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EPR and electron-nuclear double-resonance (ENDOR) data from F+ centers in the
conduction planes of sodium, potassium, and lithium P-alumina are presented. The low-

temperature Ku-band ENDOR spectra from these fast ionic conductors consist of sharp
resonances from distant nuclei and broad, unresolved signals from nearest-neighbor alumi-

num and nearby Na, K, or Li cations in the conduction plane. The Na data are con-
sistent with x-band ENDOR results of others. The K and Li data reveal the existence of
a second inequivalent F+ center in these materials. The shape and. breadth of the Na
ENDOR signal can be simulated assuming that: (1) both Beevers-Ross and mid-oxygen
sites are occupied, (2)'the F+-ligand hyperfine interaction varies with distance as 1/R,
and (3) there exists a Gaussian distribution of hyperfine couplings which is consistent
with a 0.3-A tunneling distance inferred for Na ions from dielectric susceptibihty data on
Na P-alumina.

I. INTRODUCTION

P-alumina is a family of materials which exhibits
fast ionic conduction at high temperatures. In ad-
dition thermal conductivity, ' specific heat, and
dielectric suspectibility data ' at low temperatures
have established that these materials display glass-
like behavior near 1 K. Both the high ionic con-
ductivity and the low-temperature glasslike proper-
ties of P-alumina are the result of the intrinsic dis-
order in the mirror planes of the structure, which
is shown for the sodium salt in Figs. 1 and 2. The
disorder in the conduction plane is due to a
15—30%%uo stoichiometric excess concentration of
the mobile cation. Paramagnetic centers can be
formed in the conduction planes by irradiation.
An F+ center, associated with a trapped electron
at an oxygen vacancy in the conduction plane, is
shown schematically in Fig. 3. These, and other
centers, have been independently observed and re-
ported by several investigators. In earlier pa-
pers we have reported how the disorder in the con-
duction plane of P-alumina influences the electron-
spin relaxation of an F+ center, and leads to an
anomalous temperature dependence of the relaxa-
tion rate. ' ' Our quantitative calculations in

those papers relied in part upon electron-nuclear
double-resonance (ENDOR) data which we now re-
port along with a more complete analysis of the
EPR spectra. Experimental data and its interpre-
tation are presented for each of the three systems
studied. This is followed by a, more complete dis-
cussion of those features which appear common to
all three systems. Evidence indicating the ex-
istence of two inequivalent F+ centers within the
conduction planes of K and Li P-alumina will be

,presented.

II. EXPERIMENTAL DETAILS

All the samples used in these measurements were
loaned to us by A. C. Anderson and P. J. Anthony
who used them in their specific-heat, thermal con-
ductivity, and dielectric susceptibility measure-
ments. ' Single crystals of Na P-alumina were ob-
tained from Union Carbide and converted, as need-
ed, to the Li and K salts by repeated ion ex-
change. "All samples were stored in an anhydrous
environment, and as a further precaution the Li P-
alumina was dehydrated before irradiation by heat-
ing to 300 'C for 48 h in a vacuum.
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FIG. 1. Stoichiometric structure of Na P-alumina.
Half of a unit cell is shown and the Na cations occupy
BR sites. The Na ions are located in conduction planes

perpendicular to the c axis. The four different Al atoms
are labeled within the figure (Ref. 32).

In order to study P-alumina with EPR tech-

niques, it is necessary to introduce paramagnetic
centers into the conduction plane. This can be ac-
complished by substituting transition metal ions for
Na ions' ' or by irradiating the material to pro-

duce color centers. We have used the latter ap-
proach, employing primarily electron irradiation at
liquid-nitrogen temperatures. Some of our experi-
ments were performed on y-irradiated samples.
Other research groups have produced color centers
in P-alumina with uv, x-ray, or y-ray irradia;
tion. '

During sample exposures to 1.5-MeV electrons
from a Van de Graaff accelerator, a 50-pm thick
Ti foil was placed between the incident electron
beam and the sample. This foil scattered the elec-
trons and produced bremsstrahlung- x rays.
Without this foil, the eAiciency of the color-center
production was greatly decreased. Exposures were

typically 5 min with a dosage of between '10' and
10' electrons.

When the irradiated samples were kept at low
temperatures, they exhibited a dark blue coloration
and displayed EPR spectra corresponding to the
F+ center and another unidentified center. The
blue coloration and interfering EPR signal could be
destroyed by warming the Na or Li samples to
room temperature. After this annealing-, the sam-

ples had a slightly yellow-brown tint which togeth-
er with the F+ EPR signal persisted indefinitely if
kept at 77 K. However, in K P-alumina both
paramagnetic centers bleached at roughly the same
rate. When Na P-alumina was irradiated with
0.75-MeV electrons at low temperature, no F+
center was produced. The blue coloration and the
unidentified paramagnetic center were generated

OXYGEN SOD IUM
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FIG. 2. Structure of the conduction plane of stoichiometric Na P-alumina. The location of the I'+ center and the

nearby BR, MO, and aBR sites are shown. Light circles are the close-packed oxygen layer above and below the con-

duction plane. The unit cell of Fig. 1 is indicated by the dotted line.
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FIG. 3. Structure of stoichiometric Na P-alumina
with the probable position of an F+ center indicated
within the conduction plane at a bridge oxygen site.
Above and below the F+ center are the two equivalent
Al nuclei which produce the observed hyperfine lines in

the EPR spectrum. A Na+ cation BR site is located
3.2 L from the F+ center.

under these conditions, but vanished rapidly at
room temperature. The F+ center in Na or Li P-
alumina could be destroyed by heating the samples
in vacuum at 200 'C.

The unidentified center could also be produced
by y irradiation at 77 K using a ' Cs source. The
resulting EPR spectrum for Na P-alumina exhibit-
ed axial symmetry about the crystallographic c
axis. With the external magnetic field parallel to
the c axis, the EPR absorption line at 9.1 GHz was
a broad (43-6 peak-to-peak derivative linewidth),
symmetric, and structureless signal centered at

g~~
=2.048(5). When the field was perpendicular to

the c axis, some structure appeared superimposed
on the broad resonance (50-G peak-to-peak deriva-
tive) in the form of 10 to 12 sharp, 'equally spaced
hyperfine (hf) lines of unequal intensity. These
were centered at gt ——2.002(9) and separated by ap-
proximately 7.5 G. Isochronal annealing measure-

ents between 117 K and room temperature, using
6-min heating periods, indicate that this center is
stable to about 225 K. These measurements also
indicate that the I + center is not directly generat-
ed by the low-temperature y irradiation. Rather, it
appears to form as one of the decay products of the
unidentified center. Signals from both centers

could be seen after isochronal annealing, with most
of the I'+ production occurring in the 0 to +5 'C
temperature range. The sum of the percursor and
the I'+ EPR signals did not, however, remain con-
stant. A room temperature y irradiation of Na P-
alumina produced the I'+ center directly. .

The EPR results we report here were obtained
primarily from a homebuilt x-band homodyne
spectrometer which used 40-kHz magnetic-field
modulation and a cylindrical TEO&& mode cavity
which resonated near 9.3 GHz. A quartz tube,
10 mm o.d. X 1 mm wall, within and coaxial to
the cavity, permitted easy sample rotation and
sample exchange. In addition, the sample could be
cooled by cold nit'rogen gas which flowed through
the tube. A maximum magnetic field modulation
of 4 6 (peak-to-peak) was generated by running al-
ternating current through two brass rods, 1.6 mm
in diameter, parallel to the sample tube, and elec-
trically connected as a one-turn coil.

All ENDOR measurements reported here were
done below the A, point of liquid helium using a
cylindrical TEO& i mode cavity which resonated
near 15.0 GHz. The rf coil was constructed by en-

capsulating three strands of Formvar-coated 32-
gauge copper wire inside a thin-walled, 0.9-mm-
o.d., copper tube with Stycast 1266 epoxy. ' The
copper tube was stripped from a 0.9-mm-o. d. Coax-
itube. ' Two of these modulation rods were placed
in the cavity parallel to the cavity axis with the
wires soldered together to form a 3-turn rf coil.
Coils constructed in this manner operated well over
a 3—40-MHz frequency range and were resistant
to vibration and thermal stress. The resultant EN-
DOR cavity had a Q of approximately 8000 and
the intensity of the rf field at the sample was an
order of magnitude larger than that achieved with
a slotted cavity-coil design having a comparable
bandwidth. '

An LSI-11 microcomputer controlled the fre-

quency sweep of the rf coil and also functioned as
an ENDOR signal averager. The microwave ab-
sorption signal from a Ku-band superheterodyne
spectrometer was collected during the up and the
down sweeps of the rf signal generator. This pro-
cedure eliminated ENDOR lineshape distortion
which is occasionally present with unidirectional
frequency sweeps. The microcomputer controlled
the rf frequency through a digital-to-analog con-
verter, and digitized and stored the absorption sig-
nal. After signal averaging was completed, the fre-

quency of each step in the resulting ENDOR spec-
trum was measured using a frequency counter con-
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nected to the LSI-11 via an IEEE-488 Bus. The
data were then transferred to a Aoppy disk for fur-
ther analyses.

III. COLOR CENTER SPIN HAMILTONIAN

Eq. (4) predicts 11 equally spaced EPR lines with
intensity ratios of 1:2:3:4:5:6:5:4:3:2:1,because of
the various combinations of (m i +m2). The EN-
DOR transitions (bM =0, hm =+1) satisfy the re-
lation

The spin Hamiltonian for a spin- —, color center
with ligand-hf interactions is

A =pgS g.Hp

+ g(S A. '
I& —gyps I 'Hp+ I.'P I&)

(1)

where the terms on the right correspond to
electronic-Zeeman, ligand-hf, nuclear-Zeeman, and
nuclear-quadrupole interactions, respectively, and i
is the index of the ligand nucleus. One of the two
contributions to the tensor A. is that associated
with an isotropic contact term of the form a; I;.S
with

hv, f
——

~
[a +b (3 cos 8—1)]M g„p—&Hp

+Pi i
( 3 cos 8—1)(m + 1/2)

i
.

Although these solutions to the spin Hamiltoni-
an appear very specialized, they actually provide a
strong foundation for interpreting a wide range of
color-center EPR and ENDOR data. As long as g
and 3 are nearly isotropic, S and I are quantized
in the direction of Hp to a first approximation. .

Under these conditions, it is possible to modify
Eqs. (4) and (5) to handle the case when g, A, and
P have diA'ering symmetry axes. ' ' Based on this
treatment of the spin Hamiltonian, our EPR and
ENDOR data are used to evaluate spin-Hamilton-
ian parameters in Sec. IV.

where g, is the free-electron g value, g« is the nu-

clear g factor of the ith ligand expressed in units of
the Bohr magnetron, and

~

i)'j(0) ~; is the electron
density of- the unpaired spin at the ligand nucleus.
The other contribution to 3; comes from the
electron-nuclear dipole-dipole interaction which
adds traceless elements to A having axial sym-

metry about the color-center —ligand bond axis.
The total result is an axially symmetric 3; tensor
with principal values: (a; b;), (a; b—;), an—d
(a;+2b;).

If only one ligand nucleus is considered, and g
and A are nearly isotropic, but share a common
axis of axial symmetry with P, then the approxi-
mate energy levels which result from Eq. (1) are

P(M, m) = gp&HpM +[a +b (3 cos 8—1)]Mm

g„psHpm —+ —,P~~ [m —I(I+1)/3]

X(3cos 8—1), (3)

hv=gpsHp+[a+b(3cos 8—1)]m,

where v is the microwave frequency. For two
equivalent (ai ——a2, bi =b2) spin- —, ligand nuclei,

(4)

ere g gll cos 0+g~sin~8, M and m are the,
elctronic- and nuclear-spin components, respective-

ly, and 0 is the angle between the applied magnetic
field Hp and the axial-symmetry axis. Equation (3)

. predicts allowed electron-spin transitions (b,M
=+1, 4m =0) when

IV. EPR AND ENDOR OF THE F+ CENTER

Color centers identified as E+ centers have been
observed in Na, K, and Li P-alumina by EPR and
ENDOR techniques. ' ' In this section,
data on the F+ center are presented and summa-
rized. For each material, the EPR and ENDOR
results are discussed interchangeably because these
techniques complement each other, and their data
should be consistent. At the end of this section,
the arguments leading to the identification of this
paramagnetic defect as an F+ center ' are re-
viewed.

A. Na P-alumina results

Irradiation of Na P-alumina with 1.S-MeV elec-
trons, followed by a brief room-temperature anneal-

ing, produces a single color center with an EPR
spectrum as shown in Fig. 4. The resulting 11-line
hf pattern exhibits the intensity ratios characteris-
tic of an electron interacting with two equivalent
spin- —, nuclei, and possesses, axial symmetry about
the crystallographic c axis (perpendicular to the
mirror planes). From the angular dependence of
the x-band EPR data we determine that

()
——2.0079(5), gi =2.M39 5) A

= (a+2b)/g~~ps 16.8(2) G,, a——nd Ai/gips
= (a b)/giga ———16.3(2) G. These results are in

good agreement with those obtained by others. '
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FIG. 4. Derivative of the EPR spectrum of an I'+
center in the conduction plane of Na P-alumina as mea-
sured at 77 K and 9.3 GHz, with Ho~ ~c. A similar EPR
spectrum appears in K P-alumina.

The F+-center concentration was determined by
comparing the intensity of the F+ EPR signal with
the signal produced by a MgO sample doped with
a known concentration of Cr +. This measurement
indicated that the irradiation procedure produced
-10' —10' F+/cm in Na P-alumina, and longer
irradiations did not visibly increase the color-cent'er
concentration. This suggests that the electron irra-
diation does not generate knock-on lattice defects.

ENDOR spectra of the F+ center were obtained
by saturating the center line of the Ku-band EPR

spectrum at approximately 1.8 K. These spectra
revealed several different peaks in the 2 —35 MHz
range which could be identified as near-A1, near-

Na, and distant-Al ligands. Saturation of different
hf.lines did not significantly change the ENDOR
spectra indicating that all of these ENDOR lines

belong to the same defect, but saturation of dif-

ferent hf lines did produce slight changes in the
ENDOR lineshape, probably due to complex nu-

clear polarization and relaxation processes. Also,
it should be noted that Na, K, and Li P-alumina
displayed unusually broad ENDOR lines which
limited the amount of information available from
the data. This low resolution is probably associat-
ed with the disorder in the conduction plane and
will be discussed in more detail later.

ENDOR signals were obtained from the two
equivalent Al nuclei that produce the resolved hf
structure in the EPR spectrum. These are shown
in Fig. 5 and appear as two broad peaks centered
about 3

~

~/h, with a splitting of 2gA&iMiiHo/h. A fit
of the angular variation of these ENDOR signals is
shown in Fig. 6 and results in values of a =45.7(1)
MHz and h =1.0(1) MHz, which agree with the
EPR values. Each broad Al ENDOR peak con-
sists of five quadrupole peaks with splittings
described by a P tensor with axial symmetry along
the c axis and P~~/h =0.35(6) MHz. Disordered
Na+ ions in the conduction plane should lower the
symmetry of the P tensor, but we could not
resolve such effects.

I

21 4.

1S

FREQUENCY (MHz)

FIG. 5. ENDOR spectrum of near Al nuclei in Na P-alumina. Ho 5346 G, v=15.02 GH——z, and Ho~ ~c. The five-

line quadrupolar structure is indicated for one of the peaks.
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FIG. 6. ENDOR data for the F+-Al hyperfine in-

teraction in Na p-alumina as a function of the direction
of the applied magnetic field. The solid line is a fit to
an A with the form of Eq. (5) of the text.

Figure 7 shows an ENDOR spectrum for Na P-
alumina in the 3—13 MHz range, with Ho set at
5346 6 parallel to the crystalline c axis. The ma-

jor features which appear between 3 and 8 MHz
can be attributed to five quadrupole lines from dis-

tant Al nuclei, and the m =+—, to ——, transi-

tion of distant Na (I = —,, gN, ——1.015g&I). The
distant Al quadrupole interaction displayed axial

symmetry as pr'edicted by the crystal structure, and
the data can be fit with a P~~/h value of 0.39(7)
MHz.

The broad, structureless ENDOR resonance
which appears around 10 MHz in Fig. 7 is of
greater interest since it represents a portion of the
ENDOR signal expected from Na nuclei close to
the I'+ center. The relative sizes of the hyperfine-
and nuclear-Zeeman interactions for these Na nu-

clei are such that one predicts two sets of quadru-

pole lines centered about gw, p~HO/h and split in

frequency by the hf interaction 3/h. %e were un-

able to resolve the lower companion to the 10-
MHz ENDOR line because of a spurious spec-
trometer response at frequencies below 2 MHz.
The observed shift of the higher frequency Na EN-
DOR response with magnetic field orientation indi-

cated that the direction of the Na color-center
bond was perpendicular to the c axis of the crystal.
Averaging over the various bond directions within
the conduction plane, this hf interaction can be
described approximately by

S AN, .I =[a —(b/2)(3cos 8—1)]S,I, ,

with a/h =9.5(3) MHz, b/h =1.5(3) MHz, and 8
represents the angle between the applied magnetic
field and the crystalline c axis. From the ENDOR
data, it was not possible to resolve any Na quadru-

pole splittings, or to observe deviations from axial
symmetry in the hf interaction. Figure 8 is the
3—13-MHz ENDOR spectrum of Na P-alumina

Distant Al

I

S

FREQUENCY (MHz)

10 14

FIG. 7. Low-frequency ENDOR spectrum of Na P-alumina. HO=5346 G, v=15.02 GHz, and Ho~ic. The broad

near Na line is shown along with the distant Al spectrum.
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FIG. 8. I.ow-frequency ENDOR spectrum of Na P-alumina. Ho ——5346 G, v=15.02 GHz, and Ho lc.

with the external field of 5346 6 oriented perpen-
dicular to the crystalline c axis.

Samples of Na P-alumina irradiated at low tem-
perature with 0.75-MeV electrons contained the
unidentified center but not the I'+ center. The
EPR of this center was identical to that produced
by y irradiation as described in Sec. II. Figure 9 is
the 3—25-MHz ENDOR spectrum of this center

with the external magnetic field parallel to the c
axis. A resonance due to distant Al was observed
at gzipsHp/h 5.9 MHz. In addition, five strong
lines appear between 10 and 20 MHz, which we at-
tribute to quadrupole splitting of near Al. In this
case the spectrum should consist of two sets of five
lines, centered at g Aip, ~Hplh and separated by
A~~/h. The low-frequency set of resonances were

Distant Al Near Al

10

FREQUENCY (MHa)

FIG. 9. ENDOR spectrum of the unidentified center in Na P-alumina with Ho ——5250 G, v=15.05 GHz, and Ho~ ~c.

The distant Al lines are seen near 5.8 MHz. Five quadrupole lines from near Al' are found between 10 and 20 MHz.
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not observed because of experimental limitations.
Using this interpretation we find AI~

——18 MHz,
A J —24 MHz, and P

~ ~

——0.9 MHz, in good agree-
ment with the hyperfine splitting observed in the
EPR spectrum of this center.

B. K P-alumina results

The EPR spectrum of the E+ center in K P-
alumina is similar to that obtained in Na p-
alumina. Once more, the characteristic 11-line hy-
perfine splitting was observed, and there were only
minor changes in g and A with g~~

=2.0075(5),
g =2.0043(5), A~~/g[[pa ——16A G, and

At/gtys ——15.5(2) G for K P-alumina. The most
noticeable diAerence in the F+ EPR data for the
two materials was in the width of the hf lines. For
Ho~ ~c in Na p-alumina, the linewidth ~was 11
G, but in K P-alumina the linewidth was only 5
G; This is consistent with the idea that the
linewidth is due partially to the unresolved Na or
K hf interactions; the nuclear moment of K be-

ing significantly smaller than that of Na.
A near Al ENDOR spectrum is shown in Fig.

10. The two large ENDOR lines in this figure are
associated with the hf splitting observed in the
EPR data. A fit of the hf interaction for these res-
onances yields a/h =44.3(2) MHz and b /h
=0.7(1) MHz in agreement with A

~~
and At

values from the EPR spectra. A second pair of
ENDOR lines, denoted Al', in Fig. 10 are identi-

fied as an additional near Al resonance by the
separation of the two lines, 2gz&p~HO. Features
associated with the Al' ligand were not observed in
the EPR spectra. The Al' hf interaction is highly
isotropic with a'/h =34.7(7) MHz and b'/h &0.7
MHz. Further discussion of the Al' ENDOR reso-
nance will be resumed after presentation of data
from Li P-alumina where a similar resonance is ob-
served.

The K p-alumina ENDOR measurements on the
F+ center did not reveal any K resonance. The
weak K hf interaction and small Zeeman energy
causes the broad, near K lines to overlap and oc-
cur at a low enough frequency to make these lines
unresolvable. A distant Al resonance similar to
the one in Na p-alumina was observed in K p-
alumina with P~~ =0.4(l) MHz.

C. Li P-alumina results

The irradiation and annealing procedure which
produced the I+ centers in Na and K p-alumina
creates two varieties of E+ centers in Li p-
alumina. These centers are revealed by the Li p-
alumina EPR spectrum shown in Fig. 11. This
spectrum consists of a strong 11-line pattern with
an intensity ratio indicative of two equivalent Al
ligand nuclei. The center associated with the in-
tense 11-line hyperfine splitting is denoted with a
superscript prime. The weaker lines in this EPR
spectrum are part of another 11-line hyperfine in-

t

FREQUENCY (MHx)

FIG. 10. ENDOR spectrum of near Al nuclei in K P-alumina. HO=5318 G, v=14.96 GHz, and Ho~ ~c. The Al
and Al' resonances are indicated.
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FIG. 11. Derivative of the EPR spectrum from F+
centers in the conduction plane of Li P-alumina as mea-

sured at 77 K and 9.317 GHz, with Ho~ ~c. Features of
the eleven-line pattern displayed in Fig. 4 are still visi-
ble.

teraction belonging to a center denoted with no su-

perscript.
The EPR spectra of both centers can be resolved

by plotting the position of each hyperfine line for
different Hp orientations as shown in Fig. 12. This
figure clearly displays the two distinct 11-line pat-
terns indicated by diamonds (primed center) and
squares (unprimed center). The EPR spectrum for
each center can be described by a hf tensor having
axial symmetry along the c axis. The solid lines in

Fig. 12 result from a computer fit of the data and
yield g II

2.0069(5), g~ ——2.0059(5)' gll 2.0083(5),
Zz

——2.0049(5), A I~/g j~ pz ——13.2(2) G, A j /g j ps
=12.9(2) G, A~~/g~~pz ——15.2(2) G, and Aj/gyp'
=14.5(2) G.

Analysis of the EPR spectra verifies that each of
these color centers interacts with two equivalent Al
nuclei. The symmetry of A indicates that c is the
bond axis for the Al-I'+ —Al bond, and the spin-
Hamiltonian parameters for this center closely
resemble those obtained for the I'+ center in Na
and K p-alumina. The weak anisotropy of the
F+' center makes it more difficult to determine
the direction of the Al —I'+' —Al bond, and the
strength of this hyperfine interaction is slightly re-
duced from the Al-I + coupling. These factors
suggest that the small deviations in g and A for
these centers are probably caused by different en-

vironments within the conduction plane.
ENDOR measurements on near Al in Li p-

alumina did not reveal much additional informa-

3200
-40

l I I

0 40 80
ANGLE FROM c

I

l20

FIG. 12. Peak positions in the Li P-alumina EPR
spectrum as a function of the applied magnetic field
direction. Data indicated by diamonds produced the fit
of the F+' center. Squares indicate data for the F+-
center fit, and solid circles represent data used in the fit
of both centers. The crosses were not used in either fit.
The solid lines result from fits of both the F+ and F+'
centers to Eq. (4) of the. text.

tion on the hf interactions of the two centers be-
cause the resonances were very broad. ' The data
did confirm, however, that hf interactions due to
Al ligands are present in the Li salt with isotropic
components of a/h =42 MHz and a'/h =36 MHz.
The near Al hf parameters of the prime center in
Li P-alumina closely resemble those of the Al'

. center in K P-alumina. This suggests that the F+'
center is present at low concentrations in the K
salt as well.

The low-frequency ENDOR lines in Li P-
alumina are displayed in Fig. 13. The near and
distant Li lines are seen as a broad' peak near

gL pgHp=8. 9 MHz. The model for the F+-center
wave function predicts that the Fermi contact hy-
perfine interaction with the near Li is -2.0 MHz.
For this reason, it.is not possible to resolve the Li
hyperfine interaction from the broad Li ENDOR
line. A weak Li hyperfine coupling is confirmed
by the Li p-alumina EPR linewidth which is com-
parable to that observed in K P-alumina. The dis-
tant Al spectrum at 6 MHz is very complex, but it
is still possible to identify five major splittings with
P

~ ~

/h =0.43(6) MHz. The additional ENDOR
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FIG. 13. I.ow-frequency ENDOR spectrum of I.i P-alumina. Ho ——5346 G, v=15.04 GHz, and Ho!!c. A five-line

distant Al quadrupole structure 'is indicated, and a broad Li line is also shown.

lines probably result from the other distant Al nu-

clei or near Al nuclei with hyperfine couplings
comparable to the size of the quadrupole splitting.

D. Discussion of the I'+ data

Until this point, no arguments have been given
for identifying the color center as an F+ center,
but with all of the data presented, it is now possi-
ble to outline the identification process. All of the
spin Hamiltonian parameters obtained from the
EPR and ENDOR experiments are listed in Tables
I—III. These tables provide a useful reference dur-

ing this discussion, and for convenience all ele-

ments of A have been converted to units of MHz.
The dominant characteristic, common to all the

EPR data from these centers, is an 11-line hf pat-
tern which has axial symmetry about the crystallo-
graphic c axis and exhibits intensity ratios of
1:2:3:4:5:6:5:4:4:2:1.This indicates that the color
center is equidistant from two Al nuclei and that
the Al —F+—Al bond axes run parallel to the hex-

agonal c axis. The only color-center locations with
these properties lie in the mirror plane. The
closest Al nuclei to this plane are found above and
below the bridge oxygen sites or the charge-
compensation oxygen sites.

In order to identify the type of color centers
present in the conduction plane it is necessary to
look closely at the magnitude of various spin Ham-
iltonian parameters. The fact that the g factors are

so close to the free-electron value suggests that the
wave function of the color center is an s or p state.
For a p-state color center, the g tensor displays axi-
al symmetry along the axis of the p lobe containing
the unpaired spin, and there is significant g-factor
anisotropy with g~

~

=g, and gz —g, =0.1 —0.01.' '

The EPR data show that there is a significant devi-
ation from g, when Ho is parallel to the c axis.
This would place the p lobe in the conduction
plane and produce a small contact interaction with
the Al nuclei above and below the conduction
plane. This contradicts the data which exhibit a
large aluminum contact interaction. Also, the g-
factor shift from g, is much smaller than the shift
normally observed for a p-state color center. For
these reasons p-state centers such as the 0 center
are rejected as a plausible explanation for this color
center in P-alumina.

The observed g-factor shifts and Al contact hy-
perfine interactions suggest instead that the color
center is an s-state defect. The model for such a
defect is an electron trapped at a conduction-plane
0 vacancy (see Fig. 3). This color center is
commonly called an F+ center because a local pos-
itive charge remains due to the absence of the di-
valent oxygen ion. To a first approximation, the
F+ center, like the F center, has a hydrogenic s-
state wave function. The F-center g shift is pro-
duced by the electron spin-orbit interaction with
neighboring nuclei, and this model predicts

g —g, &0 in agreement with the data for F centers
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TABLE I. I'+ spin Hamiltonian parameters for Na P-alumina obtained from EPR and

ENDOR measurements. The results of other independent studies are included for compar-
ison.

Parameter Units Expt. value Source Ligand

2.0079(5)
2.0076(2)
2.0085
2.0039(5)
2.0036{2)
2.0049

This EPR
a
b

This EPR

b

A~~/h MHz
47.2(6)
46.78(6)
47.0

This EPR
a
b

Al

Ai/h MHz
45.7(6)
45.35{8)
45.2

This EPR

a/h MHz
45.7{1)
45.20(7)

This ENDOR
c Al

b/A MHz
1.0(1)
1.20(2)

This ENDOR
c

P() /h MHz
0.35(6)
0.383(7)

This ENDOR
d

Al

a/h MHz
9.5(3)
7.8(2)

This ENDOR
c Na

b/A MHz
1.5(3)
1.2(2)

This ENDOR '

'Na

P)i/h MHz

MHz

0.7(1)

0.39(7) This ENDOR Distant Al

'Reference 6.
Reference 8.

'Reference 21.
Reference 22.

in alkalide halides. However, in oxides and other
divalent materials g —g, & 0 has frequently been
observed for F+ centers with g shifts similar to
those observed in P-alumina. This effect has been
attributed to the admixture of a charge-transfer
state where a hole is trapped at a neighboring
anion. - Using this model it is possible to suggest
that a neighboring oxygen within the conduction
plane interacts with the F+ center producing the

size and asymmetry of the g shifts, but this calcu-
lation has not been attempted.

The magnitude of the observed hyperfine interac-
tions is in agreement with those expected for an
F+ center. The 0-A1 distance at the bridge oxy-
gen is 1.68 A with a/gA~h =31 MHz from Al EN-
DOR data on Na P-alumina. By comparison, the
F+ center in MgO displays a contact interaction
with Mg such that ai'gMsh =32 MHz, where the
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TABLE II. I'+ spin Hamiltonian parameters for K P-alumina obtained from EPR and
ENDOR- measurements. The results of another independent study are included for compar-
ison.

Parameter Units Expt. Value Source Ligand

2.0075(5)
2.0076

This EPR

gi
2.0043(5)
2.0049

This EPR
a

MHz
46.0(6)
46.4

This EPR
a

Al

A, /h
43.5(6)
44.3

This EPR
Al

a/h

b/h

a'/h

b'/h

Pll /h

MHz

MHz

MHz

MHz

44.3(2)

0.7(l)

34.7(7)

(0.7
0.4(l)

This ENDOR

This ENDOR

This ENDOR

This ENDOR

This ENDOR

Al

Al

Al'

Al'

Distant Al

'Reference 8.

Mg-0 distance is 2.1 A. The magnitude of the
near Al dipolar interaction is

2
Al gAlgI 8

hRO

expressed in MHz, where Ao ——1.68 A. This classi-
cally estimated dipolar hf parameter is about four

times that observed for Al in Na P-alumina. The
same corrections to the electronic wave function
that explain the g-factor shifts also produce devia-
tions in the dipolar coupling. ' '

The measured quadrupole couplings are also
consistent with other data. The quadrupole interac-
tion for the near Al resonance has the expected

TABLE III. F+ spin Hamiltonian parameters for Li P-alumina obtained from EPR and
ENDOR measurements.

Parameter Units Expt. value
Source

(this work) Ligand

gs

gll
gx
A l'l /h
Ai /h

All/h
Aj/h
a'/h
a/h
Pll /h

MHz
MHz
MHz
MHz
MHz
MHz
MHz

2.0069(5)
2.0059(5)
2.0083(5)
2.0049(5)

37.0(6)
36.3(6)
42.6(6)
40.6(6)

-36
-42

0.43(6)

EPR
EPR
EPR
EPR
EPR
EPR
EPR
EPR

ENDOR
ENDOR
ENDOR

Al'
Al'

Al
Al
Al'

Al
Distant Al
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symmetry axis for an adjacent F+ center located
along the c axis, and calculations indicate that the
quadrupole splitting is due largely to the electric
field gradient produced by the effective positive
point charge of the F+ center. '

. The resolved dis-
tant Al quadrupole splitting, P~~/h =0.4 MHz, is
the same as the largest Al quadrupole coupling ob-
served in NMR measurements.

Based on this discussion, it is possible to con-
clude that the 11-line EPR spectrum is caused by
an F+ center located at a conduction plane oxygen
site. The observed g factors and hyperfine interac-
tions are all in agreement with this model, and as a
result of the EPR and ENDOR experiments,
enough is known about the conduction plane color
centers to allow a quantitative confirmation of the
model proposed by Kurtz and Stapleton' to ex-

plain the anomalous spin relaxation of F+ centers
in Na, K, and Li P-alumina.

Although poor resolution of the near cation EN-
DOR data makes it difficult to learn specific de-

tails about the disorder in the conduction plane,
some insight can be gained by simulating the ex-
perimental Na ENDOR lineshapes which appear in

Figs. 7 and 8. The width of the Na ENDOR line
with Hole could be due to the overlap of signals
from Na ions in the different Beevers-Ross (BR)
sites. These sites are inequivalent for an arbitrary
angle of the magnetic field in the plane and would
result in three lines. However, with Ho~ ~c, these

sites are equivalent and should give rise to one, re-
latively sharp resonance line. This is not observed.
Instead, we simulate these lines assuming that the
width is due to Gaussian distributions of the hf
and quadrupole interactions of the ligand nuclei.
%e consider only nearest-neighbor BR and mid-

oxygen (MO) sites to make significant contribu-
tions to the Na ENDOR lineshape. This is because
the anti-Beevers-Ross (aBR) site has a low proba-
bility of occupancy and because we assume that
both the contact and dipolar hf interactions scale
with distance as R . The BR, MO, and aBR
sites are shown schematically in Fig. 2 and are si-
tuated 3.23, 2.80, and 3.23 A from a conduction
plane oxygen, respectively.

Using site occupancy probabilities of 0.63 and
0.36 for the BR and MO sites, the average contri-
bution to the ENDOR signal from MO sites is
57% of that from BR sites. With this relative in-

tensity we do a four-parameter ENDOR lineshape
simulation using Az~, the mean hf coupling con-
stant for the BR site; M, the standard deviation of
the hf coupling at both the BR and MO sites; P~~,
the quadrupole coupling; and AP)

I~,
the correspond-

ing standard deviation. Since
~

P(0)
~

at a ligand
nucleus scales roughly as Z' /R for an F center
with a ligand of atomic number Z, ' we can esti-
mate the contact and dipolar hf couplings of ligand
nuclei at the MO site from the corresponding
values at the BR site. Thus, once A&R is chosen,

10

FREQUENCY (MH2:)

12 14

FIG. 14. Simulation of the near Na ENDOR resonance in Na P-alumina for Ho~ ~c. In the lower portion of the fig-
ure the resonance is decomposed into its constituent parts: three inhornogeneously broadened quadrupole resonances
from BR sites, and three similar resonances from MO sites. The values -of the parameters are given in the text. This
simulation should be compared to the experimental data of Fig. 7.
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FIG. 15. Simulation of the near Na ENDOR resonance in Na P-alumina for Hole. In the lower portion of the fig-
ure the resonance is decomposed into its constituent parts: three inhomogeneously broadened quadrupole resonances
from BR sites, and three similar resonances from MO sites. The values of the parameters are given in the text. This
simulation should be compared to the experimental data of Fig. 8.

AMo follows from scaling. The same averaging
procedure used to determine the angular depen-
dence of AN, [Eq. (6)] yields a quadrupole shift of
—P~~(3 cos 8—1)(2m + I)/4. It is obvious that

EPI
~

alone cannot account for the large ENDOR
linewidth since the m = —, to ——, nuclear transi-

tions are unaffected by quadrupole interactions and
would produce sharp lines.

Figure 14 is a simulation of the ENDOR
lineshape for HII~ ~c and should be compared to Fig.
7. Similarly Fig. 15 corresponds to Hole and
should be contrasted with Fig. 8. These simula-
tions reproduce the position, shape, and angular
dependence of the near Na resonance and corre-
spond to a/h =7.0 MHz and b/h =1.1 MHz for
the BR site. The corresponding values at the MO
site are 10.7 and 1.7 MHz. These simulation
parameters should be compared with the experi-
mental data of Table I, where no distinction with
respect to sites is possible. The values of M, P~),
and API

~

used in the simulations were 0.7, 0.7, and
0.2 MHz, respectively. P~~ was chosen equal to
that estimated by Barklie et al. ' Based upon the
measured near Al contact interaction, our scaling
procedure predicts a/h =5.2 MHz for the Na ions
at the BR site. This value is within 25% of that
used in the simulations. Assuming the simulation
value for the contact hf coupling of 7.0 MHz for

Na at the BR site, the Z' scaling predicts contact
hf couplings of only 1.5 and 2.8 MHz for Li and K
ligands, respectively. These small contact terms
make resolution of the K and Li hf interactions
impossible from the ENDOR data.

The width of the nearby, mobile cation ENDOR
resonance may be related to the existence of local-
ized tunneling states. These states have been used
to explain the low-temperature thermal and dielec-
tric properties of Na P-alumina. ' The dielectric
susceptibility data on Na P-alumina can be under-
stood by assuming that the Na ions tunnel in the
conduction plane between the minima of two po-
tential wells, about 0.3 A apart. With a I/R scal-

ing of the hf coupling, this corresponds to a 28go
variation in A

~~
at the BR site in Na P-alumina if

the tunneling were in the conduction plane along a
radial from the I'+ center. A value of 12% for

M~I/A
~~

was used in our simulation.
Such a mechanism cannot account for the exces-

sive width of the near Al ENDOR lines. An alter-
native explanation is that the diA'erent local en-

vironments, caused either by disorder in cation lo-
cations, or by tunneling, modify the F+-center
wave function. This could change the Fermi con-
tact hf term with both the Na and Al ligands,
causing inhomogeneously. broadened nuclear energy
levels. A similar mechanism may be responsible
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for the existence of the F+' center in Li p-
alumina. The observed shifts in both the g factors
and the anisotropic hf parameter relative to the F+
center, are consistent with a change in the p char-
acter in the F+ wave function. ' There is evidence
that the Li ions may move 0.85 A perpendicular to
the mirror plane. ' This additional degree of free-

dom for the disorder may be responsible for the
clear resolution of the F+' center in the EPR spec-
trum of the Li salt.

V. CONCLUSIONS

These Ku-band ENDOR measurements have
confirmed independent x-band ENDOR data on
F+ centers in Na p-alumina and have extended the
measurements to include K and Li p-alumina.
Evidence of additional, closely related centers in

the Li and K salt has been presented. %e have

correlated the broad Na ENDOR linewidth with

disorder and tunneling distances in the conduction
plane of Na p-alumina as measured from the
dielectric susceptibility data of others.
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