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Microscopic origin of gray tracks in KTiOPO4
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In this paper, O-vacancy-related Ti** centers in potassium titanyl phosphate (KTiOPO,, KTP), which are
commonly discussed along the formation of its characteristic photochromic damage (i.e., so-called gray track-
ing), are systematically investigated within density functional theory. Notably, centers localized at TiOg moieties
close the vacancy, provide the best agreement with experimental hyperfine tensors, and are also energetically
more favorable compared to the ones located at undercoordinated TiOs moieties, whereby displaced K ions
are found to stabilize them. Ti*" centers embedded in Rb-doped KTP share the same properties as those in
stoichiometric KTP. The calculated absorption spectra for K-deficient KTP suggest that gray tracking can be
attributed to a vacancy pair composed of a positively charged O vacancy and a negatively charged K vacancy.
The displaced K ions could contribute to the local formation of overpopulated K channels, which may also be

associated with gray tracking.
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I. INTRODUCTION

Potassium titanyl phosphate (KTiOPO,4, KTP) is arguably
the best-known member of the ferroelectric crystal family,
with the general constitution formula MTiOX Oy. Its peculiar
crystal structure, see Fig. 1 (details can be found in, e.g.,
Refs. [1-4]), determines a number of interesting properties,
allowing for its application in many different fields. To name
some examples, KTP crystals are already well established
as frequency doublers, waveguides, or electro-optic modula-
tors, and have recently been proposed as a possible electrode
material [4-17]. Unfortunately, the usage of KTP is lim-
ited by the possibility of characteristic photochromic damage
(i.e., so-called gray tracks or gray tracking), showing absorp-
tion characteristics for application-relevant wavelengths (i.e.,
1064 nm and 532 nm), whereby the operation of damaged
crystals can lead to their catastrophic failure [1,18-29].

The macroscopic formation of gray tracks has been re-
ported during a variety of processes, e.g., upon the application
of strong electric fields [25,26], the irradiation with high-
intensity laser light [17-20] or x-rays [27], or even the
reduction at high temperatures in H, atmospheres [28].

The microscopic origin of gray tracks, on the other hand,
is commonly attributed to the formation of Ti3* centers (.e.,
reduced titanium atoms) as the result of the charge com-
pensation of O vacancies, which naturally form upon charge
compensation for K vacancies [1,20,22,23,30-35]. In KTP,
there are two types of O, which differ with respect to their
coordination: Eight atoms [O(1)-O(8)] are coordinated to P
and Ti, while sites O(9) and O(10) bond to Ti exclusively (see
also Fig. 1). Only the latter type is relevant for gray tracking
[1,31,34-37]. More precisely, the only thermally stable Tit
center (Agy [23,34]) has been attributed to a reduced Ti(2)
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atom adjacent to a single positively charged O(10) vacancy by
experiment [34] and theory [35]. In addition, a recent density
functional theory (DFT) study [38] reported that different
stages of gray tracking could be explained by different charge
states assumed by the O(10) vacancy itself.

Besides, when it comes to their suppression, treatments
leading to (i) a reduced number of potassium vacancies [1,26]
or (ii) a reduced mobility of K ions along [001] via, e.g.,
Rb dopants [1,39], were found to be very efficient. Notably,
the properties of oxygen vacancies in K-deficient KTP and
their possible role during gray tracking are still not completely
understood [40]. Also, Rb seems to play a rather controversial
role in this context: While moderate Rb doping is helpful
to increase the threshold against gray tracking [1,26,39], the
same O-vacancy-related Ti** center has been detected in
RbTiOPO4 (RTP) crystals [41], which indeed assume a gray-
ish coloring [41], but are less affected by gray tracking [39].
In addition, both KTP and RTP are reported to show similar
laser-damage behaviors [42].

Moreover, also the exact localization of the O-vacancy-
related Ti*t centers might be controversial, similar to the case
of titania, where a number of different configurations were
found, in which the position of O-vacancy-related Ti** centers
is not limited to Ti atoms directly adjacent to the vacancy itself
(i.e., the ones in undercoordinated TiOs mojeties) [43].

Clearly, all these open questions indicate that the attribu-
tion of gray tracks to oxygen vacancies alone may provide
an oversimplified picture for such a complex phenomenon.
In the following, we aim at exploring the electronic [40] and
magnetic [40], as well as optical properties of O vacancies
and related Ti** centers within application-relevant chemical
environments, i.e., in Rb-doped as well as K-deficient KTP
crystals. In addition, we investigate the effects arising from
the relative position of the Ti** and the O vacancy within the
lattice. More precisely, we localize them both at undercoordi-
nated Ti(2)Os polyhedra caused by the O vacancy itself and

©2025 American Physical Society
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FIG. 1. Schematic representation (All the here shown crystal
structures as well as charge densities were visualized using the
VESTA [44] program.) of the KTP unit cell. Ti, P, K, and O atoms are
depicted in gray, orange, purple, and red, respectively. The position
of relevant lattice sites is indicated. Two O types can be identified in
the cell: The atoms O(1)-O(8) [site O(6) is marked] are coordinated
to both Ti and P, the atoms O(9) and O(10), on the other hand, to Ti
exclusively.

at Ti(2)Og moieties close to the vacancy. Thus, we contribute
to a better understanding of the gray-track formation in KTP.

II. COMPUTATIONAL

Calculations are performed using DFT as implemented
in the open-source package QUANTUM ESPRESSO [45,46].
For the fully relaxed defect structures, optical properties are
computed using the YAMBO code [47,48].

Oxygen vacancies (Vo) are embedded in stoichiometric
KTP using a 64-atom supercell (i.e., eight repetitions of the
formula unit KTiOPQO,), as well as in K-deficient KTP and a
rubidium-doped KTP supercell, both highly relevant for the
gray-tacking mechanism [1,26,39]. The defect structures are
fully relaxed using the Baldereschi point [49] for Brillouin
zone sampling. For the optical properties, on the other hand, a
finer mesh of 3 x 6 x 3k points is used.

During the calculations, the lattice constants are kept
fixed at their experimental values [50] of a = 12.814 A b=
6.404 A, and ¢ = 10.616 A, while the atomic positions are
optimized until fluctuations of the total energy and forces
are lower than the thresholds of 1078 Ry and 10~* Ry/bohr,
respectively. Details of the resulting defect geometries can be
found in Sec. III.

At the lowest level of theory, the electronic exchange and
correlation effects are described within the generalized gra-
dient approximation, more precisely via the PBEsol [51,52]
functional. We apply norm-conserving pseudopotentials treat-
ing the Ti 3d2 352 3p6, P 3s? 3p3, K 4s!, Rb5s!, and O 2s? 2p4
states as valence states. These yield an electronic band gap
of EgpEsl =3.27eV, slightly larger compared to the ones
reported in our previous studies [35,37,38]. This is related to

the use of a Ti pseudopotential with a larger number of valence
states (semicore 3s3p states in the valence). As reported by
Neufeld et al. [53] in fact, the magnitude of the KTP band gap
tends to be enlarged in this case.

To improve the description of the reduction of Ti atoms
(i.e., the formation of Ti*" centers), we apply the Hubbard
correction [54] (PBEsol + U) on the Ti 3d states. The applica-
tion of this correction is reasonable, since it is well-known to
yield an accurate description of the localization of the 3d wave
functions and by this improved hyperfine tensors of Ti** cen-
ters in KTP [35]. The Hubbard U is included via the simplified
scheme by Cococcioni and de Gironcoli, and the magnitude
of the correction is self-consistently determined using the
methodology discussed in Ref. [54]. This procedure yields
the values of U; =5.91eV and U, = 5.87¢eV for the two
different Ti sites Ti(1) and Ti(2), respectively. We note that
the self-consistently determined U parameters for the Ti3d
electrons in cells containing Rb dopants, K vacancies, and/or
reduced Ti** centers do not deviate more than 0.15eV from
the ones in the stoichiometric bulk KTP cell. Thus, for the
sake of simplicity, we adopt an average value of U = 5.9eV
for all Ti atoms in all simulations.

With the Hubbard correction, the band gap widens to
Eg*;g = 3.61 eV. This value perfectly fits in the range of band-
gap widths reported for KTP, i.e., Egp = 3.2-3.8eV [7,55-
57]. Thus, the Ti pseudopotential used here enables us to cor-
rectly describe the KTP band gap already at the PBEsol + U
level of theory. Nevertheless, since the energetic position of
the defect level in the gap critically depends on the exact U
value, we use the standard PBEO [58] hybrid functional to
confirm the relative stability of the defects and to determine
the energetic position of the O-vacancy related midgap states
[59-61].

To determine which defects prevail for a given Fermi-level
position (er), we compute their formation energy Ejor, de-
fined as

Etorm = Eder — Eigeat — Y Mifli +q - &F- ey

l

Here, Eq.r refers to the ground-state energy of the supercell
containing the defects, Ejg., to the energy of the ideal su-
percell (here stoichiometric, K-deficient, or Rb-doped KTP),
n; < 0 is the number of atoms removed (n; > 0 if added) from
(to) the supercell, u; the chemical potential of the respective
elements, and g denotes the defect’s charge state. In this
paper, we determine the formation energy of O vacancies as
well as K vacancies and K interstitials. The related chemical
potentials are determined using molecular oxygen and metal-
lic potassium. For the determination of the charge-transition
states (N/N + 1), we apply the so-called Slater-Janak model,
allowing for their direct computation via

(N/N 4+ 1) = ENT! — EVN :g,,(%), )

with EN*1 and EV as the energies of a supercell containing
N + 1 and N electrons, respectively, and 8[.](%) as the one-
particle energy of the highest Kohn-Sham orbital affected by
the charge transition with an occupation of /2 with respect
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to the valence band maximum (VBM) of the ideal supercell
(here, stoichiometric, K-deficient, or Rb-doped KTP) [62-64].

To identify the most likely defect structure, experimen-
tally observed hyperfine (hf) splittings are compared with hf
parameters theoretically determined for selected defect mod-
els. They are calculated in scalar-relativistic approximation
using the gauge-including projector augmented plane wave
approach (GIPAW) [65] as implemented in the QUANTUM
ESPRESSO package [45,46] and require an analysis of the
magnetization density m(7) = n' () — n¥(¥) (i.e., the proba-
bility of the unpaired electrons) in a small region around the
nuclei [66].

Assuming efficient orbital quenching by the crystal ligand
field [67], the hyperfine interaction due to a nucleus / at the
position 7; can be split into two contributions: (i) the isotropic
Fermi contact term

1 87 R N P
ar = z=—vi | m(F)ém (F—r)d’r, 3)

28 3
where y; = 2g’1‘\, LB ufo—g and 8y, (7 — 7y) represents a broad-
ened § function with half width given by the Thomas radius
rTh = fl—izz, about 10 times the nuclear radius, and (ii) a purely
anisotropic term due to the dipole-dipole interaction of the
electronic magnetization density m(#):

1 3= ®F -7~ F=FIPL

@:Eylfm(r) IS d’7.
“
Diagonalization of the resulting hf tensor A; = a;1 + B;
yields the principal hyperfine values A; listed in Table .
For the most likely defect structures, we calculate the opti-
cal absorption following the approach discussed in Ref. [38],
e.g., we apply the independent particle approximation using
the electronic structure as calculated via a modified PBEO
functional including a reduced fraction o of exact exchange
(EXX) from Hartree-Fock theory (i.e., PBEO-«), which was
shown to yield [38] optical properties in close agreement with

the established GW + BSE quasiparticle formalism [53,68].

III. STRUCTURAL DETAILS

In a previous DFT study [35], the best agreement with the
experimental hyperfine tensors [34] of the thermally stable
Ti*t center was found for the one caused by a O(10) va-
cancy leading to the reduction of the adjacent Ti(2) atom.
A quantitative analysis of the two datasets, however, points
out some deviation from experiment: The DFT values for the
nucleus *'P(1) are slightly overestimated, while the ones for
31P(2) and 3'P(3) are clearly smaller than the corresponding
experimental values, cf. Refs. [34,35].

To investigate the influence of the local chemical environ-
ment of the Ti** centers, the O vacancy is inserted in different
host materials, i.e., in stoichiometric KTP, K-deficient as well
as Rb-doped KTP, whereby all chemical environments are
relevant in the context of gray tracking [1,26,39]. Due to the
high mobility of the K ions along the [001] crystal direction,
K-deficient KTP is modeled by placing potassium vacancies
on either the K(1) or the K(2) lattice site. In addition, since the
neutral charge state is expected to be energetically unstable
[37] (also see Fig. 5), we model single negatively charged va-

cancies, i.e., VK_(}) and VK_&). For Rb-doped KTP, on the other
hand, because of the larger atomic radius of the Rb substitu-
tionals and since they are more prone to occupy the larger K(2)
cage [69], we only substitute a K(2) site by Rb. The relaxed
unit cells of the four host materials are depicted in Fig. 2.
Notably, the cell geometry is barely altered by the introduction
of a Rbg as well as a VK’(} )» While the vacancy VK’é) causes a
local disorder in the K sublattice. In the following, we refer to
Rb-doped cells as RKTP, while (depending on the position of
the K vacancy) K-deficient cells are denoted as KTP-K1 and
KTP-K2, respectively. Conceptionally, all four materials are
treated as bulk (host) materials, whereby both KTP-K1, and
KTP-K2 are single negatively charged, while ideal KTP and
and the RKTP host material provide neutral supercells.

To model O-vacancy-related Ti** centers, O(9) as well
as O(10) vacancies (both located between two Ti atoms, see
Fig. 1) are introduced in these four host materials. Thereby,
we focus on the electron-paramagnetic-resonant-active (EPR
active) +1 charge states, which provide an unpaired electron
yielding an S = !/2 paramagnetic defect state.

To model Ti** centers located in undercoordinated TiOs
and stoichiometric TiOg moieties, we adopt a two-step pro-
cedure to selectively reduce specific Ti atoms: First, the
geometry of the cell is optimized with the Hubbard correc-
tion applied exclusively on the Ti atom in the cell that is to
be reduced. Then, the preoptimized structure will be relaxed
again with the Hubbard correction applied on all the Ti atoms.
We localize the Ti*T not only in the undercoordinated Ti(2)Os
polyhedron adjacent the O vacancy but also at the next-nearest
Ti(2)Og¢ moiety; also see Fig. 3. These two centers will be
denoted as IY and II)C(), respectively, whereby O indicates the
position of the O vacancy [i.e., either O(9) or O(10)], and X
the host material with A = KTP, B = RKTP, C = KTP-K1,
and D = KTP-K2. The choice of reducing Ti(2) sites ex-
clusively might appear quite restrictive at first sight, but it
is robust for two reasons: First, upon Ti(1) reduction only
three 3'P nuclei show a relevant hyperfine structure (see also
Ref. [35]). Second, as discussed in Refs. [70,71], in KTP
isomorphs electrons are trapped in a ferroelectric spin con-
figuration and Ti(2) sites are more prone to reduce compared
to Ti(1) sites. At this point, the reader may argue that some
of the centers resolved by Setzler et al. have been attributed to
Ti(1) sites in the cell [34,35]. Nevertheless, since these centers
are not thermally stable [34], their presence should not falsify
this assumption.

A schematic representation of all Vg and Vi, defect
structures after geometry optimization is depicted in Fig. 2.
Oxygen vacancies at sites O(9) and O(10) obviously provoke
a rather strong geometry relaxation of the surrounding TiOs
polyhedra. However, the potassium sublattice is also affected
to different extents. Notably, in both KTP and RKTP, the
vacancy V&io) causes a stronger disorder compared to V&é):
During geometry relaxation, the K ions are shifted by up to
1.2 A and less than 0.5 A, respectively. In K-deficient KTP,
in contrast, there is no evident trend, apart from the fact that
a Vg, in KTP-K1 yields the strongest, while a Vj, in
KTP-K1 gives rise to a rather minor rearranging.

We note that in all investigated cases, the strongly lo-
calized Ti** center gives rise to a midgap level in the
fundamental band gap, the position of which depends on the
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FIG. 2. Schematic representation of the four investigated host materials before and after the introduction of O(9) and O(10) vacancies (for
details, see Sec. IIT). The yellow surfaces correspond to the charge density of the midgap state attributable to the Ti** centers I3 and IT. Note
that the positions of 12<9> and 112(9) differ from the ones assumed in the remaining cells, since the O(9) vacancy is located at a different position.

Adapted from Ref. [40].

chosen functional; also see Fig. 4. Although we will refrain
from a detailed quantitative analysis of defect-induced absorp-
tion at this point, we would like to point out that while the
Rb substitutional barely affects the midgap states’ position,
the K vacancy shifts them slightly toward the conduction
band.

IV. HYPERFINE TENSORS

The hyperfine splitting of the resonance lines in electron
paramagnetic resonance (EPR) is a consequence of the inter-
action of the nuclear moments with electron spin. It probes the
wave functions of the unpaired electrons at the nuclei and is
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FIG. 3. Relative position of the centers I)? and II)(? and the oxygen
vacancy before geometry relaxation: The former is located at an un-
dercoordinated Ti(2)Os moiety, the latter at the next-nearest Ti(2)O¢
moiety. Adapted from Ref. [40].

by this extremely sensitive to the chemical environment (see
also Sec. II). Thus, these signatures can be used to identify
localized states, e.g., defects in crystal structures. Unfortu-
nately, the natural abundance of the EPR-active Ti isotopes

KTP RKTP
0(9) 0O(10, 9) 10)
12 TR 12 120
€5 pBEO B pBE0 | B pee0 | CB PBEO
5.48 eV 5456V, 5.50 6V 542V
60\)(0 60\X\) eo\xo 60\)(0
& & & &
370V 3656V 370V 3.64 6V
2.50 eV 2.53 eV 2.53 eV 2.54 eV
053 eV 0.55 eV 0.56 eV 0.55 eV
VB VB VB VB
€8 pBEO | CB PBEO | CB pee0  CB PBEO
54TV 5:60eV. 55496V 5490V
2 2 2 2
60\ Q/%o\ Q/‘.}o\ Q/%o\
& 2 2 2
3776V 3756V 378V 3706V,
270 eV 2.75eV —— 271eV
0.72 eV 0.80 eV 0.69 eV 0.70 eV
VB VB VB VB
0(9) 0(10) 0() 0(10)
g I I I
KTP-K1 KTP-K2

FIG. 4. Position of O-vacancy-related midgap states as deter-
mined within the PBEsol + U and the PBEQ formalism caused by
the energetically more favorable centers /IQ. Note that under the ap-
plication of the PBEO-7% (see main text) their position with respect
to the valence band is barely affected compared to the ones obtained
using the standard PBEO functional.

TABLEII. Distances between the Ti*" centers I and 11 and the
nearest K* ion.

KTP RKTP KTP-K1 KTP-K2

12(9) HZ)(Q’) 13(9) Hg(9) 12(9) Hg(9> 12(9) Hg(9)

KTi** [A] 3.75 3.63 375 3.61 3.87 355 3.82 357
Ig(lo) Ilg(lo) Ig(IO) Hg(IO) 18(10) Hg(lo) Ig(l()) Hg(10>

KTi*t[A] 3.87 3.63 3.86 3.63 3.66 3.55 3.88 3.74

(7.4% *'Ti, I = 5/2, and 4.4% **Ti, I = 7/2) is not sufficient
to allow a resolution of the Ti-related hyperfine signatures in
experiment. Also the oxygen isotope with nonzero nuclear
spin (70, I =5/2) has an abundance below 0.04% and is
thus far below the resolution limit. For this reason, we have
to focus on the hyperfine structure of the surrounding 3'P(i)
nuclei, see Table 1. Note that we only report centers with a
relevant hyperfine splitting and they do not necessarily corre-
spond to the same P atoms in different hosts. The comparison
of the calculated data with the experimental hyperfine split-
ting from Ref. [34] for KTP is justified as K vacancies are
always present in real KTP crystals [1] and the signatures
of Ti** centers in RTP are very close to the ones in KTP,
cf. Refs. [34,41].

For both KTP and RKTP, all the simulated vacancies lead
to qualitatively good agreement with experiment. Even O
vacancies in K-deficient KTP lead to very similar hal(gerﬁne
splittings. Notably, the signatures of the centers II; »0(10)
[which again are located at the second next-nearest Ti(2)
atom] are always in better (}uantitative agreement with the
experiment compared to I)?(g +0U0 10cated at the undercoor-
dinated TiOs moieties. This holds especially for the *'P(3)
and *'P(4) nuclei, whereby this behavior is even more pro-
nounced for O vacancies in K-deficient KTP. Thus, the
agreement between experimental and theoretical hyperfine
tensors is improved for a Ti** center located at a Ti(2)Og
moiety close to the O vacancy compared to the previously
assigned site. The local chemical environment, on the other
hand, does not strongly influence the centers’ hyperfine
structure.

To better understand these findings, we have to focus on
the specific properties of the defects. Notably, the different
31p_related hyperfine splittings caused by the centers I? and
I cannot be explained by different distances between P and
Ti. For example, the centers II(C)(]O) and Hg“o) are located at
exactly the same position, see Fig. 2, but clearly differ with
respect to their hyperfine structure.

As the major difference between the two structures lays in
the position the K ions, the hyperfine structure appears to be
directly influenced by the K sublattice. In each investigated
host material, the center II,? is located on average 0.19A
closer to a KT ion compared to the respective I)C() center; see
also Table II. We thus suggest that the K* ions provide the
stabilizing forces for the trapped electrons and, therefore, for
the thermally stable Ti** center (Agy [23,34]).

By this, our calculations support the finding of previous
studies [27,72,73] that K ions may migrate simultaneously
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0) vacancy in KTP (paramagnetic)
0) vacancy in KTP (diamagnetic)
0) vacancy in RKTP
0) vacancy in KTP-K1
10) vacancy in KTP-K2

— o1
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K(1) vacancy in KTP
K(2) vacancy in KTP ——
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FIG. 5. Formation energy of a O(10) vacancy in four different
materials, as well as K interstitial and K vacancies in KTP calculated
on the PBE0-7% level of theory. In each case, the formation energy
is referred to as the host material. The energy range for the Fermi
level er corresponds to the band gap of KTP, the ones of RKTP and
KTP-K1 (KTP-K2) do not deviate more than 0.1 eV from this value.
The charge states yielding the hyperfine structure discussed in Table I
are marked in red.

with their trapped electrons and also play a decisive role in the
context of gray tracking. A study by Miirk et al. [27] presented
gray tracking as characterized by two stages: The first cor-
responds to (not-further specified) preradiational defects and
the second to defects caused by the radiation itself. Thereby,
electron-hole pairs stabilized by K interstitials and O atoms
are indicated as the origin of the coloring. The authors also
found that the transparency of KTP crystals upon the irradi-
ation with x-rays can be preserved by increasing the rigidity
of the K sublattice. Mu and Ding [72] attributed the origin
of (as they called it) invisible damage to K ions displaced
along the [001] crystal direction. Furthermore, Wang et al.
[73] attributed the increased absorption in periodically poled
KTP compared to single-domain crystals to a higher number
of K vacancies and interstitials caused by the poling process
itself.

Thus, to better understand the microscopic effects accom-
panying displaced K ions in the context of gray tracking, in
the following we extend our investigations onto K interstitials.
For this purpose, we model a neutral K interstitial within an
otherwise stoichiometric KTP unit cell. Also in this case, the
extra electron is localized at the Ti(2) closest to the interstitial.
As expected, the hyperfine signatures of this Ti** center (Hﬁ)
differ from the signatures of the other centers here simulated,
see also Table I, and therefore also from the signatures of
the gray-tracking related center reported experimentally [34].
This does not mean, however, that K interstitials have to be
excluded completely. Due to the position of the (4-1/0) charge
transition very close to the CBM (see Fig. 5), the K interstitials
are expected to be in their diamagnetic, i.e., EPR-silent charge
state in most cases. Hence, in the following, we will discuss
the energetics and absorption properties of the O vacancies as
well as the K interstitial.

TABLE III. Differences of the PBEO ground-state energy of the
centers 19 and 119 caused by the same O vacancy in each host
material X .

Host KTP (A) RKTP(B) KTP-KI (C) KTP-K2 (D)

+1 +1 +1 +1 +1 +1 +1 +1
Ovacancy Vgo, Vouoy Yo Youo Yooy Vouo Yoo Voo

AE [meV] +241 +164 +223 +166 +291 +146 +247 +188

V. ENERGETICS

To determine the relative stability of the centers 12(9)’0(10)
and 119000 in each material X, we analyze the energy
difference

AE = E; — Ey, 5

where E; and Ey correspond to the PBEO ground-state en-

ergy of the material X containing the centers 12(9)’0(10) and

112(9),0(10), respectively. The so-calculated values are com-
piled in Table III. All the energy differences are positive
(between +146 meV and 4291 meV), meaning that the cells
containing the center 112(9),0(10) are always energetically more
favorable than the scenario, where the Ti’T center is localized
adjacent the O vacancy, i.e., the center 12(9)’0(10).

In the second step, we compute the formation energy of
charged oxygen vacancies as a function of the Fermi-level
position e¢r via Egs. (1) and (2). Since the vacancies O(9)
and O(10) are expected to show the same qualitative trends,
we limit our detailed discussions to the O(10) vacancy. In
addition, the ground-state energies and chemical potentials
as well as energetic position of half-occupied levels are de-
termined using the PBE0-7% functional (i.e., a modification
of the PBEO functional including 7% of EXX; see also next
section), since this yields agood agreement with the experi-
mental KTP band gap, so the energetic position of the states
are expected to be reliable. In fact, as discussed previously
[38], the energetic position of the occupied midgap defect
state measured from the VBM does not change significantly
compared to its position under the application of the standard
PBEO functional. The formation energy of the O(10) vacancy
in four different hosts is depicted in Fig. 5. Here, we also show
the formation energy of a K interstitial in KTP and the one of
the K(1) and K(2) vacancies in KTP. Note that in each case
the energy is referred to the ground-state energy of the host
material, which in the case of a O vacancy in K-deficient KTP
is negatively charged. In addition, the indicated Fermi-level
range refers to the band gap of bulk KTP. The ones of RKTP,
KTP-K1, and KTP-K2 deviate not more than 0.1 eV from this
value. Due to the choice of referring the formation energy to
the host materials, the O vacancy can assume three different
charge states: Within the charge state 42, there is no trapped
defect electron and the related defect states are completely
emptied. For charge state +1, we choose the cell where the
trapped electron yields the more favorable center Hg(m). For
the neutral, on the other hand, there are many possibilities.
Two reasonable choices are (i) in a diamagnetic spin con-
ﬁ%uration S = 0, with the electrons localized at the center
IIX(IO) and at the Ti(1)Os moiety caused by the O vacancy, and
(ii) a spin-triplet S = 1 configuration, where the electrons are
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FIG. 6. (a), (c) Imaginary parts of the dielectric function as a function of the photon energy E;, calculated using the PBEO-7% method (for
further details, see text) of the centers /1 in different materials caused by the vacancies O(9) and O(10), respectively. The filled gray curve
refers to bulk KTP, while the GW + BSE spectrum (black line) is taken from Ref. [53]. (b), (d) Enlarged representations of the insets marked
in (a) and (b), respectively. Note that only the z component, i.e., Im(e;;), most relevant for gray tracking [18-20,29] is shown.

trapped at both the 12“‘” and II)?(IO) centers in a paramagnetic
spin configuration. We find that they provide almost the same
formation energy profile, cf. solid and dashed magenta curves
in Fig. 5. So, due to the similarity of the results and and the
particular reduction sequence of Ti sites in KTP isomorphs
[70,71], only the latter configuration will be taken into account
for the remaining systems.

The formation energy of the O vacancy does not strongly
depend on the host material: In every investigated case, the
charge state +2 is the dominating one for a broad range of
Fermi-level positions, while the EPR-active charge state +1 is
only stable for a narrow energy range close to the conduction
band. However, in contrast to what was found in Ref. [35]
within PBEsol + U, the formation of neutral vacancies seems
to be excluded, at least for moderately n-type doped material.
For the K interstitial and vacancy, the dominant state is the
single positively and the single negatively charged ones, re-
spectively. The formation energy of the interstitial is notable
lower compared to the one of the O vacancies in different
materials so its formation is in fact not to be excluded. Fur-
thermore, we find that in the presence of a K vacancy, the O

vacancy is more prone to form close to this vacancy, while
the KlJr is not likely to form, meaning that K-Frenkel pairs are
rather unlikely in this class of material.

VI. OPTICAL ABSORPTION

In the previous section (cf. Fig. 5), we have shown that
the vacancy PBEO—7% formation energy renders the neutral
charge state unstable or at least very unlikely. This finding
somewhat questions the hypothesis that the different stages
of gray tracking could be related to different charge states
assumed by the O vacancy itself [38]. To investigate the
influence of the chemical environment onto the optical prop-
erties, we calculate the optical absorption spectra of the
gray-tracking relevant II{ centers and the Ti** center caused
by the K interstitial II{ by adopting a modification of the
method discussed in Ref. [38].

Due to the use of a different Ti pseudopotential, the fraction
of EXX required to reproduce the GW + BSE gap [53] has to
be lowered from 10% to 7% (i.e., PBEO-7%). The imaginary
parts of the z component of the resulting dielectric function ¢,
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are shown in Fig. 6. The PBEO-7% method provides a good
approximation of a previous GW 4 BSE study [53], which
also includes excitonic quasiparticle effects. The inserted de-
fects provoke a redistribution of the oscillator strengths: The
intensity of the main absorption peak is lowered, simulta-
neously new absorption signatures caused by the excitation
of the defect-related midgap states appear for below-gap
photon energies; see Fig. 6(b). More precisely, we find that the
absorption properties of O-vacancy related Ti** centers are
not influenced by Rb dopants, cf. pink and dark blue curves
in Fig. 6. Both in fact show basically the same line shape with
absorption maxima at about 1.1-1.2 eV (main defect peak),
1.5-1.6 eV and 2.1-2.3 eV. More precisely, in the case of the
O(9) vacancies the main peak is slightly blueshifted to about
1.2 eV and reduced in intensity, while the one at around 2.2 eV
results to be broader and higher in intensity compared to the
ones of O(10) vacancies.

In K-deficient KTP, the exact location of the K vacancy has
a strong influence on the spectral shape: The main impact is
found for the O(10) vacancy in KTP-K1, where the intensity
of the main peak is blueshifted to about 1.2 eV, and also the in-
tensity of the peak at about 2.2 eV is enhanced. For the O(10)
vacancy in KTP-K2, in contrast, the shoulders on the left and
the right sides of the spectrum become more pronounced.
0(9) vacancies, on the other hand, show qualitatively the same
trends in both materials: The main effect is a slight redshift of
the third absorption peak to a photon energy of about 2.1 eV.
Interestingly, the absorption properties of the K interstitial are
also close to the ones of O vacancies with broad absorption
peaks centered at about 1.0eV and in the range of about
1.4-1.7 eV, but with missing peak at 2.2 eV.

VII. DISCUSSION

The results presented in the last sections show that the
currently accepted gray-tracking model has to be partially
revised. First, our data clearly show that Ti3* centers localized
at undercordinated Ti(2)Os moieties caused by a O vacancy
itself are not only energetically less stable compared to Ti**
centers located at a Ti(2)Og moiety close to the O vacancy.
Also, the agreement with experimental hyperfine tensors [34]
is quantitatively improved in the latter case. Thereby, dis-
placed K ions are shown to provide the required stabilizing
forces.

The data also indicate that the attribution of different stages
of gray tracking to a gradual charging of the oxygen vacancy
[38] does not provide a fully satisfactory explanation for the
phenomenon, since the neutral charge state is not predicted
to be sufficiently stable. Nevertheless, we still expect O va-
cancies to play a decisive role in the formation of the Ti**
centers: The vacancy, in fact, causes the displacement of the K
sublattice, which then provides the stabilizing (electrostatic)
forces for the Ti** centers.

In addition, the formation energy of the O vacancy in dif-
ferent materials shows that the EPR-active charge state related
to gray tracking is only stable for high positions of the Fermi
level, i.e., for strongly n-type doped material, which is clearly
given in the case of K-deficient KTP. For stoichiometric as
well as Rb-doped KTP, on the other hand, only the charge
state +2, not showing any occupied midgap states and related

absorption signatures (see Ref. [38]) appears to be sufficiently
stable.

The finding that the presence of K vacancies is crucial for
gray tracking is further reinforced by the fact that the absorp-
tion characteristics of the O vacancy in K-deficient KTP can
be directly related to the first- and the second-harmonic radia-
tion at 1064 nm and 532 nm [17-20,25,29] (i.e., about 1.17 eV
and 2.33eV), respectively, corresponding to the absorption
characteristics of gray tracks. The absorption signatures of
O vacancies in stoichiometric and Rb-doped KTP, on the
other hand, may only approximate the 1064 nm radiation.
Interestingly the absorption characteristics of a neutral K in-
terstitial also fall in the same energy range. However, the
method presented in Ref. [38] and adopted here for the calcu-
lation of the vacancies’ absorption properties highly benefits
from error cancellation and may not account correctly for
many-body effects for all configurations considered. Verified
using GW + BSE studies [53,68] for stoichiometric KTP, it
might not provide a perfect description of all defect-related
effects, so the participation of K interstitials cannot be ex-
cluded. This possibility is in line with the observation that
the loss of K [74,75] and P [75], which determines the ther-
mal decomposition of KTP surfaces, results in a translucent
layer, whereby its removal during cooling restores the crystal
transparency [75].

Furthermore, our investigation suggests the possibility
of a simultaneous migration of K interstitials and their
trapped electron through the crystal upon the application of
electric fields or the irradiation with laser light. The forma-
tion of overpopulated K-migration channels could explain
both the shape of gray tracks induced by the application
of high-voltage pulses along the c¢ axis (i.e., dark needles
originating at one electrode and growing in direction of
the other) [26] and also the reduced ionic conductivity of
gray-tracked areas [26], since they would naturally contrast
vacancy hopping mechanisms. In addition, the K-interstitial
model could also provide an explanation why Rb dopants
are beneficial for their suppression: (i) Rb dopants, by means
of reducing the number of K vacancies, not only contrast
the formation of the detrimental charge state 41 but (ii)
they could also prevent overpopulated K channels, since
they are characterized by a higher activation energy for
migration [26].

VIII. SUMMARY

Our comprehensive and systematic investigation of O
vacancies within stoichiometric, K-deficient, and Rb-doped
KTP let us refine and partially revise the defect model at-
tributed to the so-called gray tracking of the material.

First, our data suggest that the position of the Ti** has to be
shifted from the adjacent Ti(2)Os to the next-nearest Ti(2)Og
moiety, considering that the latter scenario (i.e., the II)(()
center) does not only yield better agreement with experimen-
tal hyperfine structure but is also energetically more favorable.

In addition, although O-vacancy-related Ti’* centers are
usually considered as the microscopic origin of macroscopic
gray tracks, our results suggest that O vacancies alone are not
able to explain all the details of gray tracking sufficiently well.
We rather suggest that gray tracking should be attributed to a
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vacancy pair composed of a positively charged O vacancy and
a negatively charged K vacancy. However, also, in this context
displaced K ions leading to the formation of overpopulated K
channels cannot be completely excluded as a possible expla-
nation for gray-track formation.

We expect that our paper will be instrumental in fully clari-
fying the gray-track formation mechanisms and paves the way
to further experimental and theoretical investigation. In par-
ticular, the investigation of the interplay between O-vacancy
related Ti* centers and K vacancies, displaced K ions as well

as K interstitials, and most importantly their simultaneous
migration through the crystal, is highly desirable.
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