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The ac response of the fluoride K 3 Fe 5 F 15 has been investigated over the temperature range 293-773K using impedance spectroscopy. lmpedance spectra show a curve that can be considered as an envelop of two depressed semicircles corresponding to bulk and grain boundary properties, and the modulus complex show two almost arcs. The d.c. measurements of this compound show an electronic conductivity. The equivalent circuit proposed to represent the electrical properties of the sample is determined by fitting the data by complex non-linear least squares immittance fitting program (LEVM). This circuit is constituted by series combination oftwo distributed-elements ZARC in parallel with series RC elements. Both distributed-elements ZARC represent the d.c. properties and the series RC elements represent the dielectric or ac response.

Introduction

K 3 Fe 5 F 15 crystallizes, at room temperature, in the orthorhombic system with the polar space group Pba2 and exhibits an atomic arrangement of distorted TKWB type [!]. ln that structure, the 3d transition elements occupy (2b) and (4c) crystallographic sites. The (2b) sites are only fi11ed by Fe z+ cations and the (4c) sites occupied halfby Fe 2+ and half by Fe 3+ cations, resulting in the developed following formula, K 3 Fe 2+ (Fe 2+ Fe 3+ ) 2 F 15 [2]. K 3 Fe 5 F, 5 exhibits a ferroelectric,ferroelastic-paraelectric,paraelastic• phase transition at Tc = 490K. An investigation by Môssbauer spectroscopy has shown that the transition is accompanied by a change from order to disorder among the Fe 2+ /Fe 3+ ion [1,2].

Electrical microstructure cannot be evaluated readily using d.c. measurements of electrical properties. Thus, d.c. measurements give only the total resistance of an inorganic polycrystalline compounds, but no information as to whether this is a single-valued resistance or arises from a corn bination of séveral different resistances [3 ]. a.c. measurements using impedance spectroscopy tedmique, by contrast, is a powerful technique for the characterization of an inorganic polycrystalline cumpc,unds; it has the great advantage over d.c. techuigues of being able to separate the electrical response of different region of an inorganic polycrystalline compound [4], provide their electrical responses are within the measuring range of the instrumentation and the time constants 't (given by the product of resistance, R and capadtance, C) of the various-regions differ by more than ab�ut one decade [5]. There is considerable versatility, and complexity, in analysis of ac data because the experimental data are only rarely found to yield a full semicircle with its center on the real axis of the complex plane, and many of spectra shown involve overlapping arcs, this is the case of spectra shows in data of the fluoride K 3 Fe 5 F 15 , Thus, accurate fitting is necessary to data from well characterized the sample, via complex non-linear least squares fitting (CNLS) which is more appropriate for one or more arcs with or without appreciable overlap [START_REF] Macdonald | Impedance spectroscopy emphasizing solid materials and systems[END_REF].

ln the present study, the electrical properties of the fluoride K 3 Fe 5 F 15 were investigated by impedance 1,pectroscopy, and modeled by equivalent circuit by u-sing the CNLS immittance fitting program .

Experiments

Appropriate quantities of FeF 3 and KFeF 3 of high purity (99.9%) were mixed and ground in a dry box. After degassing un der vacuum at 4 73 K to eliminate the risk of hydrolysis at higher temperature, the mixture was heated under d ry argon in a sealed gold tube to 973K for 15-h. The X-ray diffraction analysis of the samples obtained shows that the reactions are complete and that the :naterials synthesized is K 3 Fe 5 F 15 compoun<l.

Conductivity measurements were made on disks sintered in sealed gold tubes under the same operating conditions as for synthesis; vacuum evaporated gold was used as electrode material. The electroded pellets were placed in a quartz measuremcnt cell. degassed at 473K for 2h, and Jïlled with argon t0 avoîd possible hydrolysis. Electrical properties were measured as usua1 Pl with resistances . determ ined by the cornpkx: irnpedanoe rnethod using a fn::4urncy respon�c analyzer (Soianron l 260). The• frcquency range \Vas 1 ({' . 1 O'' Hz and mcasur.::nents were c<" 1rrîed out under argoli over the tl1,:rnrnl intcrvnl 293-773K in sewra! lé:mpcrature cyi:lcs.

J. Analysis of impt•dancc spc.:1ra

Analysis of expcrirnental data that yield H lùll scmicircular arc in the compkx plan. can provide estimates of R and C paramctcrs. ln pradice, however, experimt�ntal data are only rarely found to yield a füll semicircle with its center on the real axis of the cornplex plane. There are two common perturbations, which may still lcad to at least part of a semicircular arc in the complex plane: 1 the center of an experimental arc f r equently Z "

. � displaced below the r,:al axis because (1!' rhr.: presence of distributed e!;.:mem in th1. . ' nia!eri,11elci.. :trode system. Tlle rda:-,.ation tîme t îs then no: ,ingk-valu-, xl but is distrihuttd conti1w0thl•. <lr ar0und a llk'<. llî, with t,, ,,, ,,ll I lt1 1 2-Arl's can h�• ,. ubsw11tü11h u:swr!l'd b\ "il1t• r rela::alHHI'' and L�ad !o l\1t1 ,,1 mor-:-(Werl;ipp:n,• arcs.

Wi:: ,.:nnsidcr oow th,: c<;se wh\�n thcr,• i:-: a single dcpressed arc.

1. hal imp,•d:11,,:1: spectroscopy data pl1 ,n,�d 1 hi: impedance plane Z* show typical depn:ssed circulm arc behavior. such as that depicted in Fig l .  have defincd some para111c1ers ill thîs figur�• whid1 (J1ar-ac1erize the data when they ure well n. �presenlcd distributed-eleme11t ZARC irnpedance. ZARC impcdancc can be write as a combinatio11 of a resistance R in parallel with a constant phasç element CPE 16I (or uniwrsal capacilûr according to A. K . .lonscher [START_REF] Jonscher | Dielectric Relaxation in Solids[END_REF]J. ZARC impedance may be expressed by: R

Z ZA/1!' = ---- ( J + RA (jw) n -) = [ -� + A fù " ( cos nt + J sin '\' r_) J '
with the fractional exponent satisfies 0< n< 1 and .1 = The estimates vaities of R, A, and n parameters are determined as ïollows: From Fig. 1, -Z" reaches its maximw11 value, y, at this point the half-width of the arc on the real axis is R/2 and ro m RA = 1. In order to obtain n, one must find the direction of the center. The easiest graphical method is to draw on the Z* plane plot several lines perpendicular to the semicircle; the center will be defined by their intersection, thus n = l-20n/2. When there is more than one arc present and there is some overlap distortion, the present method can still be used without appreciable loss of accuracy provided overlap distortion is only significant for ro = w111, that is, on the right side of the center of the left arc. Then ail parameters should be estimated f r om the left side on the arc that is, for (ù m m , A similar approach may be used when data are available only for w Wm-The values of parameters found are used as estirnate parameters in CNLS fitting.

Results and discussion

Typical Complex impedance diagram of Z"(Q) as a function of Z'(Q) is shown in Fig. 2a, for instance at T = 539K and T = 573K. Each curve can be considered as an envelop oftwo depressed semicircles.

Any contribution of an electrode/interface polarization at low frequencies has been detected and the samples exhibit d.c conductivity. The same data as used in Fig. 2a are shown in Fig. 2b, but replotted in the electric modulus cornplex plane, M" vs M'. Two relaxation processes are seen and rnay be attributed to bulk and grain boundary properties ln order to interpret the results shown in Figs. 2a-b, it is necessary to propose an equivalent circuit so as to be able to extract resistance and capacitance values for the different cornponents. The rnost frequently used circuit with electrical polycrystalline cornpounds, in which the current follows as a series-connected pathway through grains and grain boundaries, is a series combination of parai lei RC elements [3]. Because of the displacement of the centers of the experimental arcs below the real axis, it is most fully to represent the data by two distributed elements ZARC [START_REF] Macdonald | Impedance spectroscopy emphasizing solid materials and systems[END_REF] (Fig. 3). The irnpedance, Z*, ofthis circuit is given by: ---------=---n By application of this circuit to the K 3 Fe 5 F 15 rnaterial, element ZARC 1 is assigned to grains and ZARC 2 to grain boundaries. Estimate values of the parameters R 1 , A 1 , n 1 , R 2 , A 2 and n 2 were obtained from the spectroscopie plots as mentioned above. The any contribution of an electrode / interface polarization at low frequencies of the sarnples, in the Z* complex plan, indicates that the charge transport is of electronic nature. This is has been confirmed by the presence of d.c. conductivity, and may be explained by the crystallographic structure of the compound. Jndeed, K 3 Fe 5 F 15 offers a transition element with two oxidation states which occupy (2b) and (4c) crystallographic sites, the Fe 2+ and Fe 3 � ions each occupy different (4c) sites below Tc with 100% occupation rate of both sites [START_REF] Abrahams | [END_REF] Above Tc, there is a disorder distribution of Fe 2+ and Fe 3+ ions in their sites in the high tem perature form [ 1 ] .

Z* = [_J_ + A OJ n, ( cos n1 Jr + 1 • si n n 1 Jr ' J]-1 11, 1 2 2 R'Acù"'si n n;lf , , 2 -j-
The conductivity temperature dependence between 450-600K, given in Fig. 4 for K 3 Fe 5 F 15 as a plot of log crî against reciprocal temperature, clearly exhibits an Arrhenius type behavior. A linear fit to crî = cr 0 exp(-.1.E a /KT) is shown, with correlation coefficient r=0.98, on either sicle of transition temperature Tr (Tr = 493±l 0 K) which is very close to curie temperature Tc (Tc = 490K). No discontinuity, but only a change of slope is observed at Tc with an activation energy .1.E a smaller in the high-temperature regime (0.68±0.04ev.) than in the low-temperature one (1.11±0.04ev.), behavior characteristic of a second order phase transition [START_REF] Mahan | superionic conductors[END_REF]. This result is in agreement with the order-disorder type of the phase transition shown by Môssbauer spectroscopy and consequently confi rmed by impedance spectroscopy. At this stage, we have not, of course, proved that the series-connected array of distributed elements ZARC (Fig. 3) is not the correct representation of the sample. But it always possible to find more than one equivalent circuit to represent a given ac response; in the present case, a circuit made up of parallel array of series-connected distributed elements ZARC such suggested previously could also give rise to the observed response at high frequencies. However, such a circuit, with series capacitances, would not permit de conduction through the sample and additional features in the impedance response at low frequencies would be expected ; there was no evidence for such additional low frequency effects. Absolute proof that a particular circuit is correct is usually impossible; instead, circumstantial evidence us needed to show the probable correctness of a proposed circuit. The circuit adopted here is that used to represent the electrical properties of a wide range of electrical inorganic polycrystalline compounds, especially at frequencies that are towards the lower end of the ac spectrum, as the response approaches the limiting d.c. response. A more comprehensive idealized equivalent circuit is proposed (Fig. 5). Jt has the same series-connected elements as Fig. 3 to represent the d.c. properties ; these are in parallel with series RC elements which represent the dielectric or ac response. Nevertheless, it serves to prove that both dielectric (series RC elements) and d.c (two distributed elements ZARC ) connected components are needed to explain the complete response of the tluoride K1FesF 1 5 • Fig. 6 shows the results of fitting impedance data for K 3 Fe 5 F 15 at the temperature 598K with complex non-linear least squares imrnittance fitting program [START_REF] Macdolad | LEVM program[END_REF], here the Relative Standard Deviation (RSD) [ 12] of each pararneter estirnate is well (RSD < 2% in general the value of RSD under 30 % is accepted [START_REF] Macdonald | Impedance spectroscopy emphasizing solid materials and systems[END_REF]), there is also a good agreement between the dotted and dashed lines at ail frequencies. The relative residuals of reel (� re ) and imaginary (� mi ) parts of complex impedance Z* were calculated at ail frequencies. With Z'mes, Z " mes and Z'cal, Z"cal were the reel and imaginary parts of complex impedance measured and calculated respectively.

• The relative residuals didn't exceed 5 %, this . circuit bas been tried to the samples at different temperatures and it present a good agreement between the fit and the data at ail frequencies. This leads to say that the equivalent circuit proposed is in good agreement with the behavior of the samples and with computer modeling. 

Conclusion

Figure 1 :

 1 Figure 1 : lmpedance plane plot of a dcpressed circular arc showing definitions of quanti tics us1x:I in ils anatvsis.

Figure 2a :Figure 2b :

 2a2b Figure 2a : fmpedance complex plane plot ( 1 Hz<. f< 1 O''l-lz) of the tluoride K 3 Fe 5 F 15 at 539K and 573K.
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 1 R /Ai w '", + 2 R, B ,w "• cos 2 and the electric modulus, M*, is given by M* = j2n/C 0 Z* (M* = cornplex rnodulus, Z* = complex impedance, C 0 = capacitance of the rneasuring cell in the absence of the material of interest, f rneasuring frequency).

Figure 3 :

 3 Figure 3 : Equivalent circuit used to represent two depressed arcs in the impedance complex plane.
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 624 Figure 4 :Temperature dcpcndence of log crT versus reciprocal temperature for the fluoride K 3 Fe 5 F 15 .

RCFigure 5 :Figure 6 :

 56 Figure 5 : Equivalent circuit used to represent the electrical behavior of the fluoride K 3 Fe 5 F 15 •

  ln the present work, the electrical behavior of the fluoride K .1 Fe 5 F 15 have been studied using impedance spectroscopy. The presence of d.c. conductivity and the phase transition ferroelectric, ferroelastic-paraelectric, paraelastic lead to suggest the equivalent circuit made up by series combination of two distributed-elements ZARC in parallel with series RC elements which is confi rmed by LEVM program. The two distributed-elements ZARC represent the d.c. properties and the series RC elements represent the dielectric or ac response.