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Glass structure and fluorine motion dynamics are investigated in lead—cadmium fluorgermanate
glasses by means of differential scanning calorimetry, Raman scattering, x-ray abs@pgWdes),

electrical conductivitf EC), and*F nuclear magnetic resonan@MR) techniques. Glasses with
composition 60PbGeR-xPbR—yCdF, (in mol %), with x+y=40 andx=10, 20, 30, 40, are
studied. Addition of metal fluorides to the base PbGeflass leads to a decrease of the glass
transition temperatureT(;) and to an enhancement of the ionic conductivity properties. Raman and
EXAFS data analysis suggest that metagermanate chains form the basic structural feature of these
glasses. The NMR study leads to the conclusion that the F—F distances are similar to those found
in pure crystalline phases. Experimental results suggest the existence of a heterogeneous glass
structure at the molecular scale, which can be described by fluorine rich regions permeating the
metagermanate chains. The temperature dependence of the NMR line shapes and relaxation times
exhibits the qualitative and quantitative features associated with the high fluorine mobility in these
systems. ©2004 American Institute of Physic§DOI: 10.1063/1.1712905

I. INTRODUCTION These oxifluoride materials have been studied by differ-

It is well known by glassmakers that the addition of €Nt experimental techniques such as optical spectroscopy,
fluoride ions to oxide based glass batches leads to prdfansmission electron microscopy, thermal analysis, conduc-
nounced effects on the properties of the resulting glass. Fludivity measurements, and F¢L x-ray photoelectron
rides decrease melting temperatures, contribute to elimina@Pectra > Nuclear magnetic resonan¢dIMR) is a well-

OH residual groups, decrease refractive index and providknown experimental technique to study glass structure and
fluorine ion conductivity. From a structural point of view, a ion dynamics. High resolution and spectral deconvolution
typical metal(M) oxide glass network is described by the NMR techniques have been used to study structural arrange-
aperiodic association of basic structural units like[thtD,] ~ ments of metal fluoride glass€s:’ Variable temperature
tetrahedral, known to exist in silica or germania based systNMR line shape and spin-lattice relaxation provide an effec-
tems. Fluoride anions in these mixed systems can be consiéive probe for ion dynamics on the microsecond to second
ered mainly as nonbridging, therefore, the addition of fluo-time scale!®~?*

ride ions leads to a decrease in connectivity. Part of the This paper reports the study of cadmium-lead fluoro-
fluoride ions in mixed fluoride/oxide glasses, weakly bondeddermanate glasses. These glasses have been proposed before
to the glass network, have been identified as the charge ca®S Potential hosts for rare earth containing transparent glass
riers in conductivity measuremerits® In fact, the enhanced Ceramics, but no systematic study of the glass structure was
conductivity observed in different mixed glasses suggeste@erformed:" We will see hereafter that the studied glasses
different electrochemical applications such as halide sensor8isplay interesting conductivity properties. In fact, enhanced
solid-state batteries and glass purifiers. Besides, these mix&fectrical conductivity observed with the addition of lead
systems have interesting crystallization properties. The sdluoride (Pbk) to different oxide glasses seems to be a very
called ultratransparent glass ceramics, where metal fluoridedeneral feature, which does not depend on the nature of the
nanocrystals are identified in the oxide glass host, can b@xide glass host.

obtained by controlled crystallization treatmént® The general purpose of this report is to build up a picture
of the base glass structure. The knowledge of such structural

features can offer further support for a better comprehension
of the enhanced mobility of fluoride ions observed for simi-
lar mixed glasses and, also, to understand the structural
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TABLE |. Summary of parameters obtained frd@ DSC: Ty is the glass transition temperatui, is the onset of the crystallization peak, afiglis the
temperature at the exothermic crystallization peak maxim(yEXAFS: N is the number of atoms in the coordination shell at average interatomic distance
R from the absorbing atom, as determined from fitting analysis in the régidh88—12.62 assuming hexagonal monoclinic Pbgedd(c) °F NMR: M,

is the second moment of the spectra at 173 K Bpds the activation energy for fluorine motions determined from tHg @iata in the temperature regions

Il 'and Ill. p is the material density.

p Ty N R (A) M2 (G?)
PbGeQ PbR CdR, (g/cn?) (K) T, (K) T, (K) (+£0.5) (£0.01) (£0.5) Ea (eV)
100 0 0 6.84 643 693 715 4.1 1.74 e e
60 40 0 7.66 500 543 569 4.1 1.74 4.1 aies
0.75(11)
60 30 10 7.40 529 580 604 4.0 1.74 e 0.3a(11)
0.6211)
60 20 20 7.17 552 611 636 4.1 1.74 5.7 a8
60 10 30 6.92 574 715 750 4.0 1.74 e e
60 0 40 6.83 594 724 747 4.1 1.74 6.2 ais8
0.6311)

modifications occurring during heat treatments performed atrequency semicircle and its value, as determined from the
temperatures above the glass transition temperaflgg, ( fitting of the impedance diagram, was used to calculate the
which leads to transparent glass-ceramics. Measurements ibulk conductivity, hereafter denoted lay,.

clude differential scanning calorimet®SC), Raman scat- X-ray absorption EXAFS) experiments were conducted
tering, x-ray absorptionNEXAFS), electrical conductivity at the XAFS station of the LNL$Brazilian National Syn-
(EC), and*%F nuclear magnetic resonanéMR). chrotron Light Laboratory, www.Inls.brring, operating at

1.37 GeV and 100 mA of nominal current with the beam
monochromatized by a @&il1) double crystal. Spectra were
Il. EXPERIMENT recorded at the G&K edge(11104 eV in the transmission
mode with Ar filled ionization chambers in the detection.
Powdered sample@rain size<20 um) were deposited on
Milipore membrane$2 um) with powder quantities adjusted
in order to obtain reasonable absorption coefficients.
1% NMR line shapes and spin-lattice relaxation times
were measured in the temperature range 100—800 K, using a

) - s pulsed NMR spectrometer operating at 36 MHz and
Aldrich, 99%. Vitreous PbGe@, was obtained from ana- equipped with a TECMAG NMR-kit. For measurements

lytical purity PbO and Gepwell mixed and melted in Pt g5 pieces of the samples were placed inside the 4 mm

crucibles at 1273 K, followed by quenching to room tem-giam sample tubes and, measurements were performed be-
perature. The amorphous nature of the glass samples Wgfning at the lowest temperature and increasing the tem-
checked by x-ray diffraction of powdered samples. perature up to abovE,. For each run, an individual sample

Raman measurements were performed for powdere,ss ysed. NMR spectra were obtained by Fourier transfor-
samples using a_Mi_cro-Raman set-up from Renishaw, withyation of the averaged free induction decay sigtal2
He—Ne laser excitatiof6345 A). _ pulse~2 us). Spin-lattice relaxation time3;;, were deter-

Impedance measurements were carried out by the ggined by means of the saturation-recovery pulse sequence.
(two probes technique, using a Solartron 1260 frequencythe spin-lattice relaxation time in the rotating franTa,,

response analyzer with 1296 interface, which operates in thg a5 measured at 36 MHz for a rotating rf field of about 5 G.
0.1-5x10° Hz frequency range and is capable to measure

resistance values up to . All Fhe measurements were “#_ RESULTS AND DISCUSSION

performed under air atmosphere in the temperature range 0

293-623 K. From the complex impedance data, taken as a Homogeneous and transparent glasses were obtained
function of the electric field frequency, the relative contribu-with no crystallization traces detectable by x-ray diffraction,
tion of the bulk, grain boundaries and electrode resistanceand exhibiting characteristic temperatures that could be eas-
could be determined. Typical results are represented as iy identified in the DSC scangnot shown here Table |
Cole—Cole diagram, composed of three semicircles attribsummarizes the relevant parameters obtained from DSC
uted to the different relaxation times of each response. Witlanalysis. The glass transition temperatdrg, is observed at

the aid of a parallel connected resistor—capacitor equivaleri43 K for the vitreous PbGeQprecursor. With the addition
circuit, the diagrams were fitted and analyzed, being thef 40 mol % of Pbk, T4 decreases to 500 K. The addition of
high- and intermediate-frequency semicircles related to théhe same amount of CdRo the base glass leads to a less
bulk and grain boundary resistances, while the low-pronounced decrease iy (to 594 K). The decrease iff
frequency semicircle was attributed to the electrode resalient the modifier activity played by the metal fluorides,
sponse. The bulk resistance was represented by the highensisting of the substitution of nonbridging fluorine atoms

Glasses with composition 60PbGg&PbF,—yCdF, (in
mol %), with x+y=40 andx= 10, 20, 30, 40, were prepared
by the classical melting {=1073 K for 30 min in open
Pt—Au crucibleg and quenching methodo glass transition
temperature, Ty, in brass molds from vitreous PbGe@
a-PbF, (orthorhombic, Aldrich, 99.99%and Cdk (cubic,
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for bridging oxygen atoms. As shown in TableTly is ob-
served in the range 500-594 K for glasses with different
amounts of Pbjrand Cdk. Earlier studies lead to the con-
clusion that the network modifier character of Rhf the
SiO,—PbR—-CdF, glassy system was much more pro-
nounced, emphasizing the differences in the modifying role (a
played by Pbk and Cdk in the glass structure.
Concerning the base PbGgQan exothermic feature re-
lated to devitrification is observed in the DSC scan, peaking = (b
at 715 K. Heat treatments performed at this temperature leac
to the monoclinidspace grou2/n) PbGeQ, isomorphous (C
to the alamosite PbSK) whose structure is described by (d
e

(GeQy), chains with twelvel GeQ,] tetrahedra linked in a
repeated unit> With respect to the glass preparation, some
additional remarks deserve careful consideration. Starting
from GeG and PbO mixtures, submitted to heat treatments
at the temperatures for which the phase diagrams state thi
uniqueness of monoclinic PbGeDa mixture of lead ger- (f)
manates with different stoichiometric Pb/Ge ratios were al-
ways obtained, even when long lasting heat treatments of (g
about two to three days were employed. Pure monoclinic
PbGeQ could only be obtained by the crystallization, at 715
K, of a glass prepared with that same composition deter-
mined from the phase diagram. Such experimental evidence Wavenumber (Cm'1)
strongly suggests similarities between the Pbgglass and

the crystalline monoclinic structures. It also corroborates thé&!G: 1. Raman spectrata) PbGeO3-—crystal(b) PbGeO3-glass/c)
60PbGeO3-40PbF2(d) 60PbGe03—-30PbF2—10CdF2s) 60PbGeO3—

model to be proposed hereafter, in which the structure of thepppro_s0cdr2(f) 60PbGe03-10PbF2-30CdF2, afg) 60PbGeO3—
lead—cadmium fluorgermanate glasses has many similaritie®Cdr2.

with that of their PbGe@precursor.

Intensity (

é

| I

! I N 1 ! I '
200 400 600 800 1000

A. Raman and x-ray absorption . . .
y P bonds are observed in this region. The bands at low wave-

Figure 1 shows the Raman spectra obtained for the crysaumber could be assigned either to extended vibrational
talline [Fig. 1(a)] and amorphous$Fig. 1(b)] PbGeQ. The  modes or to Pb—0O localized modes.
main bands, occurring at the same spectral region for both, The only observed change in the spectrum obtained for
crystalline and amorphous phases, are inhomogeneoustie PbGe@ glass, upon addition of lead and cadmium fluo-
broadened for the glasses. In the high wavenumber regiofiides, is a slight blueshift<10 cmi ') of the main high
the bands occurring at 743, 780, and 814 ¢nn Fig. 1(a)  Wave number band. This increase in band order may be re-
could be assigned to the localized Ge—O stretching modes dited to depolymerization effects, more easily reflected in the
the polymerized metagermanate structure. The broadbarfifcrease offy (Table ). As mentioned before, fluoride ad-
observed for the glass at 794 ci[Fig. 1(b)] could also be dlt!on Iead_s tq a decr(_eas_e in the_ connectivity of the base
assigned to the same vibrational modes. The NMR nomer2Xide matrix with nonbridging fluorine atoms substituting for

clature used in connection with the germanate compound®Y9en atoms. Figuresd-1(g) display the Raman spectra
classifies the different germanate specieQas(n=0-4) obtained for the five glasses studied here, and all spectra

wheren denotes the number of bridging oxygen atoms fordISpIay the broadband peaking at 786 cmAdditional re-

each[ GeQ,] basic tetrahedra. With this definitio®? relates sults (not shown her);-exh|b|t S|m|.lar Raman spectra for all
o . samples representatives of the vitreous domain of the system
to the structure containing only bridging oxygen atoms

: . PbGeQ-PbF,—CdF,.
m 0
linked to Ge atoms an@" to isolated GeQ,] tetrahedra. In X-ray absorption(EXAFS) data obtained at the Gi¢

an earlier work we proposed that the bands observed in th@dge were analyzed according to the procedure given in
Raman spectrum of the vitreous PbGetould be assigned Rets 14 and 15. The general procedure of pre-edge, back-
to vibrational modes 0lQ” species;’ meaning that each ground removal, normalization and extraction of thék)
[GeQ,] tetrahedron displays two bridging and two non- ExaAFs oscillations was employed. The data were Fourier
bridging oxygen atoms. Recalling the spectra of Fig), we  transformed leading to spectra scaled in distances, and the
remark that some lines are observed in the medium wavgeaks in the Fourier transforms, corresponding to particular
number range at 442, 487, 508, 559, and 575tnThe  coordination shells, were filtered and back-transformed to
broadband centered at 528 chy observed for the glasses in k-space. The resulting EXAFS-filtered signal was treated as
Fig. 1(b), could be interpreted as the envelope of the crystala sum of sinusoidal wave functions using single scattering
line phase lines. Stretching vibrational modes &-®—-Ge approximatiorf’ Table | shows the obtained results. Four
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neighboring spins, resulting in an approximated Gaussian
line shape. Considering that the nonzero nuclear sfifb,
Mcd, 13Cd, *Ge, and'’O have small gyromagnetic ratios
or low natural abundance, we can assume that'the!°F
dipole—dipole interaction is the main source of the line
broadening at low temperatures. The Van Vleck second mo-
ment of the Gaussian line shapé,, can be used to estimate
the strength of the nuclear dipolar coupling, which is in-
versely proportional to the sixth power of the internuclear
distance$® The experimental determination of the second
moments has been used to estimate average internuclear dis-
tances in glass€g:28:29
The low temperature fluorine second moments estimated

from the Gaussian fitting of the NMR spectr@t T
=173 K) are shown in Table I. It is interesting to draw com-
parisons between the obtainkt}, values with those reported
in the literature for corresponding fluoride crystals. For ex-
ample, the valueM,=4.1 G, obtained for the glass with
composition 60PbGe-40Pbk compares well with the one
318K reported for crystalling3-PbF,, where the F—F distance is

2.97 A andM,=4 G*.* A value of 6.2-0.5 G was ob-

tained for the glass with composition 60PbGe@0CdR

and this value compares with the second moment calculated
386K for CdF, (M,=6.5 G) where the F—F distance is 2.7 A.
Finally, the result obtained for 60PbGg20PbkE—20CdR
(M,=5.7+0.6 @) is consistent with the second moment

T T T

30 -15 0 15 30 calculated for solid solutions Gd,PhF,, whereM, is in
kHz the range 3.8—6.5% In this last case the lattice constant
was found to depend linearly on composition, from
FIG. 2. Typical’®F NMR spectra of the glass 60PhGgC20Pbk—20CdR =5.927 A forx=0 toa~5.94 A forx=131

at indicated temperatures. All spectra were measured at the Larmor fre- . . . .
quency of 36 MHz. The dashed spectrum corresponds to the Gaussian fittin From these comparisons it is pOSSIble to affirm that the

of the line shape at 173 K. uorine ions are not uniformly distributed through the entire
structure of the material. This conclusion can be corrobo-
rated by a simpler argument, as follows. Taking into account
coordinated oxygen atoms, at a mean distance of 1.74 Anhe density(Table ) and the nominal composition of the
were determined for Ge atoms in all samples. 60PbGe@-40PbF; glass, the number of fluorine atoms per
The fourfold oxygen coordination of Ge atoms, as detercm?® of the glass is1=1.25x 10?2 If we suppose, just for the
mined by EXAFS, leads to the conjecture that metagersake of argument, that these atoms are homogeneously dis-
manate chains, similar to those found in the PbGe@stal-  tributed, corresponding to maximized F—F distances of
lized glass, constitute an important feature of the lead<1/n)3=4.3 A, the resulting fluorine second moment esti-
cadmium fluorgermanate glass structure. This finding isnated from the Van Vleck method should be 0.42 Ghich
consistent with the Raman results shown in Fig. 1. EXAFSs one order of magnitude smaller than the experimental
data obtained here could not distinguish between oxygen angilue obtained for this glass(,=4.1 &). Similar conclu-
fluorine atoms, but some depolymerization effects due to thgjon can be drawn for the other glass compositions. Taking
substitution of terminal fluorine atoms for bridging oxygen into account the similarity of the fluorine second moment in
atoms is also clear from Raman and DSC measurements. hoth materials, 60PbGeO40Pbk glass and crystalline
B-PbF,, the average F—F distance in the glass is estimated

B. *°F nuclear magnetic resonance to be~3A.
) To explain these results, we can recall the description of
1. Static spectra the glass structure proposed on the basis of Raman and

The temperature dependence behavior of tE EXAFS measurements, in which the metagermanate chains
NMR spectra of the samples are similar, and Fig. 2 showsre forming the basic element of the microscopic glass struc-
typical results obtained with the glass 60PbGeO ture, with some nonbridging fluorine atoms substituting oxy-
20PbR—20CdR. Fluorine nuclei (=3) have a large gyro- gen atoms. NMR results provide additional evidence that
magnetic ratio,y,/27=40.055 MHz/T, and 100% natural fluorine rich regions are permeating metagermanate chain
abundance. The absence of ionic motion at low temperaturegructures, in which, F—F distances are comparable to those
(a temperature region commonly referred as the rigid netfound in crystals. These arguments imply that fluorine phases
work) causes thé’F resonance spectrum to be inhomoge-are distributed in microdomains at the interface of the amor-
neously broadened due to dipole—dipole couplings betweephous network formed by the metagermanate chains, with a
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local order similar to that of the corresponding crystal. This Ts
assumption can explain most of the present experimental J(w,Ts)ZlJr(—(M)z- (1)
S

data and can well account for the interesting and particular

crystallization properties of these oxyfluoride glassesin ~ The experimentally observable spin-lattice relaxation rate

which the nucleation of a fluoride crystal would be energeti-can be expressed in terms of the spectral density function

cally favored in those fluorine-rich regions. evaluated at the NMR Larmor frequenay,, and at its first
harmonic, 2vq,%2833

2. Motional line narrowing Ty ' [I(wg,75) +4I(20,75)]. 2

The ionic conduction in these glassy materials is pro-  In practice, the validity of the BPP model can be tested
moted mainly by fluorine motion, therefore, the NMR dataexperimentally by verifying some of its main characteristic
obtained at higher temperatures can, in theory, provide inforfeatures:(i) TIl should display a symmetric maximum at a
mation regarding the correlation time scale and activatiortemperature at which the conditiany7s=0.62 is fulfilled
energy of the relevant microscopic dynamical processes. AGsually approximated bywy7s~1) and, (i) at the low-
can be seen in Fig. 2, the observed narrowing of the NMRemperature side of the maximur{rs>1), the relaxation
line emerges above 240 K and the line shape changes prtimes should depend quadratically on the frequenty (
gressively from Gaussiafat T=173 K) towards Lorentzian ocwgq-s).

(at T=380 K). In the intermediate region, the line shape is  For thermally activated processes such as ion diffusion
more complex and resembles a superposition of a narrown glasses,rs must be related to the individual ionic jump
Lorentzian line and a broad Gaussian lifmote the 298 K correlation time,ry, which is usually expressed by Arrhen-
spectrum in Fig. 2 Such inhomogeneous narrowing processius temperature dependence,
suggests the existence of fluorine species characterized by B fkaT

different mobility, being the narrow line associated to the =~ 70~ 708" %" @)
fraction of mobile nuclei at that temperature. The criterionHere, k; is the Boltzmann constanE, is the microscopic
for motion narrowing is that the rate of fluctuation of the barrier as seen by the hoppmg |(m‘r the activation energy
local fluorine dipolar fields, which is generally described infor the process and 1k, is the attempt frequency of the
terms of a correlation times, become much greater than the order of an optical phonon frequency ¢#010s™1). For
rigid lattice linewidth expressed in frequency units, many physical systems, the conditiege 7, can constitute a

; -1 2n1 112 28 P . T . X .
e, 757>(y"My)"="" Considering the 60PbG@O  fair approximation, leading to an observable behavior with
20PbR—20CdF, glass data we estimatg~1.7<10 °s at  some additional featureii ) when In(T; %) is plotted against
the temperature corresponding to the onset of motional nainverse temperature, the activation enefgjy, can be deter-
rowing. As will be further discussed later, this value consti-mined from the slopes at either sides of the maximum, and

tutes the lower value of the fluorine motional correlation jv) if E, is known,,.. can be estimated from the maximum
time within the investigated temperature range. Finally, itcondition (i) and Eq_('g)_

should be noted that the onset of motional narrowing of the  However, deviations from the BPP behavior are fre-
19F and 7|_i NMR line in fluorzirconate glasses is usually quenﬂy encountered in disordered Systems' WhereTghje
observed at hlgher temperatures; for example, at 300 K i@lependence on frequency is weaker th%rand asymmetric
ZrF,—Bak,—LaR—AlF;—LiF (ZBLALi) and at 400 K in  relaxation plots have been observed, with the slope on the
ZrF,—BaR—LaR;—AlF;—NaF (ZBLAN).*> Therefore, we high temperature side of th€; > maximum being steeper
may conclude that the fluorine ion mOblllty in our OXyﬂUO' than that on the low temperature S?&é_‘lv‘?ﬁMore probab|y'
ride glass is sufficiently high to average dipolar interactionshese observations indicate a nonexponential decay of the
at a lower temperature compared to fluorzirconate glasses.correlation functiorG4(t). A nonexponential decay may rep-
resent an ensemble average of exponential decays corre-
sponding to a distribution of jump processes, each one with
characteristic activation energy and correlation tihalter-
Above room temperature, tHéF spin-lattice relaxation natively, it is also possible that the shape of the correlation
rate is strongly influenced by the transport properties due téunction decay be inherently nonexponential, due to intrinsic
diffusive movements of F ions in the glass network. The cooperative interactions(mainly Coulomb interactions
relaxation process can be interpreted in terms of the fluctuaamong the mobile charged ions and their interaction with the
tions of the®F—1%F dipolar interaction resulting from the glassy network>26-3
fluorine motion. The approach used in the Bloembergen— In the case of heavy metal fluoride glasses, the tempera-
Purcell-PoundBPP model assumes noncorrelated isotropicture dependence of tHéF Tl_l has been interpreted in terms
random motions, yielding to a pair—pair spin correlationof three main mechanismga) spin relaxation processes at-
function of exponential formG4(t) =exp(-t/7), parameter- tributed to low-frequency excitation of disorder modes, usu-
ized by the correlation timeg, which defines the time scale ally noticeable at temperatures below 300 (K) diffusive
for changes of the local magnetic field experienced by théonic motions which become significant in the region
resonant nucleu® In this context, the spectral density func- 300 K<T<T,, and(c) fast diffusive ionic motions, which
tion, J(w,7s), given by the Fourier transform of the related are responsible for &% spin-lattice relaxation rate maxi-
correlation function, results mum, generally localized at temperatures abdye?®?43839

3. Spin-lattice relaxation
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FIG. 3. Temperature dependence of ffle NMR spin-lattice relaxation rate (1) for the glasses: 60PbGgQ40Pbk (a), 60PbGe@-20Pbk—20CdF (b),
60PbGe@-30PbkL—10CdR (c), and 60PbGe§-40CdR (d). All measurements were performed at the Larmor frequency of 36 MHz. The meaning of
temperature regions |-V are explained in the text. The short vertical lines indicate room tempeFgtare T, , respectively from right to left. For
temperatures in region 1V the relaxation recovery is fitted by a weighted sum of two exponential decays, associated to two time constants rgpresented b
symbols® and .

Before going any deeper in the theoretical foundations ofime constants. Besides, due in part to a lower signal to noise
the problem, we address to Fig. 3, where the temperaturetio, the T, data obtained in this region is affected by a
dependence of th&F spin-lattice relaxation rate§{ ') of  larger uncertainty.
some of our studied glasses is plotted. In order to comment A brief examination of thé’;l plots presented in Fig. 3
the main features of the relaxation curves shown in Fig. 3, iindicates that they cannot be completely understood within
is useful to define temperature regions in which it is apparenﬂhe framework of the BPP model. Starting from room tem-
that specific dynamic processes are ruling the spin relaxatiorberature,Til increases with increasing temperature, how-
The Iimit_s of guch_ temperature regiottas sketched with ayer a maximum in thd; * temperature dependence is not
dashed lines in Fig. )3are not exactly the same for all gpserved. Indeed, it is apparent that before such maximum
samples. By comparison, the characteristic temperatures dgg |4 be reached at some temperature abyea sudden
termined by DSCT, andTy, and the room temperature are o nae in ther; L behavior is observed, leading to nonexpo-
alsg marked in Fig. 3. For all temperatures in the deInecfwentialTl decays characterized by longer time constants. A
regions |, 1I, and Ill, the recoveries of the longitudinal mag- ‘nore detailed discussion of the relaxation behavior on each

netization towards equilibrium are described by exponential . . . . .
. region will be outlined in the following paragraphs.
decays of time constarit; .

. In region I, individual fluorine ions mobility is too small
In the temperature region |, below room temperature, th% wert an influen n the nuclear relaxation pr A
NMR relaxation rates exhibits weak temperature depen-0 e_g abl uebce ?NMS IIJC eatl_ e? :. on process.
dence, as seen clearly in FiggbBand 3d). In region Il the considerable number o bl relaxation studies in morganic
|9lasses have found that, = increases monotonically with

T, * values increase with increasing temperature, closely fol3 i :
lowing a straight line in the plots of Fig. 3. Increasing the INcreasing temperature and depends sublinearly on the Lar-

temperature to inside region Ill, the data depart from theMOr frequency. The process has been interpreted in the
preceding straight-line behavior exhibiting a larger S|ope’frame.work of thermally' ac.t|va.1ted low-frequency excitations
with the inflection point at a temperature beldy, denoted ~Of disorder modes intiinsic to the glassy state of
hereafter byT,,, which depends on the glass composition.matter? ~°~*"Since the microscopic structure of the disor-
Further increase of the temperature, toward the region Ivdered modes in glasses is unknown, they are commonly de-
will cause an abrupt decrease of fﬁ?l values, resulting in  scribed on the basis of an asymmetric double-well potential
an apparent discontinuity of th‘él’l versus 1T plot. The  configuration. Under these assumptions the spin-lattice relax-
region Ill in Fig. 3b) does not exists or seems to be too ation rate has been expressed as a power law dependence on
narrow to be identified. In region IV the magnetization re-temperature and frequend¥; *=T®w 7, with 1<a<2 and
covery is, in all cases, nonexponential and well fitted by &.5<y=<1.5.

weighted sum of two exponential functions with different In region Il of Fig. 3, diffusive fluorine motions play a



9644 J. Chem. Phys., Vol. 120, No. 20, 22 May 2004 Tambelli et al.

role in influencing nuclear relaxation processes. Although the !
exact nature of the relaxation mechanism is not well estab-
lished at the moment, there is sufficient experimental evi- 10000
dence to support the idea that it corresponds to time-
dependent fluctuations of the nuclear spin coupling between
mutually interacting ion pairs, caused by thermally activated
hopping motions of the charged particles in a disordered <>
lattice %3 The kind of approach used assumes that the
Coulomb interaction among the ions and their interaction 5
with the glassy network will cause the decay of the correla- —
tion function to slow down for time$>1/w., where w,
denotes the characteristic frequency of the slowing-down
process and is in the range.~10"-102s . In this

0.12ev

scenario, the correlation function is well described 10010 T r r T ~
by a stretched-exponential decay, denoted By(t) ' N 20 28 30 35
=exp(—t/7)P. The stretching exponeng, varies from 0 to 1000/T (K)

1. In a first apprommfa\tlon,_ the dependence of the reSUItIn%IG. 4. Temperature dependence of tffe NMR spin-lattice relaxation rate
spectral density function with the frequeney, and correla-  , e rotating frame (17,,) for the glass 60PbGe@ 20Pb—20Cd,

tion time, 7, is given by measured at the frequenay, /2~ 20 kHz. Temperature regions 1, Il, and
IV are the same as determined fromT4y measurements and are explained
Ts in the text.
Jw, 7)) = 7———7. 4
( S) 1+ (wTs)l+B ( )

SWItChlng off the Coulomb interaction, by taklng low mobile rotating frame, denoted ble . The theory predicts that a
ions concentrations, leads {6=1, recovering the BPP maximum in theT; ' versusT~* plot should appear when
model. For any value o, the relaxation rates in the slow the condition 2,7c~1 is fulfilled, with w,/y=H, being
ionic motion temperature regionvp7s>1) can be approxi-  the intensity of the radio-frequency magnetic field. We have
mated by a power lawf ;o< w'*#7£. implemented this idea by measurifig, as a function of

According to the coupling modél,the NMR correlation  temperature for the glass 60PbGeQ@0OPbk—20CdF and
time, 75, is linked to the ionic jump correlation timey, the results are shown in Fig. 4.

given in Eq.(3), by As can be readily seen in Fig. 4, the maximum condition
I could not be reached. We have made no attempt to measure
T= rsvme<EA’ﬁ)/kBT=(ﬂ) 2B, (5) Ty, for other glass compositions, but the experiment was
7oz performed twice with consistent results. However, the ob-
with, tained data show some interesting features. First, and similar

reo=[Bol Pry. 118 ©) to th_e T, b.ehavior,Tl_pl increa;es with increasjng tgmpera-
S c 0=l ture in region Il, but not following a single straight line. The
For =1, we return to the simple behavior; .= 7. and  average value of the activation energies obtained from the
Ts=Tg- two linear slopes, as indicated in Fig. 4, is close to the value
When In(l'l’l) is plotted against inverse temperature, estimated from the single slope of tﬂi§1 plot of Fig. 3. Itis
Egs. (2), (4), and (5) represent an asymmetric spin-lattice interesting to note that the change in tf[g;l slope resembles
relaxation rate maximum, with asymptotic slopes given bythe crossover between regions Il and Ill, at temperafiyye
EA/(BkgT) at the high temperature sidew§r,<1) and observed from (IV;) data in the other glass compositions.
—Ea/(kgT) at the low temperature sidevg7s>1). Recall- ~ Second, characteristic features present in bothand T4,
ing the experimental data of Fig. 3, and assuming that thelata mark temperature region 1V: nonexponential decays and
condition wy7s>1 is valid for the data of region Il, activa- irreproducible experimental data.
tion energies [E,) can be extracted from the slope of the In Fig. 5 is shown the results obtained for the tempera-
relaxation plots and are in the range 0.28—-0.38 eV, as listetlre dependence of the bulk conductivity of the glass
in Table I. 60PbGeQ@-20PbKL—20CdFr. We note that the measured
According to Eqs(4) and(5), the value of the asymme- conductivity at, for example, 500 K is about 10S/cm,
try parameterg, can only be estimated from the knowledge which is one order of magnitude smaller than that measured
of the slopes in both sides of the relaxation maximum. How-n the superionic PbF33*!However, this value is more than
ever, as mentioned before, our experimental data shows rune order of magnitude higher than the conductivity mea-
evidence that such maximum exists at temperatures belogured in fluoride glasses at the same temperafifrelt is
T,. This means that, for temperatures bel®y; the corre- interesting to note that in fluoride glasses € NMR re-
lation time is longer than the inverse of the Larmor fre-laxation rates increase very little between room temperature
quency, 7s>0.62kwy=2.7x10"? s. In general, it is recog- andT, (e.g., from~2s ' at 300 K to 7s* at T in fluo-
nized that ionic motions which are much too slow to be seemozirconate glagé). In contrast, tha@; * values, measured in
as aTl‘1 maximum(by usingwy/27 in the MHz ranggcan  our fluorogermanate glasses, increase almost three orders of
be studied by measuring the spin-lattice relaxation rate in thenagnitude between room temperature and(Fig. 3), re-
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FIG. 5. Arrhenius plot of the bulk conductivity of the glass
60PbGe@-20PbR—20CdR. The straight line is the least square fitting FIG. 6. Correlation between the spin-lattice relaxation rate¥,(14t 20

corresponding to an activation energy-ef).66 eVv. kHz and 1T, at 36 MH2 and bulk conductivity times temperature(T) of
the glass 60PbGe@ 20PbkK—20CdF. For comparison, thg-PbF, data
extracted from Ref. 33 are schematically drawn. The straight lines are just
guides to the eyes.

flecting the high ion mobility in these glasses at temperature

region Il.

conductivity (EC) measurements probe the ionic motion in @ang also, to an linear relation between the correlation times
different way, probably leading to different correlation func- ;_andr, .
tions for each property of the system. EC is equivalentto the * However, notwithstanding the above-mentioned theoret-
ionic motion as a response to an external applied ac electric@la| considerations, we call the attention that the frequency
field, whereas NSLR is the result of the longitudinal nUC|eaf“|ndependent conductivity in E48), o Tx1/r,, is not af-
magnetization decay as a consequence of the ionic motiofacted by the exponerg, . Besides, assuming a linear rela-
fluctuations. If these two properties of the system share §on petween correlation times and 7., o4.T may be cor-
common correlation function, despite the physical differ-rg|ated with the NSLR rates measured at a constant
ences in the correlations probed by NSLR and EC, the theOI‘requency,Tl’l(wO,T)oc1/(7-5)'3. One example of such cor-
rem of fluctuation-dissipation of statistical thermodynarfics relation is the case of the data obtained for the superionic
suggests the following relation between NSLR and the rea}pic phase of3-PbF,. For comparison, the PbRlata re-
part of the complex ac conductivity;: produced from literaturd is plotted in Fig. 6, together with
1 KsTo(,T) the data obtained for the glass of composition
a2 > ’ (7) 60PbGeQ@-20PbK—-20CdR. One can notice that all the
Ti(w,T) w three sets of data follow approximate straight lines and,

This relation is to be applied only when the two propertiesWithin experimental errors, thé, andT,, Iines.are parallell i
) each other in the case of our glass. Assuming an empirical

are measured at the same temperature and frequency. AP i 1 8 .
though, the relatior(7) has been verified for various inor- relation of the formT, “«(oT)” and comparing the three

ganic oxide glasses at low temperatures, the theoretical bas&§Perimental straight lines, we found that the paramgter

of a general correspondence between EC and NSLR exper"T?1 obtained for3-PbF; is greater than the value obtained

ments are still under discussidh?*® for the glass samplg3~0.4+0.1. .
The motion of ions in the glasses produces a non-Debye The value of the slop_e .obtameji fo_r the
frequency dependence of the ac conductivity, which exhibit§OPPGeQ@-20Pbp—20CdR, glass in Fig. 6,6~0.4, is of

a power-law dependence at high frequencies but is constaHf€ S@me order than those reported for other inorganic
at low frequencies, and can be described®#y** glasses: CLAP glass (CgFLIF-AlFs—Pbh, 5~0.5) and
ZBLAN-20 glass  (27Zrf—27HfF,—20Bak—3LaR—

1 3AIF;—20NaF; 8~0.3) 3 The low-temperature activation
oT= T_[1+(wﬂr)l_ﬂ"]- 8 energy E,=0.28eV obained for the 60PbGgO

7 20Pbk—20CdF glass and the empirically founglvalue can
Here, B, and 7, are, respectively, the correlation function be used to obtain the activation energy in the high tempera-
exponent and the thermally activated correlation time assaure side,EX°=E,/B~0.7 eV. This value is close to that
ciated with the conductivity process. From E@). and (8), obtained from the conductivity data of Fig.(6.66 e\}.
it can be readily seen that, in the slow ionic motion region  The parameter,, defined in Eq.(3) can be calculated
(w75, 07,>1), the approximation expressed in E@)leads  from the classical “oscillation frequencyf’ of a fluorine ion
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in a potential modeled with a sinusoidal barrier shape ofiuoride ions, with activation energy &1 eV.33**1To com-

energyU, between wells separated by a distaoc&*° pare such observations with our data, we call attention that
U 12 the low temperature limit of region Il in Fig. 4,,,,, depends
f:d—l(z_o) , 9) on the relative content of PbFand Cdk in the glass com-
m

position and shifts toward lower temperatures as the,PbF

wherem is the mass of the ion under consideration dnig ~ content increasesigzr; fact, Cgifs a poor ionic conductor
the average hopping distance, which is equivalent to the awompared to PbE™" Provided that the activation energies

erage F—F distance in the glass. Assuming a barrier energdPtained from the nuclear relaxation are quite similae-
equal to the fluorine motional activation energyJ( tween 0.28 and 0.38 g\bne can compare the relative mo-

=0.66 eV), Eq.(9) gives f~2x10%2s L. This value— pility of_the fluorine ions of our differ.ent glasses by compar-
expressed in frequency units—is consistent with the ion molnd their respectiver,,. Therefore, it seems reasonable to
tion bands measured by far-infrared spectroscopy ifonclude that the fluorine mobility in the glass
alkali germanate glassegbetween 40-80cit, i.e., ©00PbGe@-40Pbh (T~460K) is higher than that in the
1.2-2.4102s 1) (Ref. 46 and is in good agreement 60PbGe@-40CdR glass In~=530K).

with the optical phonon frequency measured BaPbFR The temperaturesgion I\_/ iS charapterlzed by an abrupt
(~100cn ! or 3x102s1) and Cdg (~215cmt or change of the NMR relaxation behavior. As the temperature

6.5x 10*2 s 1) 47 Assuming a cutoff frequency, of the or- 1S increased to around the onset of crystallizatibp, a dis-
der of 10%2s ™! and ry..= 1/f~5x 10 3's, Eq.(6) gives a  continuity on the relaxation curved { andT, ) is observed
prefactorre ,~1.8x 10 s, Finally, the order of magnitude for all studied samples. The acquired data in this region is
of the fluorine motional correlation time at the onset of thel€SS reproducible than the rest, in the sense that, if a new run

glass transition temperature, can be calculated from(®g. 1S performed with a fresh sample the temperature at which
yielding 7s~10"7 s at 530 K. the discontinuity appears remains the same, but the acquired

The estimated correlation time-¢~10"7 s at 530 K is  relaxation values may present relative differences of almost
the result of simplifying assumptions but its order of magni-one order of magnitude. As mentioned before, the relaxation
tude is consistent with the high ionic mobility observed inr€covery in region IV is evidently nonexponential and the
the fluorogermanate glasses studied here, and with the larg@nal to noise ratio is smaller than that for the rest of the
19 TIl increase between=340 K and T,. It should data. Such behavior must be related to the crystallization
be noted that in the fast ionic conductor BbRhe correla-  Processes, which begins to develop abdye The crystalli-
tion time obtained from multifrequenc}® NMR relaxa- Zation process leads to the segregation of phases and inter-
tion experiments isT~107 s at the same temperature faces between the created crystalline phases and the remain-

(~480K) where the measured conductivity reacheg ing amorphous material. Therefore, we conclude that the
% 10~* S/em3 In summary, these results and the fact thatfluorine motion must be cqnditioned to this new mate'rial
the relaxation process is exponential befGysuggests that Structure and may follow a different dynamics, characterized
transport and relaxation in these particular glasses involv@Y New values of correlation times and activation energies.
microscopic processes possesing characteristic time scal@ Our knowledge, there are no previous reports of such
similar to those found in fluoride crystals. NMR observation in glassy systems. We have found in the
The activation energy values, deduced from the slope dliterature only one example where a similar discontinuity is
the relaxation plot ofegion IIl , are between 0.6 and 0.75 Observed in EC data abovg, which was attributed to de-

eV, showing a substantial increase with respect to the valud§rmations due to a softening of the samifle. o
obtained from region I(Table ). This could be easily un- To better understand the effect of crystallization on the

derstood if the increase in temperature, when going fronionic transport properties, we undertake a systematic NMR
region 11 to region Ill, induced faster fluorine motions that Investigation of our samples after thermal treatment, giving
could strongly influence the relaxation process. However, ifiS€ t0 glass-ceramics material. The results show that the
must be noted that a similar increase in the fluorine mobilitylemperature dependence f reflects the existence of at
has been observed in most fluoride and inorganic glassdgast two fluorine species with different mobility. In fact, the
only above the glass transition temperaff® In contrast, Crystallization process plays a dominant role in affecting the
the supposed influence of fast ionic motions in the relaxatioflonic mobility. This matter will is the subject of our subse-
data of region Ill become evident at temperatures 40 to 50 Kluent reports.

below Ty, what could be understood only if the fluorine

mobility in our_oxyfluorlde glasses is higher than _that o_b- IV. CONCLUSION

served for fluoride glasses. To get support for our discussion,

we recall the case of the fast ionic conductor Pbiwhere Raman and EXAFS data suggest the existence of a het-
the conductivity in the range 300-550 K is due to intrinsicerogeneous structure at the molecular scale for glasses in the
defects named anion Frenkel pairs, or, anion vacancies argystem PbGeQ-Pbk—CdF,. A metagermanate chain, simi-
anions in the cubic centered interstitial sites. The activationar to the one found in the monoclinic PbGgQs suggested
energy determined from the conductivity data in this tem-to be the basic structural feature for the lead—cadmium fluo-
perature region is~0.74 eV. In the region 550-750 K a rogermanate glasses studied here. The addition of metal fluo-
substantial change in the slope of the conductivity curve ofides leads to the substitution of nonbridging fluoride atoms
PbF, is observed, which is attributed to motion of interstitial for bridging oxygen atoms:®F NMR data analysis lead to
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