for a series of garnets.

The ligand environment effects on the luminescence of
Mn’** have been studied in detail for a series of garnets.
The ligand field strength for Mn*" in garnets decreases along
the series YAG, YGG, GGG, and CGGG. The energy of
3T, relative to 'T, increases as the ligand field strength in-
creases, which leads to a slight increase of the 5T, — °F’
emission energy, but has less impact on the 'T, — 3T,
emission energy. The higher energy of 5T, relative to 'T,
also leads to the smaller population of the 5T, excited state
relative to that of the 'T, excited state as the ligand field
strength increases. This explains the experimental results for
the temperature-dependent emissions for a series of garnets,
such as the room-temperature NIR luminescence in the YAG
host and the low-temperature red luminescence in the CGGG
host. To further investigate the effect of the ligand environ-
ment on the luminescent properties of Mn>*, the effect of

pressure has been studied in our calculations. The negative
dependence of pressure on bond length has been obtained
and the opposite ligand field strength dependencies of the >T,
and !'T, excited states have been rationalized. The calculated
blueshift of the red emission and the dependence on pressure
are close to experimental results.

Furthermore, the APESes of Mn>*t at the octahedral Al
site along the [MnOg¢]’s A, and E, moiety modes have been
calculated and the curves can be fitted well with parabolae
over an energy range of 2 eV. The energy difference between
3T, and 3T, is about 1.0 eV. Together with the high activation
energy, this indicates a low multiphonon nonradiative decay
rate, so that the quenching due to ionization has also been
studied. The closeness of the sum of Mn®*/Mn** transition
level and the energy of the relaxed excited state to the CB
(or shallow impurity levels) provide an efficient ionization
quenching process at sufficiently elevated temperatures.

In short, first-principles calculations can serve as an effec-
tive and predictive tool for exploring the structure distortion,
optical transitions, quenching processes, effects of pressure,
ligand environment, and Jahn-Teller distortions on the lumi-
nescence of the transition metal Mn>*.
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