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The temperature and frequency dependence of the !'B nuclear spin-lattice-relaxation rate has
been investigated in a number of ionic glassy conductors of general composition
(AgD), (Ag,0-nB,0;), -, with n =1, 2 and variable x. At T >100 K a BPP-type maximum in T
is found that is consistent with a thermally activated reorientational motion of BO4 groups. [BPP
indicates Bloembergen, Percell, and Pound, Phys. Rev. 73, 679 (1948).] It is found that the sum of
the activation energy for BO, motion with the activation energy recently measured for Ag* local
motion is equal to the activation energy derived from conductivity measurements. At low tempera-
ture one observes the usual quasilinear temperature dependence of T7' and an unusual frequency
dependence not described by a power law. An interpretative model of nuclear relaxation due to dis-
order modes is developed to explain the frequency dependence. The analysis of the data indicates
the presence of a relatively large number of slowly fluctuating two-level systems, formed by coupled
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BO, units, responsible for the frequency dependence of the experimental relaxation rate.

I. INTRODUCTION

Ionic conductors containing Agl can be prepared in
the form of glasses and they exhibit ionic conductivity as
high as 107'-1072 (Q cm) at room temperature.""?> The
microscopic mechanisms leading to this high conductivi-
ty are still not completely understood. Furthermore, the
occurrence of high ionic conduction in glassy matrix
poses the interesting possibility of a coupling® between
the translational degrees of freedom of the Ag ions and
the disorder modes or two-level systems (TLS’s) typical of
glassy materials.*® In this paper we use the !'B nuclear
spin-lattice-relaxation rate, T, ' as a probe of the micro-
scopic dynamics of the glass-forming borate units. The
temperature dependence of T; ! at “high temperature,”
i.e., T>100 K, yields information about the local atom
motion of the borate units and the corresponding activa-
tion energy. At low temperature, the relaxation rate is
dominated by the fluctuations of electric-field gradient
(EFG) associated with the tunneling motion of the atoms
or groups of atoms forming the TLS’s. The microscopic
origin of the TLS’s and the exact process by which the
nuclear spins are relaxed by TLS’s are still unsettled
problems. We find that the nuclear spin-lattice-
relaxation model developed by Szeftel and Alloul,® when
properly extended to include the effect of slow fluctuating
TLS’s, yields the best framework to analyze the data. We
obtain expressions for the temperature and frequency
dependence of T ! that are in good agreement with the
experimental data and allow one to derive information
about the size, the number, and the fluctuating time of
the TLS’s.

II. EXPERIMENTAL DETAILS

The compounds were prepared from certified reagent-
grade Agl, AgNO,, and B,0; as described elsewhere.!
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The samples investigated here are of the general composi-
tion (Agl),(Ag,0-nB,05),_,. The results on ''B NMR
refer mostly to compounds with » =2 (x=0.0, 0.2, 0.5,
0.65), which have been investigated by means of specific-
heat measurements.” A few results of !'B relaxation rate
refer to samples with n =1 (x =0.2, 0.8), which have al-
ready been in part published.’ The measurements were
performed by using a Fourier transform (FT) pulse spec-
trometer operating at variable frequency (3-80 MHz) in
connection with both a 6-T superconducting magnet and
a standard electromagnet. The !'B NMR line is
broadened by second-order quadrupole effects, as can be
seen by the inverse frequency dependence of the width.
At a resonance frequency v; =10 MHz one finds a width
at half intensity Av=5 kHz in reasonable agreement with
a quadrupole coupling frequency of v,=0.2 MHz, as
measured for ''B in the BO, group that is the most im-
portant boron group in our samples.® Since the NMR
line is inhomogeneously broadened, the T, measurements
were performed on the echo signal following a
(m/2)-(m/2), pulse sequence. The recovery of the nu-
clear magnetization was monitored after a short (t <<7T')
saturating pulse sequence that is believed to saturate the
central line transition (—Z1«+1) without affecting the
remaining levels. Under these initial conditions one has,
from the solutions of the master equations’

M(t)—M(o0) _
—M(:)————%exp(—2W1t)+%exp(—2W2t) ’ (1)
where W, and W, are the probabilities for the transition
with Am =1 and 2, respectively. A few measurements
were also performed with a long saturating pulse se-
quence (¢ >> T, ) for which one expects'®

M(t)—M(x)

M) =exp(—2W,t) . (2)
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The recovery law in both cases is practically the same, in-
dicating that W, =W,=W,. Thus we assume that the
measured relaxation rate T, ! =2Wj,. In some instances
we found a slight nonexponential decay that should be as-
cribed to a macroscopic distribution of relaxation rates.®
Furthermore, at low temperature where the relaxation
time becomes very long, one observes an initial fast decay
of the magnetization (10%-20 % of the magnetization)
that can be ascribed to spin diffusion effects and was
disregarded. After the initial fast recovery a common
spin temperature sets in and the long decay rate is a mea-
sure of the average relaxation.

III. RESULTS AND COMPARISON
WITH THEORY

The !''B spin-lattice relaxation in borate glass systems
is driven by the coupling of the nuclear quadrupole mo-
ment Q=3.56X10"2 (107* cm? with the fluctuating
electric field gradients (EFG’s). For temperatures above
about 100 K the dominant mechanism that modulates the
EFG at the !'B site is the thermally activated random
fluctuations of the BO, tetrahedral units among different
equilibrium positions. In the samples with x 70, contain-
ing Agl units, the Ag® diffusion could contribute, in
principle, to the EFG modulation. However, this relaxa-
tion mechanism was shown to be negligible by using both
theoretical arguments and experimental verification.> At
low temperature, when the correlation time associated
with the “classical” reorientation of BO, units becomes
too long to explain the observed relaxation rate one has
to invoke as a dominant relaxation mechanism the cou-
pling of the "B nuclei to the low-frequency disorder
modes associated with tunneling in two-level systems
(TLS’s). In the following, we present and discuss sepa-
rately the results at high temperatures and those at low
temperatures.

A. High-temperature relaxation

Some representative results for the temperature depen-
dence of !'B T, in different samples and for different res-
onance frequencies are shown in Figs. 1 and 2. In all
cases a 7| minimum is observed at temperatures that are
a sensitive function of the glass composition. The
minimum scales with the resonance frequency according
to the BPP-type theory. Thus, an analysis of the high-
temperature results in terms of this simple theoretical ap-
proach seems justified. If one assumes that the random
network of BO, groups can undergo reorientational fluc-
tuations among different equilibrium positions with a
thermally activated correlation time one can write ap-
proximately

T 4t
+ ,
1+o] 1+40f

Ty '=2W,=C 3)

where @; is the Larmor frequency and

C=14{(e%qQ /#)*)=3.16{v}
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FIG. 1. "B nuclear spin-lattice-relaxation time T, vs 1000/T
in two samples of (Agl),(Ag,0-B,0;),_, at v, =20 MHz: (0)
for x =0.8 and (@) for x =0.2. The solid lines are the theoreti-
cal best fits according to Eq. (3) in the text with the parameters
of Table I.

is an effective mean-square quadrupole coupling frequen-
cy due to the modulation of the "B EFG among the
different positions. By fitting the experimental results
with Eq. (3) and by assuming for the correlation time
T=T70eXp(E 4 /kgT), one obtains the values for the pa-
rameters quoted in Table I. The departure of the experi-
mental points from the theoretical fit on the low-
temperature site of the minimum is due to the effect of
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FIG. 2. "B nuclear spin-lattice-relaxation time T vs 1000/T
in a sample of (Agl)y¢s5(Ag,0:2B,03), 35 at two different reso-
nance frequencies: (O) for v, =29.6 MHz and (@) for v, =16
MHz. The solid lines are best fits according to Eq. (3) in the
text with the parameters of Table I. Similar results were ob-
tained for x =0.0, 0.2, and 0.5.
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TABLE 1. Summary of parameters related to ionic diffusion and to local atomic motion in

(Agl), (Ag,0-nB,03), _, glasses.
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From
Sample conductivity From'” Ag NMR From ''B NMR
E, E4® To EE To (Avh)12

n x (K) (K) (sec) (K) (sec) (Hz)
2 0.0
2 0.2 3500 2X10712 2% 10*
2 0.4 4110% 1275° 7.3X107 100
2 0.5 2500 2x10712 2.2X10*
2 0.55 33607 1043° 7.1Xx10710®
2 0.65 2860 927° 7.8X 107100 2000 2X10712 2.6X10*
1 0.0
1 0.2 5000° 2200 8.2X10712 2.3%x10*
1 0.5 3800°¢
1 0.6 3360°¢
1 0.7 3010°
1 0.8 2300° 1330 82X 10712 2.1x10*
2Reference 2(b).

"Reference 26.
‘Reference 3.

the TLS, as discussed in the following. One can conclude
that Eq. (3) even with no distribution of correlation times
seems to satisfactorily explain the experimental results,
although its validity is known to be only approximate in a
solid for a nucleus bearing a quadrupole moment.'!

B. Low-temperature relaxation

At temperatures below about 100 K the relaxation
mechanism described by Eq. (3) becomes totally negligi-
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FIG. 3. "B nuclear spin-lattice-relaxation rate as a function
of temperature in (Agl),(Ag,0:2B,0;);_,: (@) and (A) for
x=0.65 at v, =10 and 16 MHz, respectively. (0) and (O) for
x=0.0 at 10 and 16 MHz, respectively.

ble. The temperature dependence of the !'B relaxation
rate is of the form T !« T® with a slightly larger than
one as shown in Figs. 3 and 4. The preceding quasilinear
temperature dependence of the relaxation rate is a well-
known general feature of inorganic glasses'? and is well
explained by a variety of models'*~?° for nuclear quadru-
pole relaxation based on the coupling of the nucleus with
the fluctuating EFG associated with the tunneling defects
present in amorphous systems constituting the TLS.*?
Although the different models have the basic interaction
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FIG. 4. "B nuclear spin-lattice-relaxation rate as a function
of temperature in (Agl),(Ag,0-B,0;),_, for different values of
the concentration x: (O) for x =0.2, (A) for x=0.5, and (@)
for x=0.8. The resonance frequency is v; =11 MHz. The
straight lines are eye guides.
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mechanism in common and lead to similar results regard-
ing the temperature dependence, they differ in the micro-
scopic assumptions. Two basically different approaches
can be used. In one of them, the nuclear relaxation is ob-
tained by a Raman process where the nuclear spin flip is
accompanied by the contemporary excitation and deexci-
tation of two nearby coupled disorder modes.!® In the
second approach the tunneling defects are considered as
highly nonlinear, localized excitations that induce a large
fluctuating EFG on the nuclei contained in an effective
sphere around the defect. A semiclassical, weak collision,
spectral density approach?! in the spin-temperature ap-
proximations starts from

B <Q2)|V;”|2
T, 1:2___ﬁ2
X [7 (o100 exp(—w t)dt , @)

where the EFG functions V!' have been expanded in
terms of a pseudospin Ising variable o representing the
two possible equilibrium configurations of the ith TLS.
The evaluation of the correlation function of o(t) for a
pseudospin model of interacting TLS’s leads to the ex-

pression®

E

T1'=(Avy)7cosh™? (5

for the nuclear relaxation around a TLS of energy E. The
time 7, is a characteristic time for the fluctuations of the
TLS’s between the two equilibrium positions. In a pseu-
dospin formalism 7, can be viewed as a spin-spin relaxa-
tion time T,.2 In the spin-temperature approximation
the relaxation rate for the whole sample is obtained by
averaging Eq. (5) with respect to E. The final result valid
at low temperature is®

a
e (6)
NyLs
where Ny g is the number density of TLS’s, and a=1 for
a constant density of states N(E). A similar result re-
garding the temperature dependence is also obtained
from the Raman process.'® In both cases no dependence
on the measuring frequency v, is predicted.

C. Frequency dependence

At high temperature the ''B relaxation rate depends on
measuring frequency as predicted by Eq. (3) for o, 7>>1
(see Figs. 1 and 2). On the other hand, at low tempera-
ture, where the relaxation rate is dominated by the TLS,
the frequency dependence is as shown in Figs. 5 and 6.
The data can be best reproduced by a relaxation rate
written as the sum of two terms:

T '=4T+ BT (7)
Z

with 4 and B constants that are weakly dependent upon
concentration x. As we have seen from Eq. (6), the
theoretical predictions based either on a Raman process
or on fluctuations of TLS’s due to a semiclassical rate
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FIG. 5. '"'B nuclear spin-lattice-relaxation rate at T=77 K,
as a function of nmeasuring frequency v, in
(Agl),(Ag,0-2B,0;),., for different concentrations x: (O) for
x=0.65, (A) for x=0.0, (@) for x=0.5, and (O) for x =0.2.
The solid line represents the behavior of Eq. (7) in the text with
A=6.5X10"3sec 'K 'and B=2.6X10" sec > K.
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FIG. 6. ''B nuclear spin-lattice-relaxation rate at 7T=4.2 K,
as a function of measuring frequency v; in
(Agl),(Ag,0-2B,0;),.., for different concentrations x: (O) for
x=0.65, (A) for x=0.0, (@) for x=0.5, and (O) for x =0.2.
The solid line represents the behavior of Eq. (7) in the text with
the same values of the parameters 4 and B as in Fig. 5.
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process do not predict a frequency dependence. A fre-
quency dependence of the power-law type T'| ey B is
obtained theoretically by introducing in the Raman pro-
cess a combined mean lifetime of the TLS described by a
classical rate process with r=r7yexp(V /kzT) and assum-
ing V to be the barrier height between the two levels of a
TLS.!? A power-law frequency dependence with f=0-1
is indeed observed in many inorganic glasses. It should
be emphasized that the frequency dependence observed in
our experiment [see Eq. (7)] is quite different and cannot
be fitted by a power law. In order to interpret the experi-
mental results, let us go back to the relaxation mecha-
nism described in Ref. 6. Equations (5) and (6), which are
frequency independent, have been obtained by assuming
that the local fluctuations of o(t) are dominated by
inter-TLS interactions. Then, the correlation time 7, in
Eq. (5) is a sort of spin-spin relaxation time describing en-
ergy conserving mutual pseudospin transitions of two in-
teracting TLS’s and it is assumed that w; 7, << 1. Howev-
er, for isolated or weakly coupled TLS’s the spin-spin
mechanism should be negligible and the fluctuations
should be dominated by the TLS-lattice coupling with the
phonon bath. In the tunneling model the fluctuation rate
corresponds to a sort of spin-lattice-relaxation time and
can be expressed in terms of the parameters of the TLS
(Ref. 23)

\_ EA?

T = coth
! ak}

E
2k, T

) (8)

where A is the tunnel splitting and E =(e?>+A?)!/? is the
energy difference of the TLS with € the asymmetry be-
tween the two potential minima of the TLS. The con-
stant is

a=2mp#*v3/y*kj=10"% secK?,

where p is the mass density, v is the mean sound velocity,
and y is the deformation potential that can be deter-
mined from thermal conductivity measurements.?* The
expression (8) has its maximum value 7',;1 when €=0, i.e.,
E=A. The probability distribution P(E,7; !) for finding
a TLS with excitation energy E and relaxation rate
r; <7, '(E) turns out to be®*

no Ty
2In(2/u,,) [1—71,(E)/T/]1/2 ’

P(E, 77 = ©)
which is strongly peaked in the region of long relaxation
times and weakly divergent for the shortest time 7,,(E),
being “U” shaped. The TLS’s with the longest relaxation
times are those with a high potential barrier separating
the two potential minima and consequently a very small
tunneling splitting. In the tunneling model, n, is the den-
sity of TLS’s which is assumed constant up to an
unspecified maximum excitation energy E_,, and
U, =ALin/E is the minimum value of u =A/E, which
can be taken of the order to 107%.22 The tunneling split-
ting A in Eq. (8) is given by A=hwexp(—A) with
Axd(mV,)!"/? where d is the distance between the poten-
tial minima, m is the effective mass of the particle, and
V, is the potential barrier. For reasonable values of the
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parameters one expects a distribution of A values from
close to zero up to a maximum value of the order of
0.01-0.1 K. Consequently one has, from Eq. (8), in the
hypothesis E <2k T, that the fluctuation rate is always
smaller than the Larmor frequency w;. Thus one expects
that a non-negligible number of TLS’s exists for which
the fluctuation rates are dominated by the spin-phonon
mechanism [i.e., 7;! given by Eq. (8)] rather than the
spin-spin mechanism [see in Eq. (5)]. These slow fluctuat-
ing TLS’s are expected to give a frequency-dependent
term in the nuclear spin-lattice-relaxation rate. This
term can be estimated by writing the contribution to the
1B relaxation rate due to the ith slow fluctuating TLS as

(E;)

(T7H),=(Avy), ———— ,
A oy

(10)

where (Avj ), is an effective quadrupole coupling con-
stant that depends on the considered TLS both through
the geometric parameters and the value of € and A.%?*
In the spin-temperature approximation, valid for
T,<<T, the sample can be divided into interaction
spheres of mean radius R, inside which the relaxation of
all nuclei is due to the fluctuations of EFG tensor caused
by the TLS located at the center. The relaxation rate for
the nuclei in each sphere can be calculated by averaging
over the distance in an isotropic assumption. This can be
done by allowing a proper mean volume of radius r, to
each TLS (formed by one or more boron tetrahedra) and
by assuming

(Avy); =(Avy )y for r<ry,
2 2y 1O
(Avg ), =(Avy >0[F for r>rg .
The result has to be further averaged over the distribu-
tion P(E, 7, ') of the correlation rates and that of energy
E. We assume for the density of states of the TLS
N(E)=ny=const between O and the cutoff energy E_,,.
By utilizing Eqgs. (8)-(10), and considering that for
A <0.1K the condition w; 7, > 1 is satisfied for excitation
energies up to about 10 K, if 7 <100 K, we obtain

2
T

f

A

max

kg

To

— 11
R ) an

T a(Avé)oi—

where (7, /R )® represents the fraction of the total volume
of the sample occupied by the TLS or equivalently the
fraction of !'B belonging to the TLS. It should be noted
that the average over E also involves the effective quadru-
pole coupling constant so that (szg Yo in Eq. (11) is an
average value over all TLS’s. The contribution derived in
Eq. (11) refers only to the isolated, slow fluctuating TLS,
and it well describes the experimental behavior of the
second term in Eq. (7). The frequency-independent term
in Eq. (7) represents the contribution of the fast relaxing
TLS. These include both the isolated TLS for which the
condition w;7;>1 does not hold and the strongly cou-
pled TLS whose frequency-independent contribution is
calculated in Egs. (5) and (6). It should be noted that the
assumption kz T > E was used in deriving Eq. (11). For
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very low temperatures (7 <1 K) the temperature depen-
dence becomes more pronounced with T '« T*/w}.
This temperature dependence is difficult to observe exper-
imentally since the corresponding contribution to 7'
becomes ne§ligibly small except for the lowest Larmor
frequencies.”> The values of the constant in Eq. (7) ob-
tained from the data in Figs. 5 and 6 for
(Agl), (Ag,0-2B,0;),_, and neglecting the small concen-
tration dependence are

A=6.5X1073,

(12)
B=2.6x10",

Ainsec” 'K 'and Binsec *K~!. By comparing these
values with the theoretical expression (11), one can derive
information about the fraction of slow-fluctuating TLS’s,
as will be shown in the next section.

D. Concentration dependence

The !'B T, is only weakly dependent on the concentra-
tion x of Agl groups in both glasses with » =1 and 2.
Some representative results are shown in Fig. 7. For the
glasses with n =2 [Fig. 7(a)] the weak concentration
dependence is observed only in the data at low frequency.
For the glasses with n =1 the concentration dependence
is stronger [Fig. 7(b)] but we do not have the results as a
function of resonance frequency. In order to compare
the results with the theoretical predictions one should

n=2
2.5+
2 -
— (a)
o °
RAKIS
-
1 —
0.5} —o© —o o -
concentration x
! ! ] 1 ] ] 1
0 4 6
- n=1
0.4+ A
'Tg (b)
8 - A
0.2+
. A
concentration x
0 1 1 | 1 1 1 1 |
0 0.2 0.4 0.6
FIG. 7. "B nuclear spin-lattice-relaxation rate in

(Agl), (Ag,0-nB,0;),_, at 4.2 K as a function of concentrations
and frequency. In part (a): n =2, (O) for 80 MHz and (@) for
4.4 MHz. In part (b): n=1, (A) for 11 MHz. The straight
lines are eye guides.
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keep the following in mind. At high resonance frequency
where the "B T ! is dominated by the fast fluctuating
strong interacting TLS, T'{ ! is inversely proportional to
their density Ny g [see Eq. (6)]. This comes about be-
cause T ' 7, and the fluctuating time 7, of the in-
teracting TLS goes as 7, <(N1rs)~!. On the other hand,
the low-frequency relaxation rate has a non-negligible
contribution coming from the isolated slow fluctuating
TLS described by Eq. (11). This contribution is propor-
tional to

(ro/R)*=(N%.snp) /Ny ,

where N7 is the density of slow fluctuating TLS, nj is
the number of B atoms inside the TLS covolume and N
is the density of B atoms in the considered samples. The
results in Fig. 7 indicate that there is a weak concentra-
tion dependence of the slow fluctuating TLS with a de-
crease of their number as the concentration of Agl
groups increases.

IV. DISCUSSION AND CONCLUSION

A. High-temperature results

The ''B relaxation rate for T > 100 K can be explained
reasonably well in terms of a classical BPP-type process.
The activated atomic motion that drives the relaxation
could be identified as reorientations of the BO, groups in
agreement with a previous study.® The activation energy
E% for this process is considerably lower than the activa-
tion energy E, obtained from conductivity measurements
(see Table I). The same is true for E4® obtained from
1Ag NMR spin-lattice-relaxation rate measurements,®
also shown in Table I. The concentration dependence of
the three different activation energies is shown in Fig. 8
for the glasses with n =2. It appears quite remarkable
that the activation energy E, turns out to be the sum of

EA(K)
5000
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4000
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/
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FIG. 8. Activation energies as a function of concentration in
(Agl),(Ag,0-2B,0;),_,. The different values refer to measure-
ments of electric conductivity o (0), ''B NMR (@), and '®Ag
NMR (A) as given in Table I. The straight lines are eye guides.
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the activation energies pertinent to the local motion of
the Ag and B atoms, respectively,

E,=E%®+E% . (13)

This seems to confirm that the activated diffusion of Ag*
ions responsible for the ionic conductivity is the result of
a coupling of the local Ag motion with the disorder
modes of the BO, groups as already suggested.’ A recent
model?” proposes a relationship between E, and the hop-
ping activation energy E, for the diffusing ion,
E,/E ,=1/(1—n), where n(0<n <1) is the phenome-
nological exponent characterizing the frequency depen-
dence of the ac conductivity at high frequencies, i.e.,
o(w)xw". This relation is ascribed, in the preceding
model, to a coupling of the diffusing ions with the
thermal bath. It is interesting to point out that if one as-
sumes the thermal bath for the diffusing silver ions as
mainly due to the BO, motion the relation (13), together
with E48/E =1—n, implies EB /E_,=n =0.7 (see Fig. 8
and Table I), which is close to the average experimental
value for borate ionic glassy conductors.”®?® However,
this comparison should be considered with some caution
since n seems to be slightly temperature dependent.

B. Low-temperature results

At temperatures below 100 K the 1B relaxation rate is
dominated by the dynamics of the TLS. While the ob-
served linear temperature dependence of T;! is a
confirmation of a result found in most glassy materials,
the frequency dependence observed here (see Fig. 5)
seems peculiar of the systems investigated and it was not
observed before. The results can be explained by assum-
ing that two types of TLS’s are present: TLS’s that are
strongly coupled among themselves and give rise to fluc-
tuations of the EFG with a characteristic time 7, <<w '
and isolated TLS’s with 7, >>w '. The fraction of such
slow fluctuating TLS’s can be estimated by comparing
Eq. (11) and the experimental values in Eq. (12). One has
A 2

max

kg

ro

R

_{avpdo 1
(27)? a

=2.6X10" sec 3K .

By choosing

(Avy) /(2m)*=4X10°HZ* ,

as in the high-temperature relaxation (see Table I),
a=10"8% sec K3, as obtained from thermal conductivity
measurements?* one has

3
ro

R

Niis*"s _ 6.5x10
Ny (A/kg )

) (14)

where ng, Ng, and N}, are defined in Sec. III D. From
the linear term in the specific heat’ one can obtain an es-
timate of the constant density of states N (E)=n, for all
kinds of TLS’s (Ref. 5),
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C,=
T 6

From the experimental results,’ one has for the glasses
with n =2, averaging for all x values, N(E)=ny=1.410"
J 'cm™3. The total density of the TLS is

kin,T . (15)

Nyps=noE ., =1.9x10"® |—/=% (16)

max

B

The fraction of slow-relaxing TLS’s can be written [from
Egs. (14) and (16)]

_ Niis _ 1x1072 kj
NiLs ng  A2LE

max

S ) a7

max

where we have used Ny =2X10*2 cm~? for the average
density number of B atoms in our samples.” Since there
are no independent measurements of ng, A .., and E_,,,
in Eq. (17), one can only check the consistency of these
results by making reasonable assumptions. For
A,.x=0.05 K and E_,, =10 K, one has f=3/ny and
(ro/R)*=2.6X1073. From specific-heat measurements’
evidence was found for short-range ordered cluster hav-
ing a correlation length A=30 A. If one takes A’ as the
size of the TLS then ny=NyzA>=500 and f=6X10"3.
The value of ny should be viewed as an upper limit be-
cause it is likely that the dimensionality of the correlated
clusters is less than 3.

In conclusion, we may say that the !'B relaxation re-
sults give some interesting insights into the microscopic
origin of the disorder modes. At high temperature both
the BO, and the Agl groups undergo local motions. The
concomitant thermal excitation of both these degrees of
freedom seems to be necessary to produce the hopping
diffusion of the Ag* ions.

At low temperature one finds that a fraction of TLS’s
have long relaxation times and give rise to a frequency-
dependent term in the spin-lattice-relaxation rate. These
TLS’s could be identified as groups of many BO,
tetrahedral units that undergo cooperatively, phonon-
assisted tunneling motion with tunneling splitting up to
0.1 K, implying an energy barrier much lower than the
energy barrier of about 2000-3000 K associated with the
local motion of a single BO, group. The hypothesis of
the existence’® of two types of TLS’s receives new sup-
port from these results. It should be noted that the TLS’s
just described are consistent with the specific-heat re-
sults,” which indicate the presence of strongly anharmon-
ic local motion in correlated regions that could be
identified as the TLS.
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