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Phase relaxation in activated ytterbium phosphate glasses is investigated by the electron spin echo 
technique for temperatures between 1.5 and 7 K. Some unusual properties in the phase relaxation 
process are observed-an exponential decay in the two-pulse echo signal, a linear temperature 
dependence of the phase relaxation rate of the Yb3+ ions, and a residual contribution to the phase 
relaxation rate which is independent of the Yb concentration and proportional to the stationary 
magnetic field intensity. It is shown that these features cannot be caused by the Yb3+ ions alone. 
The observed phase relaxation is attributed to the presence of two-level systems characteristic of 
the amorphous state in the samples investigated. 

1. INTRODUCTION 

Studies of the physical nature and properties of the 
amorphous state are becoming important in connection with 
the wide use of noncrystalline materials in modern technolo- 
gy. Valuable information regarding the microstructure of 
amorphous materials may be obtained by studying paramag- 
netic centers and, in particular, rare-earth ions, which are 
the centers most sensitive to the local ligand fields. However, 
the large inhomogeneous line broadenings typical of glassy 
materials make it difficult to deduce this information from 
EPR spectra recorded under steady-state conditions.' A 
highly sensitive technique employing a laser polarimeter was 
recently used to observe the EPR spectra of a series of rare- 
earth and iron-group ions2 in phosphate glasses. 

In this paper (cf. also Refs. 3,4) we employ the electron 
spin echo (ESE) technique for the first time to study phase 
relaxation of rare-earth ions in glasses. We regard the ESE 
method as a promising technique for analyzing both the 
spectral and the dynamic properties of paramagnetic centers 
in amorphous materials. 

2. EXPERIMENTAL RESULTS 

We used an ESE spectrometer operating at frequency 
Y-9.4 GHz in the experiments. The time resolution was 
lo-' s in the 1.5 to 7 K temperature range and the echo 
signals were produced by two 50-ns-long rf pulses. The 
phase relaxation times T,,, were deduced from the decay of 
the ESE signal, and the spin-lattice relaxation time T, was 
found from the recovery of the echo signal after the elec- 
tronic system was saturated by applying a long pulse of dura- 
tion - 1 ms. The measured relaxation times were accurate to 
20%. 

We studied phosphate glasses of composition 
xYb,03.(25-x)La203.75P203 with ytterbium contents 
x = 0.03,0.1, and 0.3. The corresponding samples (denoted 
by I, 11, and 111) were synthesized from highly purified mate- 
rials, and the echo signal was reliably observed in all cases. 
Different types of echo signals (phonon, dipole) have pre- 
viously been noted in glasses (cf., e.g., the review in Ref. 5). 
However, paramagnetic centers were clearly responsible for 

the echo signal in our experiments; this is apparent both 
from the vanishing of the echo signal after the constant mag- 
netic field Ho was turned off and from the absence of echo 
signals in a sample with a high Yb content x = 5.0 (because 
of the very short phase relaxation times in this sample, ESE 
signals should indeed not be observed). 

We deduced the EPR spectrum of Yb3+ from the re- 
corded echo signal by sweeping the magnetic field Ho. Figure 
1 taken from Ref. 3 shows the EPR line for sample I (the 
relaxation processes were analyzed for H0z2 .6  and 7 kOe); 
similar spectra were found for samples I1 and 111. The Yb3+ 
ion spin system was responsible for generating the ESE- 
this is shown convincingly by the dependence of the ESE 
signal intensity on the Yb content x and by the ratio of the 
effective g-factors on the weak- and strong-field wings of the 
EPR line (this ratio was z 4 ,  which corresponds to the char- 
acteristic anisotropy g,/g, -4 of Yb3+ in crystals). The lat- 
ter result also indicates that the observed EPR signal might 
be due to random orientations of the local axes of quantiza- 
tion of the Yb3+ ions relative to the external magnetic field 

Ho. 
We observed a nearly exponential decay of the two- 

pulse echo signal in our experiments. In order to ascertain 
the nature of the interaction and centers responsible for the 
loss of coherence among the excited electron spins, we stud- 
ied the phase relaxation rate T i  ' at the peak of the EPR line 
(Ho = 2.6 kOe, cf. Fig. 1 in Ref. 3) as a function of the Yb 
content x. The results in Figs. 1 and 2 show that T; ' in- 
creases linearly withx; in addition, there is a contribution to 
T i  ' from the Yb ions which is independent of x. This be- 
havior of T; '(x) and the low residual (x-0) phase relaxa- 
tion rate indicate that the Yb3+ ions must play a principal 
role in the dephasing of the electron spins excited by the 
applied microwave pulses. Following Ref. 6, we will call 
these typed spins in order to distinguish them from the 
type-B spins, which are not in resonance with the external ac 
field. The interaction among the Yb3+ ions affects the decay 
of the ESE signal by two mechanisms (instantaneous and 
spectral diffusion6). It was suggested in Ref. 7 that the con- 
tributions of these mechanisms might be distinguished by 
exploiting the characteristic dependence of the rate T i  ' on 
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FIG. 1. Phase relaxation rate vs Yb3+ ion concentration in phosphate 
glass at T = 2 K :  the light and dark circles are for Ho = 2.6 and 7.0 kOe, 
respectively. The solid curves were calculated from (17) and intersect at 
the point x = 0.03. 

the microwave pulse amplitudes for instantaneous diffusion. 
In our samples, T; ' did not change significantly when this 
amplitude was decreased by - 10 dB. This indicates that 
spectral diffusion is dominant in the decay of the ESE signal, 
which is hardly surprising since the microwave pulses excite 
only a small portion of the entire EPR line. Spectral diffu- 
sion, which involves random changes in the local fields of the 
A spins caused by flipping of the type-B spins that produce 
the field, may be caused by spin-lattice relaxation of the B- 
spins or by changes in their relative orientations. We studied 
T; ' and T , ' as functions of the temperature T (Fig. 2) in 
order to clarify the role of these processes. A dependence 
T; ' or T was observed for 1.5(T(5K, for which spin-lat- 
tice relaxation of the A spins is insignificant; this indicates 
that the reorientation of the B spins is caused by the spin- 
lattice relaxation (the samples were of type TI, cf. Ref. 6). 
This is because under our experimental conditions ( h g k T  ), 
flip-flop processes should give a temperature-independent 
contribution to T; '. The large inhomogeneous broadening 
of the EPR spectrum discouraged effective reorientation of 
the Yb3+ ion spins in our experiment. However, even if the 
Yb3+ ions are regarded as type-B spins, their spin-lattice 
relaxation cannot account for the observed features of the 
phase relaxation. Indeed, Fig. 2 shows that the different tem- 
perature behavior T; ' for samples I and I11 is not reflected 
in any difference in the phase relaxation rates. Furthermore, 
the measured times TI greatly exceed the observed length of 
the echo signal, which should imply a nonexponential decay 
law for the spontaneous echo 

u ( a t )  =v, exp ( - a ~ ' )  (1) 

with x = 2 and a dependence of the form T;' 
a; [nT; ' (T) ]  ' I 2 ,  where n is the concentration of Yb3+ 
ions. However, this conflicts with the observed decay, which 
is exponential (x - 1) and for which T; ' depends linearly on 
T and n. Departures from exponential decay (values x > 1) 
could be discerned only at the lowest temperature T < 2K for 
samples I1 and 111. 

In order to gain additional information, we studied the 
phase relaxation process for the maximum magnetic field 
strengths Ho = 7.0 kOe under our conditions (Fig. 2). The 
phase relaxation kinetics and the behavior T; ' (T)  were 
similar to the case for weak fields Ho. Analysis of the concen- 
tration dependence T; '(x) (Fig. 1) revealed that the residual 
value T; ' ( x  = 0) on the strong-field wing of the EPR spec- 

FIG. 2. Temperature dependence of the phase and spin-lattice relaxation 
rates for Yb3+ ions in phosphate glass. The circles, triangles, and squares 
correspond to samples I, 11, and 111, and the dark and light figures corre- 
spond to magnetic fields Ho = 7.0 and 2.6 kOe, respectively. The values of 
T ;  ' were measured for H, = 2.6 kOe and are denoted by V and X for 
samples I and 111, respectively. 

trum was larger than for H, = 2.6 kOe, whereas the increase 
of T; ' with x was at least as rapid as for the case of weak 
fields. 

The main features of the phase relaxation process in our 
glass samples may be briefly summarized as follows: a) the 
spontaneous ESE signal decays exponentially; b) the phase 
relaxation rate T; ' depends linearly on the temperature; c) 
T; ' ( x  = 0) is nonzero; d) the dependence T; '(x) is differ- 
ent for strong and weak magnetic fields Ho. These experi- 
mental findings cannot be explained solely in terms of the 
effects of the Yb3+ ions-some additional analysis is re- 
quired. This analysis will lead us to postulate the presence of 
fast centers which relax rapidly compared to the Yb3+ ions; 
the fast centers act as type-B spins and dephase the preces- 
sion of the typed spins by the spectral diffusion mechanism. 
We will discuss some specific physical models for the fast 
centers and the nature of their interaction with the Yb3+ 
ions in the next section. 

3. PHYSICAL MODELS FOR THE FAST CENTERS 

We will attribute the observed features of the phase re- 
laxation process to the presence of two-level tunnel (TLT) 
systems in the samples; these systems are characteristic of 
the amorphous statelO-l2 and are responsible for the low- 
temperature behavior of glasses (Ref. 13)." The TLT systems 
consist of two closely spaced low-lying energy levels of an 
atom or group of atoms moving in a double-well potential 
(cf. Refs. 12, 15-18 for specific physical models); they are 
therefore sensitive to the properties of this potential, which 
are ultimately determined by distortions in the environment 
surrounding the TLT systems. Both the asymmetry in the 
double-well potential (the difference in the well energies) and 
the heights of the barriers separating the wells typically vary 
widely for glasses.19 This is reflected in a broad distribution 
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of the energy difference E between the levels of the TLT 
systems and in the tunneling parameter A: E ranges from 0 to 
several tens of degrees Kelvin, and 0 < A (A,,, = 7 (we write 
the tunnel splitting in the form A = Ee - * ). Thermal vibra- 
tions of the lattice modulate the asymmetry of the double- 
well potential and cause transitions between the TLT states; 
the spin-lattice relaxation rate for a two-level tunnel system 
(conveniently described in terms of a "spin" (T = 1.2), is giv- 
en by 

where y,, y, are the coupling constants of the TLT system 
with longitudinal and transverse sound, v,, v, are the corre- 
sponding velocities of sound, andp is the density of the mate- 
rial. The spread in the values of E and /Z gives rise to a spin- 
lattice relaxation "spectrum" for the TLT system, and for 
E = 2kT we readily find that 

R (212T. 2.) -4. 108T3e-Zh [s-'1. (3) 

Here and throughout the rest of this article we will take 
p = 4 g/cm3 and y, z d y ,  - 1 eV in our numerical estimates 
and will use the known elastic constants and TLT system 
parameters for fused quartz.20 

Comparison of (3) with the measured values of T; ' for 
Yb3+ (Fig. 2) implies that the two-level tunnel systems relax 
rapidly under our experimental conditions. Moreover, the 
TLT systems play a double role in the phase relaxation pro- 
cess. First, they can act directly as type-B spins and influence 
the dephasing of the electron spin precessions; second, the 
interaction of an Yb3+ ion present near a TLT system with 
the latter can convert the Yb3+ ion into a rapidly relaxing 
paramagnetic center, which also acts as a type-B spin. We 
will analyze both of these mechanisms in detail. 

a) Two-level tunnel systems as 6 spins 

Because the lattice deformation depends on which well 
in the double-well potential contains the localized atom as 
part of the TLT system, the latter is coupled by the static 
strain field both with the other TLT systems and with the 
paramagnetic ions in much the same way as for the analo- 
gous interaction among paramagnetic  ion^.^'.^^ The inter- 
well transitions give rise to a "transverse" interaction com- 
ponent which flips the spin of the TLT system. The coupling 
among the TLT systems was studied in Refs. 20 and 23; here 
we will consider the coupling between the TLT systems and 
the paramagnetic ions. If the distance r between them is large 
enough so that the elastic model applies, the interaction 
between the ion and the TLT system via the elastic strain 
field is described by the Hamiltonian 

which can be derived as in Refs. 20 and 24 from the equa- 
tions of elasticity. Here we have wriEen out only the z-z 
component of the interaction; 3 and S are the pseudospin 
and spin operators for the TLT system and for the ion, re- 
spectively (here @=., with a prime on the subscript z, denotes 
the projection of 5 on a fictitious axis z' which does not corre- 

spond to any spatial direction); the y, ) are the eigenvalues 
of the coupling tensor, which describes the coupling of the 
TLT system with the elastic vibrations; the <, are the direc- 
tion cosines of the vector r relative to the principal axes of the 
coupling tensor; G is the coupling constant of the ion spin 
with the lattice (for simplicity we will take the G-tensor to be 
isotropic). The continuous (elastic) medium approximation 
does not apply for ions lying close to the TLT systems, and 
the following microscopic analysis is needed to derive the 
Hamiltonian. We write the operator for the crystal field gen- 
erated by the Yb3+ ligands in the matrix form 

with respect t2 a basis gven by the two states of the TLT 
system. Here V(r,) and V(r,!) are the contributions from the 
ith ligand when the latter is localized at points ri and r,! in 
different wells of the double-well potential. If we confine our 
attention to the lower (Kramers) doublet of the Yb3+ ion and 
allow for tunneling, the ion-TLT system interaction is de- 
scribed by the Hamiltonian 

%"= (CS,+DS,) [o , .  (l-e-zA)"2+o,re-", (6) 

where 

A 

and Valso allows for mixing of the higher-lying ionic states 
by the magnetic field. In contrast to (4) we have retained the 
transverse-spin component of the Hamiltonian, which will 
be essential in what follows. 

If we now regard the TLT system as aB-spin system and 
neglect the small fraction of the A-spins that happen to be 
near the TLT system, we must use (4) as the Hamiltonian for 
the coupling between the TLT system and the typed spins. 
Because the inhomogeneous widths are large for both the 
EPR and the TLT energy spectra, we may neglect any fortui- 
tous equalities in the energy splitting of the ion and TLT 
system; we can therefore limit ourselves to the z-z compo- 
nent of 2Y in analyzing how the phase relaxation process is 
influenced by spectral diffusion mediated by the interaction 
of the TLT systems with the A-spins via the elastic strain 
field (cf. Ref. 8). 

6) Indirect effects associated with TLT systems 

We now consider a Yb3+ ion (denoted by Yb* in what 
follows) located near a TLT system; the Hamiltonian for the 
interaction with the TLT system is given by (6 ) .  The transi- 
tions between the TLT states caused by the interaction with 
thermal vibrations rapidly modulate the transverse fields 
generated by the TLT system at the Yb* center, thereby pro- 
viding an additional channel for electron spin relaxation. 
Similar models were considered in Refs. 25-27 in order to 
explain the observed features of relaxation in amorphous 
samples, i.e., to analyze how the transitions in the TLT sys- 
tems modulate the hyperfine interactions and thereby influ- 
ence the electron and nuclear quadrupole relaxation in 
amorphous materials. 

A calculation similar to the ones in Refs. 26 and 28 
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yields the expression 
I p e - Z &  

R' (a, E ,  A) = 
4fiL c h 2 ( E / 2 k T )  o'+R2 ( E ,  h )  

for the spin-lattice relaxation rate for a Yb* center. In order 
to simplify the estimates, we have replaced 

by G *Sr/r, where G *( a H,) is the spin-lattice coupling con- 
stant for Yb*, Sr = lr - r'I(r is the ligand displacement, 
and fm is the splitting of the ion levels. Because of the spread 
in the parameters E and II of the TLT systems, the spin- 
lattice relaxation rates of the Yb* centers acquire a corre- 
sponding scatter; for E = 2kT, Sr/r-0.1, w / 2 ~ - 9 . 4  GHz, 
and G * - G- 3 cm- ' we obtain2' [using (3)] 

R* (A) -4. 107T3e-2~1-e-2h)  / (1+4,4.10-5T6e-'h) [s-'1. (8) 

Comparison of these estimates with Fig. 2 implies that Yb* 
is a rapidly relaxing center. Unlike the TLT systems, the Yb* 
are paramagnetic and are coupled to the A-spins by the di- 
pole-dipole interaction. 

For strongly, inhomogeneously broadened EPR lines, 
most of the Yb3+ ions are B-spins; many Yb* centers may 
therefore be present even though the Yb3+ ions have a low 
probability of being located close to a TLT system. If we 
assume that the TLT systems and Yb3+ ions are uniformly 
and independently distributed in the sample, the concentra- 
tion of Yb* centers can be estimated by 

n b = 2 x ~ g = 0 , 0 4 n ~ ,  (9) 

where the value A -4.1018 cmP3 is typical for the concentra- 
tion of TLT systems with E 5 30 K, n is the concentration of 
Yb ( - 2 ~ . 1 0 ' ~  cmP3), and f is the fraction of sites in the 
25La0,03-75P20, "molecule" containing a TLT system (6 
must be high enough so that a Yb3+ ion in the same molecule 
relaxes rapidly). Even though their concentration n is less 
than A, the Yb* centers are important in the phase relaxation 
process; this is due in part to their strong coupling with the 
A-spins, and in part to the fact that the spread inil causes the 
strength of the A-spin-TLT interaction to vary and thereby 
diminishes the influence of the TLT systems on the relaxa- 
tion. 

The TLT systems present in the glasses should thus give 
rise to two types of fast centers; moreover, because of the 
wide spread in the spin-lattice relaxation rates under our 
experimental conditions, there will always exist fast centers 
of both types for which the spin vector flips only a few times 
during the lifetime 27 of the observed echo signal. These fast 
centers will thus strongly influence the dephasing of the A- 
spin  precession^^^^^^ and cause the spontaneous echo signal 
to decay exponentially. We will discuss how the fast centers 
affect the decay of the echo signal in the next section, togeth- 
er with results of numerical calculations of v(2.r). 

4. CALCULATION OF v(2r) 

We can derive an expression for the decay of a two-pulse 
echo signal by regarding both types of fast centers as B-spins. 
The echo signal amplitude at time 27 is given by 

u ( 2 r )  = uo ((exg {i [ x l ~ i j f . ( 2 r )  +z, A~,'I.  ( E T ) ] } ) )  . 
(10) 

where the angular brackets denote an average over all possi- 
ble configurations, including the distribution of the TLT sys- 
tem parameters and the g-factors of the Yb* ions, and over 
all possible random changes in the B-spin orientation (( ...) ,); 

are the fields produced at an A-spin located at the point ri by 
a TLT system and Yb* ion located respectively at r, and r,; 
f,,,, is defined by 

2 1  

i.(.) ( 2 ~ )  = s (f) m.i.i (t) dt, 
0 

wheres(t ) = 1 fort in the interval ( 0 , ~ )  ands(t ) = - 1 fort in 
(7, 2r), and m,(,, (t ) is the projection of the spin of Yb* (or of 
the TLT system) on the z axis (respectively, on the z' axis). 
Equation (10) neglects the TLT systems responsible for gen- 
erating the Yb* centers-the fields that they produce at the 
location of the electron spins are assumed small compared to 
the dipole fields produced by the Yb*. The dipole fields of 
the "normal" Yb3+ ions have also been omitted in Eq. (10); 
estimates reveal that because of their slow rate of spin reor- 
ientation, their effects on the phase relaxation are minor 
compared with the influence of the fast centers. We also note 
that the g-tensor is taken to be isotropic for simplicity, and 
that the g-factor is assumed to be uniformly distributed in 
the interval 1 <g<4; a rigorous allowance for the anisotropy 
and random spatial orientation of the g-tensors should not 
alter the qualitative results derived below for the electron 
spins.31 

In our case, in addition to the standard procedure of 
averaging over the random spatial positions of the B-spins in 
a dilute sample (cf., e.g., Refs. 8 and 32), we must also aver- 
age (10) over the distribution of the parameters of the TLT 
systems. The spread in the values of E and A determines the 
distribution of the spin-flip rates for the fast centers; we will 
treat it as in Ref. 30, where the influence of spectral diffusion 
on the decay of phonon echo signals in glass was studied for 
TLT systems. If we assume the distribution function 

P ( E ,  A) =P ( E )  (I-e-'") - ', P ( E )  =const. 

for the TLT system parameters33 and take the spatial posi- 
tion and spin-flip processes for the Yb* ions and TLT sys- 
tems to be independent, we obtain 

u ( 2 t )  =u,  e x p [ - 2 A a l . ( 2 T ) F ( t )  -2A01,*  ( 2 T )  F ' ( t )  1, (12) 

where the first and second terms in the argument of the expo- 
nential are due to the dephasing of the A-spin precessions by 
the TLT systems and by the Yb* centers, respectively. In Eq. 
(12), F is defined by 
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j(z, x) = e-' I .  (x (z-z') ) (Io (z') + Ii (z') ) 2' d z r ,  (14) 
0 

where we have written x=E /2kT and y=e -2*; Io(z) and 
Il(z) are modified Bessel functions; F *(r) is obtained from 
(13)byreplacingR ( x ,  y)-R (E, A )byR *(a, x, y) [cf. (7)], and 
the quantities 

41/Tn2 GA2yl kT 
AoIh (T) =v-- 2, 

V 3  A 4npul2 2qE,,, 

are temperature-dependent, which indicates that the main 
contribution to the phase relaxation comes from the fast 
centers generated by TLT systems with splittings E 5 kT. 
We observe that A' = A - n* -A in (15), and we have used 
the method in Ref. 20 to average over the random orienta- 
tions of the principal axes of the tensor y with allowance for 
the relationship between the ( y, ) and the measurable quan- 
tities y, and y,. 

In analyzing the time dependence v(2r) it is helpful to 
write R (E  = 2kT, A ) = We - '*, where Wis the upper bound 
of the spin-lattice relaxation spectrum for TLT systems with 
E 5 2kT (similarly, we can introduce the quantity W * for3' 
Yb*; however, this is unnecessary because the form of the 
result remains the same). It is readily shown that F(r) a  2 
provided that Wr( 1; in this case Eq. (12) reduces to (1) with 
x = 2 (estimates (3) and (8) imply that this will occur for 
times r - low6 s, at least for low temperatures < 1 K). As Wr 
increases, some of the B-spins will flip several times during 
2r ( Wr R 1)-these spins should dephase the precessions of 
the A-spins most effectively and cause a transition to a phase 
relaxation kinetics (1) with x - 1 (Refs. 29, 30). As Wr rises 
further, most of the B-spins will eventually satisfy the condi- 
tion R (E, A )r) 1, SO that the decay will be given by (1) with 
X-0.5. 

In order to verify the above qualitative conclusions we 
numerically integrated the expressions for F(T) and F *(r), 
which are shown in Figs. 3 and 4. The calculated values in 
Fig. 3 confirm the changes in the echo signal decay kinetics 
noted above as Wr increases. However, the transition from 

FIG. 3. Curves showing F(T)/T (solid) and F *(T)/T (dashed) as functions of 
WT for T = 1 K and 217 = 10. The dashed-and-dotted curve plots F (T)/T 

for a system of "normal" spins with fixed values1 = 0 and E = 2kT (these 
values were taken from Ref. 29 up to an arbitrary factor). 

FIG. 4. The dependence of F*(T)/T on T for 217 = 10 for T = 10 K, 1 K, 
and 0.1 K (solid, dashed, and dashed-and-dotted curves, respectively). 

x = 2 to x - 1 occurs for Wr > 1 and not for Wr- 1, which 
reflects the influence on the phase relaxation of the numer- 
ous TLT systems for which y=2-'* is small [cf. (13)l; this 
behavior was noted in Ref. 30 (we note parenthetically that 
the value of Wr for which the transition to x - 1 occurs de- 
pends on 77). The nonzero spread in the reorientation rates 
for the B-spins makes F(T)/T considerably larger than is the 
case for "normal" spins with fixed E and A = 0; the values 
for the latter case are shown by the dashed-and-dotted curve 
in Fig. 3 (these values were taken up to an arbitrary factor 
from Ref. 29 for E = 2kT; the echo signal was observed to 
decay exponentially for a time interval 2r). Figure 4 plots the 
dependence F *(r)/r  for three different temperatures [esti- 
mate (8) was used for R *(w, 2kT, A )]; we see that the fast- 
center models proposed in Sec. 3 can account for the experi- 
mentally observed exponential decay of the echo signal. We 
note that in spite of the approximate nature of the estimates, 
the numerical calculation (cf. Fig. 4) also reveals a departure 
from exponential decay [x = 1-x > 11 for T <  2K when 
r < 1 ,us; this is in accord with the experimental observations 
for samples I1 and 111. 

If we limit ourselves to the times for which v(2r) is expo- 
nential, we can write 

u ( 2 ~ )  =uo exp (-aTAlr-'), (16) 

The numerical calculations imply that a = 1.3 and b = 1.55 
for 277 = 10, and Fig. 4 shows that b is independent of T (a 
similar result is found for a). 

5. COMPARISON WITH EXPERIMENT 

The linear temperature dependence T; ' (T)  described 
by Eqs. (15), (17) agrees with the observed behavior of the 
phase relaxation rate (Fig. 2) for T < 5K. The more rapid 
increase in T; ' for T >  5K might be due to an abrupt drop 
in the spin-lattice relaxation time for the Yb3+ ions associat- 
ed with Raman relaxation processes. 

Before discussing the observed features of the concen- 
tration dependence T; ' ( x ) ,  we first note that the two terms 
in (17) depend differently on the constant magnetic field Ho: 
Awl,, a GA a Ho (by Kramers' theorem), whereas Am:,, 
agA = hv/PH,. The first term therefore becomes more im- 
portant relative to the second as Ho increases. If we recall 
that Awt, depends linearly on the Yb concentration, we can 
readily explain the observed behavior T; '(x,Ho) [cf. Figs. 1, 

593 Sov. Phys. JETP 61 (3), March 1985 Antipin etal. 593 



21 if the number of TLT systems is assumed to be indepen- 
dent of the Yb concentration in the sample. Comparison of 
Eq. (17) with the experimental values of T, ' measured for 
sample I (with x = 0.03) at T = 2K for two fields Ho yielded 
the following values: Awl / ,  = 0.36.105 s Amy,, 

= 0.62.105 s-' (Ho = 2.6 kOe) and Awl,, = 0.97-lo5 s-', 
Awy,, = 0.23. lo5 s- (H, = 7.0 kOe). We used these values 
to plot the theoretical curves T i  ' ( x ,  Ho) in Fig. 1. If we take 
into account the possible errors in measuring T i  ' and the 
Yb concentration, we see that (17) correctly reproduces the 
experimentally observed behavior of the phase relaxation 
rate. We note that the direct effects of the TLT systems on 
the phase relaxation become important for strong H,. 

The contributions to T;' from both types of fast 
centers found above were then compared with the approxi- 
mate values found from (15) by substituting the parameter 
values typical for fused quartz.,' The theoretical estimate for 
Awll,  was 180% larger than the experimental value 
(which is hardly surprising in view of the crudeness of the 
estimates); as for Aw:,, , comparison of the theoretical and 
experimental curves showed that n* -0. ln, i.e., almost one 
Yb3+ ion in ten relaxed rapidly. Such a high concentration 
of Yb* centers [cf. estimate (9)] could conceivably be ex- 
plained by assuming that a Yb3+ ion is converted into a ra- 
pidly relaxing Yb* center whenever it is present together 
with a TLT system in the same 25La20,.75P20, molecule 
(i.e., S- 1). However, we think it is more likely that the TLT 
systems tended to cluster around the rare-earth ions while 
the samples were being fabricated; rare-earth ions are known 
to disrupt the disordered network of bonds in the glass.34 

6. CONCLUSIONS 

We have experimentally detected some unusual proper- 
ties of electron phase relaxation in phosphate glasses activat- 
ed with ytterbium which may be ascribed to the presence of 
two-level tunnel systems in the samples. This provides addi- 
tional confirmation of the importance of TLT systems in the 
low-temperature behavior of amorphous systems and also 
demonstrates that the ESE technique can be employed to 
analyze disordered materials. 
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