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New nonlinear optical oxyfluoride K2NbO2F3 with
strong pseudo-centrosymmetry, obtained by mild
hydrothermal synthesis†

Elena L. Belokoneva, *a Sergey Yu. Stefanovich,b Anatoly S. Volkov, c

Olga V. Dimitrova a and Alexandra Mozgovaa

New polar K2NbO2F3 crystals were obtained under mild hydrothermal conditions, which differ from the

higher temperature synthesis of previously known Nb-containing oxyfluorides. X-ray diffraction analysis

of the single crystal, performed in the polar space group Pna21, is consistent with the existence of the

second harmonic generation (SHG) effect in powders. A monotonous increase in SHG power in samples

with increasing powder grain size indicates phase matching of neodymium laser radiation and its second

harmonic. However, SHG is relatively small and does not exceed a third of the intensity of standard

KH2PO4 powders. The weakness of the second-order optical nonlinearity in K2NbO2F is related to the

strong pseudo-symmetry of the crystal structure, corresponding to the space group Pnam-D2h
16, and

thus the structure is very close to centrosymmetric. Structural evidence for the polarity of the K2NbO2F3

crystal is the subtle differences in the Nb–O bonds along the c axis in the (NbO3F3) octahedra, together

with the presence of similar differences in the K1–O bonds. Extremely weak, close to the detection limit,

very small deviations from the centrosymmetry of the entire structure also correlate with the existence

of an almost second-order irreversible transformation of K2NbO2F3 into a centrosymmetric phase at

temperatures 50–60 1C below the decomposition temperature of the substance at 560 1C.

Introduction

Niobium is a rare element in the earth’s crust, but many
minerals containing it are widely known. They belong to
various inorganic classes, mainly oxides, but also to silicates.
There is lueshite NaNbO3, loparite (Na,Ce,Ca)(Ti,Nb)O3, colum-
bite (Fe,Mn)(Nb,Ta)2O6, pyrochlore (Ca,Na)2Nb2(O,OH,F)7, euxe-
nite Y(Nb,Ta)2(O,OH,F)6, aeschynite (Ca,Ca)(Nb,Ti)2(O,OH)6,
rare changbaiite PbNb2O6, frankonite Na2Nb4O11�9H2O and
fergusonite YNbO4.1 Nb-silicates are also found: epistolite
Na5TiNb2[Si2O7](F/O3)�5H2O, vuonnemite Na5TiNb2[Si2O7](F/O3).
2Na3PO4, komarovite (Ca,Mn)2Nb4[Si4O12] (F,O)2O6�7H2O or nio-
bophyllite (K,Na)3(Fe,Mn)7Nb2[Si4O12]2(OH,O)7, which contain Nb
as one of the basic elements.1 Columbite and aeschinite are of

industrial importance. Isomorphic substitutions are characteristic
of this element and are known for many minerals.

Nb-containing compounds have been synthesized not only
as oxides and silicates, but also as germanates, borates, phos-
phates, fluorides, and iodates.2 Most of them contain alkali
metals – charge compensators, as in natural compounds. The
complex electronic configuration of the Nb element results in
polarization and the crystals often exhibit excellent nonlinear
optical (NLO) properties. Some of the most attractive well-
known materials are oxides KNbO3

3 and LiNbO3
4 with high

optical nonlinearity, borate CsNbO(B2O5)5 or silicate K2(NbO2)-
Si4O12

6 and many others. Nb-octahedra (standard coordination
of niobium) often have one short double bond, similar to Ti- or
V-octahedra, and this configuration is characteristic of non-
linear crystals in the KTP structural family. The crystal KTiOPO4

(KTP) with a titanyl bond was doped with Nb in an isomorphic
ratio: K0.84(Nb0.08Ti0.92)OPO4

7 to improve the properties. The
crystals of this structure type are usually non-centrosymmetric.
In particular, all members of the KTP family are ferroelectrics
and regularly exhibit transformations between polar and
centrosymmetric.8 Due to their outstanding NLO characteris-
tics, some of these crystals are widely used in photonic devices.

It is interesting to note the successful search for new
silicates or germinates due to hetero-anionic motifs with the
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introduction of S-atoms, which have high nonlinear optical
properties and repeat mineral structure types or are completely
new.9–11

Complex frameworks with two-dimensional channels are
known for Nb-compounds with additional anionic groups, for
example for silicate Cs3(NbO)2[Si8O21]12 and germanate
K3Nb5GeO16�2H2O which have ion-exchange properties.13 Some
compounds belong to the NASICON structure type or represent
its ‘‘empty’’ structural variant as Nb2(PO4)3;14 Na3K3Nb8P5O35

15

is niobium phosphate ‘‘bronze’’.
Unlike oxides, oxyfluorides are distinguished into a class of

inorganic compounds combining O and F atoms as anions.
They were found in nature and synthesized. Oxyfluorides have
been known for a long time. We should mention A. F. Wells’s
book16 in which this class of compounds was characterized.
One of the first oxyfluorides with Nb was the ferroelectric
Bi2NbO5F,17 which was studied in detail later. However, many
of the Nb-oxyfluorides have not yet been structurally studied,
and their properties are not well known (see the review of some
fluorides and oxyfluorides18 and database2). Compounds and
multicomponent compositions based on Nb-oxyfluorides are
interesting mainly as glass-forming precursors for the creation
of amorphous and glass-crystalline materials of near- and mid-
IR photonics.19–21 Compared to single crystals, oxyfluoride
glasses are more technological and have a wider range of
luminescence, laser generation and other useful properties
associated with the possibility of introducing ions of rare-
earth and transition metals or bismuth into their composition.
In particular, the possibilities of creating light emitters and detec-
tors based on oxyfluoride glass ceramics M2+NbOF5 (M2+ = Ba,
etc.),20 which have good glass-forming properties and allow the
addition of bismuth trifluorides, indium, rare-earth elements, have
been discussed in the literature.22 The paucity of known oxyfluor-
ides makes it difficult to optimize the preparation and properties of
glass–ceramics based on them, since a high oxygen/fluorine ratio
sharply deteriorates glass formation, and the reverse ratio adversely
affects photoluminescence due to the usual centrosymmetry of
their structures. The latter circumstance sharply weakens the
luminescence of guest ions with D–D and D–F transitions especially
in the case of these ions in the local center of symmetry where such
transitions between electronic states are forbidden in the dipole
approximation. Obtaining non-centrosymmetric oxyfluorides with
optimized oxygen/fluorine ratio remains an important task in the
creation of efficient glass-crystalline photonics materials.

Various methods for the synthesis of Nb-containing crystals
have been used; one of the preferred ones is hydrothermal,
which was carried out at high temperatures of 450–600 1C and
pressures of 500–1500 atm. These parameters are due to the low
solubility of Nb2O5 in aqueous solution. This oxide dissolves
best in concentrated alkaline solutions as well as in hydrofluo-
ric and oxalic acids.23 Crystallization of Nb-compounds under
mild middle-temperature conditions (T = 180 – 280 1C; P = 50 –
100 atm) is of great interest since it facilitates the preparation
of new functional materials. Proper selection of mineralizers–
components of the crystallization process, was one of the tasks
of our research, the successful solution of which made it

possible to improve the dissolution of Nb oxide in water at
reduced temperature and pressure.

In this paper we detail of synthesis of K2NbO2F3 under mild
hydrothermal conditions, and describe its truly polar but very
high pseudo-symmetrical crystal structure and nonlinear opti-
cal properties. Some correlations between structure and proper-
ties are also considered.

Experimental section
Single crystal growth

Single crystals of new oxofluoride K2NbO2F3 were synthesized
under mild hydrothermal conditions. To increase the solubility
of Nb2O5 a highly concentrated KF solution was used. The initial
composition consisted of a mixture of Nb2O5 : KF : I2O5 = 1 : 17 : 3
which in mass ratio corresponded to 0.5 g (1.88 mmol) Nb2O5, 2 g
(34.42 mmol) KF and 1 g (6 mmol) I2O5. The initial mass was
dissolved in distilled water, hermetically sealed in a high-pressure
vessel made of stainless steel with a fluoroplastic coating with a
capacity of 30 ml and kept at T = 260 1C and P = 100 atm for 18
days. Final cooling after synthesis to room temperature was carried
out after 24 hours. The grown crystals were isolated by filtration of
the initial solution, washed with hot water and dried in air.

Among the reaction products, two sorts of colourless trans-
parent crystals immediately stand out. One of them was large
and often formed splices elongated up to 3.51 mm with the
cross-section up to 0.7 mm. The shape of individual rectangular
crystals varies from bulk elongated prismatic block to thin-
prismatic. That was type I phase. Initially less perceptible type
II phase represented a small crystalline fraction by translucent
and cloudy isometric crystals sometime similar to cubic. For
both phases the mass yield of the experiment was close to
B90% at a ratio to each other of 1 : 1.

Phase diagnostics by powder diffraction and composition
analysis

Phase diagnostics were carried out for both phases using
selected morphological varieties of crystals of the types I and
II. The second phase (type II crystals) is attributed to the known
compound KIO3 with high optical nonlinearity (30-940, JCPDF).
They are pseudo-cubic, characterized in ref. 24 as really trigonal
modification with space group R3. An experimental powder
XRD pattern was obtained for morphologically separated crys-
tals of type I phase using a STOE STADY diffractometer, with
Cu-Ka (Fig. 1), which was new. The experimental picture agrees
well with the simulated one calculated on the basis of crystal
structure determination (see below) using the.cif file and the
STOE XPow25 program, Fig. 1. Thus, powder diffraction con-
firms the two-phase yield of hydrothermal synthesis, where, in
addition to the well-known nonlinear optical iodate KIO3, an
equal amount of crystals, approximately, of a new individual
phase were obtained. These crystals became the subject of our
determination of the chemical formula and crystal structure.

Elemental analysis for the new phase was carried out on
crystal surfaces on bulk prismatic and thin-prismatic individual
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crystals using a Jeol JSM-6480LV scanning electronic micro-
scope in combination with WDX analysis. The test revealed the
same composition with the presence of K, Nb, O and F.
Determination of the structure (see below) showed it to be
K2NbO2F3. The oxyfluoride K2NbO2F3 was previously chemically
identified as a product of multiphase crystallization at T =
838 1C in the system KF-Nb2O5.18 However, the X-ray pattern,
unit cell parameters, and crystal structure were not determined.

Nonlinear optical properties

The second harmonic generation (SHG) study was applied to
K2NbO2F3 for controlling the non-centrosymmetry of the crystal
structure and also for the classification of nonlinear optical
properties. The nonlinear optical characteristics of the sub-
stances were firstly examined with the SHG powder technique
by Kurtz and Perry26 in the transmitted light geometry. However,
in many cases Kurtz and Perry’s method is more convenient in
the reflection geometry,27 since in this case the output SHG
signal is independent of the thickness of the powder sample.
The latter eliminates the need to use any immersion liquid and
allows quantitative measurements of SHG in wide temperature
intervals.

In our SHG experiments, laser impulses from a Minilite-I
YAG:Nd-laser (Q-switched mode, repetition rate 10 Hz) were
directed to K2NbO2F3 powders previously separated according

to grain size by sieves. Laser radiation with doubled frequency was
registered by a photomultiplier tube in the backward direction to
the laser beam. Thin powder of a-quartz with 3–5 mm grains was
used as a standard sample in measuring SHG output I2o from all
the powders. The results are shown in Fig. 2 for different grain-size
powders of K2NbO2F3 in comparison with similar dependences for
typical NLO material KH2PO4 (KDP), which represents non-
centrosymmetric crystals with so-called phase-matching (PM) prop-
erties. It follows from the data of Fig. 2 that the nonlinear optical
activity of K2NbO2F3 powders is smaller compared to KH2PO4, but
shows a similar dependence on the grain size. The latter circum-
stance allows us to assert that the birefringence of these crystals is
sufficiently large, since it is a necessary condition for the phase
matching of YAG:Nd-laser radiation and its second harmonic.26 The
SHG-output of K2NbO2F3 thin powder with a grain size of 5 mm is
twofold higher than that of quartz, and this indicates a slightly
higher value of its optical nonlinear coefficient d compared to
quartz. According to our methodology,24 the quantitative compar-
ison of the d values is most valid for the finest powders in which the
presence or absence of PM has a minimal effect on the value of I2o.
Using the tabulated value of d11 = 0.365 pm V�1 for a-quartz, an
estimated value for space-averaged coefficient hdi = 0.5 pm V�1 can
be obtained for the optical nonlinearity of K2NbO2F3 which is just
between a-SiO2 and KH2PO4.

Phase thermal stability

Differential thermal analysis (DTA) was carried out in parallel
with control of mass loss (MG) on STA 449 F3 Jupiter equipment
(Netzsch, Germany) in the temperature range 30–1000 1C with a
heating rate of 3 1C min�1 in an Ar atmosphere. Alumina
crucibles were used. DTA/TG (curves 1, 2 in Fig. 3) indicates the
beginning of the endopeak at 500 1C, which obviously corre-
sponds to the decomposition of a substance with an extremum at
570 1C. In the range of 500–570 1C, the sample loses about 22% of
its mass, which corresponds to defluorination. After this, the
gradual evaporation of potassium oxide begins, followed by the
formation of niobium oxide. Very close to the decomposition of
K2NbO2F3, the total mass loss reaches 56%. The decomposition
of the sample continues in a wide temperature range from 500 to
1000 1C, which is the high-temperature limit of our thermal
experiments.

Fig. 1 Experimental powder diffraction pattern of K2NbO2F8 crystals,
STOE STADY diffractometer, Cu Ka-radiation, 2y-interval 6–70.01 (top)
and simulated (bottom) powder diffraction pattern, horizontal scale is 2y-
interval, vertical scale is reflection intensity.

Fig. 2 SHG response of K2NbO2F3 (1) in comparison with KH2PO4 (2) in
dependence on average grain size in powders.
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Results and discussion
Single crystal X-ray diffraction and crystal structure analysis

The unit cell was determined for two colourless transparent
crystals: bulk prismatic and fine prismatic using an XCalibur S
diffractometer equipped with a CCD area detector (o scanning
mode) and graphite-monochromatic Mo Ka radiation source
(l = 0.71073 Å). The results were equal, revealing orthorhombic
symmetry and no analogues compound was found in the ICSD
database. The diffraction experiment was performed on the
same diffractometer using a well faceted prismatic crystal
shown in Fig. 4.

The data were integrated using the CrysAlisPro Agilent
Technologies software28 and corrected for the Lorentz and polar-
ization factors. The crystal structure was solved using SHELXS29

in polar space group Pna21 proposed by CrysAlis, which is
consistent with the SHG signal. Three positions for heavy atoms
were found: Nb, K1 and K2. Of the five anionic positions two were
O1 and O2 atoms and three F1, F2 and F3 atoms: oxygens
participated in the bridging bond Nb–O1–Nb and the double
short bond Nb–O2. The model was neutral, based on Pauling’s
valence balance which allowed O- and F-atoms to be separated in
the positions. However, for the confirmation of the assignment,
bond valence sum parameters for all the atoms were calculated
based on the empirical coefficients of Brese, and O’Keefe with

both Nb–O and Nb–F bonds.30 The values obtained correlate well
with the expected valence state of all the atoms with the sig-
nificant difference between O and F: Nb +4.5, K1 +1.0, K2 +1.055,
O1 �2.085, O2 �1.78 (effect of double bond Nb–O2 is presented),
F1 �1.25, F2 �1.18, F3 �0.98. The resulting chemical formula
determined in structure refinement showed that it is a new
oxyfluoride K2NbO2F3, Z = 4. There were no reflexes in the
reciprocal lattice that violated the found cell, and it was not
possible to propose another variant of the structure. The refine-
ment was performed using SHELXL29 in an anisotropic approxi-
mation of temperature displacement parameters for all the
atoms. Analysis of the structure drawn in WINATOM31 clearly
showed pseudo-mirror plane mz on which the heavy atoms and
two anions: O2 and F1 were almost located. Pseudo-symmetry
with Pnam (Pnma-D2h

16) super-group was visible in the figure
using initial atomic coordinates for all the atoms; however, with
increasing refinement cycles, the R-factor decreased slightly and
the positions of atoms became closer to centrosymmetric. This is
explained by the known influence of pseudosymmetry in the least
squares procedure. Checking for missing symmetry elements with
the PLATON32 program expectedly involved testing the centrosym-
metric super-group Pnam. A control refinement in the supergroup
with the new atomic positions gave equal R-factor, but this did not
correspond to the properties of the crystals. Thus, the polar group
Pna21 turned out to be correct with a rather rare case of very high
pseudo-symmetry. Absorption correction was not performed
because mrav o 1 was insignificant, and it was also complicated
to carry out facing of the crystal due to high shape anisotropy
(crystal elongation corresponded to polar c-axis) which led to
errors. No twinning was detected in the crystal in calculations.
Accordingly to the Flack parameter 0.2(2), the absolute configu-
ration was determined to be correct. Crystallographic data, atomic
coordinates and selected bonds are presented in S1, S2, and S3
(ESI†); CCDC deposit number 2282508.†

The orthorhombic structure of the new oxyfluoride K2NbO2F3

consists of Nb-octahedra joined at their vertices along the c-axis
into zig-zag chains of 21-symmetry (Fig. 5a and b). [NbO2F3]2�-
chains are isolated from each other and located remotely in a
checkerboard pattern in ab-projection (Fig. 5b). There is one
short double bond Nb–O2 in the octahedron (shown by enlarged
red ball) of 1.788 Å in length, which lies in a pseudo-mirror plane
close to perpendicular to the polar c-axis. Two bridge bonds of
magnitude Nb–O1 and O10 of 1.90 (down polar c-axis) and 1.95 Å
(up polar c-axis) (Fig. 5a) alternate along the polar c-axis. They are
not equal to each other and when summed, create a resulting
electric dipole responsible for the polarity of the whole crystal. If
we estimate this difference before final refinements, it is larger
and amounts to 0.1 Å. However, it is worth noting that this
difference significantly exceeds the error of the X-ray experiment.
The Nb–O bonds are slightly shortened compared to Nb–F bonds
which have distances ranging from 2.00 to 2.12 Å (Table S3, ESI†),
and nearly symmetrical along the c-axis. Large K cations at
positions K1 and K2 unite these chains into a framework.
Coordination numbers at distances up to 3 Å for K1 are
CN = 6, and for K2 are CN = 7. The difference between bonds
K1–O2 down the c-axis 2.87 Å and K1–O20 up the c-axis 2.97 Å is

Fig. 3 DTA and DTG curves for K2NbO2F3 on heating (1, 2 correspond-
ingly) and SHG response from K2NbO2F3 coarse powder on both heating
and cooling (3) in units of SiO2 standard powder signal.

Fig. 4 Image of the crystal used in the diffraction experiment: a colour-
less transparent fine prismatic crystal with sizes of 0.05 � 0.08 � 0.6 mm.
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again very noticeable (Fig. 5a). In addition, we note that the
elongation and shortening of bonds are synchronized for Nb
and K1 along the positive and negative c-axis directions. This
structure makes it possible to determine the threshold at which
polarity can be established under conditions of prevailing
pseudosymmetry.

Structure–property relation

Conclusions about the presence of strong pseudosymmetry and
its influence on the magnitude of the SHG signal were made
earlier using examples of crystal structures of BaOH(IO3),33

Cs3Ta(IO3)8,34 or Rb, Sc-iodates including K3In(IO3)6.35 Since
the SHG properties of oxyfluorides have been poorly studied, let
us compare the new oxyfluoride K2NbO2F3 with the previously
studied related ferroelectric Rb5Nb3OF18.36,37 In the polar space
group I4cm, found for the latter, two independent Nb-atoms
occupy special positions with different multiplicities: Nb1 at 8c
on the m diagonal plane and Nb2 at 4a on the 4 fold axis at the

beginning of the group. Thus, the number of Nb atoms for the
tetragonal unit is 12. Nb1 is coordinated only by F atoms
forming a distorted pentagonal bipyramid, CN = 7. Nb2 has
four F and two O atoms, which form a tetragonal bipyramid or
distorted octahedron with the oxygen vertices oriented along
the c-axis. A short Nb2–O double bond with a length of 1.746 Å
alternates with a long Nb–O0 bond with a length of 2.151 Å
along the polar axis and explains the optical nonlinearity.
Nevertheless, only a third (1/3) of the whole number of Nb
atoms is responsible for the polar properties in Rb5Nb3OF18.

In the new oxyfluoride K2NbO2F3, all the Nb atoms possibly
contribute to NLO properties. It is reasonable to assume that
the double electron density of the Nb–O2 -bond has a p-
component, which ensures charge (electron density) transfer
along the Nb–O1–Nb–O1 0 chain in the polar direction.

The new structure possesses a strong pseudosymmetry
described by the Pnam supergroup (Pnma-D2h

16), which is pre-
dominantly determined in the X-ray experiment by the positions
of heavy atoms. According to this, the noticeable SHG effect
should be explained primarily by the deviation from pseudo-
symmetry in niobium octahedra. The deviation of pseudosym-
metry in the Nb-octahedron is coupled in K2NbO2F3 with a small
but non-vanishing difference in the K1–O2 and K1–O20 bonds
down and up the c-axis. Increased bonds and shortened bonds
are synchronized for Nb and K1 along the positive and negative
c-axis direction, which ensures polarity.

Comparison in the Fig. 3 behavior of DTA and TG (curves 1
and 2) with dependence on temperature of the SHG signal
(curve 3) shows the disappearance of SHG at approximately
500–510 1C, i.e. significantly lower than the destruction of the
crystals at 560–570 1C. This disappearance of SHG indicates the
presence of a specific phase transition in K2NbO2F3, namely an
irreversible phase transition from the RT-polar phase to the
centrosymmetric phase at a temperature of about 500 1C.
Probably, this transition can be initiated by a small loss of
fluorine, as is clearly demonstrated by curve 1 at the same
temperature. This means that even the slightest violation of the
integrity of the K2NbO2F3 crystal structure immediately leads to
a loss of non-centrosymmetry.

Conclusions

Oxyfluorides as a class of compounds have been underexplored
in recent years, and this new compound represents new crystals
for both basic and applied research.

The successful crystallization of Nb compounds in mild
medium-temperature conditions (T = 180–280 1C; P = 50–100
atm) indicates that the promising approach to the problem is
associated with a choice of mineralizers. In this case, an excess
of the KF component during the crystallization process pro-
vides better dissolution of the Nb2O5 oxide and crystallization
of the compound.

The new crystal exhibits an extremely weak structural feature
close to the detection limit – a small difference in the lengths of
nonequivalent Nb–O bonds. In accordance with the small

Fig. 5 Crystal structure K2NbO2F3 in ball-and-stick presentation, K, Nb, F
and O ions are shown by white, grey, green and red, respectively. Axes
notations a, b and c are given. (a) Side view, characteristic bonds Nb–O1,
Nb–O1 0, K1–O2, and K1–O20 different along the c-axis are shown, and (b)
ab-projection.
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difference in lengths, the weak SHG effect is limited by tem-
perature and disappears 50–60 1C below the decomposition
point of K2NbO2F3. The disappearance of SHG is irreversible
with temperature, exhibiting behavior different from conven-
tional ferroelectric phase transitions.

The moderate optical nonlinearity discovered in K2NbO2F3

is consistent with this structural feature. A small optical nonli-
nearity seems quite natural due to the very small deviation from
the inversion center. More generally, any deviation from the
inversion center of the entire structure as a whole can be con-
sidered as a result of differences in the lengths of certain bonds.
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