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Abstract

The temperature dependences of Raman- and IR-active phonons of
K3Nb3O4(BO3), are reported, for probing the two ferroelectric—ferroelastic
phase transitions. The phonon frequencies are found to change discontinuously
near 185 £ 5 and 385 £ 5 K. The character of the observed changes shows that
the transitions lead to significant changes in the NbOg octahedra. The results
obtained show also that many low frequency modes exhibit hardening upon
heating. Moreover, at high temperatures the damping of some modes increases
significantly. The origin of this behaviour is discussed.

1. Introduction

Among the known crystalline materials in nonlinear optics, boron containing compounds
play an important role since these materials usually have rather high x® and x® nonlinear
susceptibilities [1]. Moreover, borates have a cut-off wavelength in the near-ultraviolet region
and have outstanding resistance to laser damage [1-4]. K3Nb3Og(BOs3), is a promising
nonlinear borate. It has been shown that this borate exhibits a number of ferroelastic and
ferroelectric phase transitions below 783 K [5—-8]. Dielectric and ionic conductivity studies
showed that this material also exhibits superionic properties [7, 8]. Recently, K3Nb3;Og(BO3),
has also been found to be an attractive y ®-active crystal for picosecond stimulated Raman
scattering generation in the visible and near-IR region [9].

In the present paper we report the temperature dependences of Raman-and IR-active
phonons in the 8-540 K range, obtained in order to get some insight into the mechanism of
two phase transitions occurring near 185 and 385 K. Our studies show that these transitions
are discontinuous. They are associated with weak modification of the local environment of the
Nb atoms within their oxygen octahedra, as well as the local environment of the K* ions. Our
results suggest also that this material exhibits another, possibly second-order phase transition
near 80 K, which has not yet been reported.
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2. Experiment

The K3Nb3O6(BO3), crystals were grown from the flux. The mixture of K,CO3, Nb,Os,
and B, 03, corresponding to the composition K3Nb3;Ogs(BO3), and K;B4O7 in aratio 1:1, was
placed in a platinum crucible, heated to 1000 °C, kept at this temperature for 40 h, cooled at
a rate of 2°C to 840°C, and then cooled at a rate 10°C to room temperature. The crystals
obtained were extracted from the crucible by washing with hot water. Single crystals had the
form of hexagonal rods up to 5 mm in length and up to 2 x 2 mm in cross-section.

Because the crystals obtained were too small for single-crystal transmission or reflection
studies, only polycrystalline infrared spectra were measured from the ground crystals with
a Biorad 575C FT-IR spectrometer, in KBr suspension for the 1500-400 cm~! region and
in Nujol suspension for the 500-30 cm ™! region. FT Raman spectra were measured for an
oriented single crystal using a BRUKER 110/S spectrometer with the YAG:Nd** excitation.
Temperature-dependent studies of IR and Raman spectra below 300 K temperature were
performed using a helium-flow Oxford cryostat. Temperature-dependent Raman spectra in
the 300-540 K region were measured using in a Linkam cryostat cell (THMS 600). Both IR

and Raman spectra were recorded with a spectral resolution of 2 cm~!.

3. Results and discussion

3.1. Selection rules and assignments of vibrational modes

The high temperature, prototype structure of K3Nb3Os(BOs3), is hexagonal, with space group
P62m, and is isomorphous with the room temperature structure of K3TazOg(BOs3), [10].
This structure contains one molecule in the unit cell and it is build up of triple groups of
NbOg octahedra linked by planar BO%f triangles. The three-dimensional structure composed
of BO;f triangles and NbOg octahedra contains large pentagonal cavities occupied by K*
ions [10]. At room temperature the structure is slightly distorted and the structure can be
described as orthorhombic, with space group P2;ma [11]. The unit cell of this modification
contains four formula units. The comparison of the high and room temperature modifications
shows that the hexagonal—-orthorhombic distortion is only 0.01 % at room temperature [11].

The factor group analysis predicts that there should be 6A] +6A), +2A7 +6A) + 14E' +6E”
(64A; + 56A, + 56B; + 64B,) vibrational modes for the P62m (P2,ma) structure (the
modes given in parentheses correspond to the orthorhombic structure). These modes can
be subdivided into A} + A} + A} + AT + 4E’ (12A; + 12A, + 12B; + 12B;) internal modes of
the BO; 3 jons, A7+ A7 +2E' (6A; +6A, + 6B, + 6B,) translational motions of BO::_ groups,
Al +A%+2E" (6A; +6A, + 6B +6B,) librational modes of the BO::_, Al+AS+AJ+2E +E”
(10A; + 8A; + 8B; + 10B,) translational motions of K* ions, A} + A}, + A} + 2E’ + E”
(10A; + 8A, + 8B + 10B,) translational motions of Nb®" ions, Al+A+AJ+E +E
(8A1+4A;, + 8B, +8B,) stretching modes of the NbOg octahedra, and A + A} + A7+ 3E'+E”
(12A1+12A,+8B; +12B,) bending and librational modes of the NbOg octahedra. It should be
noticed, however, that the E' + AJ (A, By, B,) acoustic modes should be subtracted from the
translational modes. The A} and E” (A;) modes are Raman-active, A} modes are IR-active,
E’ (A1, By, By) modes are both Raman- and IR-active, and A’ and A} modes are inactive in
vibrational spectroscopy.

The recorded spectra are presented in figures 1 and 2. At room temperature a total of 23
Raman and 17 IR bands were observed. This number is close to the number of Raman and
IR modes predicted for the hexagonal phase (26 and 20, respectively), which confirms the
small orthorhombic distortion of the parent hexagonal phase. Former studies of a number of
borates showed that the symmetric stretching (v), asymmetric stretching (v3), out-of-plane
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Figure 1. Room temperature Raman spectra of K3Nb3Os(BO3), for a few polarization
configurations. The notation refers to hexagonal symmetry. The spectrum for the x(zz)x
polarization is very intense and was, therefore, divided by 5 to ease comparison with the other
spectra.

bending (1»), and in-plane bending (v4) modes of the BO;f units are observed around 950—
1050, 1250—1400, 670-800, and 600-660 cm™!, respectively [4, 12—-15]. According to the
correlation diagram, presented in table 1, for the hexagonal phase two components of the v3
modes should be observed both in IR and Raman spectra whereas only one v; component is
predicted to be Raman-active. In the orthorhombic structure the v; and v; modes should split
into 8 Raman (6 IR) and 16 Raman (12 IR) components, respectively (see table 1). Our spectra
show, however, that even at room temperature only one v; mode at 1066 cm~' and two vs
modes near 12001300 cm ™! are observed (see figures 1 and 2, and table 2). This observation
confirms the small deviation of this phase from its parent hexagonal symmetry. The v, mode
can be unambiguously located near 780 cm~'. The v4(BO3) mode could be attributed to
the strong IR bands observed at 631 and 625 cm~!. However, the former studies of borates
showed that this mode is usually observed as a relatively weak IR band [12, 15, 16]. Moreover,
the studies of niobates and tungstates showed that these materials give a very strong IR band
near 600 cm ™! which can be assigned to the antisymmetric stretching mode of NbOg (WOg)
octahedra [16, 17]. We assign, therefore, the very intense IR band at 631 cm~! with a shoulder
at 625 cm~! to the v4(BO3) modes and antisymmetric stretching mode of the NbOg octahedra.
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Figure 2. Temperature dependence of polycrystalline IR spectra of K3NbzOg(BO3), in the mid-IR
(a) and far-IR (b) regions.

The studies of niobates showed also that NbOg groups should show the presence of a very
strong Raman mode due to symmetric stretching vibration of NbOg groups. This mode was
usually observed around 600-650 cm ™! [17-20]. We assign to this mode the strongest Raman
band observed at 647 cm~!. The very weak Raman band at 857 cm~! has most likely the same
origin as the 868 and 834 cm ! bands observed for NaNbO3 and KNbOs, respectively [18, 19].
The assignment of this band is not clear since it is assigned either as the LO component of the
strongest Raman line or as a combination mode [18, 19]. Our IR and Raman spectra show also
the presence of a very narrow band at 699 cm~'. The origin of this band is not known.

The former studies of borates showed that T'(BO3) and L(BO3) modes are observed in the
280-500 and 150-250 cm™! regions, respectively, as weak Raman bands [13—16, 21]. On the
other hand, bending and librational vibrations of niobates were shown to give rise to intense
Raman and IR bands in the 300-150 cm ™! region [18-20]. Because many modes in the low
frequency region have similar energy, we may expect to observe strong couplings between the
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Table 1. The correlation diagram showing the correspondence between the optical modes of
the free BO;’ ion and the modes in the P62m (upper part) and P2;ma structure (lower part) of

K3Nb306(BO3);.
Symmetry of
BOg_ ion Site symmetry Factor group symmetry
Dsp Cspy D3y,
v ARS) A'(RS) A} (RS) + A)(IA)
V) AJ(IR) A”(IR) AJ(iA) + AJ(IR)
v3, v E'(IR,RS)  E'(IR,RS) 2E/(IR, RS)
Dsp C Cay
VI A (RS) A(IR, RS) 2A1 (IR, RS) +2A2(RS) + 2B (IR, RS) + 2B, (IR, RS)
V2 A7(IR) A(IR, RS) 2A1 (IR, RS) + 2A;(RS) + 2B (IR, RS) + 2B, (IR, RS)

v3, s E'(IR,RS) 2A(IR, RS) 4A; (IR, RS) +4A3(RS) + 4B (IR, RS) + 4B, (IR, RS)

4 A denotes inactive modes.

Table 2. Energy of room temperature Raman and IR modes in cm~! for K3Nb3Og(BO3)» crystal.
s, sh, m, w, vs, and vw denote strong, shoulder, medium, weak, very strong, and very weak,
respectively.

Raman

x(yy)x  x(zz)x  x(y»)x  z(xy)z IR Assignment

1240w 1238vw 1239w 1238w 1313s v3(BO3)
1198w 1199vw 1197w 1198w 1208s v3(BO3)

1066w 1066vw 1067w 1066w  — v1(BO3)
857w 857vw 857vw 854vw  826sh ?
780w — T79vw T79vw  T86s v2(BO3)
699w 699w 699w 699vw  695vw  ?
647s 647vs 647s 647s — v(NbOg)

637m 639m 638m 637m 631s V(NbOg) + v4(BO3)
— — — — 625sh v(NbO6) + V4 (B03)
432vw — — — 424s
— — — — 368sh
327m 326sh 327sh 326m 337s
317m 317m 317m 316m —
289w 287w 289vw  288vw  286s T'(BO3), L(BO3),
270vw 270w 270w 269vw  — 3(NbOg) and L(NbOg)
257w 256sh 256sh 255w —
244m 245m 244m 244m 240w
221sh 216sh 216sh 218sh 215w
212m 210m 210m 212m —
177w 178vw 178vw 176vw  171m
164w 167vw 164vw 164w —

156 — — — —
150sh — — 149w 147sh T/(Nb®*) and
143w 144vw 145vw 145vw 144w T'(K*)

137sh 138vw 138vw 137vw —
112w 113w 113w 113w 108vw
89vw — 89vw 88vw —

different bending, translational, and librational vibrations of the same symmetry. We, therefore,
assign the bands observed in the 200430 cm™~' region to the modes involving complicated
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Figure 3. Temperature dependence of the most characteristic Raman modes of K3Nb3Og(BO3)2
measured in the polarization x(yy)x.

bending and librational motions of the niobate groups as well as librational and translational
motions of the borate ions. The studies of niobates showed also that translations of alkali metal
and niobium ions give significant contributions to modes observed below 220 cm~ 119,20, 22].
We, therefore, assign the number of very weak Raman bands below 200 cm~! and all IR bands
below 220 cm ™! to translational motions of Nb®" and K* ions.

3.2. Temperature dependence of IR and Raman modes of K3Nb3Og(BO3 ),

Typical Raman spectra of K3;Nb3;Og(BO3), at various temperatures on cooling, for x (yy)x and
x(zz)x polarization configurations, are shown in figures 3 and 4. During cooling, the Raman
spectra remain almost the same down to 390 K. When the temperature reaches 385 K, a series
of evident changes take place. We observe large changes in relative intensity of some bands
and some changes in frequencies of observed bands (see figures 3 and 4 and discussion below).
This modification indicates the first structural phase transition. Further changes, indicative of
the onset of another phase transition, occur at about 185 K. It is observed that some modes
upshift or downshift, along with changes in their relative intensity. During cooling below
185 K no significant changes in frequency of modes are observed. However, we observe at
80 K an abrupt intensity change of some modes for the y (xz)ypolarization. This change is very
clearly observed in figure 5, which shows the temperature dependence of the depolarization
ratio p = I,./I;, where I, and I denote the integral intensity of the 647 cm™~! band for the
x(yz)x and x (zz)x polarizations, respectively. In order to get more insight into the behaviour
of K3Nb3O4(BO3),, we have performed additional IR studies (for experimental reasons these
studies were performed only below room temperature). The IR spectra do not show so clearly
the onset of the phase transition at 185 K (see figure 2). However, some weak changes in
frequency and relative intensity of bands can also be observed, especially for the 147, 625, and
695 cm~! bands.
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Figure 4. Temperature dependence of the most characteristic Raman spectra of K3Nb3Og(BO3)2
measured in the polarization x(zz)x.

The main changes observed in the spectra can be followed by analysing the frequency
w versus temperature 7' plot shown in figure 6 for the Raman-active modes (the temperature
dependence of the IR modes is not shown since the observed changes are much weaker than
those observed in the Raman experiment). The results shown in figure 6 indicate clearly that
the material experiences structural modification at about 385 and 185 K. They show also that
nearly all high frequency modes (above 600 cm ') exhibit a normal softening with increasing
temperature over the whole temperature range studied (except for the 697 cm~! mode which
shows hardening). On the other hand, many modes in the range 200-330 cm~! and all modes
observed below 200 cm~! show appreciable hardening with increasing temperature. The phase
transitions can also be clearly observed in the plot of Raman intensity versus T for the 316 cm™!
mode (see figure 7). We observe also that many bands exhibit a large bandwidth increase with
increasing temperature. Figure 8 shows the full width at half-maximum (FWHM) versus T
for the 1066, 647, and 316 cm™! bands.

Let us now discuss the observed temperature dependence of the Raman bands. The first
phase transition was observed in the present studies near 385 K, in good agreement with results
reported in the literature (388 K [7, 8]). The x-ray structure of the phase stable above 385 K is
not known. However, the domain structure suggests that although the crystal structure changes,
its symmetry may also be described by the same P2;ma space group as was found for the
room temperature modification [9]. Our results show that the number of observed modes does
not change during this transition. This suggests that the unit cell above and below 7. = 385 K
contains the same number of molecular units. The observed changes are abrupt, indicating that
this transition has a first-order character. The most significant changes in frequency and relative
intensity are observed for the 647 and 200-330 cm™~' modes, which have been assigned by us
to stretching vibrations of the NbOg octahedra, and modes involving a significant contribution
of bending and librational motions of the NbOg octahedra, respectively. On the other hand,
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no or very small changes could be seen for the bands below 200 cm ™', assigned to T/(K*)
and T'(Nb®") modes, as well for the stretching modes of the BO;‘ ions, observed at 1066 and
1200-1300 cm™!. This result strongly suggests that the 385 K phase transition corresponds to
tilts of the NbOg octahedra or/and displacement of Nb within the NbOg group. However, the
observed frequency jumps do not exceed 10 cm™!, indicating that the Nb—O bond lengths are
weakly affected by this transition. It is worth adding that ionic conductivity studies revealed
that this transition is also associated with a jump increase of K* ion conductivity above T, [8].
Former studies of superionic materials showed that such a jump increase of conductivity during
heating leads often to a jump FWHM decrease at 7, for some bands due to decrease of the
couplings with the surroundings [23, 24]. This decrease of coupling above 7. was attributed to
increase of the effective charge of mobile ions [23]. The present studies of K3Nb3;Og(BO3)»,
showing this kind of behaviour for the 316 cm~! band (see figure 8), may indicate that above
385 K the effective charge of K* ions increases considerably. On the other hand, increase of the
ionic conductivity with temperature is evidenced for superionic materials by a large damping
increase of those modes which involve vibrations of atoms strongly interacting with mobile
ions [23]. In our case large anharmonic damping is observed, for example, for the 647 and
1066 cm™! modes (see figure 8). The strength of the third- and fourth-order anharmonicity
can be analysed in terms of the phonon—phonon coupling presented as [25]

D) =To+C (14— p(1+—2 & 1
() ="To+ (+ex—1>+ (+ey—1+(ex—1)2) W
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where x = hwy/2kgT and y = hwy/3kpT refer to terms of three- and four-phonon decay
processes. I’ is due to broadening due to factors other than the anharmonic phonon decay,
such as defects. At higher temperature the three- and four-phonon decay terms vary as 7 and
T2, respectively. Best fitting of the experimental data to the function of equation (1) is shown
in figure 8. The values 'y, C, and D are 0.8, 2.1, and 2.6 for the 1066 cm ! mode, 0.8, 4.2, and
2.2 for the 647 cm~—! mode, and 2.5, 1.8, and 0.15 for the 316 cm~! mode. D values for the
1066 and 647 cm~! modes are very large, much larger than usually observed for ionic crystals,
indicating that the four-phonon process contribution to the broadening of these phonons is very
large. Such large D values are observed for many superionic conductors [24, 26].

The second phase transition is observed in the present studies near 185 K. The previous
dielectric studies suggested that there are two phase transitions at 188 and 176 K and that they
are close to second order [7, 8]. It has also been speculated that the intermediate phase may be
incommensurate [7]. Our results confirm the presence of only one phase transition and show
that this is a first-order transition. The first-order character is clearly evidenced by jump changes
in frequency of some modes. The most significant jumps are observed for the modes involving
vibrations of the NbOg octahedra. This behaviour is very similar to the behaviour observed at
385 K, indicating that this transition is also associated with tilts of the NbOg octahedra or/and
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shifts of Nb atoms. Since there are no ionic conductivity reports for temperature below 300 K,
it is not clear whether this transition is also associated with a jump increase in conductivity.
The frequency changes are weaker than those observed at 385 K temperature. This indicates
weaker changes in the crystal structure when compared to the changes occurring at 385 K. This
result is consistent with the dielectric studies which showed that the low temperature dielectric
anomaly is much weaker than the anomaly observed at 385 K [7].

As has already been mentioned, the behaviour of the depolarization ratio for the 647 cm™
band suggests that this material may also exhibit a phase transition near 80 K. Similar jumps in
depolarization ratio are also observed for other strong modes in the 320-200 cm™~" (not shown
in figure 5). We observe also a few more weak changes at 80 K, which may indicate the onset
of this transition, i.e. changes in slope of frequency versus temperature plots for the modes
observed around 1200, 1240, and 176 cm~'. The higher frequency modes show frequency
increase with decreasing temperature to 80 K and no change below 80 K. The 176 cm ™! mode
shows very weak temperature dependence in the 80—180 K range and a clear decrease below
80 K. Except for these changes, however, no frequency changes could be observed. Therefore,
the confirmation of this transition requires further studies with other techniques.

Finally, our results show that a number of modes exhibit hardening with increasing
temperature. It is known that the temperature dependence of the modes can be described
by the following formula [27]:

[(1/wj)(dw;/dT)], = [(1/w))(@w;/dT)], — v, )
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where y; = —dInw;/dInV = (B/w;)(dw;/d P) are mode Griineisen parameters (B is the
bulk modulus) and « is the thermal expansion coefficient. Since no data have been reported
regarding the thermal expansion, bulk modulus, and pressure dependence of the frequencies,
it is not possible to estimate the contributions of each of the terms on the right-hand side of
equation (2) to the temperature dependence of the frequencies. It is worth noting, however,
that positive frequency change with temperature is observed quite often. For example, it has
been shown that the monoclinic phase of scandium molybdate, which exhibits positive thermal
expansion, shows a frequency increase with increasing temperature for many modes due to the
strongly positive ‘true anharmonicity’ (the first term in equation (2)) [27]. On the other hand,
the orthorhombic phase of this material, exhibiting negative thermal expansion properties,
exhibits a frequency decrease with increasing temperature.
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4. Conclusions

The studies performed allowed us to an propose assignment of the observed modes to vibrations
of NbOg and BOj3 groups as well as K* ions. They showed that the two phase transitions,
observed near 385 and 185 K, are discontinuous and are associated with weak modification of
the local environment of the Nb atoms within their oxygen octahedra as well as the local
environment of the K* ions. The studies performed show that the four-phonon process
contribution to the broadening of some modes is very large, similar to that observed for
other superionic conductors. The present studies do not allow us to elucidate whether these
transitions have displacive or an order—disorder character. These studies show also that this
material may exhibit a phase transition around 80 K, not reported previously. However, the
observed changes are weak and the confirmation of this transition needs further studies with
other techniques.
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