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ABSTRACT: The GO-Rb,KTiOFj single crystals with dimensions up
to nearly a centimeter in size have been prepared by slow solidification
method. The elpasolite-related crystal structure of GO-Rb,KTiOF; has
been refined by Rietveld method at T = 298 K (space group Fm3m, Z =
4, a = 8.880(1) A, V =700.16(2) A% Ry = 2.66%). The wide optical
transparency range of 0.25—9 ym and forbidden band gap of E;, = 3.87
eV have been obtained for the GO-Rb,KTiOF; crystal. Dominating
photoluminescence bands at 3.36 and 2.33 eV are related to free and
self-trapped excitons, respectively. The electronic structure of GO-
Rb,KTiOF; has been evaluated by X-ray photoelectron spectroscopy
and calculated with the first-principles methods. A good agreement
between theoretical and experimental results has been achieved.
Chemical bonding effects have been discussed for all metal ions using
binding energy difference parameters and a wide comparison with
related oxides and fluorides. The competition between O*~ and F~ ions for metal valence electrons has been found.

GO0-Rb:KTiOFs

1. INTRODUCTION titanjum ions are in the octahedral environment with the
acentric arrangements. The crystals of room-temperature
modification GO-Rb,KTiOF; are cubic, space group Fm3m, Z
= 4, with complete anion disorder."**** At ~215 K, the phase
transition takes place to low-temperature tetragonal phase G1-

Complex transition metal oxyfluorides are interesting materials
because the strong distortion of metal-(O,F) polyhedra in a
crystal lattice is achievable due to the different ionicity of metal-
O and metal-F bonds. The anionic sublattices of these X
compounds are generally the [MO,_F,] (M = W, Mo, Nb, Rb%KTFlOFS, space group I4/m, Z = 10, and as large. _entrzapzysr
Ti x = 3, 4, S) octahedral groups.1_7 At high temperature, variation as AS ~ ‘Rln8. was re}.)c.>rte‘d for the tran.smon. ’

usually, the anions are completely disordered and the cubic Here, the phase de51gr.1at10n by Gi indices, where GO is ellp'arent
phase of oxyfluoride exists. As temperature decreases, the high-temperature cubic phase of the compound and Gf (i=1,
anions become more and more ordered. Thus, a set of phase 2, 3,.) are the low-syml.netry phases .formed. sequen.tlally on
transitions governed by the step-by-step anion ordering process temperature decrease, s used. Earlier, .th1s notation was
is typically observed with the change of temperature, and highly introduced for ﬂu0r1c21§27and oxyfluoride crystals with
ordered derivatives have been found in many oxyfluorides at elpasolite-like structures.”*" Vibrational properties and chem-
low temperatures.>>*™'! On the other hand, oxyfluorides are ical bonding effects in GO-Rb,KTiOF; were explored using IR,

commonly synthesized in powder forms only because of great Ramanzir;g_li)MR spectroscopy methods .amd d.ensi‘ty functional
technological difficulties. Up to now, the millimeter-sized single theory.™ However, the accurate investigations on the
crystals have been grown for only very few oxyfluorides, by optical parameters and electronic structure of this oxyfluoride
which the measurements on the optical and electronic are practically absent mainly due to the lack of a large crystal of
properties in crystals can be fulfilled at high accuracy.'>~?°

The oxyfluoride Rb,KTiOF; attracts our attention since its Received: February 7, 2013
structural feature is similar to that of KTiOPO4,21 a very Revised:  March 15, 2013
important nonlinear optical material. In both crystals the Published: March 18, 2013

v ACS Publications  © 2013 American Chemical Society 7269 dx.doi.org/10.1021/jp401391y | J. Phys. Chem. C 2013, 117, 72697278


pubs.acs.org/JPCC

The Journal of Physical Chemistry C

high quality. In present study, the centimeter-sized single
crystals of GO-Rb,KTiOFj; are grown, and the measurements of
absorption/luminescence and X-ray photoelectron spectra, and
the first-principles calculations on the electronic band structure
are reported. The chemical bonding effects, appeared due to the
mixed O/F anion system, are explored using core level XPS and
compared to those in the previously measured K;WO;F; and
CsMnMoO;F; where O/F = 1.'%°"°? In G0-Rb,KTiOF;, ratio
O/F = 0.2 is noticeably lower and new features are supposed.

2. EXPERIMENTAL METHODS

Synthesis. The synthesis of Rb,KTiOF; was carried out
based on the following reaction

K,TiE, + TiO, + 4RbF = 2Rb,KTiOE,

where special precautions are needed to avoid reagent
hydration and keep the O/F stoichiometry.>' ~>* High-purity
K,CO; Rb,CO;, TiO,, NH,F (all 99.9%, CJSC “Plant of rare
metals”, Russia) and aqueous hydrofluoric acid (HF) (48% HF
in weight, CJSC “Plant of rare metals”, Russia) were used as
initial reagents. Titanium oxide was fired during 4 h in a
platinum crucible at 800 °C in the air to remove residual water.
The water-free RbF was formed from Rb,COj; by neutralization
of HF and evaporation of the formed solution at the acid
excess. The synthesis of K, TiF was carried out in two stages.
In the first stage, the powders of K,CO; and TiO, taken in
stoichiometric proportion were alloyed at 1000 °C with a
potassium titanate formation. After cooling, the obtained alloy
was ground in a ceramic vessel and placed into a Teflon vessel.
Afterward, concentrated etching acid was added by small
portions to produce the relatively violent exothermic reaction

K,TiO; + 6HF = K,TiF, + 3H,01

Then, the K,TiF4 was recrystallized adding some amount of
HF and the crystals were washed in cold distilled water.

Single-Crystal Growth. The GO-Rb,KTiOF; crystals were
grown by slow solidification method. The obtained chemicals
of K, TiF,, TiO,, and RbF were mixed in a stoichiometric ratio
and placed in a platinum crucible covered by a platinum sleeve
which was continuously blown through with dry nitrogen in a
growth furnace. The furnace was heated at the rate of 100 °C/h
up to 1000 °C and kept at this temperature during 6 h.
Afterward, the temperature was lowered at the rate of S °C/h
during a day and then at the rate of 100 °C/h to room
temperature. The single crystal blocks with dimensions up to
nearly a centimeter size were selected from the solidified
compound and used for structural and optical characterization.
As an example, a big crystal of GO-Rb,KTiOF; is shown in
Figure 1.

Structure Determination. The X-ray single crystal data
from Rb,KTiOF; were measured by SMART APEXII
diffractometer (Mo K,, 4 = 0.7106 A) at room temperature.
The matrix of orientation and cell parameters were calculated
and refined by 121 reflections. The main information about
crystal data, data collection and refinement are reported in
Table 1. The X-ray data from Rb,KTiOF; crystal were
measured for the exposure time of 10 s on each frame. Each
new frame was obtained by crystal rotation along w-axis by 0.5°
at the fixed ¢ angle. The w value was increased from 0 to 182°.
The 364 frames were measured at each fixed ¢ equal to 0, 120,
and 240°. After that, the program APEXII from Bruker
integrated the intensities of reflections. Space group Fm3m was
defined by the analysis of extinction rules and intensity statistics
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Figure 1. GO-Rb,KTiOF; crystal grown by slow solidification method.

Table 1. Crystallographic Data and Main Parameters of
Processing and Refinement of GO-Rb,KTiOF;

Crystal Data
chemical formula Rb,KTiOF;
M, 368.94
space group, Z Fm3m, 4
a, (A) 8.880(1)
v, (A%) 700.16(2)
D, Mg/m’ 3.500
4, mm™ 15.65
size 02 X 0.2 X 0.2 mm
Data Collection
wavelength MoK, 4 = 0.7106 A
measured reflections 1671
independent reflections 74
reflections with I > 26(1) 62
absorption correction multiscan
Ry 0.0469
20, (°) 59.13
h —11 - 11
k -12 - 12
1 —-11 - 12
Refinement
R[F* > 26(F?)] 0.0266
wR(F?) 0.0907
S 1.012
weight w = 1/[6*(F,?) + (0.0382P)* + 25P] where P
= max(F,*+2F.?)/3
(A/6) max <0.06
AP /A3 0.67
Ap iy e/ A3 —-1.01
extinction correction 0.0018(8)

coefficient (SHELX97)

obtained from all reflections. Multiscan absorption correction
of reflection intensities was performed by APEXII software.
Then, the intensities of equivalent reflections were averaged.
The structure of Rb,KTiOF; was solved by direct methods
using the SHELXS program.** The coordinates of all atoms
were determined. The structure refinement was carried out by
least-squares minimization in SHELXL97.** The atoms of O
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and F were refined with the same coordinates and equal
thermal parameters. Thermal parameters of all atoms were
refined anisotropically.

Absorption/Luminescence Spectroscopy. Absorption/
luminescence spectra were measured for the crystal plates. The
plates were cut and polished without crystallographic
orientation control. Optical transmission/absorption measure-
ments were produced using a UV-2501PC Shimadzu
spectrometer in the UV to near IR region and a Fourier
transform spectrometer Infralum FT-801 in the mid-IR.
Absorption coeflicients were calculated from transmission
measurements in the transparency region with the use of the
following formula™®

(1 _ R)Ze—ad
(1 _ Rze—Zad)

(1)

where a is the absorption coefficient (cm™), d is the sample
thickness (cm), and R is the power reflection coefficient per
surface. The maximum transmission level allows one to
estimate roughly refraction index n and reflection index R, as
well as to calculate . An attempt has been made to determine
the dominant mechanism of band-to-band electronic tran-
sitions. The kind of transition can be defined from the
functional relationship between absorption a and photon
energy hw3® Thus, for direct-allowed and indirect-allowed
transitions, relations ahv o (hv — Eg)l/ 2 and ahv « (hv — Eg)2
are fulfilled, respectively. The estimations were carried out for a
0.85 mm thick GO-Rb,KTiOF; plate. Band gap values E; were
estimated by extrapolating the linear part of the (ahv)* versus
h or (ahv)'? versus hv curves to a(hv) 0. The
photoluminescence (PL) spectra were recorded at 300 K
using a diffraction luminescence spectrometer SDL1 and
FEU100 photomultiplier as a detector. In spectral range from
270 to 600 nm the PL was excited by the 1 kW Xe lamp
whereas a proper excitation wavelength was separated using a
MDR? diffraction monochromator.

X-ray Photoelectron Spectroscopy. Observation of the
GO-Rb,KTiOF; electronic structure was produced using surface
analysis center SSC (Riber) with the X-ray photoelectron
spectroscopy (XPS) method. Several millimeter-sized crystals
were selected and gently ground up to the formation of fine
powder. Then, the powder was pressed into a freshly prepared
indium foil taken as a substrate and inserted into the vacuum
chamber of XPS device. The nonmonochromatic Al Ko
radiation (1486.6 eV), with the power source of 300 W, was
used for the photoemission excitation. The energy resolution of
the instrument was chosen to be 0.7 €V, so as to have a
sufficiently small broadening of natural core level lines at a
reasonable signal-noise ratio. Under the conditions, the
observed full width at half maximum (fwhm) of the Au 4f;/,
line was 1.31 eV. The binding energy (BE) scale was calibrated
in the reference to Cu 3p;, (75.1 eV) and Cu 2p;/, (932.7 eV)
lines, assuring the accuracy of 0.1 eV in any peak energy
position determination. The photoelectron energy drift due to
charging effects was taken into account in reference to the
position of the C 1s (284.8 eV) line generated by adventitious
carbon present on the surface of the powder as-inserted into
the vacuum chamber. Chemical composition is defined using
the detailed spectra of Rb 3d, K 3p;/5, Ti 2p;/5, O 1s, and F 1s
core levels and the known element sensitivity factors.
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3. COMPUTATIONAL METHODS

The first-principles calculations for the GO-Rb,KTiOF; crystal
are performed by the plane-wave pseudopotential method®®
implemented in the CASTEP package®® based on the density
functional theory (DFT).** The ion-electron interactions are
modeled by the optimized normal-conserving pseudopotentials
for all constituent elements, and the O 2s*2p*, F 2s%2p°, K
3s%3p®4s', Ti 3d*4s?, and Rb 4s?4p°Ss' electrons are treated as
the valence electrons, respectively.“‘42 The Perdew, Burke, and
Ernzerhof (PBE)* exchange-correlation functional of general-
ized gradient approximation (GGA)* with a high kinetic
energy cutoff of 900 eV and fine Monkhorst-Pack k-point
meshes* with the spanning of less than 0.04/A in the Brillouin
zone is adopted for the calculations. Meanwhile, the virtual
crystal approximation (VCA)*® is adopted to take into account
the weight average of the potential of each atomic species,
because the occupancies for some atoms are statistically
distributed in the GO-Rb,KTiOF; crystal. Our tests reveal
that the above computational set ups are sufliciently accurate
for the present purposes.

4. RESULTS AND DISCUSSION

The crystal structure of cubic GO-Rb,KTiOF; was found and
refined previously.””** In ref 23, the model of crystal structure
was proposed, where two mixed disordered O/F positions 24e
and 96j were assumed. The thermal parameters of atoms (O/
F)1 and (O/F)2 were anisotropic. This approach provides two
different bond lengths, d(Ti-(O/F)1) = 1.914(1)A and d(Ti-
(O/F)2) = 1.872(7) A, and the refinement leads to as low R-
factor as Ry = 2.08%. In present study, we follow the model
proposed in ref 22, where unique mixed disordered O/F
position 24e was considered with the anisotropic thermal
parameter. Up to now, there is no clear physical evidence to
specify several different anion positions in cubic GO-
Rb,KTiOF;."**7>>* As a result, the structure was finally
refined with as small R-factor as R, = 2.66% also (Table 1). The
cell parameters reported for GO-Rb,KTiOF; are a bit different:
(1) a =8.9002(1) A;** (2) a = 8.8675(6) A;** (3) a = 8.880(1)
A (Table 1) and the scattering may indicate some difference in
the composition or vacancies in the structure. The coordinates
of atoms, thermal parameters, and occupancies are given in
Table 2. The crystal structure of GO-Rb,KTiOF; elpasolite is

Table 2. Coordinates of Atoms, Occupancy (q), and
Thermal Parameters (U) of GO-Rb,KTiOF;

atom X Y VA q U, A?
Ti 0 0 0 1 Uy, = Uy, = Uy = 0.0163(9)
Rb 1/4 /4 14 1 U, = Uy, = Uy; = 0.0311(8)
K 1/2 0 0 1 U, = Uy, = Uy = 0.021(1)
F 02121(9) 0 0 5/6 Uy =0.017(3)
U,, = Uy = 0.065(3)
0 02121(9) 0 0 1/6 Uy =0.017(3)

Uy, = Uy, = 0.065(3)

shown in Figure 2.°** The parent phase GO-Rb,KTiOF
shows elpasolite-like structure (distorted perovskite). The
cations Ti*, K* and Rb* are coordinated by 6, 6, and 12
anions, respectively. The F~ and O*~ anions occupy one mixed
position 24e. This position is coordinated by four Rb* ions, one
Ti* ion, and one K' ion. The main interatomic distances are
1.8979(3), 3.1559(3), and 2.5420(3) A for Ti—O(F), Rb—
O(F), and K—O(F), respectively. Despite the difference in unit
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Figure 2. Crystal structure of GO-Rb,KTiOF;. Unit cell is outlined.
Lone fluorine and oxygen atoms are omitted for clarity.

cell parameters, bond length d(O/F) = 1.8979(3)A is
intermediate between the lengths d(Ti-(O/F)1) and d(Ti-
(O/F)2) found in ref 22 and is close to average bond length
d(Ti—F) = 1.901 A in fluorides*® because of low ratio O/F =
0.2 in GO-Rb,KTiOF.

As shown in Figure 3, the transparency range for the
RbKTiOF; plate 0.85 mm thick covers the 0.31—9.0 m range
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Figure 3. (a) Transmission and (b) absorption spectra recorded from
GO-RbKTiOF; crystal plate with the thickness of 0.85 mm at T = 300
K

on the 5% level at 300 K. The shortwave absorption edge is
determined by the band gap, whereas the second and third
harmonics from lattice vibrations are responsible for the
longwave limit. An intense absorption peak is observed at 5.58
pum. The fundamental absorption at 4 < 0.343 um gives a direct
line in coordinates (a*hv)* = f(hv) (Figure 4), which
corresponds to the case of direct allowed electronic transition
between the valence and conduction bands. The band gap was
estimated to be E, = 3.87 eV at T = 300 K. Maximal
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Figure 4. Absorption spectrum plotted in coordinates of (a*hv)>
f(hv) at T = 300 K. Optical band gap is E, = 3.87 eV for direct allowed
electronic transitions.

transmission T ~ 0.847 is observed at the wavelengths near 5
um in Figure 3b and refractive index n was estimated to be ~1.8
taking into account multiple reflections on the GO-Rb,KTiOF;
plate faces. The GO-Rb,KTiOF; crystals exhibit a relatively
intense photoluminescence (PL) at room temperature in
comparison, for example, with LiGaS, where similar lumines-
cence band was obtained.*” PL spectra, recorded at 7 different
excitation wavelengths in the 270—700 nm range, are shown in
Figure S. PL is excited most effectively near the fundamental
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Figure S. Photoluminescence spectra recorded from GO-RbKTiOF; at
T = 300 K. The spectra are recorded under excitation at (1) 270 nm
(4.59 eV), (2) 300 nm (4.098 €V), (3) 330 nm (3.756 V), (4) 350
nm (3.54 V), (5) 450 nm (2.73 V), (6) 500 nm (2.479 eV), (7) 550
nm (2.253 V), and (8) 600 nm (2.065 eV). The result of spectrum
(1) decomposition into individual Gaussian components is shown in
the insert.

absorption edge. PL spectra are complicated; most of them
contain at least five components. Their large width (>0.12 eV)
indicates a strong electron—phonon interaction. In such a case,
the band shape is Gaussian. The decomposition result of
spectrum (1) into individual Gaussian is given in the insert in
Figure S. The parameters of Gaussian components are given in
Table 3. Two additional bands centered at 2.93 and 3.07 eV are
observed at 3.54 eV excitation (spectrum (4) in Figure 5). The
most intense PL band at 2.33 eV with full width at half-
maximum (fwhm) = 0.56 eV is characterized by a relatively
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Table 3. Parameters of Gauss Functions Used for Spectrum
(1) Decomposition in the Insert in Figure 5

component energy position, eV’ fwhm, eV
1 3.36 0.23
2 2.33 0.56
3 2.1 0.17
4 2.0 0.24
S 1.75 0.12

large Stokes shift (absorption energy-emission energy ~1.5 eV)
and the band may be related to self-trapped excitons (STE).*
The shortwave PL band at 3.36 eV excited with hv > E,
photons (behind the fundamental absorption edge) is likely
associated with free excitons. The other PL bands can be due to
native point defects in GO-Rb,KTiOF; crystals; the most typical
of them are anion vacancies (F-centers) and their complexes.
The survey photoemission spectrum of GO-Rb,KTiOF; is
shown in Figure 6. All the spectral features are attributed to the

T T T T T T T T T T T T T T T
25000 |- GO-Rb KTIOF, |
20000 -
[
Q
3]
2 15000 4
(2]
c
]
£
= 10000 -
5000 -
0 L 1 . 1 L 1 " 1 s 1 " 1 s .
1400 1200 1000 800 600 400 200 0
Binding energy, eV
Figure 6. Survey photoemission spectrum from GO-Rb,KTiOFs;.

constituent element core levels or Auger lines except for the C
1s line related to adventitious hydrocarbons adsorbed at the
surface from the air. The total suite of BE values of spectral
features recorded from GO-Rb,KTiOF; is presented in Table 4
together with three related compounds measured previously
using the same XPS device. From comparison, the BE(Rb 3d)
in GO-Rb,KTiOF; is a little higher than that in RbTiOPO,
oxide. However, the BE(K 2p;/,) in GO-Rb,KTiOF; is
noticeably lower than those in KTiOPO, oxide and KWO;F;
oxyfluoride. As to Ti 2ps,, core level, the BE(Ti 2p;,,) in GO-
Rb,KTiOF; is higher than those in KTiOPO,-family oxides. So,
it is impossible to see a clear bonding trend of K*, Rb*, and Ti*"
cations using BE values and a more detailed observation is
needed. The representative constituent element core levels and
doublets measured from GO-Rb,KTiOF; are shown in Figure 7.
In several lines, the weak intensity component has been
detected at the higher BE side that may appear due to a
differential charging effect. The chemical composition of the
sample determined by XPS is Rb/K/Ti/O/F
0.18:0.12:0.08:0.09:0.53 that is in reasonable relation with
nominal GO-Rb,KTiOF; composition Rb/K/Ti/O/F
0.20:0.10:0.10:0.10:0.50. The Auger parameters of potassium,
titanium, oxygen, and fluorine in GO-Rb,KTiOF; are ay
S42.7, ag; = 869.5, ap = 10412, and ay = 13402 V.
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Table 4. Constituent Element Core Levels and Auger Lines
in GO-Rb,KTiOF; and Related Compounds

Core level,
Auger line Binding energy, eV’
GO-Rb,KTiOF, K;WO,F, KITiOPO, RbTiOPO,
(this work) [31] [51] [52]
VB 38,73
Rb 4p 132
K 3p 16.2 16.6
O 2s 18.7 22.9 229
Rb 4s, F 2s 28.6 282 (F 282 (Rb 4s)
2s)
K 3s 324
Ti 3p 37.6 36.8
Ti 3s 62.9 61.5
Rb 3d 109.4, 1109 108.9, 109.9
Rb 3p,/ 2377 237.1
Rb 3p,/, 246.6 246.0
Cls Fixed at 284.8 284.6 284.6 284.6
K 2psy)» 202.1 292.6 2923
K 2p,, 289.1 2954
Rb 3s 321.1 3204
K 2s 376.8 377.1
Ti 2ps/ 4592 4584 4586
Ti2py ), 464.8 464.2
O Is 529.6 530.0 530.9 530.4
Ti 2s 565.3 564.9
F 1s 683.9 684.2
F KLy;L,s 830.4, 833.5, 830.0
839.3, 847.8
F KL,L,, 856.6, 860.1 856.1
F KL,L, 875.6
O KLL 975.0, 995.4 975.8 976.2
Ti LMyMy; 10704, 10763 1066.6,
1071.9,
1075.6
K LM;M,, 12359, 12383 12357,
LMy, M, 12379
Rb Auger 1375.9, 1384.0

The chemical bonding effects, appearing due to O/F anion
complex in GO-Rb,KTiOF;, can be considered using
constituent element core level parameters measured by XPS.
Indeed, when metal interacts with fluorine, oxygen, or other
anion forming elements, a redistribution of electron density
occurs as a shift of valence electrons. This results in some
variations of the electronic structure of inner shells of both the
cations and anions, and the effect can be easily detected as a
variation of the core level BE values. For example, BE (Ti
2ps/,) variation is as high as ~8 eV if we compare titanjum
metal and Na,TiF.>"*** However, for a selected chemical
class of compounds, the effect is less pronounced and can be
occasionally smashed by the surface charging effect typically
observed for dielectric materials. The problem can be solved
using the BE difference parameter that is more sensitive for
chemical bonding analysis of dielectric crystals.>>~** There is an
additional benefit that the BE difference parameter is insensitive
to BE scale calibration methods applied in different XPS
spectrometers and wide comparison of earlier published results
becomes possible.

The BE differences A(Rb—O) = BE (O 1s) — BE (Rb 3d;,)
and A(RB-F) = BE (F 1s) — BE (Rb 3ds),) are suitable to be
used for the characterization of Rb—O and Rb—F bonding. A
valence electron shift from rubidium to anions decreases inner
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Figure 7. Detailed XPS spectrum of GO-Rb,KTiOF;. (a) Rb 3d doublet, (b) Rb 3s — K 2p — C 1s window, (c) Ti 2p doublet, (d) O 1s core level,

(e) F 1s core level.

shell screening and induces an increase of BE (Rb 3d;,) value.
The values of BE (O 1s) or BE (F 1s) decrease in parallel.
Thus, lower values of A(Rb—O) or A(Rb—F) indicate higher
ionicity of Rb—O or Rb—F bonds. The collection of Rb-
containing crystals measured by XPS is shown in Table S.
There is a difficulty in comparison because nearly a half of the
compounds, including the key fluoride RbF, was measured by
the spectrometer, where the components of Rb 3d doublet
were not resolved. Nevertheless, as to oxides, the values of
A(Rb—O) in different crystals are in the range of 420.3—421.5
eV with only one evident exception of RbCIO,, where the high
measured BE(O 1s) seems to be drastically overestimated due
to high hydrofility of the perchlorate surface.”” The value of
A(Rb—O) obtained from GO-Rb,KTiOF; is at the lower
boundary of range A(Rb—O) = 420.3—421.5 eV, and that
indicates a very high ionicity of Rb—O bonds in this
oxyfluoride. To compare the Rb—F bonding in RbF and GO-
Rb,KTiOF;, the BE(Rb 3d) in the later compound can be
roughly estimated by averaging the component values by
relation BE(Rb 3d) ~ (BE(Rb 3ds,) + BE(Rb 3dy,))/2 =
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110.15 eV. So, in GO-Rb,KTiOF;, the value A(Rb—F) = 683.9
— 110.15 = 5§73.75 €V that is very close to the value calculated
for RbF as A(Rb—F) = 683.8 — 110.0 = 573.8 eV.” So, the
presence of a low oxygen component in GO-Rb,KTiOF; at the
level of O/F = 0.2 is of less influence on the Rb—F bonding.
Contrary to that, high fluorine component seems to be able to
provide higher-ionicity Rb—O bonds.

The representative suite of potassium-containing crystals is
shown in Table 6. The BE differences A(K—F) = BE (F 1s) —
BE (K 2p;,) and A(K—O) = BE (O 1s) — BE (K 2p;,) can be
used for the characterization of K—F and K—O bonding,
respectively. The range of A(K—F) = 390.5—392.4 eV is very
wide in fluorides. Comparatively, the range A(K—F) = 391.6—
392.0 eV defined in oxyfluorides is evidently narrower and
A(K-F) = 391.8 eV obtained in GO-Rb,KTiOF; is in the
middle of the range. Thus, the ionicity of K—F bonds in GO-
Rb,KTiOF; is similar to that typical for complex fluorides and
oxyfluorides. As to oxygen-containing crystals, the range A(K—
O) = 237.6-238.6 eV found in oxides, excluding KCIO, and
KCIOj; where strong surface hydration is indicated by very high
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Table 5. Core Level Parameters of Rb-Containing Crystals

Rb 3d, Rb 32)/2 O1s  ABE(O -
compound 3ds;, (eV)  (eV) (eV) Rb) (eV) ref

RbF 110.07 59
RbCl 110.1¢ 59
RbBr 110.27 59
RbPb,Brg 109.5 237.9 60

109.20 61
Ko sRbysPb,Br, 109.22 61
RbI 110.6” 59
RbCIO, 110.6” 533.0 422.4 59
Rb,PO, 1102 $30.5 4203 59
Rb,P,0, 1102° 5309 4207 63
Rb,SO, 109.8 531.3 421.5 62
Rb,CO; 109.4 530.1 420.7 63
RbHCO, 109.2 530.7 421.5 63
Rb,Sr(VO,), 2378 5302 2924 64
RbTIOPO, ~112.5° 65
RbTiOPO, 108.9 237.1 530.4 421.5,293.3 52
Rb,KTiOF; 109.4 237.7 529.6 420.2, 2919  this

study

“BE value is measured for Rb 3d band.

BE(O 1s) values, is similar to the range A(K—0O) = 237.4—
238.5 eV obtained in oxyfluorides. One can see value A(K—O)

=237.5 eV at the lower energy boundary of the ranges revealed
in oxides and oxyfluorides that indicates the increased ionicity
of K—O bonding in GO-Rb,KTiOF;.

A representative set of Ti-containing compounds is shown in
Table 7 where BE differences A(Ti—O) = BE (O 1s) — BE (Ti
2ps/,) and A(Ti—F) = BE (F 1s) — BE (Ti 2p;,) are applied
as bonding-related parameters. The Ti—F and Ti—O bonds are
partly covalent, and the effect of O/F ratio variation should be
most pronounced. The variation of A(Ti—O) from 70.4 eV
(GO-Rb,KTiOF;) to 71.26 eV (TiO,) on the variation of O/F
ratio from 0.2 to 1 is evident and that reveals the decreasing
ionicity of Ti—O bonds. Contrary to that, the drastic decrease
of A(Ti—F) parameter from 225.2 eV (TiOF,) to 224.3 eV
(TiF,) is found with the decrease of O/F ratio from 0.33 to 0
that indicates the increasing ionicity of Ti—F bonds. Thus, the
Ti-(O,F) bonding is very sensitive to the O/F ratio in
oxyfluorides due to the competition of O>~ and F~ ions for the
valence electrons provided by cations.

Figure 8b displays the first-principles electronic density of
states (DOS) and partial DOS (PDOS) projected on the
constituent atoms in Rb,KTiOF;. Compared to the exper-
imental XPS spectrum (shown in Figure 8a), the Ti 3p orbitals
are not displayed in the calculated PDOS, since these electrons
are not treated as the valence electrons in our DFT calculations.
The K 3s orbitals are quite localized at the very deep position in
the valence band and have a small influence on the other

Table 6. Core Level Parameters of K-Containing Crystals

crystal K 2p;), O Is F 1s

KF 293.3 684.0
294.0 684.5
K,SiFq 2934 685.8
K,GeFq 293.1 685.4
K, TiF, 2932 685.1
K,Z:F, 292.8 684.8
KZiF, 293.0 684.5
K,NbF, 2935 685.4
K,TaF, 293.2 685.3
KNiF, 293.15 685.1
KZnF; 292.2 684.3
KPb,Br, 292.8
292.62

K, sRby <Pb,Br 292.56
KClO, 293.6 5324
KCIO, 2934 5328
K,PO, 2927 5306
K,P,0, 2924 5303
K,SO, 293 5316
K,CO;, 292.2 530.2
KHCO, 292.9 318
KTiOPO, 2923 530.9
KTiOAsO, 292.8 531.2
K,St(VO3), 292.6 5302
KGA(WO,), 292.3 530.1
KY(WO,), 292.7 5308
KH,PO, 291.66 53024
KWO,F, 292.6 5300 6842
K;NbOF, 293.1 531.6 685.1
K,NbOF; 2934 531.8 685.4
K,Ta,0.F,, 2934 $313 685.1
Rb,KTiOF; 292.1 529.6 683.9
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ABE(O — K) (eV) ABE(F — K) (eV) ref

390.7 59
390.5 70
392.4 66
3923 66
391.9 66
392.0 66
391.5 66
391.9 66
392.1 66
392.0 67
391.1 68
69
61
61
238.8 59
239.1 59
237.9 59
237.9 59
238.6 62
238.0 63
238.6 63
238.6 S1
2384 71
237.6 64
237.8 72
238.1 73
238.58 74
2374 391.6 31
238.5 392.0 66
238.4 392.0 66
2379 391.7 66

237.5 391.8 this study
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Table 7. Core Level Parameters of Ti-Containing Crystals

compound

TiF,

TiOF,
TiO,
Rb,KTiOF;

Ti 2p;,
468.6"
461.3
459.5
458.15
459.2

O 1s

530.7
529.41
529.6

F 1s

692.8°
685.7
684.7

683.9

ABE(O — Ti) (eV) ABE(F — K) (eV) ref
2242 75
224.4 76
70.8 2252 77
71.26 78
70.4 224.7 this study

“Referenced to the N 1s level of N, (409.93 eV). “Referenced to the F 1s level of SF6 (695.04 eV).
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Figure 8. Comparison of (a) experimental XPS spectrum and (b) ab
initio electronic structures. The vertical dashed line indicates the
calculated valence band maximum, while red arrows indicate the
alignment sites of the experimental and calculated peaks for K 3s
orbtials.

orbitals. So this level is selected as the reference (indicated by
red arrows in Figure 8) to align the experimental and calculated
spectra. It is clear that the positions of the calculated Rb 4s, O/
F 2s, K 3p and Rb 4p orbitals are in good agreements with the
experimental measurements after the alignment, indicating the
suitability of our calculated method for the Rb,KTiOF; crystal.
However, it should be noted that the electronic states indicated
by the red dash circle (in Figure 8a) cannot be explained, and
the O/F 2p and Ti 3d orbitals located at the top of calculated
valence bands are not consistent with the experiments. It is
argued that the top of the measured valence band spectrum is
generated by the substrate which is not related to Rb,KTiOFs;.

From the calculated PDOS, the chemical bonding character-
istics in Rb,KTiOFs can be deduced. The fact that K and Rb
orbitals are deep in the valence band demonstrates that they
form very weak bonds with the neighboring atoms. As a
comparison, the upper valence states from —5 eV to the valence
band maximum are mainly contributed to from Ti and O/F
atoms and show quite a large hybridization between Ti 3d and
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O/F 2p states, manifesting the strong covalent bonds formed
between the Ti—O/F ions. At the same time, the conduction
band minimum exhibits the main contribution from Ti orbitals,
which means that the energy band gap in Rb,KTiOF; is
determined by the electron transition inside the Ti—O/F
groups.

5. CONCLUSIONS

In the present study, the spectroscopic and electronic
parameters of Rb,KTiOF; oxyfluoride were evaluated for the
first time. The preparation of nearly a centimeter-sized single
crystal permits to the measurement of the transparency range
and the determination of the optical band gap in Rb,KTiOFs.
Strong and broad-band luminescence was found in Rb,KTiOF;
under excitation in UV and the visible spectral ranges, PL bands
at 3.36 and 2.33 eV are related to free and self-trapped excitons,
respectively. Electronic structure observation shows interesting
chemical bonding effects appeared due to the presence of O/F
anion complex in the crystal lattice. As the result of a wide
comparison of BE values of representative core levels measured
by XPS in Rb,KTiOFs and other oxides, fluorides and
oxyfluorides containing Rb*, K*, and Ti*" cations, it is found
that cation—anion bond ionicity is noticeably dependent on the
O/F ratio in oxyfluorides. The most pronounced effect is
detected for Ti—O/F bonding, where bonds are of partly
covalent character. Previously, similar effects were found for
Cs', Mn?*, and Mo® ions in CsMnMoOsF; oxyfluoride.**
Thus, the variation of bond ionicity due to the competition of
0> and F~ ions for the valence electrons provided by metals
seems to be a general phenomenon in oxyfluorides. If this is the
case, the earlier created systems of effective ionic radii in oxides
and fluorides may be not correct in oxyfluorides and the
creation of developed radii systems is topical, for which the
dependence of effective ionic radii on the O/F ratio is
accounted.*®””®
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