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Spin relaxation measurements on a color center in the conduction plane of Il -A1203:Na
reveal an exceptionally fast rate with an anomalous temperature and microwave frequen-
cy dependence. The data are quantitatively described by a mechanism involving the
coupling of a color center to the phonon-induced relaxation of a nearby 1ocalized two-
level tunneling state. The required density of such states is nearly the same as that
used to explain the low-temperature properties of P-A1203:Na.

In addition to being widely studied as a fast ion-
ic conductor, sodium P-alumina is of interest be-
cause its low-temperature properties resemble
those of a glass. ' ' These properties of the P-
aluminas, like other amorphous materials, have
been explained in terms of the phenomenology of
localized tunneling states (LTS)."We have ob-
served an anomalous temperature and microwave
frequency dependence in the electron spin relaxa-
tion rate of a paramagnetic center produced in
the conduction plane of P-A1,0, :Na by low-temper-
ature irradiation. These anomalies are satisfac-
torily explained by a density of tunneling states
which also predicts the specific heat, thermal
conductivity, and dielectric susceptibility data
reported by Anthony and Anderson. 4

The absorption derivative spectrum of the cen-
ter is shown in Fig. 1. It has been independently
observed and reported by O'Donnell, Barklie,
and Henderson. ' The intensity ratios in the elev-
en-line hyperfine pattern are characteristic of an
electron interacting with two equivalent I =

& nu-
clei. From the anisotropy of the principal g fac-
tors and the magnitude of the hyperfine splitting,
O'Donnell, Barklie, and Henderson argue con-
vincingly that the defect is an I' center, i.e., an
electron trapped at an oxygen vacancy, at the
O(5) site. ' This site is 0.168 nm from the Al nu-

clei and 0.323 nm from Na (I= —,) nuclei in the un-
perturbed lattice.

Our relaxation measurements were made at X
and Ku band microwave frequencies using the
pulse saturation and recovery technique. Spec-
trometer details have been published else-
where. ' '" None of the recoveries was strictly

5.2

FIG. 1. Derivative of the EPR absorption spectrum
from a color center in the conduction plane of P-AI203
:Na as measured at 77 K and 9.3 0hz, with 8 paralle1
to the c axis.
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exponential. Our relaxation times should be con-
strued as representative of the recovery between
times at which the signal is 6&o and 90% recov-
ered to its thermal equilibrium value.

Figure 2 shows relaxation data for one sample
at two different frequencies. These data cannot
be explained in terms of the usual phonon coup-
ling. For an I' center one would expect the dom-
inant relaxation mechanism to be a phonon-in-
duced modulation of a hyperfine interaction. " At
these temperatures T, and microwave frequen-
cies v, this time-even interaction should also
lead to a low-temperature relaxation rate which
varies as v'T. At higher temperatures it should
lead to a two-phonon Haman process varying ini-
tially as T', but eventually as T2 in the high-tem-
perature classical limit. In addition one would

expect relaxation rates of the order of 10 ' s '
at 2 K. Instead, the data of Fig. 2 indicate a near-
ly constant rate below 4 K, then a sharp in-
crease faster than T until 15 K, above which the
relaxation rate varies linearly with T.

Nuclear spin relaxation rates are known to be
much faster in amorphous materials than in crys-
tals. "'" This suggests that the relatively rapid
relaxation rate we observe is dominated by the

interaction of the I' centers with the LTS in the
disordered conduction plane. Various models for
nuclear or electronic spin relaxation in glasses
exist. "" It is known that the LTS in p-A1,0, :Na
relax much faster than the I' centers in that ma-
terial. ' %e therefore assume in our model that
the LTS are always in thermal equilibrium with
the lattice. The mechanism we propose for the
electron spin relaxation of an I' center in a glass
is similar to the process by which protons relax
in the presence of paramagnetic impurities, es-
pecially as it applies to dynamic nuclear polari-
zation. " There, protons with a Zeeman splitting
6 are weakly coupled to electrons with a Zeeman
splitting E» 6. This is shown schematically in
Fig. 3. The weak coupling provides wave-function
admixtures which allow "forbidden" relaxation
transitions ow, where 0 is proportional to the
square of the wave-function admixture and w is
the "allowed" relaxation transition in which just
an electron spin is flipped. In our model the elec-
tron spins are replaced by LTS, designated by
I+ 1) in Fig. 3, and the energy splitting E varies
from site to site. The I' centers, denoted by
l+) in Fig. 3, have a uniform energy splitting 5

= 2p,BII«E.
The relaxation rate I/~ of a LTS with an energy

splitting E = (c'+&')"' is given by
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FIG. 2. Spin relaxation rate of the color center of
Fig. 1 as measured at microwave frequencies of 9.5
GHz (squares) and l6.5 GHz (crosses).

FIG. 3. Schematic diagram of the energy levels and
product wave functions for a coupled system.
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~ by the phonon-induced strain e, p is the crys-
talline mass density, and v is a suitably averaged
acoustic phonon velocity. The minimum value of
~ occurs when & equals E and w, „/w = (&/E)' ~

There is a density of tunneling states according
to F. and 4 values':

1 1+6'/E'
P(E& ) g (1 g2/E2)1/2 ( )4 (2)

5 3A&d 2 E

where averaging over the nuclear spin operators
yields the factor of 2. Combining Eqs. (1) and (4)
we obtain the relaxation rate of an F center in
contact with an LTS of energy F. and overlap en-
ergy ~:

E' sinh(E/kT)
'

From the dielectric susceptibility data4 it can
be est!mated that 25% of the F" centers should be
in hf contact with a tunneling, nearest-neighbor
sodium. Spin diffusion should allow the remain-
ing 75% of the F' centers to reach thermal equi-
librium rapidly. We can then expect an F' center
to return to thermal equilibrium after saturation,
at a rate ( 1/T») given by the average of Eq. (5)
over the distribution of LTS given by Eq. (2).
From the data of Anthony and Anderson' we esti-
mate y =0.3 eV, d =0.03 nm, b „/E =10 ', p
=3.22 g cm, and v =4.1&10' cm s '. Their data

The coupling of the F' center to the LTS is as-
sumed to be a Fermi contact hyperfine (hf) inter-
action with a sodium nucleus which can tunnel a
distance d through the barrier of the asymmetric
double-well potential. It is further assumed that
the value of lg t2 at the sodium nucleus" fa.lls off
roughly as B, '. This allows us to write the in-
teraction between the LTS containing a Na ion
and the F' center as

af 2
(

set) (-E a)

in the basis where the LTS is diagonal. Scaling
the measured aluminum hf interaction by the
known crystal structure, we estimate A/k= 6.4
MHz for sodium. In computing the relevant wave-
function admixtures we require elements of Eq.
(4) which are diagonal in the LTS, but off-diag-
onal in S. This leads to an F'-center relaxation
rate

can be fitted with a LTS density such that

1 P(E, &)d& =2.4&1022(E/kT )o.2" ~ 1Tlin

y 4.5 x 10 (E/kTN) erg cm" (6)

with T„=1 K and a cutoff at E,„/k =65 K. With
use of this set of self-consistent parameters our
model predicts a relaxation rate of approximately
130 s ' at 15 K and 9.5 GHz. The temperature
dependence of the solid line in Fig. 2 is described
by a constant rate plus the temperature depen-
dence of ( 1/T») obtained by changing the factor
of 4.5 in Eq. (6) to 2.2, and lowering the cutoff
from 65 to 40 K.

We believe that the temperature-independent
relaxation below 4 K is associated with those fast-
relaxing F' centers which are in hf contact with
a LTS having the same energy splitting as the F'
center. These centers are few in number, but
the remaining F+ centers can relax through these
sites by spin diffusion. Our model predicts a 6 2

dependence which is absent from the data, but
there is evidence of a slightly lower rate of the
higher-frequency data. The inclusion of spin dif-
fusion would probably correct this shortcoming.
We believe that these measurements have clearly
established the relaxation of paramagnetic cen-
ters by tunneling states in p-A120, :Na, and that
our model correctly describes this relaxation
mechanism.
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Recent precision measurements of the resistivity of potassium between 0.38 and 1.6 K
revealed a surprising T 5 temperature dependence. We show that scattering of electrons
by phasons —the collective excitations of an incommensurate charge-density wave —can
provide an explanation.

Recent measurements by Rowlands, Duvvury, by the Bloch-Gruneisen formula if phonon-drag
and Woods, ' indicate the presence of an anomal- effects are important. Electron-phonon umklapp
ous contribution to the resistivity of potassium, scattering, which is essentially unaffected by pho-
which, if fitted to a pure power law, varies as non drag, contributes a term at low temperatures
T". Previously proposed mechanisms that con- of the form BT~exp(-h&uo/&ET), where cu, is the
tribute to the resistivity at low temperatures, in- frequency of the phonon with the minimum wave
eluding electron-phonon and electron-electron vector that allows participation in an umklapp
scattering, yield curves of resistivity versus process. Electron-electron scattering produces
temperature that are the wrong shape to explain the term CT' at all temperatures.
this high-precision data. As a resolution of -this The relative importance of each of these mech-
difficulty, we propose a new mechanism scatter- anisms is revealed by examining the low temper-
ing of electrons with phasons, the collective ex- ature resistivity data in potassium. Highly ac-
citations associated with phase modulation of a curate measurements4' exhibit an exponentially
charge-density wave. We will see that this as- decaying resistivity with decreasing temperature
sumption leads to the prediction of a temperature- below about 4 K, supporting the electron-phonon
dependent resistivity that is in good agreement umklapp scattering mechanism and lending cre-
with the data. dence to the concept of phonon drag. Below 2 K,

Conventional studies of the resistivity of a met- however, significant deviations from exponential
al at low temperatures yield the fo11owing con- . behavior have been observed, suggesting the
tributions': presence of an additional scattering mechanism.

In order to discover the characteristic behavior
of this additional mechanism, one must first sub-

where po is the residual resistivity. The term tract the known electron-phonon umklapp contri-
AT' results from normal electron-phonon scatter- bution from the data. Unfortunately, the form of
ing in the low-temperature limit. It may be great- this umklapp term below 2 K is not well deter-
ly reduced in magnitude from the value predicted mined. While van Kempen et al. have fitted
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