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Potassium titanyl phosphate Z- and Y-cut surfaces from density-functional theory
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While potassium titanyl phosphate (KTP) is widely used for various optics applications, essentially nothing
is known about its surfaces and electronic properties. Here the ground-state atomic structures of KTP [001]
and [010] surfaces, frequently termed Z and Y cuts, respectively, have been determined using ground-state
density-functional theory total-energy calculations. The calculated surface phase diagrams in dependence on the
chemical potentials of the materials constituents show several stable nonstoichiometric terminations. A tendency
to form oxygen-rich surfaces is observed. The Z+ and Z− surfaces, discriminated by oppositely orientated
internal electric fields, are found to differ with respect to their stoichiometry and structure. Occupied O-derived
and in some cases unoccupied Ti-derived surface states appear in the lower and upper part of the bulk band gap,
respectively.
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I. INTRODUCTION

Within the last decades the ferroelectric potassium titanyl
phosphate (KTiOPO4, KTP) has become a common material
for nonlinear optics applications. Its large optical nonlinearity
and homogeneity [1] along with its wide transparency range
are utilized for, e.g., waveguide structures [2] and frequency
conversion devices [3]. KTP crystallizes in the orthorhombic
space group Pna21 [4]. It is characterized by distorted TiO6

and PO4 polyhedra linked by a mutual O atom that form a
three-dimensional polyhedra network along [100] and [010].
The cavities of this framework are occupied by K+ ions,
which possess a high mobility along the [001] direction [2].
The large nonlinearity of KTP has been attributed to a number
of structural features, including a distortion of Ti–O [1], P–O,
and K–O bonds [5]. KTP can be grown by hydrothermal
growth [6] and flux methods [7]. Crystals obtained by either
method are prone to intrinsic defects, in particular H intersti-
tials [8,9] as well as K and O vacancies [10]. Charged defects
of the latter kind have been related to the formation of color
centers in KTP (gray tracks) via a reduction of the Ti ions
from Ti4+ to Ti3+ [10,11]. These color centers may form dur-
ing frequency conversion processes under high-intensity laser
irradiation, causing photochromatic damage to the crystal. An
emission band at 820 nm in as-grown KTP has been shown to
originate from Ti3+ centers close to the surface [12].

The displacement of Ti atoms within the TiO6 octahedra
gives rise to a spontaneous polarization along the [001] direc-
tion amounting to Ps = 20.1 μC cm−2 [13,14]. Cutting KTP
perpendicular to [001] therefore creates two nonequivalent
surfaces (in the following referred to as Z+ and Z−). A similar
nonequivalence between Z-cut surfaces can be observed for
several ferroelectric oxides, e.g., lithium niobate [15]. The
surface structure of flux-grown KTP has been studied by Bolt
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et al., using optical microscopy [16]. The presence of a small
number of growth hillocks and microsteps on all KTP faces
was noted and traced to a spiral growth mechanism. Similar
findings were made for hydrothermally grown KTP [6]. In
a study by Nikolaev et al., the formation of periodic nanos-
tructures on KTP surfaces upon Ar ion irradiation has been
shown for incident angles �30◦ [17]. Atuchin et al. used x-ray
photoelectron spectroscopy and reflection high-energy elec-
tron diffraction (RHEED) to explore the surface stoichiometry
of the Z surface [18,19]. The as-grown face was found to
be covered by a thick amorphous layer depleted of K and P.
Upon mechanical polishing, this layer vanished and exposed a
surface with a chemical composition very close to bulk KTP.
Furthermore, the formation of nanosized KTP islands dimen-
sioned (1 × 4 × 4) was observed for annealing temperatures
of 550 ◦C at the Z-cut face. Upon further increase in annealing
temperature, KTP was found to decompose and anatase TiO2

nanocrystals formed on the surface.
As far as we know, there is no information available

on the equilibrium atomic structure of the KTP surfaces.
Also, it is not known to what extent the KTP optical prop-
erties are affected by surface electronic states. The present
paper is an attempt to address these questions on the
basis of density-functional theory (DFT) calculations. Ab
initio thermodynamics is used to determine the thermody-
namically stable surface terminations of the technologically
most relevant Z+, Z−, and Y-cut surfaces. The surfaces
that are most prominent in the calculated surface phase
diagrams are investigated with respect to their electronic
structures.

II. METHODOLOGY

The total-energy calculations are performed using the
Vienna ab initio simulation package (VASP) [20] DFT im-
plementation. The electron exchange and correlation energy
is calculated within the generalized gradient approximation
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FIG. 1. Left: Stacking sequence of K2Ti2P2O4 and O6 layers in Z-cut KTP. Bulk layers are kept fixed during relaxation, while all four
surface layers as well as the termination atoms are free to relax. K, Ti, P, and O atoms are depicted in purple, blue, green, and red, respectively.
The direction of the internal polarization �P is indicated. Right: Atomic arrangement of bulk cut (a) O6(yO), (b) O6(xO), (c) K2Ti2P2O4(y), and
(d) K2Ti2P2O4(x) terminations. Surface atoms are highlighted in yellow.

(GGA) using projector augmented wave potentials (PAW)
[21] and the PBEsol functional [22]. All open shells as well
as K3p, Ti4s, Ti3p, P3s, and O2s have been considered valence
states. PBEsol has been shown to accurately reproduce the
experimental lattice constants of KTP, with deviations smaller
than 0.4% [23]. The electron wave functions are expanded into
plane waves up to an energy cutoff of 500 eV. The Brillouin
zone integration is carried out using � centered 2 × 4 × 1
and 2 × 2 × 1 k-point meshes for Z-cut and Y-cut surfaces,
respectively. The respective Z- and Y-cut surfaces are modeled
using periodic repetitions of the orthorhombic KTP unit cell
along the z and y direction. The calculations are restricted to
the bulk periodicity, i.e., do not allow for the formation of
surface reconstructions. The initial coordinates for the calcu-
lations are taken from a previous DFT study [23]. Structural
relaxation of each considered surface region was performed
until the maximum force acting on all atoms fell below a
threshold of 0.01 eV/Å.

Along the z direction, KTP may be thought of as assembled
of alternating K2Ti2P2O4 and O6 layers, see Fig. 1. These
layers can be further discriminated by the orientation of the
constituent TiO6 and PO4 polyhedra. These are connected
by a common O atom and form chain structures parallel to
either the x direction [Figs. 1(b) and 1(d)] or the y direction
[Figs. 1 a and 1(c)]. Accordingly, we discriminate here be-
tween K2Ti2P2O4 (x) and (y) layers as well as between O6

(xO) and (yO) layers. The Z-cut surfaces are modeled here by
11...14 layers with atom coordinates frozen to the atomic bulk
positions and additional four surface layers and one termina-
tion layer. The atoms in the surface and termination layers
are allowed to relax freely. The bottom layer is chosen as yO

layer with frozen bulk atom coordinates for all Z+- and Z−-
cut surfaces investigated here. In addition to the predominant
P–O bonds, KTP is also characterized by highly ionic Ti–O
bonds. Therefore, a hydrogen passivation of the bottom layer
is not meaningful. However, all slabs used here to model a
specific cut share the same bottom layer in order to allow for

calculating meaningful energy differences between different
surface terminations.

A vacuum layer of 15 Å is used to separate the material
slabs along the direction of the surface normal in order to
minimize spurious interactions between the surfaces. Dipole
corrections along the [001] direction are applied in order
to mitigate spurious electric fields arising from electrostatic
interactions between the Z+ and Z− surfaces.

Along the y direction, KTP can be considered to be com-
posed of alternating Ti2P2O12 and K4Ti2P2O8 layers, see
Fig. 2. Similar to the Z-cut, these layers will, in the following,
be abbreviated as z and x, respectively. The Y-cut is nonpolar.

Bulk

Surface

Surface

Termination

Termination

Ti2P2O12 (z)
K4Ti2P2O8 (x)

(a)

(b)

y

z

x

y

x z

FIG. 2. Left: Stacking sequence of Ti2P2O12 and K4Ti2P2O6 lay-
ers in Y-cut KTP. Bulk layers are kept fixed during relaxation, while
all four surface layers as well as the termination atoms are free to
relax. The color coding follows Fig. 1. Right: Atomic arrangement of
bulk cut (a) Ti2P2O12(z) and (b) K4Ti2P2O8(x) terminations. Surface
atoms are highlighted in yellow.
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TABLE I. Calculated bulk chemical potentials and formation enthalpies of all investigated phases within PBEsol, along with their
respective space groups [24].

System Space group μbulk (eV) �H f (eV) System Space group μbulk (eV) �H f (eV)

K Im3̄m –1.11 0 O –4.57 0
KO2 F4/mmm –13.94 –3.68 P Cmce –5.78 0
KP P212121 –7.70 –0.81 P2O3 P21/m –35.03 –9.74
KPO3 P21/c –34.06 –13.44 P2O5 Pnma –51.65 –17.20
KTiOPO4 Pnma –62.68 –24.50 Ti P63/mmc –8.31 0
K2O F4/m3̄2/m –10.52 –3.72 TiO F4/m3̄2/m –18.39 –5.51
K2O2 Cmce –16.88 –5.51 TiO2 Pbca (Brookite) –27.99 –10.53
K2P3 Fmmm –21.59 –2.02 TiO2 P42/mmm (Rutile) –27.95 –10.50
K2P3 Fddd –21.59 –2.02 TiO2 I41/amd (Anatase) –28.01 –10.55
K2TiO3 Cmcm –40.84 –16.59 TiP P63/mmc –16.61 –2.51
K2Ti2O5 C2/m –69.16 –27.45 TiP2O7 P21/c –81.69 –29.79
K2Ti6O13 C2/m –182.22 –70.68 Ti2O P3̄m1 –27.54 –6.35
K3PO4 Pnma –47.73 –20.32 Ti2O3 P21/m –47.16 –16.82
K3Ti8O17 P1̄ –240.63 –93.07 Ti3O P3̄1c –36.05 –6.55
K4P2O7 P63/mmc –81.91 –33.88 Ti3O P312 –35.62 –6.12
K4P3 Cmcm –24.32 –2.53 Ti3O5 C2/m –75.24 –27.44
K4TiO4 P1̄ –52.33 –21.28 Ti6O P3̄ –61.13 –6.71
K6Ti2O7 P21/c –93.19 –37.89 Ti7P4 C2/m –94.65 –13.35

Therefore, a symmetric material slab consisting of 7 bulk,
8 surface, and 2 termination layers is chosen to model the
surface, see Fig. 2.

The various combinations of i, j, k, and l in the KTP
surface stoichiometry KiTi jPkOl for the Z+-, Z−-, and Y-cut
surfaces gives rise to a large number of possible surface termi-
nations. More than 500 of those were explored in the present
study. In particular we focus on O-rich surface structures that
turned out to be particularly favorable in the calculations.

Ab initio thermodynamics, see e.g., Refs. [15,25,26] is used
to determine the most favorable surface structures. Here it
is aimed at determining the configurations that minimize the
surface free energy

γ = �(T, {μi})

A
, (1)

with respect to the chemical potentials {μi} of atomic species
i. The surface area and the grand canonical potential, re-
spectively, are denoted by A and �(T, {μi}). The latter is
approximated as

�({μi}) ≈ EDFT({Ni}) −
∑

i

μiNi, (2)

where EDFT({Ni}) corresponds to the DFT ground-state energy
of a system consisting of Ni atoms of element i. Several side
conditions must be fulfilled by the set {μi} in order to ensure
the KTP thermodynamic stability. The chemical potentials
cannot be chosen independently, but are related to the KTP
heat of formation (see Table I),

�μK + �μTi + �μP + 5�μO = �H f
KTP, (3)

where

�H f
KTP = μbulk

KTP − μbulk
K − μbulk

Ti − μbulk
P − 5μbulk

O . (4)

Here �μi = μi − μbulk
i denotes the chemical potential vari-

ation with respect to the bulk phase of element i. In case
of K, Ti, and P the bulk phases are given by bcc potassium

[27], hcp titanium [28], and black phosphorus [29]. Molecular
oxygen O2 is assumed to be the O reservoir. The respective
μbulk

i values are determined by the ground-state energy per
formula unit of the respective phase. The values calculated in
the present study within DFT-PBEsol are compiled in Table I.
Furthermore, in order to prevent KTP segregation into the bulk
phases of its constituents, the following condition must be met

�H f
KTP � �μi � 0; i ∈ {K,Ti,P}

and �H f
KTP � 5�μO � 0. (5)

This effectively limits the range of the individual chemical
potentials. In order to reduce the degrees of freedom for
the surface chemical potentials, �μO is, in the following,
considered fixed via the pressure and temperature dependent
expression for the chemical potential of an ideal diatomic gas
[30]:

�μO(p, T ) = kBT

2

[
ln

(
pλ3

kBT

)
− ln(Zrot ) − ln(Zvib)

]
(6)

with

λ =
√

2π h̄2

mkBT
(7)

as the de Broglie wavelength of O2 and Zrot, Zvib as the
rotational and vibrational partition functions, respectively. As-
suming T = 300 K and ultrahigh vacuum (UHV) conditions,
�μO amounts to −0.69 eV. Ending up with three degrees of
freedom (�μK, �μTi, and �μP), the surface stability may
be explored using ternary phase diagrams, see Fig. 3. Each
point in this graph thereby corresponds to three values for
{�μK, �μP, �μO} that obey Eq. (5). Further conditions on
the chemical potentials are derived from the assertion that no
segregation into biatomic AiB j or triatomic AiB jCk phases
should occur, i.e.,

i · �μA + j · �μB + k · �μC � �H f
AiB j Ck

, (8)
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FIG. 3. Binodal curves within the KTP phase diagram, directly
enclosing the stability region for bulk KTP formation, indicated in
red (see text).

for A,B,C ∈ {K,Ti,P,O}. In case of four elements, Eq. (8)
implies a series of conditions for a vast number of stable
bi- and triatomic compounds. In our study, we focused on
31 compounds, whose formation enthalpies (after structural
relaxation) are summarized in Table I. Fulfilling all condi-
tions simultaneously implies a restriction to the full accessible

phase space {�μi}, given by Eq. (5). In Fig. 3 the ternary
phase space is visualized along with the bulk KTP stability
range. The latter is given by the intersection of all binodal
curves partitioning the phase space according to Eq. (8).

III. RESULTS

The calculated phase diagrams of Z+ and Z− surfaces are
shown in Fig. 4, bottom. Both cuts show a large variety of
stable surface terminations in dependence on the chemical po-
tentials of the surface constituents, i.e., the surface preparation
conditions. Interestingly, bulk terminated K2Ti2P2O4 and O6

surfaces are not among the stable surfaces, stable terminations
closest to bulk cut stoichiometries are found to be O3(yO)
and K2P2O3(y). In general, the energy differences between
the energetically most favored terminations at each point of
the phase diagram are found to be very small, typically of
the order of a few 100 meV. This holds also for the energy
differences between most x- and y-type terminations of equal
stoichiometry. For this reason, temperature effects as well as
kinetic effects related to the surface preparation conditions
can be expected to have a noticeable influence on the surfaces
experimentally observed. As a general trend, xO as well as yO

terminations are very unfavorable for both the Z+ and the Z−
cut, with the exception of a small region of stable O3 (yO)
reconstructions on both cuts. Moreover, with the exception of
K2(y), all terminations within the stability region of both Z
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FIG. 4. Phase diagrams of KTP Y-cut (up), Z+ (left), and Z− (right) surfaces. Bulk stability region is sketched in white. UHV conditions
have been assumed in order to determine the chemical potential of oxygen.
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FIG. 5. Left: Localized surface states of K2P2O3(y) termination on the Z+ surface. Right: Localized surface states of O3(yO) on the Z−

surface. Blue Ti 3d states are empty, while red O 2p states are occupied. Shaded area indicates KTP bulk band structure. Size of the circles
correspond to the degree of localization within the first surface layers. Charge densities of Ti 3d and O 2p derived surface states are depicted
in (a)–(d).

cuts are O rich. No Ti terminated surface structures are found
to occur within the KTP stability region.

Two main structural motifs can be identified for stable Z+
and Z− terminations. On the one hand, for stable terminations
involving phosphorous, P and O atoms tend to arrange in
a way that preserves the fourfold coordination of P. This
is exemplary shown for K2P2O3(y) on Z+ in Fig. 5(a) and
O3(yO) on Z− in Fig. 5(c). On the other hand, it is observed
that an increase of unsaturated O bonds leads to a strong

outward relaxation of K atoms from the inner layer. This can
be explained by the Coulomb attraction that affects the alkali
ions.

Apart from the similarities between Z+ and Z− surfaces
discussed above, there are also strong differences, especially
regarding the amount of stable terminations. On Z− a number
of terminations [PO(y), TiO(y), and TiPO4(x)] are found to be
stable only for a very small regions within the phase space.
Additionally, terminations on Z− are found, on average, to
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FIG. 6. Work functions W and relative change of the surface dipole ��Dip (see text) of all investigated terminations for (a) Z+, (b) Z−,

and (c) Y-cut surfaces. Stable surfaces are highlighted in red.
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FIG. 7. Surface band structure of PO4(z) termination on KTP y-cut. Shaded area indicates KTP bulk band structure. Size of the circles
correspond to the degree of localization within the first surface layers. Charge densities of the occupied O 2p surface states are depicted in
(a) and (b), respectively.

feature a higher O coverage compared to Z+. Thus, Z+ and
Z− differ not only with respect to the orientation of the bulk
polarization direction, but also with respect to the surface
stoichiometry.

The calculated stoichiometries appear to be at variance
with experimental reports indicating essentially a bulk-like
composition of KTP surfaces [18,19]. However, it is not clear
wether the mechanical polishing applied to the substrates in-
deed leads to surfaces in thermodynamic equilibrium.

The stoichiometry changes, rebonding processes and struc-
tural modifications accompanying the KTP surface formations
modify the materials electronic properties. In particular O2p

related states appear in the region of the KTP bulk band gap.
Occupied oxygen states are pushed above the KTP valence-
band maximum (VBM) in the cases of the Z+ K2P2O3(y)
surface [see Fig. 5(b)] and the Z− O3(yO) surface [see
Fig. 5(c)]. In the former case, unoccupied Ti3d states, origi-
nating from Ti atoms underneath the surface, appear below
the KTP conduction-band minimum (CBM). This leads to a
considerable shrinkage of the band gap to nearly half of its
bulk value. In Figs. 6(a) and 6(b) work functions W as well
as the changes of the surface dipoles ��Dip [with respect to
the K2Ti2P2O4(y) surface] of all investigated terminations on
Z+ and Z− are compiled. W is calculated here as difference
between the KTP bulk VBM and the local potential within
the vacuum region. The apparent shift between terminations
of x and y type for both Z+ and Z− can be explained by
the choice of a single reference for all termination types. As
expected, W depends linearly on ��Dip. Stable terminations
within the KTP stability region on Z− are found to show a
stronger variation regarding the work function (4.98-6.31 eV)
compared to Z+ (6.1-6.6 eV).

The surface phase diagram of the KTP Y-cut is shown in
the upper part of Fig. 4. Similar to the results for the Z-cuts
discussed above, we find a tendency to form O-rich and Ti-
poor surfaces. Solely the PO4(z) termination is found to be
most stable within the KTP stability region. Similar to the Z-

cut, PO4(z) is structurally characterized by the preservation
of the fourfold coordination of P [shown in Fig. 7, right-hand
side]. The surface band structure of the stable surface features
occupied surface states derived from O 2p orbitals that are
energetically above the KTP bulk VBM, as shown in Fig. 7.

In Fig. 6(c) the work functions W and surface dipole
changes ��Dip [relative to the Ti2P2O12(z) surface] for all
investigated Y-cut surfaces are shown. As expected, the work
function changes linearly with the induced surface dipole in
a range between 5.1 eV and 8.1 eV, with PO4(z) falling in
between at 6.75 eV.

IV. CONCLUSIONS

Surface phase diagrams of KTP Z- and Y-cut surfaces have
been determined from density-functional theory calculations.
The surfaces are characterized by various surface phases in
dependence on the surface preparation conditions, i.e., the
chemical potential values of the surface constituents. The en-
ergy differences between the competing phases are typically
small, indicating a strong influence of thermal and kinetic
effects on the actual surface structure. Z+ and Z− surfaces
show differences with respect to the equilibrium surface struc-
tures. Nevertheless, there are common trends that hold for all
surfaces investigated. (i) The surfaces tend to be O-rich and
Ti-poor. (ii) Fourfold coordinated P atoms are a structural mo-
tif typical for all surfaces. (iii) On average, stable Z− surfaces
are characterized by a higher O content than Z+ surfaces. (iv)
Surface states, predominantly derived from occupied O 2p
states and empty Ti 3d states, occur in the region of the KTP
bulk band gap and reduce the minimum transition energy with
respect to the bulk material.
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