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Glasses having the composition (Agl) -(Ag,0-nB,0;),_,, where x is in the range from 0 to 0.7
and n is either 1 or 2, have conductivities as high as 1072 S/cm at room temperature. NMR line-
shape and spin-lattice-relaxation times have been measured for a range of compositions over the
temperature region from — 120 to 170°C in an attempt to test the predictions of various models for
the dynamics of the Ag* ions. The line shapes are Lorentzian except at very low temperatures,
where they were determined to be Gaussian. The linewidths were observed to decrease with in-
creasing temperature, and no evidence for two Ag® populations was found. The spin-lattice-
relaxation data feature a very broad 7| minimum as a function of inverse temperature. Order-of-
magnitude calculations suggest that the chemical shift interaction is responsible for the relaxation.
Analysis using a single hopping rate for Ag™-ion migration does not fit the data. We have analyzed
the data in terms of the empirical stretched exponential model and have found the resulting parame-
ters to be in good agreement with the conductivity data.

INTRODUCTION

There is now a wide interest in studying fast ionic con-
ductors as systems for research on mass transport in solid
materials as well as for possible application to battery and
fuel-cell technology. During the past decade much at-
tention has been focused on metal halide salt—doped net-
work glasses, since they offer extraordinary high room-
temperature ionic conductivities, up to 1072 Sem™ L
Moreover, the physical properties can easily be varied
over large intervals by changing the chemical composi-
tion. Particular materials can be designed for specific ap-
plications as well as for studies of fundamental properties
of disordered systems. Commonly, fast-ion conducting
glasses are formed by an oxide glass former (e.g., B,O;,
P,0;, SiO,, or GeO,) which together with network
modifiers (e.g., Ag,0, Li,O or Na,O) can dissolve metal
halide salts as dopants (e.g., Agl, Lil, LiCl, etc.).

The fast-ion conducting system (Agl), -
(Ag,0—nB,0;),_, comprises some of the best conduct-
ing glasses produced so far and is also a model system for
studies of the conduction mechanism in vitreous electro-
lytes.!”1° The addition of Ag,0 to B,0, modifies the
boron-oxygen network by changing the coordination
number of some of the boron atoms from three to four.
Depending on the value of n the number of BO, units in-
creases at the expense of the number of BO; units and
this conversion enables the glassy matrix to dissolve the
Agl salt,10-13

Highly disordered electrolytes, such as the silver borate
glasses, are an especially challenging area of research be-
cause the disorder far exceeds that found in crystalline
fast-ionic conductors. In crystalline electrolytes, there is
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a framework which exhibits a regular array while the
mobile ions are disordered over many available sites. By
contrast, in glasses there is no long-range order of any
type. In studies of the mechanism for the high room-
temperature conductivity (= 1072Sem™!),? interest has
focused on the dynamics of the silver cations. A continu-
ing controversy'* exists as to the microscopic picture of
this motion. The controversy is centered on whether the
glass is (1) homogeneous down to the distance scale of a
few atomic spacings and the ions hop through a number
of available sites in an immobilized disordered network
or (2) inhomogeneous on the scale of 10—100 A and con-
duction is a percolative process through a-Agl clusters.
There is, presently, a trend to favor a picture of intercon-
nected small (~8-10 A) domains®'® of distorted
Ag-I-Ag-I units which provide conducting pathways for
the silver ions undergoing some kind of jump diffusion.'>

Previous NMR studies®* have recognized the capabili-
ty of magnetic resonance to (a) discriminate amongst
different silver environments because of the large
chemical-shift range of silver (~10° ppm) and (b) to at-
tain unique information about the microscopic dynamics
of ion transport through line-narrowing and spin-lattice-
relaxation studies.

Villa et al.? have chosen to investigate the dynamics by
studying the relationship between composition and iso-
tropic chemical shifts in Agl-doped silver borate glass.
Their experiments were performed at relatively high tem-
peratures (—70-124°C) where the rapid motion of '®Ag
averages out both the chemical-shift anisotropy and the
distribution of isotropic chemical shifts. Low-
temperature magic-angle spinning NMR experiments
which would yield the latter while suppressing the former
were not carried out for technical reasons. They also ob-
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tained structural information for the doped glasses by
analyzing the composition dependence of the average
chemical shift, since a single motionally narrowed line
was observed. They argued that their results rule out
Agl microdomains and they cited the X-ray diffraction
studies of Licheri et al.’ in support. However, Licheri
et al. allow for the possibility of Ag-I-Ag aggregates of
small dimensions.

Martin et al.* have measured 'Ag NMR linewidths
and spin-lattice-relaxation times in Agl-doped silver
borate glasses for temperatures between —120 and
230°C. They have used the simplest form of analysis
which is to assume a single exponential correlation func-
tion to describe the ionic diffusion [Bloembergen-
Purcell-Pound (BPP) theory].!® They conclude from their
analysis of NMR linewidths and intensities that at low
temperatures at least two types of Ag"t ions can be dis-
tinguished with respect to their mobility; one type being
stationary on the NMR time scale, the other type per-
forming fast-ion diffusion. At high temperatures they
conclude that all cations appear to be mobile with local
motions having activation energies of about 0.10eV. In a
recent publication, however, the authors state that upon
reinspection, the Ag NMR relaxation data do not follow
the expected BPP behavior.!’

There are now many instances recorded in the litera-
ture where the simple BPP theory has been shown to be
inappropriate as a description of NMR relaxation in
fast-ionic conductors.!®-2! Specifically, there are exam-
ples where (1) the frequency dependence of the minimum
of the spin-lattice-relaxation time T'; is less than expect-
ed,? (2) there is an unexpected asymmetry in the slope of
T, versus inverse temperature on the two sides of the
minimum,!” (3) the spin-spin relaxation time T, depen-
dence on temperature has more structure than expected,*
(4) the activation energies calculated from NMR studies
are much smaller than those obtained from dc conduc-
tivity measurements,?>2* and (5) the prefactors in the Ar-
rhenius expression for the correlation time describing the
hopping motion are anomalously low.* Non-BPP relaxa-
tion is believed to be the result of either the inherent non-
random motion of the mobile ions which might arise if
the movement of the ions is correlated?® or within the en-
tire population of mobile ions there are subgroups each of
which have motion that is characterized by a BPP spec-
tral density function but each described by a different
correlation time.® The correlated motion of the ions re-
sulting from the Coulomb interaction between them is
the basis of the theory put forward by Funke.?> Nonex-
ponential correlation functions are also found when the
structure of the fast-ionic conductor is such that the ionic
diffusion has a dimensionality of one or two.”’
B-eucryptite (LiA1SiO,)?® and Na B-alumina?® are exam-
ples of one- and two-dimensional ionic conductors which
exhibit anomalous relaxation behavior.

In amorphous materials, a broad distribution of micro-
scopic kinetic parameters are expected to occur and
nonexponential mechanical and electrical relaxation ap-
pears to be the norm rather than the exception.’® One
approach is to assume a distribution of correlation times.
An excellent discussion of many possible distribution
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functions that have been used in fitting nuclear relaxation
time data can be found in the paper by Beckmann.?® For
example, a Cole-Davidson distribution of correlation
times has been shown to adequately fit the ’Li NMR data
in a variety of glasses.! A slightly different approach is
to modify the correlation function describing the atomic
motion. In particular, the stretched exponential form of
the correlation function

g (t)=exp[—(t/7)F] (1

has been shown to be a more common phenomenon in
amorphous materials than the Debye behavior (B=1).
Kohlrausch’? first suggested the use of the stretched ex-
ponential form to describe viscoelasticity while Williams
and Watts introduced the same equation for dielectric re-
laxation.>® Jonscher®* first pointed out the evidence for
its remarkable universality. Subsequently, Ngai**3¢ has
demonstrated that the results of a large number of physi-
cal measurements of low-frequency fluctuation, dissipa-
tion, and relaxation phenomena in amorphous solids ex-
hibit non-Debye behavior. While the stretched exponen-
tial function [Eq. (1)] was introduced as an empirical rela-
tion to explain experimental data there have been a num-
ber of attempts to provide a theoretical basis for its
use.’”*® Villa and Bjorkstam®>* advocate using the
empirical Kohlrausch-Williams-Watts (KWW) correla-
tion function [Eq. (1)] in a consistent manner to analyze
the NMR linewidth and relaxation time data.

Present theories of motional narrowing and spin-lattice
relaxation in amorphous fast-ionic conducting materials
can only be rigorously tested with extremely high quality
data. The investigations of Villa et al.’ and Martin
et al® are limited by the experimental uncertainty
in their data (the signal-to-noise ratio for Ag
NMR is poor). In this study we report new careful
linewidth and spin-lattice-relaxation measurements on
(Agl),-(Ag,0-nB,0;3), _, systems for n =1 and 2 glasses.
The data presented in this paper show the non-BPP type
of behavior common in amorphous materials. This be-
havior was to be expected since previous mechanical and
electrical relaxation results>%® have shown that the relax-
ation function describing the ionic diffusion is highly
nonexponential.

We have analyzed the data in terms of a non-BPP
model using a stretched exponential. We believe that the
quality of the experimental results and this approach for
analyzing the data will resolve some of the previous am-
biguities of NMR reports on Agl-doped borate glasses.
Our analyses find agreement with conductivity data’? as
predicted by Richards.?!

THEORY

The basic theory of NMR as applied to fast-ionic con-
ductors can be found in the review by Richards.?! Ex-
pressions have been developed for the spin-lattice and
spin-spin relaxation times when the dominant nuclear
spin interaction is one of the following: the dipolar in-
teraction between like spins, the nuclear quadrupole in-
teraction or dipolar interaction between unlike spins (in
particular coupling with a paramagnetic impurity). For
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Ag NMR in solids, the chemical-shift interaction is im-
portant®!741:42 and a brief derivation of the spin-lattice
and spin-spin relaxation times is given below following
the notation used by Richards.?!

The Hamiltonian describing the chemical shift can be
written

H= zHa(t): E 2 yhliaAia(t)BO . (2)

a=0,£1 |

The applied magnetic field is B, the Ag nuclei are la-
beled by i and

Iy=1I,, I,

z

=1, +il,

In general the chemical-shift tensor 4;,5 (B=0 since the
applied field defines the z direction) experienced by spin i
varies in time as the ion moves from site to site
throughout the glass. To take account of the motion of
the ion let

Aia(t)z E ni,u(t)Apa H
n

where
n;,(t)=1if site pu is occupied by spin i at time ¢
=0 otherwise .

The spin-lattice relaxation rate is given by

(4(00/N)f znly(t m Ap+l Ay’—l
iy’

Xexp(—iwgt)dt . (3)
=2(wf)fg(t)exp(—ia)ot)dt @)
=2(w?)J(w,) (5)

and the spin-spin relaxation rate by
1
T 2T1 +(203/N) [ % My (11,00 A0 A odt .
(6)
_—_+<Cl)1 ) fg (7)
=(w?)J(wy)+{0?)J(0) . (8)

The equation for 1/T, is valid provided the correlation
time 7, describing the hopping motion of the Ag* ions is
much shorter than T;. This condition is fulfilled except
at very low temperatures. At low temperatures, the
linewidth reaches a limiting value when the motion of the
Ag? ions ceases. Often the static local fields result in fre-
quencies having a temperature-independent Gaussian dis-
tribution with second moment {w?). In addition, the re-
lation for T, is only valid in the extreme narrowing re-
gime when the line shape is truly Lorentzian. The
motionally narrowed half width at half maximum
(HWHM) linewidth is given by

Bjorkstam et al.** have pointed out that a boundary can
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be defined when the linewidth reaches half the static
value. Kubo and Tomita*® define the correlation time 7,
as the time integral of the correlation function

so that the second term for 1/7, in Eq. (6), the so-called
adiabatic term,* can be written as (w?)7,. This term
dominates at low temperatures but when the fluctuation
rate of the local fields becomes of the order of the reso-
nance frequency, the nonadiabatic effects must be taken
into account. Now the lifetimes of the spin states become
important and consequently the additional line broaden-
ing 1/2T, must be considered. Notice from Eq. (5) that
T, depends on the fluctuation in the component of the lo-
cal field perpendicular to the applied field while the adia-
batic part of T, depends on the fluctuations in the paral-
lel component.

In a fast ionic conductor it is the dynamics of the
diffusing ions which causes the fluctuations in the local
fields and these are described in terms of the correlation
function, g (¢) or the spectral density function, J (). The
interpretation of the resulting correlation time depends
on the form of the correlation function.'®2 For example,
when the correlation function is a single exponential de-
cay,

g(t)=exp(—t/7.), (11)
the spectral density function
J(w)=T1./(14+’T?) (12)

has the Debye behavior which is a single Lorentzian
function of frequency. The resulting expressions for the
relaxation times are given by

1/T,=2(w?) 7. /(1+§r?) (13)
and

1/T,=(w})r,+1/2T, . (14)

For systems with a rate activated process the correlation
time 7, can be expressed in terms of a prefactor 7, and
the activation energy E ,.

T, =T.explE ,/kT) , (15)

where T is the temperature and k£ Boltzmann’s constant.
Equation (13) predicts a minimum in T; when wyr, =1
and the value of T, i,=w,/{w?). For the chemical-
shift interaction, T, ., <@y !. On the low-temperature
side (wy7, >>1) of the minimum T'| < 7. and independent
of frequency. On the high-temperature side (wyr, <<1)
there is a frequency dependence; 1 /T, < 37,

As was discussed in the Introduction it has been shown
that this formulation of nuclear-spin relaxation, known as
the BPP theory,'® does not fit the details of the experi-
mental data for fast ionic conductors. The KWW form
for the correlation function [Eq. (1)] predicts the follow-
ing adiabatic linewidth

Arw=(1/278){w?)T(1/B)7 exp(E 4 /kT) , (16)
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where T is the gamma function. The spectral density
function needed for the determination of T, must be cal-
culated numerically from the correlation function given
in Eq. (1.9

In the modified Debye-Hiickel theory put forward by
Funke,***” the mobile ions occupy a number of similar
sites throughout the sample. Because of their mutual
repulsion, these ions tend to stay as far apart as possible.
The single-particle potential seen by each ion is made up
of two contributions: the potential due to the structure
of the glass and the “Coulomb potential” resulting from
neighboring ions. The effective potential is characterized
by two parameters A and &. If the ion is thermally ac-
tivated to move from site A to site B two subsequent
events can occur: (1) the ion can hop back into site A4 or
(2) the ion can remain in site B with the surrounding ions
adjusting their positions in response to the original move-
ment with the result that the Coulomb minimum is shift-
ed towards site B. Funke made the reasonable assump-
tion that the correlation function g (z) needed for NMR
relaxation times can be approximated by the probability
W ,(t) of finding the ion at site A4 at time ¢ provided it
was there at ¢t =0. The corresponding spectral density
function is

J(w)=Ref0°° W ,(t)exp(—iwt)dt with W ,(0)=1 .

o)

Funke showed that

J(@)=T '/{1+[ol '+ ®"(0)/P'(w)]*}, (18)

I'=ry® (o). (19)
It is assumed that

o '=7_exp(A/kT) . (20)
The normalized frequency function

P(0)=P'(0)+idP"(w) (21)

is defined in terms of the probability W (z) of a back jump
not occurring:

¢(m)—¢'(0)=iwf0°°[W(z)—W(oo)]exp<—iwt)dt .
(22)

The quantity W (t) is a complex function of the well-
depth parameters A and 8. There are two special cases
which are of interest to NMR studies. The BPP theory is
recovered when W(t)=W(w) and J(0)=[Ty®(0)]!
determine the adiabatic linewidth.

Arw=(1/2m){w?)J(0)
=(1/2m){w?}) 7 exp[(3A—28)/kT] , (23)
where the factor (3A —28) is the expected low-frequency

activation energy. Again, the expression for 1/7T; must
be calculated numerically.
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SAMPLE PREPARATION
AND EXPERIMENTAL TECHNIQUE

For the preparation of the (Agl),-(Ag,0-nB,03),_,
systems for n =1 and n =2 glasses, 30 g batches of
stoichiometric amounts of high purity, water-free
AgNO;, B,0;, and Agl powders were thoroughly milled
and mixed. The powder mixtures were then fused in
alumina crucibles at 700—750 °C until complete gas remo-
val, i.e., about 40 min. The melts were then homogene-
ous and the color was dark red. Cylindrical glass sam-
ples, 7 mm in diameter and 10 mm high, were formed by
casting the melt into a stainless steel mold held at 100 °C.
The samples which were homogeneously red to orange in
color, transparent and of good optical quality, were then
annealed for three h at 30°C below the glass transition
temperature T, (~280°C). Throughout this paper the
composition of the samples will be referred to by their x
and n values and denoted as (x,n).

The NMR spectrometer used in these experiments is a
“home-built” instrument featuring a wideband transistor-
ized 300 w transmitter and narrow band GaAs FET
preamplifiers tuned for each nuclear resonance frequency.
The spectrometer was used with a Briiker 6.3 T or an Ox-
ford Instruments 8.5 T superconducting magnet. In
these fields the 'Ag resonance occurs at 12.528 and
16.763 MHz. The data acquisition was via a Nicolet Ex-
plorer digital oscilloscope interfaced to an IBM/PC. The
computer was programed for automatic temperature con-
trol and data acquisition.

At all but the very lowest temperatures, the NMR
spectra were obtained by collecting the free induction de-
cay (FID) following a single 7 /2 pulse and Fourier trans-
forming the data. There was some distortion of the spec-
tra because of the recovery time of the receiver following
the radio-frequency (rf) pulse from the transmitter which
was approximately 30 pus. This large recovery time was
the result of using a high-Q (~120) coil in order to max-
imize the signal-to-noise ratio and the low resonance fre-
quency for '®Ag.

Each sample at a sufficiently low temperature pro-
duced a nuclear-spin echo signal following a 7/2-7-7
pulse sequence. The echo was digitized and the signal
starting at the peak of the echo was Fourier transformed
to produce an echo spectrum.

The spin-lattice-relaxation time, T, was determined by
sampling the amplitude of the FID following the /2
pulse in the 7-7-m /2 sequence for about 15 values of 7.

The NMR probe was designed to have the sample sur-
rounded by a thick-walled copper container whose tem-
perature was electronically regulated to £0.1°C over the
course of the data acquisition for a spectrum or T mea-
surement. A copper-constantan thermocouple located
near the sample was used to record the actual sample
temperature which was known to +0.5°C.

RESULTS
Line shape

The behavior of the 'Ag NMR line shape for each
sample may be divided into two separate temperature re-
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gions. At high temperature the NMR line shape was
motionally narrowed and could be accurately fit with a
Lorentzian line shape. Following the exponential FID,
no echo signal could be found with a refocusing 7 pulse.
At low temperature the FID becomes so rapid that the
signal was lost in the receiver recovery time. In this same
temperature region an echo signal could be observed.
Figure 1 shows representative spectra for the (0.5,1) sam-
ple obtained from the FID at 12.5 MHz. At the highest
temperature available with the existing NMR probe,
170°C, the linewidth was about 30 Hz while at —120°C
it has increased to approximately 10 kHz. The poor
baseline and signal-to-noise ratio at the lowest tempera-
ture in Fig. 1 result from a loss of signal in the receiver
recovery time.

A typical fit to the motionally narrowed line is shown
in Fig. 2. The Lorentzian line shape fits the data very
well and the half-width at half-maximum amplitude
(Apw) is a very well-defined parameter in terms of the
spin-spin relaxation time (T, ) since

The Lorentzian linewidth is shown as a function of the

‘ 169°C
4/& B
L N 1 : |
10.0 0.0 10.0
-19°C
L 2 1 N ]
25.0 0.0 25.0
-60°C
-119°¢C

L L | L ]

100.0 0.0 100.0
FREQUENCY ( kHz )

FIG. 1. '®Ag NMR spectra from the (0.5,1) sample obtained
by Fourier transforming the FID signal following a single 7/2
pulse. The line is motionally narrowed with increasing temper-
ature.

reciprocal temperature for each of the samples in Fig. 3.
For the data that are shown the linewidths are less than 1
kHz and the line shapes are well represented by a
Lorentzian. Below 1 kHz the lines are completely
motionally narrowed and the crossover to a Gaussian line
shape at low temperatures has not begun. In the region
where the linewidth was less than 1 kHz and the temper-
ature is below that of the 7, minimum, the adiabatic
term in the expression for the linewidth is dominant and
there is a roughly Arrhenius temperature dependence for
each sample. The average ratio of the T, values at the
two frequencies 16.8 and 12.5 MHz for all of the samples
was found to be 1.44+0.08. This ratio can be compared
with the ratio of the resonance frequencies which is 1.33
or the frequencies squared which is 1.77. Table I lists the
activation energies derived directly from least-squares fits
of the data to the equation

Aiw= A exp(E 4 /kT) , (25)

where A is an amplitude factor. The fitting was only car-
ried out on the data in the adiabatic region. The
linewidth increases with magnetic field but the activation
energies are independent of field within experimental er-
ror.

(a)

1 kHz

FIG. 2. The upper spectrum (dots) is for the (0.5,1) sample at
89.5°C and 16.8 MHz. The fitted Lorentzian curve (solid line)
has a half width at half maximum linewidth of 89 Hz. The
lower spectrum is for the same sample at the same frequency
but at —99.3°C. The fitted Gaussian curve has a half-width at
half maximum linewidth of 4.3 kHz.
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TABLE I. Activation energies from the NMR linewidths.
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TABLE II. Low-temperature Gaussian linewidth parameters.

Resonance Activation Resonance Linewidth
Sample frequency energy Amplitude Sample frequency Temperature (HWHM)
x n (MHz) (eV) factor x n (MHz) °C) (kHz)
0.7 1 12.5 0.10£0.01 54X1073 0.7 1 12.5 —117.8 2.510.2
16.8 0.10 7.5 16.8 —120.4 4.0
0.5 1 12.5 0.11 4.2 0.5 1 12.5 —60.7 32
16.8 0.12 5.1 16.8 —59.7 4.5
0.6 2 12.5 0.093 19.3 16.8 —119.1 5.0
16.8 0.093 30.7 0.6 2 12.5 —103.3 34
0.5 2 12.5 0.11 17.0 0 2.1 12.5 68.9 3.2
16.8 0.10 33.2
0.3 2 12.5 0.15 15.9

At low temperatures when an echo signal was observed
the line shape changed from being Lorentzian to Gauss-
ian. Figure 2 shows a Gaussian fit for the (0.5,1) sample
at 12.5 MHz at —99.3°C and clearly the fit is very good
indicating the change from the Lorentzian high-
temperature form. Figure 4 shows the low-temperature
line shapes for several of the samples including results at
the two resonance frequencies and Table II summarizes
the linewidth parameters obtained by fitting the experi-
mental data to a Gaussian curve. The linewidth reported
in Table II for the (0.7,1) sample probably is not the max-

1.00f (a)
N ab & oo
I alt, ® 00
< oA 00’ o®° g o
z L5 g
o 0.10} o o
= £ ﬁgn(o.mw 12.5 MHz
z W 0% ° 16.8
= o oI 4(0.5,1) 12.5 MHz
° 16.8
0.01 . . .
2 3 4 5 6
1000/TEMPERATURE (K ~')
1.00f (b) . .
~~ (22
N 3‘ PR, ad,
I o® -l. A
3 Qw-.-l nw:‘::“ a
= ek
6 o.10} fiaiat o (0.6,2) 12.5 MHz
E ‘:AAA A 16.8
= “ o (0.5,2) 12.5 MHz
5 . 16.8
¢ (0.3.2) 12.5 MHz
0.01 - . _16.8
2 3 4 5 6

1000/TEMPERATURE (K™')

FIG. 3. The motionally (Lorentzian) narrowed linewidths are
shown as a function of the reciprocal temperature for each of
the samples investigated in this study.

imum static width but lower temperatures were not possi-
ble with the present apparatus. Interestingly, there was a
definite dependence of the linewidth on magnetic field but
little variation between samples including the sample
without Agl.

From the low-temperature Gaussian linewidth it is
possible to determine the second moment, {©?) which is
needed in the analysis of the motional narrowing at high
temperature. A careful study was made of the line shape
for the (0.5,1) sample down to —120°C. The width
reached a maximum at —90°C and remained constant
upon decreasing the temperature further. From the lim-
iting low-temperature linewidth for this sample at 16.8
MHz it was found that (w?)=(7.0+£0.4)X10% s™2
From limited measurements on several samples it was
determined that {(w?) as determined from the low-
temperature linewidth is proportional to w3.

Spin-lattice relaxation

For each sample, at all the temperatures investigated in
this study, the return of the nuclear magnetization to
equilibrium was found to be exponential so that a unique

(@) (@) -
10 kHz
N(:W*/\WV :i—-/\n»w

FIG. 4. '®Ag NMR spectra are obtained by Fourier trans-
forming the echo signal following a 7/2-7-7 pulse sequence. (a)
sample (0.7,1) at 16.8 MHz and —120.4°C; (b) sample (0.7,1) at
12.5 MHz and —121.8°C; (c) sample (0,2.1) at 12.5 MHz and
68.9°C; (d) sample (0.5,1) at 16.8 MHz and —69.5 °C; (e) sample
(0.5,1) at 12.5 MHz and — 60.7 °C; (f) sample (0.6,2) at 12.5 MHz
and —94.8°C.
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2 (0.7,1) 12.5 MHz the broad low-temperature linewidth is simply a result of

@100} (a) 16.8 a wide distribution of isotropic chemical shifts or does
w o (0.5,1) 12.5 MHz the anisotropic part contribute as well.

s . 16.8 Villa et al.3 have measured the average isotropic chem-

= ical shift (that is the center of the motionally narrowed

% R » NMR line) in a variety of silver borate glasses and have

E 10} % ¢ ..4‘" found that these can range from 200 to 800 ppm refer-

% Y ‘W&’ mﬁﬁ“\ enced to 10 M AgNO,. Becker and Von Goldammer*

é S 4 and Looser and Brinkman*® have measured the isotropic

© chemical shifts in silver iodide, RbAg,Is and KAg,Is,

0.2 2 3 4 5 é 7 finding that the shift was in the range of 700—800 ppm

- while Burges et al.° found that the Ag oxyanions have

1000/TEMPERATURE (K ') shifts ranging from 0 to —50 ppm. It may be expected,

therefore, that the isotropic chemical shifts at the various

pr 2 (0.6.2) 12.5 MHz sitgs in the silvef borate glass will range over 800 ppm

3 10.0 (b) R a 16.8 vyhlc}} could easily account for. the observed Gagssmn

:: 6 (0.5.2) 12.5 MHz linewidths of 10 kHz [full width at half maximum

Y 3 . 16.8 (FWHM)] at 16.8 MHz (620 ppm). However, as Villa

[ ) 0(0.3.2) 12.5 MHz et al.® have argued the (0,2.1) sample should only ha\fe

% * o ’ BO,-Ag-BO, type of units and the range of isotropic

5 10} &f a3 :(0-2-1) 11%2 MHz chemical shift should be minimal. Nevertheless, the

= ' Mﬁ“' ’ low-temperature linewidth for this sample is very similar

é to that found for the highly Agl-doped samples. On the

o basis of this observation the anisotropic part of the chem-

0.2 2 3 4 5 6 7 ical shift should be responsible for the static width, at
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FIG. 5. '“Ag nuclear spin-lattice-relaxation times as a func-
tion of reciprocal temperature.

T, could be assigned to each measurement. The error as-
sociated with each T| measurement is about £1%. The
results for each sample are shown in Fig. 5 as a function
of reciprocal temperature. A definite 7', minimum is ob-
served for the (0.7,1), (0.5,1), and (0.6,2) samples while the
minimum for the other samples appears to occur at
higher temperatures than could be reached with the
present apparatus. There is a definite trend for the T,
minima to move to lower temperature with increasing
Ag™ concentration in the sample. The T, minima are ex-
tremely broad and the frequency dependence of the relax-
ation is very weak on both sides of the T, minimum for
all the samples.

DISCUSSION

The static linewidth

The static linewidth increases with the Larmor preces-
sional frequency suggesting that the dominant spin in-
teraction which determines the low-temperature static
linewidth is the chemical shift. The powder pattern
characteristic of a spectrum determined by the anisotrop-
ic part of the chemical shift is not seen but rather the line
shape is fit very well by a Gaussian functional form. Be-
cause a glass is a heterogeneous system, there is expected
to be a wide variety of Ag™* sites in the amorphous glassy
matrix. These results suggest that there is a wide distri-
bution in the components of the chemical-shift tensor
throughout the glass. The question arises as to whether

least, in the (0,2.1) sample and probably makes a
significant contribution in all of the samples.

The spin-lattice relaxation

There is no doubt that the silver ion diffusion causes
the observed temperature dependence of both the
linewidth and the spin-lattice-relaxation time. It is not
clear, however, if the same nuclear spin interaction is re-
sponsible for temperature behavior of both the linewidth
and 7T',. While it has been argued that the fluctuating
fields due to motion of the Ag spins and the variety of
chemical-shift tensors in the glass cause the observed nar-
rowing of the NMR line, there are other possible process-
es which could influence the spin-lattice relaxation. Oth-
er possibilities include the Ag-I dipolar coupling, the
Ag-I scalar interaction coupled with fast quadrupolar re-
laxation of the iodine spins, direct modulation of the sca-
lar coupling between either the 'Ag and '“’Ag spins or
the '®Ag and I spins by the ionic motion or the time-
dependent pseudodipolar interaction between the Ag and
neighboring I spins.

It has been argued in other studies of Ag spin-lattice
relaxation that it is the time-dependent anisotropic chem-
ical shift which is the dominant mechanism.*!"*! An or-
der of magnitude calculation indicates that the chemical
shift must be considered in any analysis of T;. An esti-
mate of the spin-lattice relaxation rate can be obtained by
using the second moment of the static linewidth as a mea-
sure of the strength of the chemical-shift interaction. For
purposes of estimating the value of T, at the minimum it
is sufficient to let the spectral density, J(w,), in Eq. (5)
have the simple Debye form 7, /(1+w372). The predict-
ed value of T, ;. =wo/{w?). For the (0.7,1) sample at
16.8 MHz, the estimated values for T, .;, is 0.15 s while
the experimental value is 0.49 s. The strength of the



chemical shielding interaction is definitely large enough
to dominate the spin-lattice relaxation. The fact that the
estimated value of T'| i, is a factor of 3 smaller than the
experimental value indicates that (w?) is about 1 of
(w}).

The dipolar interaction can be neglected on the basis of
order of magnitude calculations of the possible contribu-
tions to T,. X-ray diffraction studies show that the
nearest magnetic spin to a Ag™ ion is an iodide ion 2.85
A away.’ This dipolar interaction made time dependent
by the Ag* motion would produce a T, ,;,~1000s. An
estimate of the influence of scalar relaxation of the
second kind requires a knowledge of the scalar interac-
tion between a Ag spin and the neighboring I spin, J,,
as well as the spin-spin relaxation time of the I spin 7,
since

1/T,=(87%/3)J%,.1S(S + D{1,/[1 +(wp,— )13}
(26)

and S=3 for iodine. Very little is known about Ag-I
coupling constants but the Sn-I coupling constant in Snl,
is known to be 940 Hz.>! Using 1000 Hz as an estimate
of J og 1, T, Would have to be less than 10™° s to influence
T,. In B-Agl, the T, ., for iodine is 60 us,? so that it is
unlikely that scalar coupling of the second kind makes a
contribution to the observed T',.

Scalar coupling of the first kind may be significant.
This interaction has the same form as Eq. (26) with 7, re-
placed by 7, the correlation time for the ionic motion.
Now the spin interaction is time dependent because the
scalar coupling is modulated by the ionic motion. Now
with the same value for J g the T ., is predicted to be
20 s. If the coupling constant is somewhat larger than
1000 Hz this mechanism could influence the observed T',.
There is also the possibility of scalar coupling between
the two isotopes of silver causing relaxation as is often
seen in thallium salts.’>* To be an important effect the J
parameter would have to be as large as it is in the thalli-
um salts ~5-10 kHz.

On the basis of these arguments, it is reasonable to as-
sume that the spin-lattice relaxation is dominated by the
chemical-shift interaction and Eq. (5) is applicable. The
form of the spectral density function depends on the
correlation function used to describe the diffusion of the
Ag™ ions. In this paper the correlation functions for the
BPP theory, the KWW expression and the theory put
forward by Funke have been examined in detail. The
temperature dependence of the thermally activated corre-
lation time has been assumed to be given by Eq. (15).

We consider that the time 7. in Eq. (15) is related to
the average “rattling” time for a Ag™ ion in a potential
well before jumping. This cage rattling frequency has
been observed to be between 50 and 150 cm ™! for silver
borate glasses.’> These frequencies correspond to times
between 2 and 7X 10 5.

Figure 6 shows least-squares fits to the data for the
(0.7,1) samples at 12.5 MHz for the BPP, KWW, and
Funke correlation functions. The least-squares fitting pa-
rameters for the three samples (0.7,1), (0.5,1), and (0.6,2)
where there are data on both sides of the 7, minimum
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are presented in Table III for each model. In order to
compare the quality of the various fits a fitting parameter
has been defined

0r=Sw i~/ ?/ (Subita). an

The experimental data points are y; and the calculated
values are yf;. The data are weighted with the factors w;
which were taken to be proportional to 1/y2 This pa-
rameter varies between 0 and 1, with a smaller value indi-
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FIG. 6. The spin-lattice relaxation time data for the (0.7,1)
sample at 12.5 MHz are shown as a function of reciprocal tem-
perature. The solid line in each plot is a least-squares fit to the
data using (a) the BPP theory, (b) the KWW empirical expres-
sion, and (c) the modified Debye-Hiickel theory as proposed by
Funke.
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TABLE III. Fitting parameters for spin-lattice-relaxation time results.

BPP theory
Sample Frequency (w?) E, Te Or
x n (MHz) (108 s7?) (eV) (1071° ) (1079
0.7 1 12.5 1.17 0.083 1.6 5
16.8 1.37 0.075 1.9 8
0.5 1 12.5 1.10 0.092 32 0.9
16.8 1.38 0.083 39 1.4
0.6 2 12.5 0.98 0.075 44 14
16.8 1.27 0.069 5.3 3
KWW theory
Sample Frequency {(w?) E, Tw Or
x n (MHz) B (10 s72) (eV) (107"  (107%)
0.7 1 12.5 0.24 2.0 0.3 0.83 1.3
16.8 2.4 0.29 1.35 1.5
0.5 1 12.5 0.28 1.7 0.3 1.6 0.4
16.8 2.1 0.3 2.2 1.1
0.6 2 12.5 0.26 1.6 0.27 2.2 0.6
16.8 2.1 0.27 35 2
Funke theory
Sample Frequency (w?) A ) Te O
x n (MHz) (108 s7%) (eV) (eV) (1071%s) (1079
0.7 1 12.5 1.6 0.11 0.10 0.31 0.7
16.8 2.0 0.11 0.094 0.25 1.1
0.5 1 12.5 1.5 0.13 0.12 0.53 1.7
16.8 2.0 0.13 0.12 0.38 0.5
0.6 2 12.5 1.3 0.11 0.096 0.83 0.3
16.8 1.9 0.11 0.10 0.45 1.1

cating a better fit.

The BPP theory does not fit the experimental data.
The data are not symmetric with respect to the T, ;. on
the plot shown in Fig. 6 as expected by the theory. There
is no frequency dependence on the high-temperature side
of the T, i, Whereas the theory predicts 1/T; < w3. In
the BPP theory at the T ;,, wg7.=1. For the (0.6,2)
sample the T, ., occurs at 35°C; 7, is predicted to be
1.3X 107 % s but Brillouin scattering and ultrasonic at-
tenuation results show 7,~107° s at this same tempera-
ture.

From Table III it can be seen that for the 7| data, the
three-parameter BPP fit, and the four-parameter fit to the
modified Debye-Hiickel model due to Funke*® give values
of 7., between two and three orders of magnitude slower

than the Ag™ ion rattling period.

For the KWW fit to the T, data we first allowed four
parameters ({w?), E 4, T.,, B) to vary for the (0.7,1) sam-
ple since it comprised the largest data set. The integrals
involved were numerically calculated using the method
proposed by Dishon, Weiss, and Bendler.*> We found ac-
ceptable fits for a range of B values between 0.22 and
0.28, with values of E , of the order of 0.3 eV and 7
values in the range from 10713 to 107! s. It was recog-
nized that the values of E, were in agreement with the
activation energies measured for these samples by dc con-
ductivity (see Table IV). Further using the Einstein rela-
tion and assuming Fickian diffusion one can calculate
values of 7., from the conductivity data.® These values
are of the order of 10! s and are tabulated in Table IV.

TABLE IV. KWW fitting parameters for NMR spin-lattice-relaxation time and linewidth results

compared to conductivity results.

Conductivity? NMR T, T,
Sample E, Teo Frequency (0?) E, Te E/, T
x no (eV) (107" ) (MHz) B (108s7) (V) (107Ys) (eV) (10775)
0.7 1 0.23 2.6 12.5 0.26 1.8 0.29 0.22 0.10 1.6
16.8 0.26 2.3 0.27 0.35 0.10 0.85
0.5 1 0.30 2.1 12.5 0.28 1.6 0.31 1.5 0.09 7.1
16.8 0.28 2.1 0.31 1.9 0.10 43
0.6 2 0.27 2.7 12.5 0.26 1.6 0.27 2.0 0.09 3.0
16.8 0.26 2.1 0.27 3.7 0.09 2.2

#Reference 2.
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The values of E , and 7, listed in Table IV provide excel-
lent fits to our T; data. These values were selected by
constraining the values of 7, to be in the 10~ !% s range to
agree with the infrared results.’> The fits to the data,
however, indicate that (w?) < w,.

Table III shows that the spin-lattice relaxation time
data as a function of reciprocal temperature can be fit us-
ing a number of models. The BPP theory can be rejected
on the basis of a much poorer fit than either the KWW or
Funke expressions which fit the data equally well. We
have also tried using the BPP approach but with two
correlation times and expressions incorporating a Gauss-
ian and a Frohlich distribution of activation energies.
These also give fits of the same quality as the KWW or
Funke expressions. In all of the fits, except the KWW,
activation energies or averages thereof were of the order
of 0.1-0.15 eV and 7, was of the order of 1071°-107 "' 5.
For the KWW fits with S in the range 0.26 to 0.28 we ob-
tain activation energies of 0.3 eV and values of 7, in the
range of 10713 s. The obtained B value of the (0.6,2) sam-
ple is in excellent agreement with recent low-temperature
dielectric measurements which give a B8 value of 0.25.%
However, previous electrical relaxation results gave
S=0.52 from a fit to the imaginary part of the modulus
spectrum.>® Mechanical relaxation in the same frequency
range gave a slightly larger 8 (0.35).> Because the far in-
frared results on the types of glass which we are studying
show absorption due to vibrations in the 50-150 cm ™!
range,’! we suggest that r_ be associated with the re-
ciprocal of these frequencies. Given this assumption our
T, results agree very well with the dc conductivity results
of Chiodelli et al.> According to Richards®' such agree-
ment between NMR T, results and dc conductivity indi-
cates discrete, nearest neighbor, classical hopping where
the attempt frequency corresponds to a measured optical
phonon mode.

Motional narrowing of the linewidth

The diffusion of the Ag™ ions through a variety of
different sites in the glass means that the Ag nuclei ex-
perience fluctuating magnetic fields due to the different
components of the chemical-shift tensor at each site. The
theoretical predictions of the NMR linewidth given
above in the theory section differ only in the choice of the
correlation function used to describe the dynamics of the
diffusing Ag™ ions. Each of the theories, however, pre-
dicts an exponential increase in the linewidth as a func-
tion of the reciprocal of the temperature. The linewidth
continues to increase as the temperature decreases until
the static value is reached. The experimental behavior is
only roughly exponential for some of the samples investi-
gated as shown in Fig. 3. The most obvious deviation
occurs with the (0.5,1) sample where the data appear to
have two straight line segments.
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The interpretation of the fitting parameters listed in
Table I depends on the model chosen to describe the ion-
ic diffusion. The equations given in this paper are only
valid in the motionally narrowed region where the aver-
age correlation time is greater than the reciprocal of the
Larmor precessional frequency. Operationally, this
means that the adiabatic expressions should only be used
to fit the data in the lower-temperature region below the
T minimum.

Using the KWW correlation function the linewidth is
given by Eq. (16). In this equation it is assumed that
(@} ) has the same value as in the absence of motion and
that the temperature dependence of the linewidth is Ar-
rhenius. The parameters E/, and 7/, obtained from the
T, experimental data are given in Table IV. Notice that
the linewidth (1/T,) data versus reciprocal temperature
produce somewhat nonlinear graphs with the most non-
linear being for the (0.5,1) sample. In addition fitting to
the KWW model produces activation energies which are
about one third of those obtained from the T'; data. We
suggest that the assumption of a temperature-
independent {w?) may be incorrect. If the bottom of the
potential wells in which the Ag™ ion can reside, have a
distribution of energies, then the number of different sites
being sampled by the ions increases with temperature.
The range of chemical shifts will then be a function of
temperature. Such a temperature dependence could re-
sult in both a higher average activation energy and be re-
sponsible for the observed nonlinearity in the Arrhenius
plot. An increase with temperature of anharmonic effects
was observed by Carini et al.”® for these glasses from ul-
trasonic measurements. However, their observations in-
dicate that anharmonicity cannot account for the in-
crease in {w?) required to give average activation ener-
gies in the region of 0.3 eV for our linewidth measure-
ments.

In conclusion we can make the following points. (1)
Because a single NMR line is observed at all tempera-
tures there is no evidence for two or more populations of
Ag? ions. There is no evidence for a subdivision of ions
into those nearest iodine atoms and those nearest oxygen
atoms nor can the ions be divided into mobile and immo-
bile species. (2) In our opinion the experimental NMR
data are best fit using the empirical KWW model. The
non-BPP-type behavior is a result of a variety of
different silver ion sites having a range of potential well
depths not the correlated silver ion motion proposed by
Funke. (3) There are a number of unresolved problems
with the present analysis. In particular, the frequency
dependence of {®}) and (w?) as determined from the
spin-lattice relaxation times is not proportional to w3 as
expected. (4) The analysis of '“Ag nuclear spin-
relaxation time data in fast-ionic conductors is severely
limited because so little is known about the chemical-shift
tensor in silver compounds.
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