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Solid-state chemistry and non-linear properties of tetragonal tungsten bronzes materials

Keywords: 

Non-linear properties of tetragonal tungsten bronze materials are related to solid-state chemistry. This family is very prolific, with its five different cationic or anionic crystallographic sites. The physical characteristics are correlated to composition and chemical bonding. Some effective or potential applications are described.

Introduction

Tetragonal tungsten bronze (TTB) structure was determined in 1949 by Magneli [1] on K 0.57 WO 3 (K 2.85 W 5 O 15 ). In 1953, ferroelectric properties were evidenced on PbNb 2 O 6 (Pb 2.5 Nb 5 O 15 ) [2]. In 1967, non-linear optics properties were studied on TTB crystals in IBM and Bell Telephone Laboratories [3]. From 1970, dielectric studies were carried out simultaneously in the USA, the USSR, Japan, Great Britain and France.

The present work refers to solid-state chemistry and non-linear properties (ferroelectricity, ferroelasticity, ferromagnetism, non-linear optics…) in TTB type materials. These properties are so called due to the main physical characteristics that display a non-linear variation (hysteresis loop) with external stress: polarizationelectric field, strain-mechanical stress, magnetizationmagnetic field… Relaxors will be also described. Materials involved are either ceramics or single crystals. Works on thin films are topical subject up to date. 

Crystal chemistry

Ion localization

Table 1 gives the localization of various ions (or chemical entities) in the different crystallographic sites. The chemical stability is the highest when:

• big cations (e.g., Ba 2+ or Pb 2+ ) occupy an A site;

• small and low-charged cations (e.g. a Li + ) are in C site; • small and highly charged cations (e.g., Nb 5+ , Ta 5+ ) are in a M site; • for high-oxygen-rate compositions (e.g., O 15 ); • for high-fluorine-rate compositions (e.g., F 15 ).

The various types of stoichiometry depend on the existence of vacancies (□) in either one or another site: Several solid solutions can be obtained between each kind of non-stoichiometric compositions (e.g. (Ba 1. 5 Sr 0.5 )(Sr 0.5 □ 0.5 )□ 2 Nb 5 O 15 ).

• all sites full: A 2 BC 2

Phase transitions

In TTB crystals, there is a permanent anisotropy, even in centrosymmetric phases; it is not thus possible to reach the cubic symmetry. The prototype high temperature variety is tetragonal (4/mmm). The following Table 2 gives the various phase transition sequences with the corresponding properties as described in sections 3 and 5 [4]:

• no transition: it is the case of oxyfluorides with a relatively high fluorine substitution rate; very low degree of covalence in octahedral bonds prevent the formation of non-centro-symmetric phase; • one transition: when the temperature decreases, a ferroelectric phase appears in either the tetragonal system (4mm) or the orthorhombic one (mm2) giving rise here to ferroelastic properties. Polar axis is along [001] for spherical cations (e.g., alkaline and alkaline earth cations); it is oriented along [010] when cations with 6s 2 lone pair, easily polarizable, are introduced (Tl + , Pb 2+ , Bi 3+ ); • two transitions: compounds with tantalum belong to this family (Table 2); • three transitions were announced for Ba 2 NaNb 5 O 15 : a ferroelastic phase is included between two other more symmetric phases with the same point space group [5]. Such a transition sequence is in fact more complicated with appearance of incommensurate phases. From room temperature to 523 K, the first incommensurate phase is nearly commensurate. On the contrary, from 523 to 561 K, the corresponding phase is clearly incommensurate. These anomalous effects were attributed to the influence of defects having their origin in either an off-stoichiometry or off-equilibrium distribution of the cations in the structure [6].

Ferroelectricity

Generalities

Dielectric and pyroelectric studies have shown several TTB non-centrosymmetric phases to be ferroelectric. The values of T c of the various samples are between 7 K (K 3 Li 2 Ta 5 O 15 ) and 899 K (Ba 2.02 Li 0.96 Nb 5 O 15 ). Fig. 2 gives, as an example, the temperature dependence of the permittivity ε′ r for a ceramic with Pb 2 KNb 5 O 15 composition.

Origin of the ferroelectricity

Ferroelectrics may be divided into two basic types ('displacive' and 'order-disorder'):

• Displacive ferroelectrics: in the paraelectric phase, the small charged cation (e.g., Nb 5+ in Ba 2 KNb 5 O 15 ) is situated at the barycentre of the oxygen octahedron. The polar variety is characterized by correlated shifts of the Nb 5+ ions away from the centre of gravity of the octahedra. • Order-disorder ferroelectrics: while the ions in the paraelectric phase are located randomly in equiva- lent sites within the polar phase, they are preferentially positioned in some of these sites, thus giving rise to local polarization and thus ferroelectricity. The fluoride K 3 Fe 5 F 15 of mixed valency is an interesting example: in this case, it is the Fe 2+ and Fe 3+ ions that are arranged in non-equivalent octahedral sites [K 3 Fe 2+ (Fe 2+ 2 Fe 3+ 2 )F 15 ] by shifts along the polar axis.

Relation between composition, Curie temperature and chemical bonding

For a given structural type, the value of T c depends on the composition. The variations of T c may be correlated with factors of chemical bonding such as size, coordination or electronic configuration of cations, bond covalency, order-disorder, etc. [7,[START_REF] Ravez | Solid-State Inorg[END_REF].

Size of cations in the 6-coordination site

The value of T c decreases as the size of the M n+ ion increases. For the substitution Zr-Ti, for example, it is the largest size of Zr 4+ that limits its shift Δz, thereby leading to a decrease in T c [9] (e.g., T c = 518 K (Ba 3 TiNb 4 O 15 ); T c = 310 K (Ba 3 ZrNb 5 O 15 )).

Size of cations outside of octahedra

A decrease in the size of ion A n+ leads to a decrease in T c as long as its environment remains spherical and its coordination is not modified. Here are some characteristic examples (r Ba 2+ > r Sr 2+ ) [9]: 

Compounds T c (K)

Bond covalency

The following three examples show this influence in displacive type ferroelectrics:

• the substitution Ta-Nb in the octahedral site leads to a large decrease in T c . The cations Nb 5+ and Ta 5+ have similar charges, configurations and size [9]. this is the effect of the covalence of the M-O bonds (M = Nb, Ta). In relatively covalent compositions such as the niobates, the increase in covalence (substitution Ta-Nb) arising from the more diffuse character of the wave function of Ta, i.e. a larger M-O overlap for M = Ta, leads to a drop in T c owing to the hardening or rigidification of the crystalline network, which thus cancels the ferroelectric distortion [10];

• the substitution F-O rapidly makes the network more ionic, since it leads to a decreased octahedral distortion. In most iono-covalent networks, this induces a spectacular drop in T c (Table 3) [11]; 

•

Fluorides

As seen in section 3.2., such ferroelectrics are of order-disorder type. The values of T c are here relatively high (T c = 495 K for K 3 Fe 5 F 15 ) [13].

Particular configurations of cations

The lone pair occurs for the Tl + , Pb 2+ and Bi 3+ cations. The increase in T c is due to this lone pair, which leads to a non-spherical cation. An example concerns K 2 BiNb 5 O 15 (T c = 633 K), which has a higher T c value than those of K 2 LaNb 5 O 15 (T c = 180 K) or K 2 NdNb 5 O 15 (T c = 442 K) [9].

Cationic order

An order within the crystalline network favours a cooperative effect, which in turn highly distorts the structure and induces an increase in T c . This effect may be demonstrated with the four following compounds: Sr 2 KNb 5 O 15 (T c = 429 K), Sr 2 NaNb 5 O 15 (T c = 539 K), Ba 2 KNb 5 O 15 (T c = 665 K), Ba 2 NaNb 5 O 15 (T c = 853 K). This distortion is not really enhanced by the disordered distribution of the alkaline earth cations and potassium in the sites of coordination 15 and 12, owing to their comparable size [9]. The polar phases remain tetragonal like the paraelectric phase. On the other hand, the smaller Na + ion is preferentially positioned in the site of coordination 12; the alkaline earth cations, which are twice as numerous, are situated naturally in the sites of coordination 15, themselves also twice as numerous.

Prediction of ferroelectricity

The transition from paraelectric to ferroelectric phase can occur through atomic shifts associated with distortion and/or rotation of octahedra. In both cases, when there is a transition from the non-polar to the polar form, low-amplitude atomic shifts Δz occur (< 1 Å) in the direction of the polar axis, thus giving a resultant polarization along the same axis. An empirical relationship between T c and Δz has been demonstrated: T c = 2 × 10 4 (Δz) 2 (Å 2 ) [14].

Examination of the atomic positions of a polar crystalline network (having no centre of symmetry but a polar axis) makes it possible not only to predict the ferroelectric properties but also the value corresponding of T c . Such relation was applied for various TTB crystals derived from (Ba,Sr) 2.5 Nb 5 O 15 , K 3 Li 2 Nb 5 O 15 …

Relaxors

Introduction

According to their particular dielectric behaviour, materials may be divided into two different classes, depending on whether they are classical ferroelectric or relaxor:

• a maximum of ε′ r and a value of the Curie temperature T c , no frequency-dependent for ferroelectrics; • a maximum of ε′ r at a temperature called T m , the two corresponding values varying with frequency for relaxors [15].

Concerning the relaxors, at least two different cations have to be localised in the same crystallographic site. Although relaxors have no macroscopic polarization (thus no P-E hysteresis loop), they are of great interest for dielectrics in capacitors and actuators [16]. The relaxor materials usually used are perovskite leadbased ceramics, for example PbMg 1/3 Nb 2/3 O 3 (PMN) and derived compounds. To date, various physical models have been described to explain the properties of relaxors [17]: compositional fluctuations and diffuse phase transition [18,19], the superparaelectric model [20], the nanostructure-octahedral model [21][22][23][24], the dipole-glass or the more recent derived model [25], the random-field model [26], the domain-wall model [27] and the random-layer model [28].

Lead-based TTB relaxors

Contrary to the perovskite class, the TTB Pb-based relaxors are not very numerous and have not been widely studied. However, some recent studies have been dedicated to this material class [17,29]. As an example, Fig. 3 shows the temperature dependence of ε′ r at various frequencies. At least one cation ferroelectrically active in the octahedral site must be present. The relaxor effect is simultaneously due to a disorder of the lead position and to a disorder of the cationic distribution in the A and B sites. The substitutions in the M site induce a relaxor state if the long-range order is not induced by a local dipolar order (e.g., tantalates).

Lead-free TTB relaxors

Such materials are of great interest as environmentfriendly applications. The first compositions announced as relaxors concerned the Ba 2.5(1-x) Sr 2.5x Nb 5 O 15 solid solution [30][31][32]. Very recently, relaxor behaviour was demonstrated in other compositions: e.g. BaLaNb 5 O 15 , BaBiNb 5 O 15 , SrK 2 Nb 5 O 14 F, BaNa 2 Nb 5 O 14 F… [33]. Some solid solutions situated between classical ferroelectric and relaxor have also been studied. Such is the case with A 2 B(Nb 1-x Ta x ) 5 O 15 : the replacement of very ferroelectrically active Nb 5+ by the less active Ta 5+ transforms the macroscopic polarization into a local one for the highest values of x. This is also the case with the Ba 2 NaNb 5 O 15 -BaNa 2 Nb 5 O 14 F system; for compositions close to the oxide, the behaviour is ferroelectric, while it becomes relaxor when the fluorine rate and thus the sodium rate is sufficiently high (Fig. 4) [34]. The frequency dependence of the permittivities of a ceramic with a composition BaNa 2 Nb 5 O 14 F clearly displays a frequency relaxation at 77 K, while it disappears at 300 K, i.e. for T > T m (T m = 140 K at 10 3 Hz) (Fig. 5). The crystal structure determination of this compound is in good agreement with the dielectric properties: the A-site is statistically occupied by equal quantities of Ba 2+ and Na + , thereby giving a cationic disorder in this A-site, while the B-site is filled by Na + cations [35].

Of all the lead-free compounds studied, it is with Bi 3+ , another 6 (sp) 2 lone pair cation, that the highest value of T m was obtained: T m (BaBiNb 5 O 15 = 319 K at 10 3 Hz). Such a result is in good agreement with that obtained for lead-free compositions derived from Ba-TiO 3 [36].

Ferroelasticity

The paraelectric-ferroelectric transition may be effected either without change of crystalline system (4/mmm → 4mm), or with the appearance of an orthorhombic symmetry due to slight distortions (4/mmm → mm2). In the last case, the ferroelectric phase has also ferroelastic properties.

When inserted cations in sites of 15-and 12-fold coordinations are alkaline or alkaline-earth ions (e.g., Ba 2 NaNb 5 O 15 ), the polar axis is along the [001] direction [37]. The switching of the polarization direction does not entail the passage from one ferroelastic state to another and inversely, the elastic transformation from state one to state two by the application of a mechanical stress does not change the sense of the polarization. Thus ferroelastic-ferroelectric properties are decoupled (Fig. 6).

On the contrary, if the inserted cation possesses a 6s 2 lone pair (Tl + , Pb 2+ , Bi 3+ ), the polar axis is along [010] and simultaneously the b parameter is higher than the a one [38,39]. We may foresee that the application of an electric field along Ox would produce a rotation of polarization by 90°and consequently the passage from an elastic state to another. In the same way, the change from state one to state two would lead to the rotation of the polar axis by 90°. The ferroelastic-ferroelectric properties would then be partially coupled. Such a prediction was proved on a lead potassium niobotantalate crystal [40].

Non-linear optics

The second harmonic generation efficiency E SHG is the rate of conversion of a fundamental wave into a second harmonic wave (100 I 2ω /I ω ). It is usually expressed as a relative value compared to that of a reference compound, e.g., KH 2 PO 4 (KDP), quartz α.

Ferroelectric materials (non-centrosymmetric and polar) have very high non-linear susceptibilities. The higher the spontaneous polarization P s , T c and Δz (see Section 3.4), the greater the tensor coefficients and the harmonic yield [41]. As an example, Fig. 7 shows the variation in E SHG /E SHG (KDP) versus T c [42]. Ba 2 NaNb 5 O 15 , Ba 2.14 Li 0.72 Nb 5 O 15 ) are among the most efficient compositions in order to be used in application field.

However, other factors are to be considered to obtain a maximal efficiency, i.e. crystal size and optical quality phase matching.

Ferromagnetism

Such a non-linear behaviour occurs in fluorides. As examples:

• in the (1-x) Mn 2+ -x Co 2+ substitution from K 2.5 (Mn 2.5 Fe 2.5 )F 15 , there is coexistence of antiferromagnetic and ferromagnetic short-range correlations above T N in the samples with a Co 2+ concentration in the range 0.6 < x < 1. Such a behaviour was also obtained for compositions containing Mn 2+ and Cr 3+ cations [43,44];

• in K 5x (M x 2+ M 1-x 3+
) 5 F 15 with 0.4 < x < 0.6, M 2+ = Mn, Ni and M 3+ = V, Cr, magnetic ordering occurs in two steps. Linear trimers (M 2+ ) 3 and (M 3+ ) 3 form exist, giving rise to a quasi-paramagnetic region, followed at lower temperature by long-range magnetic ordering. The 180°M 2+ -F --M 3+ magnetic interactions appear to be ferromagnetic [13];

• the composition K 3 Fe 5 F 15 is a multiferroic system.

Ferroelasticity and ferroelectricity are coupled at temperature lower than T c = 490 K. In addition, a spontaneous ferromagnetic component appears below 120 K, in the magnetically ordered phase [13,45,46].

Applications

Up-to-date TTB-type materials are now mainly used as single crystals, e.g.:

• strontium barium niobates as infrared detectors;

• barium sodium niobates as electro-optics modulators, parametric modulators or frequency doublers [47][48][49][50].

Elsewhere acoustic applications (e.g., sonars) require a very high k 33 electromechanical coupling coefficient. Unfortunately, big single crystals, useful for such an application, are often very difficult to elaborate. In this way, the current researches are oriented toward texturised ceramics. Such materials are prepared using small 'non-cubic' single crystals, obtained by flux methods and mixed with nanometric powder. Before sintering, it is necessary to line up the small single crystals in the same direction. TTB ferroelectric compositions possess a high value of k 33 , a tetragonal prototype phase and crystallise as long straight prism with a small square-base morphology. They are thus very promising candidates [51]. In addition, current researches are related to spread the application domain to TTB type thin films. 

Conclusions

The TTB compositions are oxides, oxyfluorides or fluorides. The great ability of this prolific family to give various crystallographic distortions leads to performing ferroelastic and ferroelectric properties. Their physical characteristics (ferroelectric or ferroelastic Curie temperature T c , spontaneous strain or polarization) can be related to cationic size and charge, bond covalency and cationic order. An interesting result concerns the oxyfluorides ferroelectric (of displacive type) in which the value of T c decreases strongly with the fluorine substitution rate; however the pure fluorides (of ferroelectric order-disorder type) show unexpected high values of T c . The TTB materials are able to lead to a relaxor behaviour due to cationic disorder in one or another crystallographic site. The compositions with a high ferroelectric Curie temperature show a high second harmonic generation efficiency (non-linear optics). A ferromagnetic component was observed in fluorides containing transition element cations; the values of T N are nevertheless low. Some considerations of present or future applications were discussed. The non-cubic state of the prototypic phase is interesting for texturised ceramics in the way of acoustic applications. Also, lead-free compositions are of interest as environment-friendly applications.
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 1 Fig.1shows a schematic representation of the TTB structure projection along the [001] direction. For a general A 2 BC 2 M 5 X 15 (X = O, F) formulation, large ca-

  M 5 X 15 (e.g., K 3 Li 2 Nb 5 O 15 ); • half C sites empty: A 2 BC□M 5 X 15 (e.g., K 3 NiNb 5 O 15 ); • C sites empty: A 2 B□ 2 M 5 X 15 (e.g., Ba 2 NaNb 5 O 15 ); • B and C sites empty: A 2 □□ 2 M 5 X 15 (e.g., BaBiNb 5 O 15 ).
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 1 Fig. 1. Schematic projection of the TTB crystalline network along the fourfold c axis (A, B and C correspond to cationic sites with 15, 12 and 9 coordination numbers, respectively, in unit cell A 2 BC 2 M 5 X 15 ).

Fig. 2 .

 2 Fig. 2. Temperature dependence of the permittivity ε′ r for a ferroelectric ceramic: Pb 2 KNb 5 O 15 .

  an apparently unexpected case combines the two precedent phenomena. It concerns the F-O substitution in the very covalent network of some tantalates. For example, although in the niobate K 3 Li 2 Nb 5 O 15 (T c = 703 K), the F-O substitution leads to a very sharp drop in T c , in the tantalate K 3 Li 2 Ta 5 O 15 (T c = 7 K), T c increases (T c = 80 K) for K 3 Li 1.5 Ta 5 O 14.5 F 0.5 . In this case, it is the decrease in covalence due to the F-O substitution, which leads to a lesser hardening of the network, and thus to a slight increase in both the ferroelectric distortion and T c[12].

Fig. 3 .

 3 Fig. 3. Temperature and frequency dependences of the permittivity ε′ r for a relaxor ceramic Sr 2 K(Nb 0.775 Ta 0.225 )O 15 .

Fig. 4 .

 4 Fig. 4. Variation of transitions temperatures with x for ceramics with composition Ba 2-x Na 1+x Nb 5 O 15-x F x .

Fig. 5 .

 5 Fig. 5. Frequencies dependences of the permittivities ε′ r and ε′′ r for a ceramic with composition BaNa 2 Nb 5 O 14 F. The dashed line shows the fit of data according to the Cole-Cole model.
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 6 Fig. 6. Nature of spontaneous strains and polarizations in crystalline phases with TTB structure.

Fig. 7 .

 7 Fig. 7. Variation of SHG efficiency of TTB-type materials in relation to KDP as T c changes.

Table 1

 1 Localization of various ions or chemical groupements in the different crystallographic sites

Table 2

 2 

	Transition sequences of phases with tetragonal tungsten bronze structure			
	N a	Compositions			Transitions sequences	
	0	K 3 Nb 5 O 13 F 2	4/mmm					
			paraelectric					
			paraelastic					
	1	K 3 Li 2 Nb 5 O 15	4mm		4/mmm			
			ferroelectric [001]	⇒	paraelectric			
			paraelastic		paraelastic			
		Sr 2 K 0.5 Li 0.5	mm2		4 / mmm			
		Nb 5 O 15	ferroelectric [001]	⇒	paraelectric			
			ferroelastic		paraelastic			
		Pb 2 KNb 5 O 15	mm2		4 / mmm			
			ferroelectric [010]	⇒	paraelectric			
			ferroelastic		paraelastic			
	2	S r 2 KTa 5 O 15	mm2		mmm		4/mmm	
			ferroelectric [001]	⇒	paraelectric	⇒	paraelectric	
			ferroelastic		ferroelastic		paraelastic	
		Pb 2.07 K 0.56 Nb 0.91	mm2		mmm		4/mmm	
		Ta 4.15 O 15	ferroelectric [010]	⇒	paraelectric	⇒	paraelectric	
			ferroelastic		ferroelastic		paraelastic	
	3	B a 2 NaNb 5 O 15	4mm		mm2		4 mm		4/mm
			ferroelec. [001]	⇒	ferroelec. [001]	⇒	ferroelec. [001]	⇒	paraelectric
			paraelastic		ferroelastic		paraelastic		paraelastic
		Ba 2.14 Li 0.71 Nb 2.5	222		mm2		42m		4/mmm
		Ta 2.5 O 15	antiferroelec.	⇒	ferroelec. [001]	⇒	paraelec.	⇒	paraelectric
			ferroelastic		ferroelastic		paraelastic		paraelastic
	a Transition number.						

Table 3

 3 Variation of T c with the F-O substitution rate Compositions ΔT c (K) a (Sr 2-x K 1+x )Nb 5 O 15-x F x 140 (Ba 2-x Na 1+x )Nb 5 O 15-x F x 660 Sr 2 K(Nb 5-x Ti x )O 15-x F x 210 Ba 2 Na(Nb 5-x Ti x )O 15-x F x 115 a Normalized variation of T c for a ratio F/(F+O) varying from 0 to 10 -2 .