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Properties unique to disordered materials have been observed through electron paramagnetic

resonance studies of a prototype glass. The electron-spin-relaxation rate of an irradiation-

induced color center was measured in K, Li, and Na P-alumina, and revealed expectionally fast
relaxation with anomalous temperature and microwave frequency dependence. This behavior is

quantitatively described by a mechanism involving the coupling of i color center to the
phonon-induced relaxation of a nearby localized two-level tunneling state. A detailed compari-

son shows that our model is in agreement with earlier heat-capacity, thermal-conductivity, and

dielectric-susceptibility measurements in P-alumina.

I. INTRODUCTION

Electron- and nuclear-spin-resonance data from
amorphous materials have established that the relaxa-
tion rates are anomalously large and show unusual
temperature dependences when compared to crystal-
line solids. Feldman et al. ' observed this in their
electron-spin-relaxation studies on atomic hydrogen
in fused silica. Murphy' described their data by

speculating the presence of "local vibrations" within

the glass. Later similar ano'malies were observed in

the nuclear-spin-relaxation data of glasses. ' ' Mea-
surements of the homogeneous fluorescence
linewidth in rare-earth-doped glasses have also re-

vealed an anomalous temperature dependence and a

larger magnitude than observed in crystals containing
the same ions. ' The results from these differing
experiments display striking similarities, and the data
obtained from any one type of these experiments is

largely independent of the particular glass being stud-
ied. The facts suggest that these related phenomena
are caused by interactions with localized-tunneling
states (LTS), which have so successfully explained
the low-temperature properties of amorphous materi-
als."" In previous papers' ' we have proposed a

quantitative model for the electron-spin relaxation in

a glass utilizing the LTS theory. Lyo and Orbach"
have independently proposed a similar theory in

which they seek to explain the fluorescence linewidth

in glasses.
In order to test any model for spin relaxation in

glasses, it is necessary to select a system in which one
can estimate the magnitude of the LTS-spin interac-
tion. It is also helpful to choose a material for which

several low-temperature properties have been mea-
sured. Data from specific-heat, thermal-conductivity,
and dielectric-susceptibility experiments provide an

approximate description of the tunneling-state system
in a particular glass. For these reasons we have
chosen P-alumina for our studies. In P-alumina, the
disorder is confined to the two-dimensional conduc-
tion planes. ' This simplifies identification of the
tunneling species and estimation of its coupling to the
spins. Measurements by Anthony and Anderson of
the thermal conductivity, " specific heat, ' and low-

frequency dielectric susceptibility, ' of Li, Na, K, and
Ag P-alumina at low temperature have established
that these materials are glasses at low temperature.
The low-temperature dielectric properties of Na P-
alumina at 11.5 GHz also exhibit saturation. effects
characteristic of the presence of two-level, localized-
tunneling states. '

Estimates of the LTS system parameters, which can
explain the low-temperature data of the P-aluminas,
have been published. ' With such data we have suf-
ficient information to quantitatively test the predic-
tions of our relaxation model. Such a rigorous test of
a model for electron-spin relaxation in a glass has not
been possible previously.

In this paper, we present our results of electron-
spin-relaxation measurements on a color center locat-
ed in the conduction plane of Li, K, and Na P-
alumina, and we interpret our data with a detailed
model for spin relaxation via the LTS. The experi-
ment requires the production of color cl nters in the
conduction plane of the P-alumina by low-tempera-
ture irradiation, identification of the centers by elec-
tron paramagnetic resonance (EPR), and measure-
ments of the electron-spin-relaxation rate of the color
center using the pulse saturation and recovery tech-
nique. Details of the experimental procedures are
discussed in Sec. II. The theory we use for our
analysis of the data combines our earlier model'
with the work of Lyo and Orbach, ' and is presented
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in Sec. III. A detailed comparison of the relaxation
model with our data, the low-temperature data on P-
alumina, and other relaxation data in glasses, is

presented in Sec. IV. In Sec. V we state our conclu-
sions.

II. EXPERIMENTAL PROCEDURES AND RESULTS
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FIG. 1. Derivative of the EPR spectrum from a color
center in the conduction plane of Na J8-alumina «s measured
at 77 K and 9.3 GHz, with H parallel to the c axis. A simi-
lar EPR spectrum appears in K P-alumina.

P-alumina samples„originally grown by Union Car-
bide Corporation, " were provided by Bates of the
Oak Ridge National Laboratory and Anderson of this
laboratory. The potassium and lithium salts had been
synthesized by Anthony" using repeated ion ex-
change, employed in his measurements, " '9 and
loaned to us. The color centers were produced by ir-

radiation at liquid-nitrogen temperatures using a Van
de Graaf accelerator. All the samples were stored in

an a.nhydrous environment and as a further precau-
tion, the sample of Li P-alumina was dehydrated be-
fore irradiation by heating to 300'C for 48 h in a
vacuum. A titanium foil was in front of the samples
during the electron irradiation which was typically a
dose of 10"—10' electrons at 1.5 MeV energy. After
irradiation the samples exhibited a dark-blue colora-
tion until they were allowed to warm to room tem-
perature for a short time in a dry box. This room-
temperature annealing destroyed the blue coloration
and left the nearly colorless sample with an electron-
paramagnetic-resonance spectrum similar to that
shown in Fig. 1. Except for additional brief periods

of ~arming while loading or unloading the samples
into the microwave cavities, all samples were stored
in liquid nitrogen.

The absorption-derivative spectrum shown in Fig. 1

exhibits an 11-line spectrum with intensity ratios of
1:2:3:4:5:6:5:4:3:2:1.This is the characteristic signa-
ture of an electron spin of —, interacting with two

equivalent I = —, nuclei. O'Donnell, Barklie, and
Henderson" have independently observed this spec-
trum and report the center to be axially symmetric
about the hexagonal crystalline axis with principle g
factors of g~~=2.0076 and go=2.0032. The center
therefore lies in the mirror (i.e., conduction) plane,
midway between two aluminum (I = —, ) nuclei. The
fact that the g factors are so close to the free-electron
value suggests that the wave function of the para-
magnetic species is p like or s like. An 0 ion would
be p like, but O'Donnell ef al. argue convincingly that
this cannot be the situation in this case. Under axial
symmetry the g value of a p orbital should equal that
of a free electron when the magnetic field is parallel
to the p lobe, and differ from the free-electron value
when the field is perpendicular to the lobe. This
center shows significant deviation in the g factor
from 2.0023 when the external field is parallel to the
crystalline symmetry axis. That would place the p
lobe in the conduction plane and produce a very
small contact hyperfine interaction with the alumi-
num nuclei above and below the conduction plane.
This is contrary to the large isotropic aluminum hy-
perfine interaction observed experimentally.
O'Donnell et al. therefore reject the model of an 0
ion, and suggest instead that the center is an electron
trapped at an 0' vacancy. Such 0' vacancies would
aggravate the problem of charge neutrality in these
alkali-rich salts, but the concentration of these color
centers is reported to saturate with increased irradia-
tion at a level of 10 per unit cell." The evidence is
strongly in favor of an F+ center at the O(5) site'6 in
the P-alumina. The P-alumina structure is shown in
Fig. 2. The O(5) site is in the conduction plane,
0.168 nm from the aluminum nuclei and 0.323 nm
from the sodium nuclei in the prefect crystal. From
the EPR data, we cannot distinguish this F+ center
from an Al-F+-Al bridge at a midoxygen site replac-
ing a charge-compensating oxygen. While the EPR
spectrum of irradiated K P-alumina was similar to
that of the Na P-alumina in Fig. l, the EPR spectrum
of irradiated Li P-alumina as shown in Fig. 3, sug-
gests that in this salt the aluminum-F hyperfine in-
teraction varies within the crystal. This may be due
to displacement of the Li ion out of the conduction
plane which in turn distorts the symmetry of the
aluminum nuclei about the F+ center. Evidence for
lithium motion out of the plane has been reported
from dielectric susceptibility and Raman data. '

Alternatively, absorption of water into the conduction
plane of Li P-alumina may break the symmetry. Ag
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P-alumina did not exhibit the F center after irradia-
tion, and therefore is not included in this relaxation
study. Additional details concerning the EPR and
electron-nuclear double resonance (EN DOR) spectra
of these salts will be published separately.

The spin-lattice relaxation rates were measured at
9.5 and 16.5 6Hz using the pulse saturation and
recovery technique. Both spectrometers utilized
broad-band (dc to 10 MHz) superheterodyne detec-
tion and signal averaging. Most of the details con-
cerning the present arrarigement of the variable tem-
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FIG. 3. Derivative of the EPR spectrum from a color
center in the conduction plane of Li P- alumina, ~s measured
at 77 K and 9.3 GHz, with H parallel to the i axis. Features
of the eleven-line pattern displayed in Fig. 1 are still visible,

FIG. 2. Structure of stoichiometric N i p-;~lumin' with the
probable position of the F+ color center indicated within the
conduction (mirror) plane. Above and below the F+ center
are the two equivalent aluminum nuclei which produce the
observed hyperfine lines in the EPR spectra. A N ~+ cation
is located 0.32 nm from the F+ center.

perature, X- and K«-band pulsed spectrometers have
been published, with the exception that currently in
both spectrometers there are two 50-dB microwave
switches, operating 180 out of phase, in order to
protect the receivers during the saturating pulse.
Sample temperatures were measured and controlled

.to within a few millikelvin using a germanium resis-
tance thermometer in one arm of a low-frequency
bridge circuit whose signal unbalance was phase sen-
sitively detected and used to drive a 500-ohm heater
wound around the microwave cavity. The cavity was
isolated from the helim bath by a surrounding copper
can and thinwall stainless-steel waveguide. Helium
gas was admitted into the can as a low-pressure ex-
change gas. Controlled temperatures to about 25 K
were possible with this arrangement.

After signal averaging, the recovery could be
displayed on a scope directly or after logarithmic am-
plification. This yielded immediate, but crude rnea-
surements of the relaxation rates as a function of
temperature during the data-taking process. The data
were recorded on paper tape or a magnetic floppy
disk for more detailed analysis later. It should be
noted that the recoveries were seldom truly exponen-
tial in time. The reason is that the observed relaxa-
tion rate of the F+ center represents an average
value, as will become evident later. Our data should
be construed as representative of the recoverey rate
between times at which the signal is 60 and 90%
recovered to its thermal-equilibrium value, and care
was taken to ensure that these reported values were
independent of the duration'and amplitude of the
saturating pulses. All published recovery times were
measured at the same point in the hyperfine spec-
trum, with the magnetic field parallel to the c axis,
but away from the central peak in order to avoid
overlapping any additional resonance lines associated
with g values of 2.00. However, the observed relaxa-
tion rates appeared to be independent of the point in

the hyperfine spectrum where the experiment was
performed, including the complicated Li P-alumina
EPR spectrum.

A typical temperature dependence of these relaxa-
tion data is shown in Fig. 4. Several unusual features
are apparent. At low temperatures the relaxation rate
appears to be essentially temperature independent.
At higher temperatures the rate varies faster than T
initially. , but becomes nearly linear at the highest
temperatures for which we have data. An examina-
tion of these sodium data taken at the two microwave
frequencies reveals another anomaly: the relaxation
rate is almost independent of the microwave frequen-
cy. There appears to be a slight reduction of the rate
with increased microwave frequency. These proper-
ties are not characteristic of the accepted relaxation
mechanism of an F center in a crystalline material
due to phonon modulation of ligand hyperfine in-

teractions. " This leads to a one-phonon, direct re-
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FIG. 4, Spin-relaxation rate of the color center in Na P-
alumina as measured at microwave frequencies of 9.5 and
16.5 GHz. The curves (dashed and solid lines) are the
result of the model described in the text.

laxation rate varying as v'T at the lowest tempera-
tures. At higher temperatures it results in a two-

phonon Raman rate varying as v0T'J6(8D/T),
where J6 is a transport integral, ' and OD is the De-
bye temperature of the solid. For small values of
Oo/T this Raman rate will vary at v0T' as expected
for a two-phonon process in the classical limit. For
large values of OD/T, the transport integral becomes
a constant resulting in a v T' Raman relaxation rate.

The relaxation data from P-alumina cannot be ex-
plained by conventional phonon processes. If one at-
tempts to explain the data of Fig. 4 by attributing the
rates above 10 K to a direct process, varying as T and
the low-temperature data to a temperature-indepen-
dent cross-relaxation mechanism, then the linear por-
tion of the curve should have to extrapolate through
the origin, which it clearly does not. In addition, the
magnitude of the relaxation rate at any temperature
is about three orders of magnitude faster than usually
observed for F centers in crystalline materials. These
same characteristics are observed in the F+-center re-
laxation data for Na, Li, and K p-alumina shown in

Fig. 5. In order to explain our relaxation data, we

must include additional relaxation mechanisms asso-
ciated with the presence of the LTS system. In Sec. .

III we discuss this.

III. MODEL FOR ELECTRON-SPIN RELAXATION
BY LOCALIZED-TUNNELING STATES

l6.5-GHz DATA

&:Na

The localized-tunneling-state model assumes atoms
or groups of atoms in amorphous materials reside in
asymmetric double-well potentials, and tunneling oc-
curs through the barrier separating the two wells.
This results in two closely spaced energy levels, The
unperturbed LTS Hamiltonian in the nondiagonal
basis of two separate wells will be denoted with a su-
perscript prime and is given by

20—

Io—

where g is the asymmetry of the potential wells, and
d is an overlap energy given bytcv0e ". Here hco0 is
the ground-state energy of an isolated potential well
and X equals (2m V)'~'d/h', where V is the barrier
height, d the well separation, and m is the mass of
the tunneling unit. In the diagonal (unprimed) basis,
the Hamiltonian becomes

E 0
0 0 —F. (2)

0
0 5.0

I

I 0.0 I 5.0 20.0 25.0
T(K)

FIG. 5. Spin-relaxation rate of the color center of Na, Li,
and K P-alumina as measured at a single microwave fre-
quency of 16.5 GHz. The curve through the data for each
sample results from the model described in the text.

where E is the energy splitting between the two levels
and equals (('+5')'~'. A fundamental property of
the LTS theory is that there exists an almost constant
and broag distribution of E values up to a cutoff
E,„/k of the order of 10—100 K. It is generaHy as-
sumed that the LTS distribution can be described by
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a density of states given by"
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where e is a strain. Further approximations to Eq.
(4) are discussed later.

Formulation of the electron spin-LTS interaction

requires speculation on the location and identification
of the tunneling unit. In P-alumina, the observed
low-temperature properties are strongly dependent

upon the cation present in the conduction plane. We

therefore assume that some of the cations in the con-

duction plane are tunneling. It is improbable that

these are the only tunneling units in the material.

The coupling of the F+ center to the LTS is assumed

to be a Fermi contact hyperfine (hf) interaction with

a cation nucleus tunneling a distance d through the

P(E, 5) =
&( I —(&/E )') 1

'" '

where P (E) is very weakly dependent upon E
The form and magnitude of the tunneling state-

phonon interaction dominates thi physics of acoustic,
dielectric, and relaxation phenomena in insulating
glasses. Recently it has been proposed that this
strong interaction may explain the broad distribution
of tunneling-state energies common to all glasses. '
In the diagonal basis this tunneling state-phonon in-

teraction becomes

barrier. For an F+ center, Igl' at the cation nucleus
scales roughly as Z'~'/RO3 where Z is the atomic
number of the ligand. ' This allows us to write the
spin-LTS interaction for an F+ in contact with a tun-

neling cation characterized by an energy splitting E,
as

1- - 3d -1 0
q y. =A I S

2Rp,
(5)

or in the diagonal basis as
1-- 3dXs r=A I -S

0
(6)

The strength of the contact hf interaction between
the F+ center and the nearest-neighbor sodium nu-

cleus was determined to be A /h = 8 MHz from our
unpublished ENDOR data. Assuming that the cation
is at a Beevers-Ross site, 0.32 nm from the O(5) site,
the EPR spectrum and the scaling law predict a cou-

pling of 5 MHz. Average values of d can be estimat-

ed from dielectric-susceptibility data. ' '"
If we denote

I~&=l+ e+

lf&=l e --.ri. +I.
as initial and final states, in which I &, Ig+&, and

Ir) & are electron spin, LTS, and phonon states,
respectively, then the interaction Hamiltonians of
Eqs. (4) and (6) yield the following transition rate

I&r sl+ P+& -&P+ r-) + I l&r pHIP+, r) & &
—P I&r sl+ 0-& &-0- r.) + I 13'r.pHI&+, q &

h A o)~ SQJ~ + E

+ I l~r-pHIP+ g & & P+IXr sl+ P+& &0—-g + I l&r- pI Hr)0 —& & P Ixr sl+ P+&—-
+ +

8 E+8

x (I +ee~"r) ~BD(tru —E —5) (8)

Here 8 is the electronic Zeeman-energy splitting, SD is the Dirac 8 function, and the quantum numbers of all

nuclear-spin states have been suppressed. By considering the additional pair of initial and final states given by

(9)

one obtains the following relaxation rate of an F+ center, where I, the energy width of an intermediate LTS or

phonon state, has been included and E is assumed to be much larger than 5:

D sech~(E/2kT) /t, '($B$/Be + EBS/Be)' g'(gBA/Be —ABER/Be )'
E'+ I"' 5 +I

where

5 3Ad
2 2Rp

(10)
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and

((Bb,/Be —6B(/Be ) '
4E27'

1 2 1

2~g4 5 ~ 5
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4

t

coth
Bg (12)

Equation (12) represents the relaxation rate, I/r,
of a LTS which results from a direct, one-phonon
process. In Eq. (12), vr and uL represent the
transverse- and longitudinal-acoustic-phonon speeds,
respectively, and p is the crystalline mass density.
This expression assumes a range of I/r values for a

single value of E, but the results of our relaxation
model are insensitive to this distribution since we

eventually average over the values of 5 and (. The
factor of —, in Eq. (11) results from averaging over

the I = —nuclear-spin matrix elements,
2

More precisely, I/T~F in Eq. (10) represents the
electron-spin-relaxation rate of an F+ center adjacent
to a tunneling cation with LTS parameters 6, (,
BA/Be, and B(/Be. Since there is a distribution of
LTS parameters, it is necessary to average I/T, F over
this distribution in order to obtain a measurable re-
laxation rate. Based on estimates of the LTS density,
it is probable that only about 10% of the F+ centers
are strongly coupled to any LTS. ' In this situation,
the bulk of the F+ centers must relax via spin diffu-
sion to the faster relaxing centers which are in hf
contact with a LTS. Assuming rapid spin diffusion,
because of a negligible diffusion barrier, the observed
average electron-spin-relaxation rate is

JI P(F., d, ) dhd t' '"
JI P(F., s) dedE . (13)

In order to facilitate a comparison of our results with

the data of Anthony and Anderson„' we fitted our
data to a LTS density of states such that

tP2 r t 3

J1 P(E 6) dh =PM +Py, (14)
~mn kTg kTg

with 0;„/F. equal to 10 ', T~ equal to I K, and a

cutoff at E „, „. PM and P~ are constants determined
from fitting the data, but PM is much greater than
Pg.

The spin-relaxation mechanism we have described
is a process requiring one LTS and one phonon. It is

shown schematically in Fig. 6. The rapid LTS relaxa-
tion rate I/r is repesented by the solid line and in-

volves only a tunneling-state transition. This mech-
anism is assumed strong enough to keep the LTS sys-
tem in thermal equilibrium with the phonon bath at
all times. Electron-spin relaxation proceeds via the
pathways indicated by the dotted lines of Fig. 6.
These transitions are weakly allowed by the hyperfine
interaction which admixes the basis states, resulting
in simultaneous spin and LTS transitions through the
emission or absorption of a phonon. Our physical
picture of relaxation with the coupled spin and LTS
systems is analogous to nuclear relaxation in the
presence of paramagnetic impurities in the fast-
diffusion limit. ' Figure 6 also illustrates this
nuclear-relaxation phenomenon for nuclei, with a
Zeeman splitting 8, which are weakly coupled to rap-
idly relaxing electrons, with a Zeeman splitting
E ))5. As before, nuclear relaxation occurs by the
transitions indicated by the dotted lines, and these
transitions are allowed by spin-function admixtures
induced by the weak dipole-dipole interaction
between the two spin systems.

Two of the interesting properties of this model are
the different magnetic-field and temperature depen-
dences predicted by the two terms in Eq. . (10). If we

assume that the density of tunneling states, P (E), is

a constant up to some cutoff E,,„, and that I is
much smaller than E, the LTS energy splitting, then
the first term in Eq. (10) predicts that (I/T~F)
~ H T' for kT ((E,,„. With the additional as-
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FIG. 6. Schematic diagram of the energy levels and pro-
duct wave functions for a coupled electron spin (+)-
localized tunneling-state (Iti+) system. The solid lines indi-

cate transitions which contribute to the relaxation rate 1/v of
the localized tunneling state, and the dashed lines indicate
transitions which contribute to the slower electron-spin-
relaxation rate 1/T&&.
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sumption that 5 =g p, a H » I, the second term
predicts in contrast that (1/Ttr) ~ H 'T4. Both
terms predict a linear temperature dependence at
higher temperatures, ~here kT & E „. „. Therefore, at
low temperatures our model predicts (I/T~F) ~ T' "

This result is confirmed by our data as shown in Fig.
7. In this diagram, each set of data was fitted to a
function of the form

10.0—

1.0—

.48
86

O.l

I;0 10.0

FIG. 7. log (I/T~F) vs log T for Na, Li, and K P-
alumina as measured at a microwave frequency of 16.5 GHz.
The curves and table result from fitting the data to the func-
tion described by Eq. (15) of the text. A similar fit of the
Na P-alumina data at 9.5 GHz is not shown, but it produced
a T'M temperature dependence for (l/T, r).

(1/T, F) = BT"+C

where C is a positive constant. The T' ' and T' '
behavior of the Li and K P-alumina data suggests
that unless P (E) ~ E" for 1 ~ F/k ~ 10 K, the
second term in Eq. (10) must contribute significantly
to the F+ relaxation rate in these materials, None of
the data for other experiments supports the existence
of a strongly E-dependent LTS density of states in

this region. ' ' The T' ' and T'" power-law fits of
the Na data at L- and Ku-band frequencies may reflect
a lower cutoff value of F,„/k, the values of which
have been reported as 65, 80, and 130 K for Na, K,
and Li P-alumina, respectively. '9 A lower cutoff ener-

gy tends to linearize the T dependence at a lower

temperature. Another factor which supports the
dominance of the second term in Eq. (10) is the small,
but clearly perceptible, frequency dependence of

(1/TtF) shown in Fig. 4. The Ku-band relaxation
data is consistently slower than the corresponding X-

band data. However, the field dependence is much
reduced from H ', a result predicted only in the limit
that 5 » I .

Lyo and Orbach" have proposed that the first and
fourth terms in Eq. (8) can explain the optical homo-
geneous linewidth9 ' which varies as T' in rare-
earth-doped glasses. Considering only scattering
processes in which the ion remains in the same elec-
tronic state, we must change

~

—) to 1+) in the final
state and consider it one of the electronic levels in-
volved in the optical transition. An examination of
the intermediate states, in Eq. (8) shows that only the
first and fourth terms, due to Lyo and Orbach, are
then permitted.

ln Eq. (8), the intermediate states are such that
only one of the two Hamiltonian operators, X~ q or
+T pH, is off-diagonal with respect to the LTS.
Another spin-relaxation mechanism is possible in
which both of these operators are off-diagonal with
respect to the tunneling states. The resulting tem-
perature dependence of this mechanism is identical to
that of an ordinary one-phonon direct process„ i.e.,
proportional to T for kT » 5.

The only remaining T1 process involving these in-

teractions in first order is the resonant cross relaxa-
tion between a spin and LTS for which E = 5, As-
suming: (i) that the resonant tunneling states remain
in thermal equilibrium with the lattice as the spins
and resonant tunneling states undergo mutual "flip-
flop" transitions, and (ii) that a rapid spin-diffusion
rate can be ascribed to the spin system, then the
resulting relaxation rate is independent of tempera-
ture. Such resonant pairs of spins and tunneling
states will be very rare, but also very effective in

bringing the spin system to thermal equilibriuim at
low temperatures where other processes freeze out.

Another relaxation mechanism is a two LTS pro-
cess proposed by Reinecke and Ngai' to explain nu-
clear relaxation in glasses. We do not consider this
process a reasonable explanation for the observed
electron-spin-relaxation data for two reasons. First, it

requires the improbable situation of two LTS states
having an energy difference 5, to be coupled strongly
to the same F+ center. Second, the predicted relaxa-
tion rate for this mechanism varies as T if P (E) is a
constant and kT ((E „. „.

We have considered two possible temperature
dependences in order to account for the observed re-
laxation rates at the lowest temperatures, where the
mechanism involved in Eq. (13) becomes very weak.
We have assumed either a constant rate, C, or one
linear in temperature, GT. The fit of the data at the
higher temperatures is only slightly affected by this
choice, and we report here only those fits which in-

clude the GT term.
In addition to the LTS system, excess vibrational
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states have been observed in P-alumina. Infrared-
spectra, ' Raman-scattering data, ' and heat-capacity
results" were explained by speculating the existence
of Einstein oscillator states due to cation motion
within the conduction plane. These excitations have
well-defined energies instead of the broad distribu-
tion characteristic of the LTS. If the spins interacted
with a Debye-phonon system augmented by these
Einstein oscillators instead of the LTS, the expression

I

for the relaxation rate would be (I/T~F) ~ e e ~"r for
E' » kT, where F.

'
is the Einstein oscillator energy.

Our data are not described by this temperature
dependence. Also infrared, Raman, and heat-
capacity experiments all failed to observe Einstein os-
cillator states of comparable energy in Li P-alumina,
but we observe the same spin-relaxation phenomena
in Li P-alumina as in Na and K P-alumina. For
these reasons, we insist that the LTS and not the ex-
cess vibrational states allow the phonons to relax the
F+ centers. It is possible that these excess vibrational
states also interact with the LTS producing a slightly
different spin-relaxation temperature dependence
than predicted by a simple Debye-phonon spectrum,
but we have not attempted to account for this effect
in our data analysis.

IV. COMPARISON BETWEEN THEORY
AND EXPERIMENT

In this section we make basic assumptions about
the nature of I and Xy pH, and based on these as-
sumptions we estimate values of the LTS parameters
which provide a quantitative description of our
electron-spin-relaxation data. Using the theory
presented in the previous section, we can then check
our LTS parametrization with the results from low-

temperature bulk measurements on the P-alumina.
Through this process, we finally obtain. a self-con-
sistent explanation of the electron-spin-relaxation
phenomena in glasses, and we reconfirm properties
of the LTS model previously observed through bulk
measurements only.

It is convenient to begin this discussion by assum-
ing that I is due to a large LTS linewidth, i.e. ,

1 1
I Lyso(:h +

T2
t

Here I/Tq is an LTS-LTS relaxation rate, and it has
been widely studied through a variety of acoustic and
dielectric experiments. ' ' Although the origin of
I/T2 is not completely understood, it is believed to
be only weakly dependent on T and F.,

"and at
T = 1.5 K and F/h =9 GHz, it has been estimated at
2 x 10 s ' in borosilicate BK7. The LTS-lattice re-
laxation rate is measured indirectly in any resonant
contribution to dielectric susceptibility or thermal

g'($BA/Be —EB$/Be )'
+

52
(17)

Making the usual assumption that B(/Be » BA/Be
would lead to the result that the second term of Eq.
(17) is much larger than the first if F. » B. In order
to make the contribution from the first term signifi-
cant, one must make the diagonal components of
Xy pH larger while diminishing the off-diagonal ele-
ments. This can be accomplished by setting Bg/Be
=BE/Be. However, this same LTS-phonon interac-
tion describes acoustic attenuation and thermal con-
ductivity in glasses. In these experiments
"resonant"- scattering processes are produced by the
contribution of the off-diagonal components of
'Xy. pH, and "relaxation"-scattering processes are
caused by the diagonal components. " The assump-
tion that Bg/Be » Bh/Be produces the correct re-
lative sizes of the "relaxation" and "resonant"
processes observed in acoustic measurements to
within a factor of 10. In order to force the two
terms in Eq. (17) to contribute equally at 10 K, with

F,„/k = 50 K, and B/h = 10 GHz, the diagonal and
off-diagonal elements of Xy pH must be adjusted so
as to enhance the relaxation-scattering processes over
the resonant-scattering processes by a factor of 1000
or more. Such a:::arge asymmetry in the relative
strengths of the two processes has not been observed
experimentally ir any glass, including P-alumina.
Therefore, under the assumption that 5 » I, the
second term in Eq. (17) dominates, and our model
would then predict a much stronger magnetic-field
dependence than is observed.

Another contribution to I could arise from short
phonon lifetimes. Here I"PH =tv/I, where u is an
acoustic-phonon velocity and l is a phonon mean free
path. In a perfect crystal l is limited by the finite
crystal size and weak phonon-phonon scattering

conductivity, and in practically all glasses it is found
to be less than about 106 s ' for an F/h of 9 GHz
and at a temperature of 2 K. In sodium P-alumina,
dielectric saturation has been observed, ' and this al-

lowed the investigators to estimate 7. T2 at 6 x 10 " s'
for an F/h of 11.5 Ghz and a temperature of I K.
All this experimental evidence indicated that 5 is
much larger than I Lqs in the temperature region of
our experiments, where B/h = 10 GHz.

Based on the temperature dependence and weak-
field dependence exhibited in our electron-spin-
relaxation data, it would still be possible to reproduce
our results with B » I if the two terms of Eq. (10)
were of comparable size. The H and T dependence
of each set of data could then be fit by adjusting the
relative contributions of each of these term&. Under
these approximations

5'($B$/Be + ABA/Be )'
T1F p2
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0 sech'(E/2g T)('
vE2

1 1

E'+ I' S'+ r'

(18)

It must be noted that we have explained the mag-
netic-field dependence with a value of I pH such that

resulting from anharmonic terms in the lattice poten-
tial. In a glass, however, I is limited by the structural
disorder of the material, at least for phonons with
wavelengths comparable to the size of a unit cell of
the glass. Using this physical picture, Kittel' ex-
plained the thermal-conductivity data of glasses by

suggesting a constant, temperature-independent mean
free path Io= 10 ' cm for phonons with &o/2rr & 100
GHz. These higher-frequency phonons are just those
responsible for the relaxation of the higher-energy
tunneling states, which in turn are responsible for the
spin relaxation of the F+ center in our model. With
u = 10' cm/s, I'pH//t = v/27rlo is of the order of 100
GHz, and under these conditions I PH Q 5 since
8//t =10 0Hz in our experiments. Therefore, the
short phonon lifetimes observed in glasses can ex-
plain the weak magnetic-field dependence displayed

by our data. Defining ( —, )Bg/Be =y, and assuming

Bh/Be = 0 (Ref. 28) we rewrite Eq. (10) as

I pH/t » I/r. In so doing we have assumed that the
scattering processes which determine I PH for the
high-energy phonons do not involve the LTS system,
and these scattering processes do not efficiently pro-
duce electron-spin transitions.

When Eq. (ig) is applied to electron-spin relaxa-
tion in glasses, the relative sizes of E, I PH, and 5 are
such as to make the second term dominant. The
solid lines in, Figs. 4 and 5 are the result of using Eq.
(18) to calculate (I/T~F). The parameters used in

these calculations are displayed in Table I along with
estimates of the same parameters determined by An-
thony and Anderson in the analysis of their data on
P-alumina. " In these fits of our data, the first term
in Eq. (18) contributes less than I "/o to the predicted
relaxation rates,

There are too many adjustable parameters in the
LTS model of glasses to allow a unique determination
of these quantities from an analysis of relaxation data
alone. The same can be said regarding most mea-
surements on glasses. What can be accomplished is

to produce a fit of the data in which the resulting
parameters from all available experiments can be
compared. For this reason we have adopted the
parametrization scheme of Anthony and Anderson, '

but we emphasize that it is not a unique description
of the LTS system in P-alumina. However, the

TABLE I. Summary of the parameters for Na, Li„and K P-alumina used to generate the curves
in Figs. 4 and 5. All parameters are defined in the text. Results of Anthony and Anderson (Foot-
note a) are included for comparison.

Parameter Units Na Li Footnote

P
UT

UL

a,„/E

PN

E „. „/k
yd

A (Rp, p„Z)
Rp

~PH

6
PN

E,, „/A..

d

gem
10~ cms
10~ cm s-'

10 erg 'cm
10 erg 'cm

K

10 8 cmeV
1O' Hz

1O 8cm
1O' Hz
s-' K-'

10 erg 'cm
K

eV
eV

10 scm

3.22
3.8
9.1

10 3

2.4
2.5

40
0.12

8.0
3.2

25

0.17
4.5

65
0.2
0.3
0.3

3.14
4

9
10 3

4.9
0,0

90
0.40
1.67
3.2

25

0.06
0,36

130
0.6
1.4
0.2

3.33
4.3
9.5
10-'
1.2
0, 15

80
0. 18
3.20

3.2
25

0.10
0.26

80
0. 1

0.9
0. 1

b

b

b

b

b

b

'Common parameter values used by Anthony and Anderson (Ref. 19) and in this work.
Parameter values used in this work only.

'Parameter values from Ref. 19 which differ from those used in this work.
Results from thermal-conductivity data.

'Results from dielectric-susceptibility data.
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values estimated by them do describe the results of
several different experiments on P-alumina, and we

believe that a detailed comparison of the parameters
obtained by them and by us reveals similarities which

support our model of the F+-center relaxation in P-
alumina. The temperature dependence observed for
any of the experiments is determined by PM, PN, and
E,,„/k. By examining the data of Table I and com-
paring the relative size of these parameters for each
cation, the same trends are observed in both sets of
experiments. The magnitudes of these parameters
are also in agreement, but due to the normalization
of P(E) in our expression of (I/T~F), our model is

only sensitive to the relative size of P~ to P~. We
could also have fitted our relaxation data with a
constant P(E) by making small changes in the values
of E .,/k. The magnitude of our predicted relaxation
rate is determined by y, d, A, and Ro. These param-
eters are not independently determined in our model,
but it is significant that our theory predicts the ob-
served rate for values of y and d which are in good
agreement with those of Anthony and Anderson. '

Also, the values of A and Ro are reasonable when
the structure and observed hyperfine couplings in the
P-alumina are considered. In comparing the relative
values of yd required to fit our data and those of An-

thony and Anderson, we note that the same trends
can be seen in the relaxation and dielectric-suscepti-
bility data as one changes from cation to cation. This
further supports our model of tunneling cations in-

teracting with F+ centers via contact hyperfine in-

teractions. The estimate of a constant I pH results
from the weak-field dependence in Fig. 4. The value
of I pH/h = 25 6Hz is within an order of magnitude
of estimated phonon mean free paths in glasses based
'on thermal-conductivity data. Considering the scatter
of the data in Fig. 4, larger values of I pH would also
be acceptable, producing an even weaker magnetic-
field dependence. Another contribution to the

magnetic-field dependence is the dependence of I pH

upon the phonon energy. This is observed for lower
phonon energies~ " and may influence the F+ relax-
ation rate at those temperatures where the rate is just
becoming temperature dependent. However, the
scatter in our data precludes more detailed calcula-
tions. The coefficient G of the low-temperature,
linear relaxation rate was determined from the
lowest-temperature data. Its origin was discussed in

Sec. III.

V. CONCLUSIONS AND COMMENTS

The data and model presented here constitute the
first quantitative study of electron-spin relaxation in a

glass. The LTS-phonon relaxation mechanism we
have outlined accurately predicts the magnitude and
temperature dependence observed in our electron-
spin-relaxation data, The LTS parametrization used
to describe our data is in good agreement with previ-
ous heat-capacity, thermal-conductivity, and dielec-
tric-susceptibility measurements in P-alumina. In ad-

dition, we have inferred that phonon-lifetime effects
are responsible for the weak magnetic-field depen-
dence displayed in our data. We have clarified the
relationship between the model of Lyo and Orbach, "
used to describe optical homogeneous linewidth data,
and the model we have used to explain our electron-
spin-relaxation data.
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