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Characterization of four phase transitions in Pb gAl3F;q, including a new
transition at 670 K, by impedance and NMR spectroscopy
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The ac(alternating currentconductivity of PRAI;F,9 between 293 and 743 K has been analyzed
within a combined complex impedance, modulus, and permittivity formalism. The antiferroelectric
phase IV to ferroelastic phase lll, and the phase Ill to paraelastic phase I, transitions have been
characterized; the latter is shown to be accompanied by highepf mobility aboveT=368

+5 K. A new dielectric anomaly observed isochronouslyeirif,T) at 670 K corresponds to an
expected, but hitherto unobserved, transition from phase Il to the paraelectric prototype phase | of
PhAlFe. A °F NMR investigation between 125 and 430 K of fon diffusion properties in

Ph,Al 3F9 shows that half the anions have become mobile at the ferroelectric phase V to phase IV
transition temperature and that almost all the anions are mobile at the phase IV to phase Ill transition
temperature. These motions are shown to be short range, and no correlation is found between phase
formation and F ion diffusion properties in RIsF,9 in the temperature range below 320 K.

© 1998 American Institute of Physids50021-960808)50307-9

I. INTRODUCTION terized by multiple phase formation resulting from the simul-
Lead aluminum fluoride RE F;o belongs to the ferro- taneous presence of the®Hone electron pair and a small

electric PBMaF, o family (M=AI,Ti,V,Cr,Fe,Ga) of Mg oc-  trivalent cation. X-ray diffraction, thermal, optical, and di-

tahedral fluoride$. Two phases only form for electric studies of RJIsFg using powder, ceramic, and

M=Ti,V,Cr,Fe,Ga, a lower-temperature ferroelectric and asingle crystal samples, have revealed three phase transitions

higher-temperature paraelectric phase; the transition betwedretween 100 and 400 Kwith phase transition sequence

them atT, is first order? PhyAlF;q by contrast, is charac-

Y 270 K— v 320 K— 1] 360 K— Il
ferroelectric antiferroelectric ferroelastic paraelastic
tetragonal 140K tetragonal “305K monoclinic “360K tetragonal
l4cm Pa/n 12/c 14/m

Each transition has been shown to be first order. Thermabec. Ill A, the previous phase sequence notation has been
hysteresis for the transition between phase V and phase IV ishanged to name the prototype phase |.
unusually large. The structure of phase Il, phase IV, and The PQ_,Al,F, ., (0=<x=0.12) solid solution has long
phase V has been determined by single crystal andly$is. been known to exhibit interesting electrical properties caused
It is noteworthy that not one of the space groups formedy the change in Fion mobility with temperatur&? Since
by centrosymmetric phases 1V, lll, or 1l is a supergroup of PBAlsF9 is not far from comparable compositions within
[4cm, the space group of the ferroelectric phase. The possthe PbB—AlF; system, an investigation of its ionic conduc-
bility hence exists that a paraelectric prototype phase withivity and diffusion properties has been undertaken by im-
likely space groud4/mcm the supergroup for each of the pedance and®*F NMR (nuclear magnetic resonancgpec-
lower temperature phases, may be found at higher temper&oscopy. The results reported hereunder include electrical
ture. In view of the new phase transition found at 670 K, seeharacterization of its four phase transitions.

0021-9606/98/108(7)/2896/7/$15.00 2896 © 1998 American Institute of Physics
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TABLE I. Experimental conditions for th€F and?’Al NMR investigations

of PhyAlFpo g
195 27p) :’ 100
N
Spectrometer frequendvHz) 188.283 52.115 3
Pulse width(us) 0.7 1 g s -
Dead time delayus) 6 6 g 60 NPPAE GL y
Recycle delay timés) 10 20 £ T T N
Spectral width(MHz) 1 1 oy R I S %, K
Filter width (MHz) 2 2 Z e AN A i
gb 20 %m. f 7 B ¥
£ sosﬁ\f\i
0.0
00 20 60 100 140 180
Il. EXPERIMENT

real impedance Z’7 (kQ)

A. Preparation FIG. 1. Complex impedance Cole—Cole plotsZdfvs Z' for PkAl5F,4 at

PbF, from Ceraq(99.99% was dried 10 h under vacuum 418, 463, 478, 493, and 508 K. Frequency is inversely proportional to
at 473 K. AlR; was prepared by the reaction of 85 with
NH, HF,, in the ratio of 1:6 under dry N The reaction was
allowed to take place in several steps, first at 473 K for 2 h
then at 773 K for 2 h, finally at 1073 K for 5 h. After drying
the resulting AlR at 473 K for 10 h under vacuum,
PlpAl;F, o was prepared from the stoichiometric mix of BbF

The F NMR spectrum was simulated by use of the
WINFIT program® which allows variation of peak position,
peak height, linewidth, ratio of Gaussian to Lorentzian func-
tion, and relative percentage of their areas. In case a single
R o Gaussian does not exactly fit the spectrum as registered, an
and Al by grinding in a dry box and placing in a gold IUbe'Oappropriate mix of Gaussian and Lorentzian functions is

The risk of hydrolysis at higher temperature was eliminate : . :
: o used. This was particularly necessary for spectra measured in
by degassing under vacuum at 473 K for 2 h, filling the gold R :
tpe temperature range for which ionic motion causes nar-

tube with dry argon, and sealing. The tube is then heated al ed linewidth
823 K for 15 h and finally brought to ambient temperature by '

natural cooling. X-ray diffraction analysis of the powder

confirms that the reaction is complete and that the fluoridd®- ~ Al NMR spectroscopy

synthesized is the stable phase IV o&RlF;g at room tem- Investigation by?’Al NMR spectroscopy at room tem-
perature, characterized by lattice parametrsb=20.174 perature has also been undertaken to obtain complementary
+0.005 A andc=7.225+0.005 A*’ information on the structure of BAIsF;q phase IV. High-

resolution signals required 12 h storage times. The experi-
B. Conductivity measurements mental conditions of thé’Al NMR study are given in Table

Conductivity measurements were made on powde# with data ?gocessed' as in Sec. I C, by use oftheNMR
samples pressed to form pellets, compactness about 90‘%[,) program.

and sintered in sealed gold tubes under the same operatin

conditions as for synthesis. Vacuum-evaporated gold walll- RESULTS

used as electrode material. The electroded pellets werg, Electrical properties of Pb  sAlsFg

placed in a quartz measurement cell, degassed at 473 K for 2

h, and filled with t id ible hydrolysis. Electri- . -
anc 11ec WIth argon fo avoic possio e Nycroys:s. Eiectn ¢'(Q), i.e., Cole—Cole plots; are presented in Fig. 1 for

cal properties were measured by the method of Ref. 11, witP F ot _ ¢ t " The bulk ohmi .
resistances determined from the complex impedance using A3l at various temperatures: The bulk ohmic resis-

frequency response analyzéBolartron Model 1260 The Eance rellatlve t.oteach e_xp;ﬁnmetntal tetmp(:rr]ature,l €., th}? n-
frequency range was 16—10° Hz over a thermal interval ragranular resistance, is the intercégton the real axis o

293-743 K in several temperature cycles. the z?rlo phase anglle.extrapolat!on of the highest frequency
curve.~ The conductivityo is obtained fronZ, by means of

the relation o=(1/Z,)(h/S), where h/S represents the
sample geometry. Cylindrical samples, of dig®s=8 mm

F NMR experiments were performed on a Brukerand height with 1<h=<2 mm, are generally used. Conduc-
MSL-200 spectrometerBy,=4.7 T) equipped with a stan- tivity is found experimentally to be independent of sample
dard variable-temperature unit for the range 125-430 K. Thelimensions. The conductivity-temperature dependence be-
polycrystalline sample is maintained at each measuremeiiiveen 293 and 743 K, given in Fig. 2 as a plot of 8§
temperature fol h for thermal stability. Storage of the large against inverse temperature, clearly exhibits Arrhenius-type
number of measurements acquired oae5 hperiod results  behavior. A linear fit tooT= oy exp(—AEd/KT) is shown,
in high resolution. The operating conditions in Table |, with with correlation coefficientr =0.98, on either side of the
the ONEPULSE acquisition program? were selected in view transition temperatur@, =368+ 5 K. Although the conduc-
of the range in F ion diffusion coefficients in PJAlsFq. tivity is not discontinuous, there is a change in slopd at
The data so obtained were processed by Fourier transform@he activation energies on either sideTofare calculated as
tion, using thewINNMR 1D programt3 (AE,);=0.63+0.02 eV in the low-temperature regime,

Complex impedance diagrams of({)) as a function of

C. %F NMR spectroscopy
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FIG. 2. Inverse temperature dependence ofd@galso of logf,, whereo
is the conductivity and , is the peak frequency d¥l ., for PlsAl3F,,

and AE,),;=0.57+0.02 eV in the high-temperature re-

gime. The nearly identical values cAE ), andAE;, (see

below), are indicative of negligible grain boundary effects.
T, coincides with the transition temperaturg

3
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FIG. 3. Plot of normalized modulud”/M1,,, against logf for PhAl3F¢ at
313, 319, and 328 K, from 1 to {04z

Values of the normalized modulus1”/M; ., versus
log f for PsAlsF; 6, measured at three temperatures close to
the phase IV to phase Il transition temperature at 320 K, are
presented in Fig. 3. The spectra corresponding+313 and
328 K form single peaks, whereas thatTat 319 K clearly
forms two peaks. The phase transitionTat 320 K is hence
confirmed? although the transition is without effective influ-
ence on the electrical properties ofsRbyF;4. The tempera-
ture range close to the phase transition between phase Ill and
phase Il was similarly investigated. The spectra obtained at
T=358 and 383 K form a single peak, that Bt 363 K
forms two peaks, confirming the phase transition observed
previously at 360 I see Fig. 4.

The conductivity relaxation parameters for ;RIFg

=360 K between ferroelastic phase Il and paraelastic phasgeare determined aff>368 K in the temperature range

Il. The present results show thé kon mobility to be slightly
higher in phase Il than in phase lll. By contrast, the phase ]
to phase Il transition aT =320 K does not result in a de-

tectable change in the electrical behavior otAgF,q.

The coexistence of phases IV and IIl over a small tem-

where only phase Il exists. The plots M"/M| ., versus

og f as measured between 373 and 478 K are shown in Fig.
5. The curves are slightly asymmetric, in agreement with the
nonexponential behavior of the electrical function described
the empirical stretched-exponential Kohlrausch function

perature range close to their phase transition was determine t)=exp(—t/7,)?, wherer, is the conductivity relaxation

by x-ray diffraction as a function of temperatut&iphasic

time, and B is the Kohlrausch exponent parameter,

mixtures in solid electrolytes may be detected by examina-

tion of the electric modulud1” as a function of frequency
(M” is the imaginary part oM*). The complex functions
Z*, €, andM* are related bM* =1/e* =jwCyZ*, where
j=V—1, w=2=f is the angular frequency, ar@, is the
vacuum capacitance of the empty measuring cell. The elec
tric behavior of an electrolyte containing a mixture of two
crystalline phases of different conductivity may be simulated
by a series-equivalent circuit containing two paraigIiC,
and R,C, elements characterized by relaxation time con-

-
N

358 363 383

o

=)
o
[
°p
Pg
» ...
.
N

zed electric modulus M"/M" .
)
%
O°

.
o°°°
€

stantst;=R;C; and,=R,C,. For resistance values differ- 04 _.’° 4. j
ing by a factor of 100, for instance, but with capacitance § SSF N’
values that are chosen equal, two peaks are observed in tr's i s

" . E Qf o
M" spectroscopy plot since the modulus response emphas EM L
sises elements with smallest capacitatfc€. The tempera- 00 1 2 3 4 s 6

ture range close to the transition from phase IV to phase llI

log frequency (Hz)

has been examined by analyzing the frequency response o

the ac conductivity data of RAlsF,9 within the complex

modulus formalism.

FIG. 4. Plot of normalized modulud”/M1,,, against logf for Ph,Al3F¢ at
358, 363, and 383 K, from 1 to §MHz.
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FIG. 5. Plot of normalized modulud”/M" .. against logf for Ph;AlF; ¢ at
max 8 d BAlsFso represents 5 10%; O, 10°; @, 2x 10°; andA, 5X 10° Hz.

373, 393, 418, 448, and 478 K, from 1 to®19z.

sharply as the frequency decreases and/or the temperature
respectively®?° The smaller the value oB, the more the  increases. The dielectric anomaly observed at670 K is
relaxation deviates from a Debye-type relaxation. The fulleyersible and is typical of a phase transition. It is taken as
width at half-height(FWHH) of the M"/M,,, spectrum is  the transition from paraelastic phase Il to the previously un-
greater than the breath of a Debye peaki4 decades’  getected paraelectric prototype phase |, with probable space
resulting in 8=0.65 at 393 K for example. Although the groupl4/mcm An x-ray diffraction study of PgAl4F;¢ over

temperature range over whighcan be determined is small, the range 500-743 K is in progress to confirm this result.
the exponent appears independent of temperature within the

thermal regime considered; if the parameter is interpreted a8. °F NMR investigation of Pb  sAl3F;g
representative of a relaxation time distributf@rf? then the _
The polycrystalline sample of BAlsF;4 was cooled to

latter is relatively narrow. . - .
The peak maxima modulus shifts toward higher frequen—a_nd kept at 100 K fo2 h in order to stabilize phase V, in

cies at increasing temperatures, see Fig. 5. The inverse te lew of the Iargg knownlghermal hysteresis at the phase IV to
perature dependence of log, where f, is the peak fre- phase V transitioi.The 1%F NMR spectrum measured at 17

quency, relative toM;,., may be compared with the terpr;\)/\(laratureks o?/ebr tlhe ranngde 125;;30 Knlsi pres:r;tedng Fig.
conductivity thermal variation in the same temperature rangg' 0 peaks, labele@, andp, at frequencies o a

as presented in Fig. 2, i.e., for>368 K. Both lines given in g?ﬁ kHz,bres.pecltl\;e(ij,b arg dlsgernail% I(E))elc'm# 190K;
Fig. 2 are quasiparallel, typical of Arrhenius behavior; the oth can be simufated by f>aussians. NS are conse-

activation energies determined from the impedanke {) guently immobile over the NMR time scale within this tem-
and modulus AE; spectra are very cIose[(AE( )h't' perature regime. These spectra clearly result from two differ-
—057 eV AE _0f55 e\l suggesting that the Fion tr(ragg ent kinds of F ions, i.e., occupying distinct sites each of
- . y f— . = . . . . . . . .
: . . which is characterized by its own chemical shift. Each line is
t h Il of PEAISF I toah . . . . .
port in phase I of PBAlsFg is probably due to a hopping broadened by dipolar interactions with many close-neighbor

mechanisnt?
Although investigation of the electrical properties of
PhiAl;F;4 in the combinedZ* andM* formalism confirms P1 P2

both the phase IV to phase Il and phase Ill to phase I
transitions, the phase V to phase IV transition could not be
studied by impedance spectroscopy since the resistance o
PlBAl;F9 samples is too large to be determined with preci-
sion at temperatures below 293 K. The ac conductivity data
of PhyAl;F;4, however, have been analyzed within a com-
plex permittivity formalism from which both isochronous
and isothermal values of’ (f,T) and €’(f,T) may be de-
rived. The temperature dependence bft frequencies from
5% 10* to 5X 10° Hz over the range 293—-743 K is presented
in Fig. 6. No dielectric anomaly at these frequencies is
thereby found either at the phase IV to phase Il or the phase
[l to phase Il transition temperatures; the minor perturbation
discernable close to the latter is without significance.

A major maximum ine’, however, is detectable iso- frequency (kHz)
chronously aff ~670 K at frequencie$=10" Hz, although FIG. 7. Y% NMR spectrumkHz) for PAl 3F;4 at 125(top), 150, 170, 190,
not at lower frequencies; the peak becomes masked by the 315 235 255, 275, 205, 305, 315, 325, 335, 350, 375, 400, and 430 K
dielectric contribution from charge carriers that increasesbottom.

“F NMR spectrum (f, T)
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275 K)

“F NMR spectrum (f, T

100

frequency (kHz)

FIG. 8. Full(heavy ling and deconvolutedight line) *°F NMR spectrum at
275 K for PRAIsF,q; component spectra are denoted, p,, or p,,, see
text.
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TABLE II. Theoretical and experimental values of parameters for the simu-
lation function ofp,(T)%.

Theoretical Experimental
Tmin (K) 170
Tonax (K) 430
AT (K) 17.40 17.4
Prrin% 1.9 2501
Pmao 91.3 912
To (K) 272

+exd(T—Ty)/AT]}, wherep,,(T)% is the percentage of F
ions mobile at temperaturg, p,.20 is the corresponding
percentage af ,,=430 K, p,in% is the percentage &t;,
=170 K, T, is the center of the Boltzman function, and
AT=2(T;—T;)/n is the average temperature difference be-
tween two successive experimental temperatiresnd T,

with n+1 the number of measurement temperatures. The

F~ ions. In view of the weak chemical shift anisotropy for three calculated and experimental parameters for the simula-
the F ions, in comparison with the wide frequency gap tion function in Table Il are in good agreemeity, corre-
between peaks, the spectra cannot correspond to a singi#®onding to the inflection point on the theoretical curve in
kind of F~ ion under an anisotropic chemical shift. The per-Fig. 9 at 272 K, is close to the observed transition from

centage of F ions corresponding to eaghy, and p, peak

phase V to phase IV at 270 K. Sinpg,;,%6 is almost reached

area is~65% and~35%), respectively; these percentagesat the 320 K transition temperature from phase IV to phase

agree with the number of Hons at the Wyckoff 18 and &
sites(48 and 24, respectively, with an additional 4 iens in
the 4a site) in PlyAl 5F, 9 at low temperaturéi.e., 63% of the
F occupies the 16 31.5% the 8 site).® A third peak,p,,,

I, all F~ ions at that temperature may be considered mobile
on the NMR time scale, whereas only 50% are mobile at 270
K.

The transition temperaturg, ,, from phase V to phase

located at— 15 kHz betweerp; and p, becomes detectable |V is characterized by very large thermal hysteresis, With
at higher temperatures. This new peak, which increases i 270 K on heating and 140 K on cooling; hence cooling
area with rising temperature, see Fig. 7, may be simulated bhase 1V to 200 K for instance, necessarily results in the
a Lorentzian function representing fluoride ions that becom&oexistence of both phasésA % NMR investigation of

mobile above 190 K on the NMR time scale.

Ph,AlsF9 was undertaken at lower temperatures to deter-

The relative contributions of the three peaks observed ahine the influence of thermal treatment on the temperature
each temperature may be determined by whole spectrum déependence ob,,%. Reducing the temperature from 360 to
convolution. Figure 8 presents, for example, the deconvolul60 K gives experimental points that fit the simulation curve
tion of the ' NMR spectrum at 275 K. The temperature in Fig. 9 as well as those determined from measurements at

dependence gb,,%, the percentage of Fions mobile over

increasing temperature. There is consequently no correlation

the NMR time scale, is presented in Fig. 9. The experimentaPetween the phases formed bysRIyF, over this tempera-
points are located on a curve which can be simulated by thiire range and the percentage of fns present that are

Boltzman function p,(T)% = pmado—{(Pmad®— Pmin%0)/(1

80

60

P (T) %

401

20+

200 250 To 300 350 400
temperature (K)

FIG. 9. Temperature dependencepaf(T)% (O on heating® on cooling,
solid line theoretical, see text

mobile on the NMR time scale.

The variation of the'> NMR spectral width at half-
height (Av,;,) over the same thermal range is presented in
Fig. 10: The plateau formed at low temperatures corresponds
to the linewidth of a rigid lattice. Abov8~200 K, Avy)»
progressively decreases with increasing temperature. The
narrowed linewidth is due to mobile Fion motions that
average out the F—F dipolar interactions. Abdve 320 K,
Av,, reaches the Ilimit determined by experimental
magnetic-field inhomogeneities. The activation energy of the
mobile F ion relaxation in AE, ), may be calculated from
the thermal variation of the jump frequengy. Line narrow-
ing occurs when the frequency of is of the same order as
the rigid lattice linewidth. The thermal variation of may
be deduced from that af v/, by the expressidit

vs=(a|Avyp,— Av ) {tan(m/2)[ (Avyp,— Av,)/ (Avg
_Avr)]2|}i
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F NMR spectral width Avy, (kHz)

FIG. 10. Temperature dependencewgf, (kHz) linewidth for PRAIF,q.

where Avy, is the halfwidth measured at temperature
Avg is the halfwidth of the rigid lattice determined at low
temperatureA v, is a residual halfwidth due to field inhomo-
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FIG. 12. 27Al NMR spectrum for PpAlsF;o at T=295 K.

geneity, anda is a constant function of line shape. The tween the structural phases of AbF;4 and the diffusion
Gaussian line shape at low temperature led to a choice gfroperties of its F ions at temperatures below 320 K.
unity for the value ofa.

The inverse temperature dependenceadver the range
215<T=<375K, in Fig. 11, shows thatrg follows an
Arrhenius type relation withvs= vy exp(—AEyur/KT). The

C. ?’Al NMR investigation of Pb  cAl3Fg

The ?’Al nucleus is quadrupolarl €5/2), and strongly
influenced by electrical field gradients; for large gradients, as

activation energy\ Eyyr~0.26 eV deduced for this material in the present case, it is possible to observe only-tli¢2 to

is clearly lower than the valuesAg,),;=0.63eV and

1/2 transition. The quadrupolar shift is second order, aver-

(AE,)n:=0.57 eV determined by impedance spectroscopyaged over solid angle, since the sample is polycrystalline.
This result shows that Fion motions on the NMR time The corresponding NMR spectrum of JAlsF4 at room
scale are short range. It should be noted that there is nemperature contains a single peak, centered at the frequency
change in slope at the 270 K transition temperature fron82 kHz as shown in Fig. 12. The &l ions in PRAIsFq

phase V to phase IV in the variation of lagversus 1000/

phase IV occupy two &, a 4f, and two &) sites? all located

K~ in Fig. 11. In consequence, no correlation exists bewithin fluorine octahedra. However’Al NMR spectroscopy

FIG. 11. Inverse temperature dependence ofuo@iz) for PlAlsF .

log Avs (Hz)

5.5

4.51

3.5

AENMR =0.26eV

3.5 4
1000/T (K™")
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does not differentiate individual Ajoctahedra from those
belonging to corner-sharing chains of AlBctahedra along
the ¢ axis in PRAIsF,,, whereas twd’Al NMR peaks are
found in PQ_,Al,F,,, and in PRAI,F,,, corresponding to
two distinct sites for the Al® cations in the latter materiafs.

IV. SUMMARY AND CONCLUSIONS

X-ray diffraction, thermal, optical, and dielectric studies
of PlAlF; 4 undertaken previously between 100 and 400 K
showed this material undergoes three phase transitiéns.
The four known phases are ferroelectric phase V, with a
transition to antiferroelectric phase IV at 270 K on heating,
140 K on cooling. The transition from phase 1V to ferroelas-
tic phase lll is at 320 K on heating, 305 K on cooling; that
from phase lll to paraelastic phase Il is at 360 K without
thermal hysteresis. Impedance and NMR spectroscopy in the
complementary temperature ranges 279-743 and 125-430
K, respectively, have characterized the influence of these
phases on the ionic conductivity and kon diffusion prop-
erties in this material.

The transition temperature from phase V to phase IV is
very close (-272 K) to that at which the percentage of F
ions mobile over the NMR time scale increases~t60%
although this percentage does not exhibit thermal hysteresis.
Since motions detected ByF NMR are short range, the F
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