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Structure and thermal expansion behavior of tetragonal tungsten bronze oxide Pb2KNb5O15 
were investigated by neutron powder diffraction and high-temperature X-ray diffraction. 
Below Curie temperature TC (orthorhombic phase, TC ≈ 460 °C), cell parameters a and c 
increase with temperature, while b decreases. The thermal expansion coefficients are αa = 
1.2910-5 °C-1, αb = -1.5610-5 °C-1, and αc = 1.6210-5 °C-1. Temperature dependent of 
second harmonic generation (SHG), dielectric, and polarization-electrical field (P-E) 
hysteresis loops measurements were performed to study the symmetry and electric 
properties. We show that the distortion and cooperative rotation of NbO6 octahedrons are 
directly responsible for negative thermal expansion coefficient along polar b axis. It is 
suggested that Pb-O covalency, especially in the large and asymmetry pentagonal prisons, 
may be related to orthorhombic distortion and abnormal spontaneous polarization direction 
along b axis. This study shows that tungsten bronze families are possible candidates for 
exploring negative thermal expansion materials. 
 

Introduction 

Controlling the thermal expansion behavior of functional 
materials remains a major subject in materials science.1,2 
Applications such as spacecraft,3,4 telescope,3,4 and Bragg 
grating wavelength filters2 demand materials with nearly zero 
thermal expansion coefficients (TECs). Invar alloys, composed 
of iron (35%Fe) and nickel (65%Ni), exhibit almost zero 
expansion in a large range of temperatures and have been 
widely used in high-precision instruments.2,5 In the last two 
decades, negative thermal expansion (NTE) materials are of 
particular interest for their rich content and abundant 
applications in tailoring TECs.6-13 Understanding the thermal 
expansion mechanism is fundamentally important to explore 
NTE materials and tailor the thermal expansion responses. 
Tetragonal tungsten bronze (TTB, with general formula 
(A2)4(A1)2(B1)2(B2)8O30 are one type of typical ferroelectric 
materials,14-17 which have potential applications in dielectric, 
piezoelectric, ferroelectric, and optical devices. But up to now, 
thermal expansion properties of TTB materials are not well 
studied.18-20 
 Among the TTB oxides, lead potassium niobate Pb2KNb5O15 
(PKN) is one of the best-known compounds,21-30 which was 
firstly synthesized by E. C. Subbarao as a solid solution of 
PbNb2O6 in 1960.21 The piezoelectric, ferroelectric-ferroelasic 
coupling, optical properties, and surface-acoustic-wave (SAW) 
characteristics are studied previously.21-30 

 

Fig. 1 Crystal structure of tetragonal tungsten bronze in a-b plane (left) and 
a-c plane (right). 

 
 PKN has a high Curie Temperature with TC ≈ 460 °C.22,31 
Above TC, the unit cell of PKN is tetragonal with space group 
P4/mbm (No.127) and atet = btet ≈ 12 Å, c ≈ 4 Å (see Figure 1). 
Below TC, PKN is orthorhombic with space group Cm2m 
(No.38) and aort ≈ bort ≈ √2atet ≈ 17 Å, c ≈ 4 Å22,28 (see Figure 
1), where subscript ort and tet means in orthorhombic and 
tetragonal coordinates respectively. 
 It is important to mention that in ferroelectric phase the 
spontaneous polarization is along bort direction, which can only 
be found in several lead niobate related structures in TTB, such 
as Pb2NaNb5O15,

16 Pb1-xBaxNb2O6 (x < 0.3),32 Pb2(1-
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x)K1+xGdxNb5O15 (x < 0.2)33, and PbNb2O6
14,21. In contrast, for 

other lead-free or lead-less TTB-type compounds, no matter in 
a tetragonal or orthorhombic form, the polarization is along c 
axis (see Figure 1), such as SrxBa1-xNb2O6 (P4bm),34 
Ba4Na2Nb10O30 (Cmm2),35 and PbK2LiNb5O15 (Pba2).36 In 
addition to the high Curie temperature and unique polar 
character, the lattice constant b (parallel to polarization 
direction) shrinks rapidly with the increase of temperature, 
which is also observed by previous researchers.23,31 In 
Sr0.75Ba0.25Nb2O6 (SBN) 19,37, the slight NTE along c axis is 
attributed to the deviation of Nb from the center of NbO6 
octahedrons along c axis and the thermal motion of Nb 
perpendicular to the O-Nb-O linkages.19,37 However, in polar 
PKN, the abnormal behavior along b axis in tungsten bronze is 
still unclear. 
 The purpose of this paper is to investigate the crystal 
structure and thermal expansion of PKN by neutron powder 
diffraction (NPD), high temperature XRD, nonlinear optical 
properties (NLO) and first-principles calculations. We 
discussed the role of Pb2+ plays on the thermal expansion and 
polarization mechanism in PKN. Furthermore, we demonstrated 
that the Pb-O covalency, especially in the large and asymmetric 
pentagonal sites, may be responsible for the abnormal 
polarization behavior and NTE along polar b axis.  

Experimental 

PKN ceramics was synthesized by solid state method. The 
stoichiometric raw materials, PbO, K2CO3 and Nb2O5, were 
ball milled in ethanol for 10 h. After drying, the fine powders 
were calcined in 800 °C for 4h. The calcined products were ball 
milled again for 10h. Then, some of the powders were made 
into pellets and sintered at 1150 °C covered with some calcined 
powder to compensate the evaporation of PbO and K2CO3. 
Some of sintered pellets were pulverized into powder for X-ray 
diffraction; High temperature XRD (TTRШ, Rigaku, Japan, Cu 
Kα, λ = 1.5406 Å) data were collected from RT to 600 °C with 
a scanning rate of 4 ° / min for 2θ; The heating rate was 10 °C / 
min and the sample was hold for 15 min at a specified 
temperature to reach heat equilibrium. NPD data were collected 
on the BT-1 diffractometer at the center for Neutron Research 
at the National Institute of Standards and Technology (NIST) 
with a Cu monochromator (λ = 1.5403 Å) at RT and 550 °C. 
The macroscopical thermal expansions of ceramics were 
determined from dilatometric measurements using a thermo-
mechanical analyzer (TMA; WCP-1) with a 2 mm sample at a 
heating speed of 5 °C / min. The SHG signal was detected by a 
FSP900 spectrometer (Edinburgh Instrument) using a 
nanosecond pulsed (10 Hz) 1064 nm Nd:YAG laser as the 
pump source. For dielectric and ferroelectric measurement, 
silver paste was painted as electrode onto both sides of polished 
pellets and fired at 550 °C for half an hour. Dielectric 
parameters of unpoled samples were measured as a function of 
frequency and temperature with an impedance analyzer 
(HP4192A; Hewlett-Packard, Palo Alto, CA) in the frequency 
range of 104–106 Hz. A triangular waveform with a frequency 
of 1 Hz was used to investigate room-temperature polarization 
curves (aixACCT, TF Analyzer 1000; Aachen, Germany). 

Results and Discussion 

Structure 

 
Fig. 2 Rietveld fitting patterns of NPD data at RT (a) and 550 °C (b). 
Observed (pluses), calculated (black line), background (green line), and 
difference (bottom of figure) are shown. Bars represent the Bragg 
positions. Rp = 4.17 %, Rwp = 5.52 %, Rexp = 3.59 %, χ2 = 2.36 at RT and 
Rp = 3.19 %, Rwp = 4.11 %, Rexp = 2.37 %, χ2 = 2.99 at 550 °C. For 550 
°C, peaks from Pt substrate were excluded and not shown. 
 
The crystal structure of PKN was firstly solved by Sciau et al. 
in 1999.28 In the present work, neutron powder diffraction 
(NPD) was performed, which can determine the light oxygen 
atoms more accurately than X-Ray. Sciau’s result was used as 
initial model with space group Cm2m at RT and P4/mbm at 550 
°C. The NPD datas were analyzed with Rietveld method on a 
platform of software GSAS. 
 There are splits of Pb2+ in two different kinds of pentagonal 
sites, Pbp(2) and Pbp(3). And two identical Pb2+ (50% 
probability) distribute symmetrically in one pentagonal space, 
as shown in Figure S1a. 
 In tungsten bronze compounds, different A sites prefer 
different cations, depends mainly on the ionic radius.38,39 Larger 
cations tend to occupy pentagonal sites, and the smaller occupy 
quadrangular sites. In initial refining process, the occupancy of 
K+ in quadrangular sites (4e) was converged to be negative and 
was then fixed to be zero. Finally, K+ were set to occupy the 
pentagonal sites, Pb2+ occupy both quadrangular sites and the 
rest of pentagonal sites. Then, the refined structure with space 
group Cm2m is reasonable (see Figure 2a and Table S1). 
 The structure with NPD data at 550 °C was refined with 
space group P4/mbm (phase transition from orthorhombic to 
tetragonal at about 460 °C). Since the sample was heated to a 
relative low temperature, sites occupancies were set to be the 
same as at RT. The results are shown in Figure 2b and Table 
S2. The crystal structures of PKN at RT and 550 °C were 
shown in Figure 3. 
 From Figure 3, we can see all cations have displacement 
components along [010]ort direction at RT. In paraelectric 
phase, all Nb or Pb/K atoms are in the near center of NbO6 
octahedrons or quadrangular/pentagonal sites. In ferroelectric 
phase, all Nb and Pb/K atoms show obvious displacements. The 
directions of intra-octahedron distortion of Nb are shown in 
arrows in Figure 3. It was found that all displacements of Nb 
tend to be away from the oxide ligands that bridging to Pb2+. In  
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Fig. 3 Structure of PKN at RT (a) and 550 °C (b). Percent of color on 
atoms represent the proportion of occupancy. Unit cell of both phases 
are outlined. Red arrows indicate the direction Nb atoms displace in 
NbO6 octahedron. 
 
PKN, there’s no polarization component along c axis and the 
net polarization component along a axis is zero, giving rise to 
total polarization along b axis. In displacive ferroelectrics, the 
spontaneous polarization PS could be estimated by considering 
a purely ionic crystal and neglecting the electronic polarization: 

PS ∑ , where  is the shift along the ferroelectric axis 

of the ith ion carrying a charge qi, V is the unit cell volume and 
Z = 4. The calculated PS of PKN is 34.9 μC/cm2, which is 
similar to the value reported for Ba2KNb5O15 (PS = 32 
μC/cm2),40 but much larger than Sr2KNb5O15 (PS = 17 
μC/cm2).41 
 

 
Fig. 4 Distribution of Pb-O distances in PbO15 and PbO12 polyhedrons 
obtained from structure refinement at RT (a) and 550 °C (b). Each point 
represents a kind of bond length. Errors are included, they are too small 
and cannot be distinguished. There are three kinds of PbO15 
polyhedrons and 15  3 = 45 different Pb-O bond lengths at RT; There 
is only one kind of PbO15 polyhedron and 15 different Pb-O bond 
lengths at 550 °C. The structures of PbO15 and PbO12 polyhedrons at 
550 °C are shown in (c). 
 
 To PKN in paraelectric phase, we can see very different 
oxide ligand environments on quadrangular and pentagonal 
sites (see Figure 4). In the equatorial plane of PbO15 
polyhedron, the shortest Pb-O length is 2.967 Å, while the 
longest (Pbp-O3(4)) is 3.8543 Å (Figure 4c and Table S4). In 
contrast, the Pb-O lengths in PbO12 polyhedron do not vary a 

lot (2.757 Å ≤ d ≤ 2.8031 Å, see Figure 4). The volume of 
PbO15 and PbO12 polyhedrons are 81.02 Å3 and 51.23 Å3 
respectively, implying much more flexible space for Pb2+ in 
PbO15 polyhedrons to move to accommodate better coordinate 
environments. The strong asymmetry and large capacity in 
PbO15 polyhedrons allows Pb2+ to deviate from its center in a-b 
plane flexibly and strengthen the covalent bonds with O nearby.  
 Herein, we are interested in the effect of Pb2+ ions on the 
structural chemistry of PKN. The previous studies indicated 
that the lone pair electrons play a specific role in both physical 
and chemical properties of materials with cations Sn2+, Se4+, 
Pb2+, Bi3+, and so on.42,43 
 It is well known that all TTB compounds have the same 
crystal structure in paraelectric phase (P4/mbm). From 
paraelectric to ferroelectric phase, compared to other lead-free 
TTB-type compounds, the symmetry of PKN changes in a-b 
plane, not in a-c or b-c plane, and all z-coordinates maintain at z 
= 0 or z = 0.5. Compared to PKN, both Ba2KNb5O15 and 
Sr2KNb5O15

44,45 crystalize in tetragonal phase (P4bm) with 
polar direction along c axis. Considering the similar ionic 
radius of Pb2+ and Sr2+ ( =1.44 Å, = 1.49 Å, CN = 
12), a reasonable interpretation is to attribute to the 
hybridization character of Pb2+ with lone pair electrons: cooling 
the temperature down below TC, the flexibility and asymmetry 
environments of Pb2+ along with its hybridization character 
drives atomic displacement along b direction. Similar results 
can be seen in Pb1-xBaxNb2O6: with the increase of Ba content, 
the structure changes from orthorhombic (Cm2m) to tetragonal 
(P4bm).32  
 In ferroelectric perovskites ABO3, the hybridization between 
B cation and O is essential to weaken the short-range 
electrostatic repulsions and allow the ferroelectric transitions.6 
The A-cation can affect the B-O interactions by A-O 
hybridization. This mechanism can be introduced to the case of 
PKN. Electron densities of PKN were obtained by DFT 
calculation, see Figure 5 and Figure S2. It can be clearly seen 
that the electron densities distributions around Pb, Nb, and O 
are quite anisotropic, while around K is almost isotropic. The 
electron densities on the Pb-O bonds are much larger than that 
on K-O bonds. The calculated results agree with the covalent 
character of Pb-O bonds. 
 

 
Fig. 5 Electron density difference of PKN calculated by DFT in (001) 
and (0 0 4/3) plane. For more details, see Supporting Information. 

Thermal expansion 

The HT X-Ray diffraction from RT to 600 °C was performed to 
determine the evolution of cell parameters, See Figure 6a-b and 
Figure S3. The phase transition from orthorhombic to 
tetragonal happens around 460 °C, which was also proved by 
dielectric and DSC measurements (Figure 8a and Figure S4). 
Figure 6a-b show that below TC, lattice constants a and c 
increase upon heating, while b decreases with temperature. The 
thermal expansion coefficient (TEC) along b axis αb is  
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Fig. 6 (a) – (b) Lattice constants evolution of PKN at elevated 
temperatures; Errors are too small to be distinguished. (c) Thermal 
expansion measured by TMA. 
 
1.5610-5 °C-1, αa and αc are 1.2910-5 °C-1 and 1.6210-5 °C-1 
respectively (RT – 475 °C). The ceramic bar thermal expansion 
was measured by TMA, and good reproducibility on heating 
and cooling reveals the well thermal stability and mechanical 
behavior (see Figure 6c). The linear TEC αl was 0.4410-5 °C-1 
and the average bulk TEC is αV ≈ 3αl = 1.3210-5 °C-1 in the 
range of 30 – 460 °C-1, which is consistent with XRD 
measurements (αV = 1.3510-5 °C-1). We compared the TECs of 
PKN single crystals measured by other groups31,23 and found 
our present results are more reliable (see Table 1). 
 In PbTiO3-based compounds, NTE along c axis are strongly 
coupled with spontaneous polarizations and Pb/Bi-O 
hybridizations.47,48 The strong Pb/Bi-O and Ti-O covalent 
bonds elongate TiO6 octahedrons along polarization direction 
and induce large tetragonality (c/a = 1.06 for PbTiO3).

46-50 With 
temperature increasing up to TC, spontaneous polarization 
displacements reduce gradually to zero, and the elongated TiO6 
octahedrons shrink along c axis. Thus, NTE occurs. TTB 
structures are considered as perovskites analogue. The 
spontaneous polarization displacements are induced by Pb/K-O 
and Nb-O interations. Because of the structural flexibility and 
complexity in TTB oxides, the mechanism for NTE along b 
axis in PKN is more interesting. Pb-O covalency in flexible 
PbO15 polyhedrons below TC not only distorts NbO6 
octahedrons along b axis, but also causes NbO6 octahedrons 
cooperative rotation. Both the distortion and cooperative 
rotation result in the elongation along b axis and compression 
along a axis of the unit cell. With temperature increases, strong 
thermal vibration weakens both Pb-O and Nb-O bonding. All 
cations move towards their equilibrium positions. The  
 

Table 1 Thermal expansion coefficients (TECs) of PKN along different 
axis from RT to Curie temperature reported by different authors 
 TEC (10-5 °C-1) 

a axis b axis c axis V 
Yamada23,*  1.50 -2.18 1.75 1.07 
Kimura31,* -0.80 -1.40 1.20 -1.00 
This study  1.29 -1.56 1.62  1.35 
* Data are evaluated from figures. 
 
distortion of NbO6 octahedrons reduces (by shrinking along b 
axis and elongating along a axis). At the same time, NbO6 
octahedrons rotate cooperatively, which also contributes to the 
NTE along b axis, shown in Figure 7.  

 
Fig. 7 Schematic presentation of NbO6 octahedrons cooperative rotation 
from RT (left) to 550 °C (right) surrounding Pbp(2)-O15 octahedron. Δd 
indicates the compression along b axis. θ1RT = 126.73 °, θ1HT=128.69 °; 
θ2RT = 114.61 °, θ2HT=116.99 °. The split of Pb2+ are not included. 

 
 In orthorhombic phase of PKN, the distortion from tetragonal 
phase can be evaluated using the axis ratio b/a. At RT, b/a is 
1.0125(1) and decreases gradually to 1 with temperature 
increases to TC. Negative thermal expansion (NTE) is observed 
along b axis accompanied by increasing the degree of 
symmetry. Since ferroelectricity is closely related to structural 
asymmetry, the reducing of ferroelectricity as well as PS is 
confirmed by the decreasing of nonlinear optical (NLO) 
responses measured by SHG (see Figure 8b). 

Temperature dependence of dielectric properties and P-E 
hysteresis loops of PKN ceramics were also obtained (Figure 
8a,c). Figure 8a shows a sharp dielectric peak at about 460 °C, 
indicating the ferroelectric-paraelectric transition. The 
maximum dielectric constants εmax decrease with the increase of 
frequencies, but Tmax do not show obvious change, where Tmax 
is the temperature corresponding to εmax. Inset shows the fitting 
to the modified Curie-Weiss raw. The fitted γ is 1.57, implying 
some extent of diffuseness during the phase transaction process. 
This agrees with the SHG measurement: even though the 
temperature is as high as 500 °C, there are still some SHG 
responses (Figure 8b inset). Figure 8c shows the measured P-E 
curves at different temperatures. We can see both remnant 
polarization (Pr) and coercive field (Ec) increase anomaly while 
heating. This phenomenon is attributed to the rigid of dipoles. 
The dipoles can not be fully switched under test conditions and 
become easier to switch at higher temperatures. 
 As discussed above, NTE along b axis in PKN are associated 
with Pb-O covalency and cooperative rotation of NbO6 
octahedrons. It’s interesting to note that there is no tilt of NbO6 
octahedron since all ions do not displace along c axis, but along 
b axis. The attraction caused by Pb-O covalency tend to rotate 
NbO6 octahedrons in a-b plane and enhances orthorhombic 
distortion (b/a); while the electrostatic repulsion caused by 
ionic K-O bonds in A sites prefer tilting it and stabilize the  
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Fig. 8 (a) Temperature dependence of relative dielectric permittivity and dielectric loss; The inset shows variation of log(1/ε-1/εmax) with log(T-
Tmax) at 106 Hz for PKN ceramics. Tmax is the temperature corresponding to the dielectric constant maximum, εmax; the fitted γ is 1.57, implying 
some extent of diffuseness. (b)Temperature dependence of second harmonic generation (SHG) response of PKN measured from RT to 550 °C. The 
region near TC is shown in the inset. (c) P-E hysteresis loops of PKN measure from RT – 150 °C at 1Hz. 
 
tetragonal crystal structure, such as that in Sr2KNb5O15 and 
Ba2KNb5O15.

44,45 This indicates that we can adjust the thermal 
expansion by modifying the ratio of ions of the two kinds or by 
modifying their ionic radius. For example, increasing the ratio 
of Pb2+ (or other lone pair cations), or replacing K+ with a 
smaller one may enhance  orthorhombic distortion and change 
average bulk thermal expansion coefficient from positive to 
negative. 

Conclusions 

The structure and thermal expansion properties of PKN were 
investigated. The transition from orthorhombic ferroelectric 
phase to tetragonal paraelectric phase was confirmed by XRD, 
NPD, and dielectric measurements. From RT to ferroelectric 
Curie temperature (460 °C), PKN shows a negative thermal 
expansion behavior along b axis, and the anisotropic thermal 
expansion coefficients are αa = 1.2910-5 °C-1, αb = -1.56010-5 
°C-1, and αc = 1.6210-5 °C-1, respectively. SHG confirms the 
increase of symmetry and decrease of spontaneous polarization 
with the increase of temperature. NTE along b axis is accounted 
by distortion and cooperative rotation of NbO6 octahedrons, 
which is also related to the Pb-O covalency. It is believed that 
Pb-O covalency, especially in the pentagonal sites, is the reason 
for the spontaneous along b axis. The mechanism may be used 
to control TECs and explore negative thermal expansion 
materials with tungsten bronze structures. 
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Distortion and cooperative rotation of NbO6 octahedrons are directly responsible for negative 

thermal expansion coefficient along polar b axis. Pb-O covalency, especially in the large and 

asymmetry pentagonal prisons, may be related to orthorhombic distortion, abnormal 

spontaneous polarization direction, and negative thermal expansion along b axis. This study 

shows that tungsten bronze families are possible candidates for exploring negative thermal 

expansion materials. 
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