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The formation energies and equilibrium concentrations of native defects in yttrium alumi-
num garnet (Y3Al5O12, YAG) are investigated using density functional theory together with a 
thermodynamic analysis. The evolution of defect charge states during cooling from the crystal-
growth temperature to room temperature is analyzed. The calculations show that cooling acti-
vates charge transfer between defect centers and leads to a significant redistribution of defects 
among their possible charge states. As a consequence, only a limited number of charge states 
remain thermodynamically favorable for each defect type at low temperatures. The  proposed 
theoretical approach can be applied to other oxide crystals in which defect concentrations are 
established at high synthesis temperatures, while the functional properties of the material are 
determined at much lower operating temperatures.
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Індукований охолодженням перерозподіл зарядових станів власних дефектів у 
ітрій-алюмінієвому гранаті.М.Ю. Вовсянікер, Д.В.Філь

Енергії утворення та рівноважні концентрації власних дефектів у ітрій-алюмінієвому 
гранаті Y3Al5O12, YAG) досліджено за допомогою теорії функціонала густини у поєднанні 
із термодинамічним аналізом. Проаналізовано еволюцію зарядових станів дефектів під 
час охолодження від температури росту кристалу до кімнатної температури. Розрахунки 
показують, що охолодження активує перенесення заряду між дефектними центрами і 
призводить до значного перерозподілу дефектів між їх можливими зарядовими станами. 
Унаслідок цього за низьких температур для кожного типу дефекту термодинамічно 
сприятливими залишаються лише обмежена кількість зарядових станів. Запропонований 
теоретичний підхід може бути застосований також до інших оксидних кристалів, у яких 
концентрації дефектів встановлюються за високих температур синтезу, тоді як функціональні 
властивості матеріалу визначаються за значно нижчих робочих температур.

1. Introduction

The mechanisms of formation of native defects in yttrium aluminum garnet (YAG), their characteris-

tics, and their effect on the material properties of the crystals are widely discussed in the literature (see

Ref. [1, 2] and references therein). Experimentally, native defects (vacancies, antisite defects, interstitial

defects, and complexes of such defects) are investigated using optical spectroscopy [3, 4, 5, 6, 7, 8, 9], elec-

tron paramagnetic resonance (EPR)[10, 11], thermoluminescence [10, 12, 13], and positron annihilation

spectroscopy [14, 15, 16], which provide valuable information on defect-related electronic states, charge



Functional Materials,  33,  2,  2026	 329

M. Y. Vovsianiker, D. V. Fil. / Cooling-induced charge-state redistribution ...

states, and recombination processes. Complementary insight is obtained from calculations based on the

shell model description [17, 18] and density functional theory (DFT) [19, 20, 21, 22], which allow one to

determine the atomic structure, formation energies, charge transition levels, and electronic properties of

defects under different thermodynamic conditions.

Despite considerable progress, a comprehensive understanding of the stability of different defect charge

states and their evolution under varying growth and thermal conditions remains incomplete. In partic-

ular, the interplay between defect energetics, charge-state transitions, and defect concentrations during

cooling from high-temperature synthesis conditions requires further investigation.

One of the key quantities that can be obtained from DFT calculations is the equilibrium concen-

tration of point defects. It is determined by the defect formation energies and by the temperature at

which thermodynamic equilibrium is established. A point defect is characterized by its structural type

(substitutional, interstitial, or antisite), the atomic species involved, the lattice site it occupies, and its

charge state.

The formation energy of a point defect is given by the Zhang–Northrup formalism [23]:

Ef = Edef − Eperf +
∑
A

(rA − aA)µA

+q(µe + EVBM) + Ec. (1)

Here, Edef and Eperf are the total energies of the cell with and without the defect, respectively. The term

Ec is a correction accounting for finite-size and periodic-image effects. The formation energy depends on

the chemical potentials of the atomic species, µA, and on the electron chemical potential µe. The quan-

tities rA and aA denote the number of atoms of type A removed from and added to the cell, respectively,

to create the defect, and q is the defect charge state in units of the elementary charge |e|.
The equilibrium defect populations are obtained by minimizing the total free energy of the crystal

[24]:

F = F0 +
∑
i

niE
f
i − kBT lnW, (2)

where F0 is the free energy of the perfect crystal, ni is the number of defects of type i, and W is the

number of possible defect configurations. For dilute defects,

W ≈
∏
i

Nni
i

ni!
, (3)

where the index i labels the defect species, and Ni is the number of available sites for a given defect

species. Minimization of Eq. (2) over ni yields the equilibrium concentrations

ci =
ni

V
=

Ni

V
exp

(
− Efi
kBT

)
, (4)

where V is the volume of the crystal.

All charged defects must satisfy the global charge neutrality condition [24]
∑
i

qici − ce + ch = 0, (5)

where ce and ch are the concentrations of electrons and holes. In wide-gap insulators these concentrations

follow Boltzmann statistics:

ce = Fe(T ) exp

(
−ECBM − µe

kBT

)
, (6)

ch = Fh(T ) exp

(
−µe − EVBM

kBT

)
, (7)

where the factors Fe(T ) and Fh(T ) are obtained from the density of states D(E) in the conduction and

valence bands:

Fe(T ) =

∫ ∞

ECBM

dE D(E) exp

(
−E − ECBM

kBT

)
, (8)
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Fh(T ) =

∫ EVBM

−∞
dE D(E) exp

(
E − EVBM

kBT

)
(9)

with EVBM and ECBM denoting the valence band maximum and the conduction band minimum, respec-

tively.

At a given T , the electron chemical potential µe is determined self-consistently from the charge neu-

trality condition (5), after which all defect and carrier concentrations can be calculated.

It is reasonable to assume that point defects remain frozen during cooling after crystal growth or

high-temperature annealing. However, this does not imply that their charge states remain fixed.

The distribution of defect charge states is governed by the differences in their formation energies and by

temperature. Since the temperature changes during cooling, the equilibrium distribution of charge states

at room temperature may differ significantly from that established at the crystal-growth temperature.

In addition, at the crystal-growth temperature the charge-neutrality condition (Eq. 5) is largely main-

tained by free carriers: electrons under reducing conditions and holes under oxidizing conditions. Because

of the high temperature, the equilibrium concentration of free carriers is many orders of magnitude larger

than that in the same material at room temperature.

Upon cooling, the intrinsic carrier concentrations ce and ch decrease exponentially, and the system

can no longer rely on free carriers to compensate charged defects. Instead, electrons or holes are captured

by defects, leading to changes in their charge states.

In other words, cooling drives a charge-transfer mechanism between defect centers, changing the

relative populations of different charge states while keeping the total number of each structural defect ap-

proximately constant. This recharging process shifts the Fermi level and results in a new low-temperature

equilibrium in which charge neutrality is ensured primarily by oppositely charged defects rather than by

free carriers.

The aim of this study is to quantitatively investigate cooling-induced charge transfer between native

defects and its consequences for defect charge states, the Fermi-level position, and charge neutrality in

YAG.

2. DFT Calculation Details

The calculations were performed using a strictly localized, atom-centered basis set as implemented

in the SIESTA code [25], which is based on DFT. The generalized gradient approximation with the

Perdew–Burke–Ernzerhof (PBE) exchange–correlation functional was employed together with a double-

zeta basis set including polarization orbitals.

Electronic band-structure calculations were performed using the Quantum ESPRESSO package [26]

with the hybrid PBE0 exchange–correlation functional.

Pseudopotentials were taken from the PseudoDojo library [27] and generated within the generalized

gradient approximation. The pseudopotentials were constructed using the optimized norm-conserving

Vanderbilt scheme. Scalar-relativistic effects were included, while spin–orbit coupling was not incorpo-

rated at the pseudopotential generation level. The “stringent” accuracy level of the PseudoDojo library

was employed.

Lattice parameters and atomic positions of the host crystal were optimized until the residual stress

components converged to less than 0.05 GPa and the residual forces were below 0.005 eV/Å. The plane-

wave cutoff energy of 950 Ry was used to calculate the total energy of the system. A simple or complex

defect was then placed in the optimized unit cell. The atomic positions in the defective cell were optimized

again.

The band-structure calculations performed with the PBE functional using SIESTA yielded a band

gap of EPBEg = 4.45 eV.

Experimentally, the optical band gap of YAG is Eoptg ≈ 6.5 eV [28]. The optical band gap is smaller

than the fundamental band gap Efundg due to exciton binding effects. Synchrotron radiation spectroscopy

measurements for YAG [29, 30] report a fundamental gap of Efg = 8 eV. A fundamental gap value of 7.85

eV has also been adopted in recent synchrotron excitation studies of YAG [31].
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Hybrid-functional calculations reproduce experimental band gaps more accurately.

Our calculations with a modified PBE0 functional using Quantum ESPRESSO with a mixing pa-

rameter of 0.32 yield E
PBE0(m)
g = 7.7 eV, compared to the Quantum ESPRESSO PBE functional result

EPBEg = 4.58 eV, with a downward shift of the valence-band maximum of ∆EVBM = 2.0 eV and an

upward shift of the conduction-band minimum of ∆ECBM = 1.1 eV relative to the PBE values. These

results are very close to those obtained in Ref. [21] using VASP with the same mixing parameter, where

E
PBE0(m)
g = 7.78 eV compared to the PBE functional result EPBEg = 4.57 eV, with the corresponding

band-edge shifts ∆EVBM = 2.1 eV and ∆ECBM = 1.1 eV.

PBE0 calculations with the standard value of the mixing parameter 0.25 yield EPBE0g = 6.9 eV, com-

pared to the SCAN functional result ESCANg = 5.08 eV [22], with ∆EVBM = 1.17 eV and ∆ECBM = 0.65

eV relative to the SCAN values.

In our calculations and in Refs. [21] and [22], the relative magnitudes of the downward and upward

band-edge shifts follow a similar proportion, approximately ∆EVBM/∆ECBM ≈ 0.65/0.35.

In the present work, we adopt this ratio for SIESTA and apply a rigid correction to the SIESTA PBE

band structure by shifting the valence-band maximum downward by 2.1 eV and the conduction-band

minimum upward by 1.15 eV, which gives the band gap Eg = 7.7 eV.

3. Formation energies of point defects in YAG

The chemical potentials of the host elements were calculated from thermodynamic equilibrium con-

ditions:

3µY + 5µAl + 12µO = EY3Al5O12 , (10)

and

2µAl + 3µO = EAl2O3 (Al2O3-rich conditions) (11)

or

2µY + 3µO = EY2O3 , (Y2O3-rich conditions) (12)

together with the stability inequalities

µY ≤ EY, µAl ≤ EAl. (13)

In Eqs. (10–13), EsolidX denotes the energy per formula unit of the compound X in the solid state. The

values EsolidX were calculated by the DFT method using the same pseudopotentials.

The oxygen chemical potential µO2 depends on the partial pressure of oxygen in the growth atmo-

sphere and on the crystal growth temperature [24]:

µO2(T, P ) = µ
(0)
O2
+∆µO2(T, P ), (14)

where µ
(0)
O2
is the calculated energy of an isolated molecule,

∆µO2(T, P ) = ∆µO2(T, P0) + kBT ln
P

P0
, (15)

and

∆µO2(T, P0) = kBT

[
ln

(
P0Vq

kBT

)
+ ln

(
σO2BO2

kBT

)]
+ µvibO2

(T ), (16)

with P the partial pressure, P0 = 0.1 MPa the standard state pressure, Vq = (2π�2/mO2kBT )
3/2 the

quantum volume, BO2 the rotational constant, σO2 the molecular symmetry factor, and µvibO2
(T ) the

vibrational contribution.

The temperature correction can also be evaluated as

∆µO2
(T, P0) = HO2

(T, P0)−HO2
(0, P0)− TSO2

(T, P0), (17)
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using thermochemical data [32] for the enthalpy HO2(T, P0) and the entropy SO2(T, P0) of the gas phase.

Standard DFT overestimates the dissociation energy of O2, yielding values larger than those from

experiment [33]. To correct for this, we determine µ
(0)
O2

by combining DFT-calculated energies of the

isolated O atom with experimental data for the dissociation energy of O2 [32].

The formation energies of defects computed under Al2O3-rich conditions (Eq. (11)) and under Y2O3-

rich conditions (Eq. (12)) differ only slightly for most defects, except antisite defects. In the following,

we present results for crystals grown in the Y2O3-rich environment. Under these conditions, the oxygen

chemical potential varies from

µminO =
2EY3Al5O12 − 3EY2O3 − 10EAl

15
(18)

(reducing conditions) to

µmaxO =
µO2(T, P0)

2
(19)

(oxidizing conditions).

The crystal structure of YAG (Y3Al5O12) belongs to the space group Ia3̄d. The cubic unit cell con-

tains 8 formula units (160 atoms). Y atoms occupy dodecahedral 24(c) Wyckoff positions, Al atoms

occupy octahedral 16(a) and tetrahedral 24(d) Wyckoff positions, and O atoms occupy 96(h) Wyckoff

positions. To calculate the energy Edef,i, a point defect is placed in the fully optimized unit cell, and the

atomic positions in the defective cell are optimized again.

We restrict our consideration to the following defect species: oxygen vacancies VO; Al vacancies at

the 24(d) and 16(a) sites, VAl(t) and VAl(o), respectively; Y vacancies VY; interstitial defects Ali, Oi, and

Yi; antisite defects YAl(t), YAl(o), and AlY; and defect complexes VO − VAl(t), VO − VAl(o), and VO − VY.

The Madelung correction Ec is evaluated using the method proposed in [34, 35] (see also [36]). First,

we calculate the formation energies Ef(0) without the correction term for the cubic unit cell and for two

supercells, 1× 1× 2 and 1× 1× 3. Then we fit the obtained energies to the function

Ef(0)[n×m× p] = k1 + k2vM (n×m× p). (20)

Here vM is the Madelung constant. The Madelung constant determines the electrostatic energy of period-

ically arranged classical unit charges (one charge per supercell of dimensionsma×na×pa) in a compensat-

ing uniform background. Using Ewald’s method, we obtain vM (1×1×1) = −2.84, vM (1×1×2) = −1.81,
and vM (1 × 1 × 3) = −0.76 in units of e2/2a. For m,n, p → ∞ this constant tends to zero, and the

fitting parameter k1 gives the formation energy of a charged defect with the periodic-image interaction

removed. The correction Ec for the 1× 1× 1 cell is then calculated as Ec = k1 − Ef(0)[1× 1× 1].
In Fig. 1, the formation energies Ef(0) for several representative charged defects are shown. One can

see that they exhibit an almost linear dependence on vM . Compared with the Makov–Payne [37] and

Freysoldt–Neugebauer–Van de Walle (FNV) [38] correction schemes, this procedure captures the leading

q2/L term that dominates the finite-size error for charged defects. Higher-order terms in the inverse

lattice parameter 1/L, such as quadrupole contributions and potential alignment corrections [39], are

not explicitly included. The nearly linear dependence of Ef(0) on vM confirms that these corrections are

small for the supercell sizes employed here and can therefore be neglected.

The obtained correction can be approximated by the general expression Ec ≈ αq2, where α = 0.13

eV for simple defects and α = 0.16 eV for defect pairs. These numerical factors are close to the value

obtained from the simple estimate α = vM (1 × 1 × 1)e2/2ϵa ≈ 0.15 eV for the YAG lattice constant a

and dielectric constant ϵ = 11.7.

Figure 2 shows the formation energies of native defects versus the electron chemical potential for

crystals grown under reducing (Fig. 2a) and oxidizing (Fig. 2b) conditions in a Y2O3-rich environment.

In Fig. 2, different slopes correspond to different charge states, and the energy EVBM is chosen as the

reference for the electron chemical potential µe.

The formation energies of antisite defects are independent of the oxygen chemical potential. Their

formation energies in the Y2O3-rich environment and in the Al2O3-rich environment are listed in Table 2.
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Fig. 1. Formation energies of an oxygen vacancy V ••
O (a), an oxygen interstitial ion O′′

i (b), an Al

vacancy at the tetragonal site V ′′′
Al(t) (c), and the defect complex V ••

O − V ′′′
Al(t) (d), calculated without

the correction Ec. The formation energies are given at µO = µmin
O . The electron chemical potential µe

is chosen to satisfy the charge neutrality condition, Eq. (5), at T = 2243 K (the YAG crystal growth

temperature). The DFT results are shown by dots, and the solid line represents the fit to Eq. (20).

Throughout the paper, we use Kröger–Vink notation for the charge states of point defects.

Antisite defect Y×
Al(o) Y×

Al(t) Al×Y

Formation energy
Y2O3 env. 1.00 eV 2.05 eV 2.69 eV

Al2O3 env. 1.44 eV 2.48 eV 2.25 eV

Teble 1. Formation energies of antisite defects in the Y2O3 environment and in the Al2O3 environment.

The results presented in Fig. 2 and Table 2 largely reproduce the data for native defects reported in

[40]. The small differences between Ref. [40] and the present study arise from the use of more stringent

pseudopotentials from [27] in the latter case. In addition, unlike Ref. [40] and earlier calculations [21], we

do not consider V ′
O defects. Our calculations yield a negligibly small Madelung correction energy, Ec, for

this defect, indicating delocalization of the excess electron added to the supercell in the DFT modeling.

The formation energies in Fig. 2, together with those reported in Ref. [40], are in good agreement with

the earlier DFT study [21].

One can see that among positively charged defects, the oxygen vacancies V •
O and V ••

O have the lowest

formation energies and serve as the main compensators of negatively charged point defects.

Negatively charged Al and Y vacancies and interstitial oxygen atoms have comparable formation

energies and both contribute to charge balance.

We find that YAl − VO complexes are energetically unfavorable, exhibiting small negative or zero

binding energies. At the same time, cation and anion vacancies show a clear tendency to form bound

pairs, with relatively large binding energies (see Table 3). These results are in qualitative agreement with

the data of Ref. [41]. Quantitatively, we predict a significantly larger binding energy for the V ′′′
Al(t) − V ••

O

defect complex than for other possible configurations. As shown below, this complex makes the dominant

contribution to charge balance.
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Defect complex Binding energy

V ′′′
Al(t) − V ••

O 4.18 eV

V ′′′
Al(t) − V •

O 2.23 eV

V ′′
Al(t) − V ••

O 3.52 eV

V ′′′
Al(o) − V ••

O 2.91 eV

V ′′′
Al(o) − V •

O 0.73 eV

V ′′
Al(o) − V ••

O 2.39 eV

V ′′′
Y − V ••

O 2.51 eV

V ′′′
Y − V •

O 1.43 eV

V ′′
Y − V ••

O 1.89 eV

Table 2. Binding energies of VAl(t) − VO and VY − VO complexes.
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Fig. 2. Formation energies of point defects in YAG grown under reducing (a) and oxidizing (b) conditions

in the Y2O3-rich environment.

Thermodynamic transition levels ε(q1, q2) defined as

ε(q1, q2) =
Ef(Xq1 , µe = EV BM )− Ef(Xq2 , µe = EV BM )

q2 − q1
, (21)

where Ef(Xq1 , µe = EV BM ) and Ef(Xq2 , µe = EV BM )are the formation energies of an X-type defect in

the charge states q1 and q2, respectively. The calculated values are presented in Tables 4 and 5 for the

defect species shown in Fig. 2.

The calculated transition-level energies are systematically larger than those reported in [20]. This

discrepancy arises from the overestimation of EVBM and the underestimation of the band gap in DFT

calculations with the PBE functional used in [20].

In Fig. 3, the equilibrium concentrations of different defect species at the crystal growth temperature

T = Tgr = 2243 K, summed over all their charge states, are shown. In the case of Al vacancies, we also

sum over the two types of lattice sites. The contribution of VAl(o) to the total number of Al vacancies is
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, (21)

where Ef(Xq1 , µe = EV BM ) and Ef(Xq2 , µe = EV BM )are the formation energies of an X-type defect in

the charge states q1 and q2, respectively. The calculated values are presented in Tables 4 and 5 for the

defect species shown in Fig. 2.

The calculated transition-level energies are systematically larger than those reported in [20]. This

discrepancy arises from the overestimation of EVBM and the underestimation of the band gap in DFT

calculations with the PBE functional used in [20].

In Fig. 3, the equilibrium concentrations of different defect species at the crystal growth temperature

T = Tgr = 2243 K, summed over all their charge states, are shown. In the case of Al vacancies, we also

sum over the two types of lattice sites. The contribution of VAl(o) to the total number of Al vacancies is

Defect specie VAl(t) VAl(o) VY VAl(t) − VO VAl(o) − VO VY − VO Oi

ε(0/− 1) 2.45 2.38 2.31 2.69 2.78 2.82 4.30

ε(−1/− 2) 2.82 2.80 2.88 6.39 7.05 5.96 4.36

ε(−2/− 3) 3.71 3.31 3.47 — — — —

Table 3. Thermodynamic transition levels (in eV) for negatively charged defect species.

Defect specie VO Ali Yi

ε(+3/+ 2) — 5.17 5.09

ε(+2/0) — 6.14 —

ε(+2/+ 1) 4.51 — 6.59

ε(+1/0) 4.67 — 6.7

Table 4. Thermodynamic transition levels (in eV) for positively charged defect species.

about 1 per 100, and the contribution of VO − VAl(o) pairs to the total number of VO − VAl complexes is

about 1 per 104.

While antisite defects prevail over the entire range of µO, they are not involved in the charge-transfer

mechanism considered below. The concentration of VO− VAl complexes is substantially higher than that

of isolated Al and Y vacancies.

The concentrations of Al and Y interstitial defects and VO − VY complexes are low, and they do not

play any noticeable role in maintaining charge balance.

The obtained concentrations of point defects lie within the range expected for as-grown YAG. They

demonstrate the tendencies discussed in experimental studies [2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15].

In particular, they confirm the predominant role of antisite defects and oxygen vacancies in crystals grown

under reducing conditions. They also confirm the tendency for the formation of VO − VAl complexes,

whose possible role in optical characteristics was discussed in Refs. [2, 14, 15, 16].

The equilibrium concentrations of free carriers (electrons and holes) established at T = Tgr are
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shown in Fig. 4. These concentrations are many orders of magnitude higher than the typical free-carrier

concentrations in wide-band-gap insulators at room temperature. This indicates that a charge-transfer

mechanism must be activated upon cooling from the crystal growth temperature to room temperature.

4. Modeling of the evolution of defect charge states upon cooling

To model the evolution of the charge states of point defects, we impose a set of constraints on the

concentrations of defect species in different charge states cκ,q(T ) at T < Tgr:

∑
q

cκ,q(T ) = c(0)κ , (22)

where the index κ denotes the defect type and q denotes its charge state. The quantity

c(0)κ =
∑
q

ceqκ,q(Tgr) (23)

is the total concentration of defects of type κ, and ceqκ,q(Tgr) are the partial equilibrium concentrations of

the corresponding defect species in different charge states at the crystal-growth temperature Tgr.

The concentrations of the defect species in each charge state at T < Tgr are obtained by minimizing

the free energy Eq. (2) subject to the constraints Eq. (22) with respect to ni (i = (κ, q)). Introducing the

Lagrange multipliers λκ for each constraint, we obtain the following expression for the concentrations:

cκ,q =
Nκ

V
exp

(
−
Efκ,q − λκ

kBT

)
. (24)

The Lagrange multipliers are obtained by solving Eq. (22) with respect to λκ. The explicit dependence

on the atomic chemical potentials (entering Eq. (1)) can be removed from Eq. (24) by an appropriate

redefinition of λκ. The Lagrange multiplier λκ can therefore be interpreted as the chemical potential

of a point defect of type κ. This chemical potential is determined by the equilibrium concentration c
(0)
κ

established at T = Tgr and depends only on the chemical potentials of atoms during the crystal-growth

process.

Figures 5–7 show the distribution of point defects among different charge states at room temperature

compared with their distribution at the crystal-growth temperature.

Figure 5 indicates that charge transfer during cooling leads to a reduction in the concentration of V ••
O

defects in YAG grown under reducing conditions and to a reduction in the concentration of V ×
O defects

in YAG grown under oxidizing conditions. This conclusion correlates with results of experimental studies

of F -centers in YAG [1, 2, 3, 4, 5, 11, 14, 15]. For crystals grown under reducing conditions, F+ - and

F - centers are associated predominantly with oxygen vacancies with one and two captured electrons,

respectively, and there is not experimental evidence of a significant number of F++ centers, i.e., oxygen

vacancies without captured electrons.
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shown in Fig. 4. These concentrations are many orders of magnitude higher than the typical free-carrier

concentrations in wide-band-gap insulators at room temperature. This indicates that a charge-transfer

mechanism must be activated upon cooling from the crystal growth temperature to room temperature.

4. Modeling of the evolution of defect charge states upon cooling

To model the evolution of the charge states of point defects, we impose a set of constraints on the

concentrations of defect species in different charge states cκ,q(T ) at T < Tgr:

∑
q

cκ,q(T ) = c(0)κ , (22)

where the index κ denotes the defect type and q denotes its charge state. The quantity

c(0)κ =
∑
q

ceqκ,q(Tgr) (23)

is the total concentration of defects of type κ, and ceqκ,q(Tgr) are the partial equilibrium concentrations of

the corresponding defect species in different charge states at the crystal-growth temperature Tgr.

The concentrations of the defect species in each charge state at T < Tgr are obtained by minimizing

the free energy Eq. (2) subject to the constraints Eq. (22) with respect to ni (i = (κ, q)). Introducing the

Lagrange multipliers λκ for each constraint, we obtain the following expression for the concentrations:

cκ,q =
Nκ

V
exp

(
−
Efκ,q − λκ

kBT

)
. (24)

The Lagrange multipliers are obtained by solving Eq. (22) with respect to λκ. The explicit dependence

on the atomic chemical potentials (entering Eq. (1)) can be removed from Eq. (24) by an appropriate

redefinition of λκ. The Lagrange multiplier λκ can therefore be interpreted as the chemical potential

of a point defect of type κ. This chemical potential is determined by the equilibrium concentration c
(0)
κ

established at T = Tgr and depends only on the chemical potentials of atoms during the crystal-growth

process.

Figures 5–7 show the distribution of point defects among different charge states at room temperature

compared with their distribution at the crystal-growth temperature.

Figure 5 indicates that charge transfer during cooling leads to a reduction in the concentration of V ••
O

defects in YAG grown under reducing conditions and to a reduction in the concentration of V ×
O defects

in YAG grown under oxidizing conditions. This conclusion correlates with results of experimental studies

of F -centers in YAG [1, 2, 3, 4, 5, 11, 14, 15]. For crystals grown under reducing conditions, F+ - and

F - centers are associated predominantly with oxygen vacancies with one and two captured electrons,

respectively, and there is not experimental evidence of a significant number of F++ centers, i.e., oxygen

vacancies without captured electrons.
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Fig. 5. Concentrations of oxygen vacancies in different charge states at T = Tgr (a) and at room

temperature (b).

A strong reduction in the number of V ••
O defects upon cooling is partially associated with the charge-

transfer reaction

V ×
O + V ••

O � 2V •
O (25)

The direction of reaction (25) depends on the sign of the energy difference

∆EV ×
O +V ••

O �2V •
O
= Ef

V ×
O

+ Ef
V ••
O

− 2Ef
V •
O

(26)

Our calculations yield a positive value, ∆EV ×
O +V ••

O �2V •
O
= 0.16 eV, which corresponds to a shift toward

the transver of electrons from V ×
O to V ••

O defects. This process requires a sufficient concentration of V ×
O

vacancies, which occurs in crystals grown under reducing conditions. We note that earlier DFT calcula-

tions [20, 21] yielded negative values of ∆EV ×
O +V ••

O �2V •
O
, which contradict the experimental observations.

One can see from Fig. 6 that only the charge states V ′′′
Al , V

′′′
Y , and V ••

O − V ′′′
Al remain populated upon

cooling to room temperature.

The oxygen interstitial defects in the charge states O′
i and O

×
i disappear upon cooling in crystals

grown under reducing conditions (Fig. 7).

In Fig. 8, we present the evolution of the charge states of oxygen vacancies upon cooling in YAG

grown under reducing conditions (µO = µminO ). The entire temperature range from the crystal-growth

temperature down to 200 K is shown. The evolution of the concentration of free electrons is also dis-

played. A change in the slope of the 1/T dependence indicates a change in the dominant charge-transfer

mechanism. One can see that at T < 1000 K the charge neutrality condition is mainly maintained by

the balance between the concentrations of V •
O vacancies and V ••

O − V ′′′
Al complexes.

The evolution of the charge states of Al vacancies in YAG grown under oxidizing conditions

(µO = µmaxO ) is shown in Fig. 9a. One can see that the concentration of V ′′′
Al vacancies saturates at

T < 700 K. Vacancies of Y (not shown) demonstrate similar behavior. The concentration of free holes

drops below 106 cm−3 already at T < 1200 K.

Figure 9b illustrates that in crystals grown under oxidizing conditions, charge neutrality is maintained

by the balance between V ••
O vacancies, O′

i interstitial defects, and the complexes V
••
O − V ′′′

Al .

One can see from Figs. 8 and 9 that the association of VO with Al vacancies occurs under both reduc-

ing and oxidizing conditions, and such complexes play the major role in charge compensation at room
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Fig. 7. Concentrations of oxygen interstitial defects in different charge states at T = Tgr (a) and at

room temperature (b).

temperature. This conclusion is in agreement with results obtained by positron annihilation spectroscopy

[14].

Overall, the calculations demonstrate that cooling from the crystal-growth temperature leads to a

substantial redistribution of point defects among different charge states. As the temperature decreases,

free carriers become strongly depleted, and charge neutrality is increasingly maintained by charge transfer

between defect species. As a result, only a limited number of defect charge states remain populated at

room temperature.
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temperature. This conclusion is in agreement with results obtained by positron annihilation spectroscopy

[14].

Overall, the calculations demonstrate that cooling from the crystal-growth temperature leads to a

substantial redistribution of point defects among different charge states. As the temperature decreases,

free carriers become strongly depleted, and charge neutrality is increasingly maintained by charge transfer

between defect species. As a result, only a limited number of defect charge states remain populated at

room temperature.
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5. Conclusion

In conclusion, we have investigated the formation energies, equilibrium concentrations, and charge-

state evolution of native point defects in yttrium aluminum garnet (YAG) using first-principles calcula-

tions combined with a thermodynamic model of defect populations. The main attention is paid to the

redistribution of defect charge states during cooling from the crystal-growth temperature.

The calculations show that at the crystal-growth temperature the charge neutrality condition is largely

maintained by free carriers. As the temperature decreases, the equilibrium concentrations of free carriers

decrease exponentially and become negligible compared with the concentrations of charged defects.

As a consequence, charge neutrality is increasingly maintained through charge transfer between de-

fect centers. In this process electrons or holes are captured by defects, which leads to a redistribution of

defect populations among their possible charge states while the total concentration of each structural de-
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fect remains approximately constant. This mechanism results in a dramatic reduction of the free-carrier

concentration from values on the order of 1017 cm−3 at the growth temperature to extremely low values

below 1 cm−3 at room temperature.

The calculations demonstrate that cooling leads to a strong stabilization of only a limited number of

charge states for each defect type. Other charge states that are thermodynamically accessible at high

temperatures become strongly suppressed during cooling.

At the same time, the presence of a significant number of aluminum vacancies and their complexes

with oxygen vacancies at room temperature, suggested in a number of experimental studies [1, 2, 14, 15],

and calculations of the positron lifetime performed in [20] for V ′′′
Al yielded a result that is in good agree-

ment with the experimental data, suggesting that such defects are predominantly in the specified charge

state.

These results highlight the important role of defect–defect charge transfer in determining the electronic

state of YAG at low temperatures. The redistribution of defect charge states during cooling may signifi-

cantly influence carrier trapping, recombination processes, and the optical and scintillation properties of

the material.

The approach developed in this work provides a general framework for describing the evolution of

defect charge states in wide-band-gap materials during cooling. It can be applied to other oxide crystals

in which defect populations are formed at high synthesis temperatures, while the functional properties of

the material are determined at much lower operating temperatures.
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