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Structure and cation dynamics in the system AgI:Ag2MoO4: A 109Ag NMR study
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The system (AgI)12x(Ag2MoO4)x is studied with109Ag solid-state NMR and differential scanning calorim-
etry. Glasses are formed for 0.2,x,0.4. Outside the glass formation region a glassy phase of molar compo-
sition 0.66 AgI-0.33 Ag2MoO4 is always found, which is accompanied byb-AgI or Ag2MoO4 crystals. Upon
thermal treatments above 120 °C, a 0.66 AgI-0.33 Ag2MoO4 ~2:1! phase crystallizes over the entire composi-
tion range. The chemical shift anisotropy tensor of this phase has been assigned. The anisotropy is;70 ppm,
that is an order of magnitude lower than the isotropic chemical shift range observed in silver borate glasses.
The addition of AgI to Ag2MoO4 causes the formation of oxy-iodide sites. The existence of AgI clusters can
be ruled out. Spin-lattice relaxation inside the glass-formation region seems to be controlled by Ag-I scalar
coupling of the first kind, rather than by chemical shift anisotropy. The existence of two maxima in the
spin-lattice relaxation rate curve points towards Ag1 populations with different mobility.
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I. INTRODUCTION

Silver molybdate glasses, AgI:Ag2O:MoO3, are known to
be fast ionic conductors.1,2 At present, researchers’ interest
stimulated not only by the extremely high conductivi
which reaches;1022V21 cm21 at room temperature, bu
also, from a basic point of view, by the growing evidence
anomalies in the structure as well as in their intensive pr
erties when compared with silver borate and silver phosph
glasses.

Minami and Tanaka3 showed that glasses with a mo
ratio Ag2O/MoO351 contained no condensed macroanio
but only discrete Ag1, I2, and MoO4

22. In their model only
a part of the silver ions are believed to participate in
conduction.

Almond, Duncan, and West4 reported that the conductiv
ity of a glass 0.75 AgI-0.25 Ag2MoO4 ~3:1! is due to the
anomalous high prefactor caused by the magnitude of the
hopping rate. The effective attempt frequency of the hopp
process appeared to be as high as 1015 s21, chiefly because
of the effects of activation entropy. St. Adams, Harihar
and Maier5 recently pointed out that the conductivity e
hancement during crystallization of the same glass
hardly be attributed to interfacial effects, as it was found
phosphate and vanadate glasses.

Diffractometric and spectroscopic evidences of anoma
in 3:1 glass have been also reported. Swensonet al.6 showed
by neutron-diffraction coupled with reverse Monte Ca
method that the origin of the first sharp diffraction peak ar
ing in the 3:1 glass is somewhat different from that of bor
and phosphate glasses, and cannot be simply explaine
term of AgI clustering. Finally, Kamitsoset al.7 showed by
infrared spectroscopy that the Ag1 motion frequency in mo-
lybdate glasses remains relatively unaffected by the AgI c
tent, in contrast to what happens in borates and phosph

In summary, some relevant questions appear to be
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open about silver molybdate glasses and, among the oth
those concerning:~i! the existence of one or more distin
Ag1 populations with different mobility,~ii ! the growth of
AgI clustering with associated diffusion pathways,~iii ! the
glass forming ability of the molybdate, and~iv! the existence
of local composition fluctuations.

109Ag solid-state NMR is a powerful technique to stud
glassy electrolytes for its capability to discriminate amo
chemically different Ag1 ions because of the large chemic
shift (d;1000 ppm) of silver, and to obtain unique inform
tion on ion dynamics through line-narrowing and spin-latti
relaxation. However, these applications are strongly limi
by the poor signal-to-noise ratio of the109Ag signal in the
solid state, and by the interpretative difficulties of NMR da
chiefly because little is known about the chemical shift te
sor in silver compounds. To date, in fact, only a few109Ag
NMR papers appeared about silver borates,8–11 whereas
nothing has yet appeared about molybdates, to our kno
edge.

In this paper we present a detailed109Ag NMR analysis
on the pseudobinary system (AgI)12x(Ag2MoO4)x . We
study both structure and cation dynamics inside, as wel
outside, the glass-formation region, which covers the ra
0.2,x,0.4 as can be appreciated in Fig. 1~see caption for
more details!. The spin interactions that determine both lin
width and spin-lattice relaxation mechanism are discuss
We correlate our NMR data with both out-of-phase and eq
librium phase diagrams we recently discussed,12 which are
reported in Fig. 1. In particular, the possible formation o
glassy phase of composition 0.66 AgI-0.33 Ag2MoO4 ~2:1!
over the entire composition range will be discussed.

II. EXPERIMENTAL DETAILS

Glassy or partially glassy samples of th
(AgI) 12x(Ag2MoO4)x system~with x50.1; 0.2; 0.25; 0.33;
9054 © 1998 The American Physical Society



-

s

to

a

ue

Hz
to
th
en
n
on

m
-
m
e

ip

ps
no-

he
ing
the

sual
ical
the

me-
s of

en

us.
e

all
a

an-

the
nd

nic

-
la
un
f

ed

PRB 58 9055STRUCTURE AND CATION DYNAMICS IN THE SYSTEM . . .
0.4; 0.5; 0.6; 0.7; 0.8; 0.9! were prepared by the melting
quenching technique. Appropriate mixtures of AgI~Aldrich
99%! and Ag2MoO4 @prepared by precipitation from aqueou
solution of AgNO3 and Na2MoO4 ~Ref. 13!#, were melted at
600 °C for 2 h inquartz tubes and then quenched down
room temperature~rt! in stainless-steel molds.

109Ag solid-state NMR spectra were acquired on
AMX400WB spectrometer~Bruker, Germany!, at a Larmor
frequency of 18.61 MHz, with a wideline probe~Bruker,
Germany!. The spectra were referenced to a 10 wt. % aq
ous solution of AgNO3. A 90° pulse of 10ms, a repetition
time varying from 100 to 500 s, and a bandwidth of 200 k
were chosen. Up to;160 accumulations were needed
obtain acceptableS/N ratios. The spectra were obtained bo
by single-pulse and Hahn-echo sequences. Care was tak
avoid signal saturation and to minimize baseline distortio
T1 values were obtained from a conventional saturati
recovery sequence.

Differential scanning calorimetry measurements~DSC!
were run with a 2910 DSC controlled by a TA 2000 syste
~TA Instruments!. All experiments were performed on pow
dered samples, in crimped silver pans, at a rate of 10 °C/
under dry N2 purge. The temperatures of the thermal ph
nomena are affected by an uncertainty of62 °C.

Powder x-ray-diffraction patterns were taken on a Phil

FIG. 1. Phase diagram of AgI:Ag2MoO4 system. The inset rep
resents the equilibrium part. The shaded area indicates the g
formation region. The dashed lines give metastable phases bo
aries. The dotted line at 70 °C represents further nucleation ob-
AgI in a composition range where crystallineb-AgI is already
present in the as-quenched samples. Filled circles indicate theTg’s.
In the case ofx50.40, just the average value of the two observ
Tg’s is displayed.
-
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PW 1710 powder diffractometer, equipped with a Phili
PW 1050 vertical goniometer and a graphite crystal mo
chromator (CuKa radiation!.

III. THEORETICAL BACKGROUND

The NMR chemical shift is due to the screening of t
applied magnetic field at a given nucleus by the surround
electrons. The Hamiltonian of interaction to be added to
Zeeman term has the form14

\HCS5g I\IsB0 , ~1!

whereI is the nuclear spin,g I is the gyromagnetic ratio,B0
is the applied external magnetic field,s is the screening
second-rank tensor, and the other symbols have the u
meaning. In the first-order perturbation theory, the chem
shift contribution to the resonance frequency is given by
secular part of the Hamiltonian

HCS
sec5g IB0I zszz ~2!

with

szz5s* 1
1

2
sCS~3 cos2 u211hCS sin2 u cos 2w!,

~3!

whereu andw are the Euler angles, ands* , dCS, andhCS
are the isotropic shielding, the anisotropy, and the asym
try parameter, respectively. They are expressed in term
the eigenvalues of the diagonalized screening tensor

s* 5
1

3
Trs52

1

3
~s111s221s33!, ~4!

dCS5s332s* , ~5!

hCS5
s222s11

s332s*
~6!

under the conventions33.s22.s11, for which 0<hCS
<3. The resonance frequency of a NMR experiment is giv
by

n5nL~12szz!, ~7!

wherenL is the Larmor frequency of the unscreened nucle
Thes scale is related to thed scale, which is of common us
in high-resolution NMR, by the relationd>2s.

In polycrystalline as well as in amorphous materials
orientations ofs arise with equal probability, and we have
random distribution of the Euler angles in Eq.~3!. This leads
to characteristic wide-line spectra called chemical shift
isotropy ~CSA! powder patterns. The general case ofhCS
Þ0 cannot be expressed by closed algebraic relations:
involved calculations were reported by Bloembergen a
Rowland.15

The spin-lattice relaxation, 1/T1 , determined by the
modulation of the anisotropic screening tensor for the io
motion is given by16

S 1

T1
D

CSA

5
m0

60p
g I

2B0
2Ds2S 2tc

11v I
2tc

2D , ~8!

ss-
d-
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9056 PRB 58PIERCARLO MUSTARELLI et al.
wherev1 is the Larmor frequency of the spinI andtc is a
characteristic jump time for the ions. In the motional narro
ing limit we have

S 1

T1
D

CSA

5
m0

30p
g I

2B0
2Ds2tc ~9!

and the relationship (T1)CSA/(T2)CSA57/6 holds.16

If the spin-lattice relaxation is determined by scalar co
pling of the spinI with another spinS, we have

FIG. 2. 109Ag NMR spectra at room temperature of the samp
x50.1 ~a!, x50.33 ~b!, x50.7 ~c!, andx51 ~d!. The labels I, II,
and III indicateb-AgI, a glassy phase and crystalline Ag2MoO4,
respectively~see text!.
w-

u-

S 1

T1
D

SC

5
8p2J2S~S11!

3 F tSC

11~v I2vS!2tSC
2 G , ~10!

whereJ is the scalar coupling constant betweenI andS, S is
the quantum spin number,v I ,S are the Larmor frequencies o
the two spins at the given magnetic field, andtSC is a char-
acteristic time which depends on the kind of modulation
the coupling is modulated by diffusion~relaxation of first
kind! tSC has the meaning of a jump time. If the coupling
modulated by fast relaxation of spinS (S.1/2, relaxation of
the second kind! tSC is given by theT1 of the relaxing spin
S.

IV. STRUCTURAL INFORMATION

The isotropic chemical shift

Figure 2 shows some representative NMR spectra
corded over the entire composition range, and namely th
of the samplesx50.1 ~a!, x50.33, ~b!, x50.7 ~c!, and x
51 ~d!. The samplex50.1 displays two peaks at 728 an
544 ppm, which are labeled as I and II, respectively. T
former is attributed to AgI for its chemical shift,8 whereas
the latter is likely that of a residual phase of composit
0.66AgI•0.33Ag2MoO4 ~2:1!. This attribution has been mad
by comparing the areas of the NMR peaks with the theo
ical values~reported in Table I! obtained under the assump
tion that the maximum allowable fraction of 2:1 phase
formed at each composition. We assume that this last p
is a glass, since the x-ray-diffraction pattern of sam
x50.1 shows only the reflections ofb-AgI ~compare Fig. 1!,
whereas its DSC thermogram~not reported here! highlights a
clear glass transition.12

The NMR spectrum of the samplex50.33 ~b! shows a
single peak at 544 ppm~labeled as peak II!, whereasx
50.7 ~c! is characterized by two peaks at 548 and 127 pp
which are labeled as II and III, respectively. The peak

les
formation
TABLE I. The peak numbering refers to the labels of Fig. 2. The chemical shift~CS! and the full width at half height~FWHH! have an
uncertainty of63 ppm. The areas have an uncertainty of65%. The area values reported in the section ‘‘2:1 formation~theoretical!’’ have
been obtained by supposing the maximum formation of the 2:1 glassy phase for each nominal composition outside the glass-
region.

Samples Peak I Peak II Peak III
Center-
of-mass

2:1 formation
~theoretical!

x
~molar

fraction!
CS

~ppm!
FWHH
~ppm!

Area
~%!

CS
~ppm!

FWHH
~ppm!

Area
~%!

CS
~ppm!

FWHH
~ppm!

Area
~%!

CS
~ppm!

Area
Peak I
~%!

Area
Peak II

~%!

Area
Peak III

~%!

0.1 728 30 65 544 15 35 663 64 36
0.2 733 30 38 551 18 62 620 33 66
0.25 564 8 100 564
0.33 543 10 100 543
0.4 528a 9 90 127 19 10 488 86 14
0.5 548 10 74 127 18 26 439 67 33
0.6 548 12 62 127 16 38 388 50 50
0.7 549 10 39 127 16 61 292 35 65
0.8 548 10 13 127 17 87 181 22 78
0.9 548 2 127 17 98 135 11 89
1.0 130 17 100 130

aThe value indicated by the center-of-mass of the two peaks reported in Fig. 5.
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PRB 58 9057STRUCTURE AND CATION DYNAMICS IN THE SYSTEM . . .
higher field ~III ! is attributed to Ag2MoO4; in fact, it is
nearly at the same position of the single peak observed
x51 in Fig. 2~d!. The peak at 548 ppm is again due to
glassy phase of composition 2:1, as it is demonstrated by
areas ratio reported in Table I, by DSC measurements,12 and
by x-ray-diffraction data~not reported! which show only the
reflections of crystalline Ag2MoO4. Peaks at the same pos
tion, and with nearly the same width, of those of Fig. 2~c! are
observed in all the samples in the range 0.5<x<0.8 ~see
Table I!. We stress here that the mechanisms controlling
width of the two peaks are different: in fact, the peak at 5
ppm is narrowed because of the high ion dynamics of
glassy phase, whereas the width of the peak at 127 pp
determined by the distribution of chemical shift in the silv
molybdate crystal. This is confirmed by the longitudinal r
laxation times,T1 , which at rt are;1 s for the peak at 548
ppm, and;300 s for the peak at 127 ppm.

Figure 3 shows the chemical shifts of all the as-quenc
samples vsx. Inside the glass-formation region a single pe
is observed. To the left of the glass-formation region,x
<0.2, the samples are phase-separated into AgI~filled
circles! and 2:1 glass~filled triangles!. To the right of the
glass-formation region,x>0.4, the samples are again phas
separated into 2:1 glass and Ag2MoO4 ~filled squares!. Two
glassy phases are observed in the samplex50.4 ~see follow-
ing!. Open squares represent the center-of-mass of the s
tra; inside the glass-formation region they coincide with
observed single peak. The dashed line which connects
positions of AgI~728 ppm! and Ag2MoO4 ~130 ppm! repre-
sents the chemical shift each sample would show if it wa
coarse mixture of the constituting compounds, e.g., AgI a
Ag2MoO4. We stress that the reason why the chemical s
of the 2:1 phase is located nearly at one third of the w

FIG. 3. 109Ag NMR chemical shifts vs the composition param
eterx of the peaks observed in all the samples studied. Filled cir
represent crystalline AgI. Filled triangles represent a glassy ph
Filled squares represent crystalline Ag2MoO4. Open squares repre
sent the positions of the spectra centers-of-mass. The dashed l
the position of the center-of mass if each sample is an ideal mix
of the constituents.
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between those of AgI and Ag2MoO4 is that each Ag1 expe-
riences, in its coordination sphere, a statistical iodine/oxy
ratio that changes quasilinearly in the region of interest. A
parently, our data fit well the dashed line forx<0.6, while a
dispersion is found for higher values of the composition p
rameterx.

In order to investigate the chemical shift nonlinearity
the center-of-mass, we can plot the data against the t
silver cationic molar fraction,YAg,tot

1 5@Ag#/~@Ag#1@Mo#!,
see Fig. 4. Two neat slope changes become evidenty
>0.73 and aty>0.80, which correspond tox>0.6 andx
>0.33, respectively. Villaet al. found a knee atx50.6 in
silver borate glasses.8 They argued that the knee correspon
to the maximum AgI fraction for which it is possible to hav
each silver coordinated to one iodine, and each iodine
rounded by four silver ions. In their picture, further additio
of AgI resulted in formation of structures with more than o
iodine coordinated to Ag1. Nonlinearities of109Ag chemical
shifts values have been recently reported by Sanzet al. in
silver tellurite glasses.17

To explain our results we recall that our center-of-mas
the average of Ag1 belonging to crystalline phase
(Ag2MoO4 or b-AgI!, and of a fraction belonging to the 2:
glassy phase. As a consequence, the NMR signal may re
the Ag1 local dynamics in addition to well-defined molecu
lar or crystallographic structures. This is consistent with
strongly depolymerized model proposed by Minami for s
ver molybdate glasses.18,19 When small quantities~,10
mol %! of AgI are added to Ag2MoO4, the averaged loca
field seen by silver molybdate is just marginally modifie
As a result, our center-of-mass value strongly overestima
the crystal fraction, and this accounts for the anomaly w
evident in Fig. 3 forx50.9, and still appreciable in Fig. 4
For x<0.8 the average time for which a fraction of the A
ions ‘‘see’’ I2 becomes longer than the NMR time scale a
the signal of the oxyiodide structures~-O-Ag-I-! of the 2:1
glassy phase arises.

s
e.

e is
g

FIG. 4. 109Ag NMR chemical shift of the centers-of-mas
against the total silver cationic molar fraction,YAg,tot . Dashed lines
are linear best fits.
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For 0.8>x>0.6, the fraction of I2 that are dynamically
‘‘seen’’ by each Ag1 increases more and more and reach
the ratio 1:4. Forx50.6 each Ag1 ‘‘sees’’ one iodine in its
coordination sphere. Villaet al.8 demonstrated that the sub
stitution of one oxygen with one iodine determines an
crease of;300 ppm in the Ag1 chemical shift, which is
nearly the same variation we measure fromx51 to x50.6
~see Fig. 3!. For x,0.6 a second iodine enters the Ag1 co-
ordination sphere, and the average chemical shift chan
with a lower slope. Forx50.33 the ratio I:Ag is 0.5, tha
means that each Ag1 experiences, in average, two I2 in its
coordination sphere. The second O/I substitution roughly
counts for a chemical shift change of;150 ppm. Finally, for
0.33.x>0 the fraction of iodine seen by each Ag1 ranges
from 50 to 100%. However, we have not enough experim
tal points to appreciate the difference between the prese
of three or four I2 in the Ag1 coordination sphere. Further
more we recognize that our discussion is only qualitati
because of the low number of experimental points and t
scattering, and also since they are often the average
several phases.

Another question arises about the structure of the sam
inside the glass-formation region. In fact, a single NMR pe
may be observed for one of the following reasons:~i! the
glassy phase is really homogeneous, in the sense that a
Ag1 ‘‘see’’ the same chemical environment~no composition
fluctuations!, or ~ii ! the cation dynamics is fast enough
average spectral lines with different chemical shift. As a m
ter of fact, subliquid immiscibility with spatial fluctuations o
the order of 10 nm was supposed to exist in AgI:Ag2O:B2O3
glasses.8 Some information may be obtained by a care
study of the samplex50.4, which is at the boundaries of th
glass-formation region. The spectrum ofx50.4, reported in
Fig. 5, displays two partially overlapped peaks centered
553 and 523 ppm, respectively, and the peak of Ag2MoO4 at
127 ppm~not shown in the figure!. This last peak account
for ;10% of the NMR total intensity. Since x rays sho
only some weak reflections of Ag2MoO4, we believe that the
two high-frequency peaks correspond to two glassy pha

FIG. 5. 109Ag NMR spectrum at room temperature of the sam
x50.4 as-prepared.
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If we suppose that the actual composition of the glassy p
is near to 0.64 AgI-0.36 Ag2MoO4, from the NMR areas ra-
tio we obtain for the two phases the valuesx>0.31 andx
>0.38, which are also in agreement with the chemical s
dependence displayed in Fig. 3.

The existence of two glassy phases, one of which v
near to the 2:1 ratio, is further supported by the DSC th
mogram of Fig. 6 that shows twoTg’s at 60 and 74 °C. The
correlation we find between the glass transition tempera
and the supposed glass stoichiometry is in agreement
the thermal data reported by Kawamura and Shimoij20 and
Minami, Nambu, and Tanaka2 for compositions similar to
those we are here hypothesizing. The two partially ov
lapped exothermic peaks in the temperature range
120 °C represent the cold crystallizations of the two gla
phases. We may conclude that the Ag1 local coordination of
the 2:1 glassy structure seems to be privileged over the e
composition range, as also supported by the x-ray-absorp
near-edge structure data, onx50.25 andx50.33 reported in
Ref. 21.

The anisotropic part of the chemical shift

It is well accepted that the spin interaction dominating t
109Ag NMR line shape in silver oxysalt glasses is the chem
cal shift.8,10 While at rt the NMR line is generally narrowe
by ionic motion, it is not clear if the broad features~up to 10
kHz, i.e., 620 ppm! observed at low temperatures in bora
glasses10 are simply a result of a wide distribution of isotro
pic chemical shifts or does the anisotropic part contribute
well. As a matter of fact, we are here reporting an isotro
chemical shift range of the order of 600 ppm, where
Looser and Brinkmann found shifts in the range 700–8
ppm for RbAg4I5 and KAg4I5,

22 and Burgeset al. obtained
shift values around 0 ppm for silver oxyanions in aqueo
solution.23

Figure 7 reports the NMR spectra at room temperature
the samplesx50.33 ~a! andx50.25 ~b!, heated in a oven a
140 °C for 15 h. The spectrum~a! consists of a pattern o
chemical shift anisotropy~CSA!, which we assign to the 2:1
crystallized phase, according with the x-ray-diffraction da

FIG. 6. DSC thermogram of the samplex50.4 as-prepared. The
Tg’s are indicated by dashed lines. The dashed arrow indicates
endothermic direction.
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reported in Ref. 12. Similar NMR patterns are found in
samples where the 2:1 glassy phase underwent crysta
tion. The samplex50.25 displays the peak of crystalline Ag
in addition to the CSA powder pattern of the 2:1 phase.

The singularities of the pattern of Fig. 7~a!, allow us to
estimate the principal components of the screening tens24

We obtain s11>2620 ppm, s22>2501 ppm and s33
>2484 ppm. Due to the low signal-to-noise ratio an error
5% is estimated. From Eqs.~4!–~6! we obtain the values
s* 52535 ppm, dCS551 ppm, andhCS52.33. Here, the
chemical shift tensor of109Ag is assigned in a silver oxysa
compound. Tanshoet al. found dCS;350 ppm in a low-
temperature crystalline phase of the silver ionic conduc
Ag9GaSe6.

25 Villa et al.8 estimated the intensity of the aniso
tropic interaction in Ag2O•B2O3 glass to be;180 ppm at
325 K.

V. DYNAMIC INFORMATION

While there is no doubt that linewidth and spin-latti
relaxation are determined by the ion diffusion, it is not cle
if the same nuclear interaction is responsible for the temp
ture behaviour of both linewidth andT1 . Although it was
argued that time-dependent anisotropic chemical shift is
dominant mechanism for spin-lattice relaxation in silve
based glasses,9,26 other mechanisms cannot, in principle,
ruled out such as~i! Ag-I dipolar or pseudodipolar coupling
~ii ! modulation by ionic motion of107Ag-109Ag or 109Ag-I
scalar interaction~relaxation of the first kind!, or also ~iii !
Ag-I scalar interaction coupled with iodine quadrupolar
laxation ~relaxation of the second kind!. Chung et al.10

showed by order-of-magnitude calculations that mechani
~i! and~iii ! can be ruled out in silver borate glasses. In co
trast, scalar coupling relaxation of the first kind may be s
nificant. The same considerations they made for borates
applicable to molybdates.

FIG. 7. 109Ag NMR spectra of the samplesx50.33 ~a!, andx
50.25 ~b! heated at 140 °C for 15 h.
l
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Figure 8 shows the spin-lattice relaxation rate, 1/T1 , of
the samplex50.25 vs the reciprocal temperature. A fir
maximum is found at 303 K, which indicates the transition
the extreme narrowing regime. Near the maximum it is
ceptable to let the spectral densityJ(v0) have the Debye
form tc /(11v0

2tc
2),27 and we obtain for the correlation tim

of the ionic motiontc51/v0 . We can apply Eq.~10! to the
scalar coupling of the first kind between Ag and I. If w
assume for the Ag-I scalar coupling constant the reason
value J;1 kHz,28 we obtainT1,min51.75 s, in good agree
ment with our experimental value of 1.2 s. By using a Hah
echo sequence we obtainedT25110611 ms. SinceT1 /T2
@7/6 we can conclude that scalar coupling of the first kin
rather than CSA, seems to determine the relaxation in si
molybdate glasses, at least near room temperature.

The relaxation rate curve of Fig. 8 displays a seco
maximum at 320 K, the temperature at whichx50.25 under-
goes the glass transition.12 This maximum, as a consequenc
is put into relation with the onset of a further motional pr
cess which involves nearly all the silver cations. At a fi
approximation, spin-lattice relaxation rates due to differe
mechanisms are additive

T1
215(

j
T1 j

21. ~11!

Below the Tg , the observed spin-lattice relaxation ra
1/T1,gl is given by

1

T1gl
5

p

T1 mob
1

12p

T1 imm
, ~12!

where p is the fraction of mobile Ag1, while T1, mob and
T1, imm are the relaxation times of mobile and immobile~or
less mobile! cations, respectively. It is assumed that ea
spin will sample both behaviors during aT1 period. Above
the glass transition, all the Ag1 are mobile and we have

FIG. 8. 109Ag NMR spin-lattice relaxation rate 1/T1 of the
samplex50.25. The dashed line is only a guide for the eyes.



t-
in
e

e
m
r
r

,

s
n
m
t
-
a

c
s

le

of
of
gs

-

gle
clu-
ional
le,
uld
cult
he
the
re-
po-

s-

ro-

ion
the
ay
by

ity

x-

vi-
lly
vi-
m-

ress
uc-
-

re
med

9060 PRB 58PIERCARLO MUSTARELLI et al.
1

T1 liq
5

1

T1 mob*
. ~13!

If we neglect 1/T1, imm with respect to 1/T1, mob and con-
siderT1, mob* >T1, mob, which is reasonable in the considere
temperature range, we obtainp>0.875. In our previous
109Ag NMR work,29 we estimated the fraction of mobile ca
ions to be less than 50%. However, those data were obta
on samples prepared just one day before the measurem
An experiment performed two months later~i.e., at the same
time of theT1 measurements here reported! gave a mobile
fraction p.80%, in agreement with the above results. O
the basis of this evidence, and following the suggestions
Ref. 8, we can model the dynamics of our spin system
terms of a distribution of barrier heights for the Ag1 jumps,
rather than in terms of two true chemically defined silv
species. Under these assumptions, we argue that the sa
stored at;20 °C below itsTg has undergone structural rea
rangements that determined some changes in the ba
heights distribution.

In systems characterized by a rate-activated process
correlation timetc , which determines the NMR spectra
density can be expressed in an Arrhenian form9

tc5t`eEa /kT, ~14!

whereEa is the activation energy, andt` is the prefactor. By
fitting the data reported in Fig. 8 we obtainEa50.31 eV in
the region 300–315 K, andEa50.29 eV above the glas
transition. Values in the range 0.19–0.23 eV were obtai
form conductivity measurements near roo
temperature,3,5,17,30 whereasEa50.27 eV was obtained a
low temperature.4 The value we obtained from NMR relax
ation is larger by;30% than the conductivity-related dat
This can be explained by supposing thatT1 mechanism es-
sentially probes the long-range ions translation, whereas
conductivity experiments measure a sort of average of lo
and long-range motions.9 On the other hand, our conclusion
are in agreement with the fact that spin-lattice relaxation
dominated by scalar coupling of the first kind~a long-range
interaction described by particle-particle correlation!, rather
than by CSA~a short-range interaction described by partic
site correlation!.

VI. CONCLUSIONS

We have investigated by109Ag solid-state NMR both the
structure and the ion dynamics of the system AgI Ag2MoO4.
d
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.
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The following conclusions can be drawn:
~1! Increasing the AgI fraction causes the formation

oxyiodide sites with an increasing I/O ratio. The existence
AgI clusters can be ruled out, in agreement with the findin
of Minami and Tanaka,3 and Kamitsoset al.7 Outside the
glass-formation region, 0.2,x,0.4, a glassy phase of com
position near 0.66 AgI-0.33 Ag2MoO4 ~2:1! is always
formed, which is accompanied by crystallineb-AgI or
Ag2MoO4.

~2! Inside the glass formation region we observe a sin
NMR peak. We are not able, at present, to operate a con
sive choice between a homogeneous phase or the mot
average of different chemical environments. In princip
NMR at the magic angle technique at low temperature co
address this question, but the experiments are very diffi
to carry out. A subtle indication favoring the existence of t
2:1 glass over the entire composition range is given by
samplex50.40, at the boundaries of the glass-formation
gion, that displays the peaks of two glassy phases of com
sition x;0.3 andx;0.4.

~3! The chemical shift anisotropy tensor of the 2:1 cry
tallized phase has been assigned. The anisotropy is;70
ppm, which is an order-of-magnitude lower than the isot
pic chemical shift range observed in these glasses.

~4! The spin-lattice relaxation inside the glass-format
region seems to be controlled by Ag-I scalar coupling of
first kind, rather than by chemical shift anisotropy. This m
account for the larger activation energies which are given
NMR T1 with respect to those obtained by dc conductiv
experiments.

~5! The existence of two maxima in the spin-lattice rela
ation rate curve points towards Ag1 populations with differ-
ent mobility, probably related to the existence of local en
ronments where different I/O ratios are dynamica
experienced by the ions. However, we had preliminary e
dence of a structural relaxation taking place at room te
perature in a matter of months. Experiments are in prog
to correlate these NMR results with variations of dc cond
tivity and, possibly, formation of quasicrystalline AgI do
mains.
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