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Li tunneling effects on spin-lattice relaxation rates of a color center in CaO:Li
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Low-temperature spin-lattice relaxation rates of the [FL;] center in single crystals of
CaO:Li at X- and Eu-band microwave frequencies exhibit an anisotropy in the functional

form of the temperature dependence: from T in the [100] direction to csch(25/T) in the

[111]direction. A model involving longitudinal and transverse tunneling of a Li ion adja-

cent to the trapped electron can qualitatively explain this and most of the other characteris-

tics of the relaxation data, with the exception of the hyperfine dependence.

I. INTRODUCTION

Imperfect crystals and amorphous materials have
additional modes of excitation which are not found
in perfect crystals. These new modes modify the op-
tical, thermal, and electric properties of the material.
One such mode is the quantum tunneling of low-
mass atomic and molecular impurities in crystals. '
These localized tunneling states (LTS) have been in-

voked to explain the anomalous low-temperature
thermal and dielectric properties of amorphous ma-
terials. '

These excitations also provide a mechanism for
the thermalization of electron spins. The first obser-
vation of electron spin-lattice relaxation (SLR) attri-
buted to tunneling was made by Feldman, Castle,
and Wagner from atomic hydrogen in fused silica.
Murphy used rate equation arguments to show that
the SLR rate 1/T& would be proportional to
csch(EIkT), where E is the energy splitting due to
tunneling, k is Boltzmann's constant, and T is the
temperature. Similar behavior has also been ob-
served frotn the Fz(Li) center in single crystals of
lithium-doped KBr.

Kurtz and Stapleton' ' observed an anomalous
SLR rate for an F+ center in the prototype glasses
Na, Li, and K P-alumina. They presented a theory
based on tunneling states which predicted the mag-
netic field and temperature dependence of the SLR
rate. The isotropic hyperftne (hfl interaction a I S
provided the coupling between the electron spin S of
the F+ center and a tunneling nucleus of spin I. In
a glass there is a broad distribution of tunneling-
state energies. The results for the F+ center were
explained by assuming relaxation through tunneling
states whose energies follow a distribution function
very close to that determined from measurements of
the specific heat, ' thermal conductivity, ' and
dielectric susceptibility' ' of those materials.

Those results indicated that electron spin-lattice
relaxation can be a valuable probe of amorphous
materials, particularly if the electron spin-
tunneling-state interaction is well understood. In
this paper we present an experimental and theoreti-
cal investigation of this interaction. As a model sys-
tem we study the spin-lattice relaxation of a
paramagnetic defect adjacent to a tunneling ion: the
[Ft;] center in Li-doped calcium oxide.

In single crystals such as CaO:Li the tunneling
states should have well-defined energies. This elim-
inates having to average over some distribution
function which is not known a priori, as is necessary
in amorphous materials. In addition, the [Ft;]
center, unlike the F center in the alkali halides, has a
well-resolved hyperfine structure. This allows mea-
surement of the SLR rate as a function of the nu-
clear magnetic quantum number m.

Measurements of the SLR rate as a function of
temperature, applied magnetic field, crystal orienta-
tion, and quantum number m are presented. These
results are not consistent with conventional
phonon-driven relaxation of F-type centers. In par-
ticular we report the first observation of an anisotro-
pic temperature dependence of the SLR data. The
theory presented by Kurtz and Stapleton is expand-
ed to cover these new measurements. We show that
both the isotropic and anisotropic components of
the hf interaction are required to understand the
spin-tunneling-state interaction.

II. EXPERIMENTAL RESULTS

The undoped and Li-doped CaO single crystals
used in this study were grown by the arc-fusion tech-
nique' from CaCO3 and a mixture of CaCO3 and 5
mol%%uo LiqCO3, respectively. The final concentra-
tion of Li in the doped sample was 0.004 wt. %%uo

(1.6)&10 %%uo of all atoms). A small amount of
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FIG. 1. Derivative of the EPR spectrum from the

[FU] center in CaO:Li as measured at 77 K and 9.5 GHz
with the applied magnetic field parallel to the [100] crys-

tal axis. Indicated are the positions of two sets of four
lines arising from those centers with the electron-lithium

axis parallel to the applied field and those centers with

that axis perpendicular to the field. Also indicated is the
position of the line arising from isolated F+ centers.

carbon was added to enhance the production of oxy-
gen vacancies. As grown, the doped crystals contain
a paramagnetic color center whose X-band electron
paramagnetic resonance (EPR) spectrum is shown in
Fig. 1 for the case of the applied magnetic field

+~[100]. The spectrum consists of two sets of
four equally spaced lines, with one set twice as in-

tense as the other. There is also a strong isotropic
central peak due to F+ centers without nearby Li+
ions.

This spectrum has been identified by Abraham
et al. as due to an electron trapped at a oxygen va-

cancy adjacent to a substitutional Li impurity. The
structure of this center, designated [Fi;], is shown

in Fig. 2. An anisotropic hf interaction between the
electron spin and the Li nuclear spin (I = —, ) pro-

duces the four hf lines for each of the three axis
orientations of the [FL;] centers. This spectrum
can be described by the spin Hamiltonian

P =pgS'g'Hp+S'A ' I (1)

The tensors g and A display axial symmetry with

gi 2'~~(2) u (~[[+~&)/3
=6.583(5) MHz, and b =(A~~ —Ai)/3=1. 213(5)
MHz. Undoped crystals contain F+ centers with

g =2.0001(2).

Ca Li

(a) {b)

FIG. 2. A schematic diagram of the structure of the

[Fi.;] center in CaO:Li. View (a) is along a perpendicular

to the color center lithium axis, while view {b) is along

that axis, looking toward the lithium site from the oxygen

vacancy. The lithium, which has replaced a calcium, is

shown in a postulated off-center position.

SLR measurements on the [Fi;] center were

made using the pulse saturation and recovery tech-

nique. Details of this technique and of the experi-
mental apparatus have been described previously. '

The return to thermal equilibrium was not strictly
exponential, however, consistent results could be ob-

tained by fitting the recovery signal in the region be-

tween 40% and 90% of its thermal equilibrium
value.

When Ho~
~
[100],only the m = ——, hyperftne line

is well separated from the remainder of the spec-
trum. At this orientation, measurements were made

only on this line to avoid cross relaxation. The SLR
rates between 1.5 and 25 K at two microwave fre-
quencies, 9.51 and 16.49 GHz, are shown in Fig. 3.
The rate is a linear function of temperature and is
independent of frequency.

The different orientations of the [Fi;] cen-

ter within the crystal are all equivalent with

@~[111],and only one set of four hf lines is ob-

served. Each line is well resolved, except for the

m =+—, line which partially overlaps the line from

the F+ center. The SLR rates of the remaining

three lines as functions of temperature between 5

and 25 K at 9.5 GHz are shown in Fig. 4. Unlike

the data for the [100] magnetic-field orientation,

these rates increase faster than T at the lowest tem-

peratures, eventually following a linear temperature

dependence at higher temperatures. The relaxation
3 3

rates of the m =+—, and m = ——, lines are equal,

within experimental error, while the rate of the

m = ——line is significantly faster.
2 22 23

With the use of fast passage techniques ' a
measurement was made of the SLR rate of the F+
center in undoped CaO. At 4.2 K and 16 GHz, the

rate was approximately 0.03(3) s

The results for the [Fi;] center in CaO:Li are
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unusual. The rates are fast compared to other F-
type centers. At 4.2 K the rate is roughly 30 times
that measured in the undoped sample. In the alkali
halides rates down to 10 s ' have been mea-
sured. If the relaxation were due to phonon-
induced transitions the rate would have a linear
dependence on temperature below about 5 K, but a
T dependence at higher temperatures 25,2s —29

Clearly the data cannot be fit to a function of this
form. These standard theories of spin-lattice relaxa-
tion also predict that the rate will depend on fre-
quency as v . In the [100] direction there is no dis-
cernible frequency dependence. While an anisotro-
pic relaxation rate is neither unusual nor unexpect-
ed, what we observe in this system is a change in the
functional form of the temperature dependence as
the direction of the magnetic field is changed.

0
0 25

0-
0 5 I5

T(K)
FIG. 4. Spin-lattice relaxation rates of the [FL;]

center in CaO:Li measured at 9.5 GHz with the applied
magnetic field parallel to the crystal [111]axis. Results
are shown for three different hyperfine lines. The solid
lines are the result of the theory described in the text.
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FIG. 3. Spin-lattice relaxation rate of the [Fq;] center
in CaO:Li as measured at microwave frequencies of 9.51
and 16.49 GHz, with the applied magnetic field parallel
to the [100] crystal axis. Measurements are on the
m =—

2
transition only. The solid curve is the result of

the theory described in the text.

III. THEORETICAL INTERPRETATION

The dependence of these data on the nuclear
quantum number m indicates that hf interactions
play an important role in the relaxation mechanism.
For S-state paramagnetic centers such as the [Ft;],
the hf interaction is usually the dominant interac-
tion connecting the electron spin to the lattice pho-
nons. In this material the only nuclear magnetic
moment present in significant concentration is the
Li dopant (92.6% Li relative abundance, I = —,).
Each trapped electron in an [FL;] center is adjacent
to one of these nuclei. The ionic radius of the Li is
significantly smaller than the radius of the calcium
it replaces (0.068 nm vs 0.099 nm). In this situation
it has often been found that the equilibrium position
of the impurity is not the lattice site, but rather that
the ion sits "off center. "' One possible site is
shown in Fig. 2. Under these circumstances there
will be several local potential minima within which
the ion could reside. Quantum-mechanical tunnel-
ing between these sites is possible. This generates a
splitting of the Li ground-state energy level and pro-
duces localized tunneling states (LTS). Phonon-
induced transitions between Li tunneling states
cause a time variation in the hf interaction which
can lead to an electron spin flip. The energy is
transferred from the spin system to the LTS system,
which we assume is thermalized rapdily. Formally,
this is similar to nuclear magnetic resonance in the
presence of paramagnetic impurities. 3o The [Ft,;]
center electron is cast in the role of the nucleus, and
the tunneling system plays the role of the paramag-
netic impurity.

Following Ref. 14, we can calculate the relaxation
of the [Ft;) center using Fermi's golden rule. The
initial and final states are denoted
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~i &= ~Mm, g~, . . . , n„ (2)

~

f&= ~M', m', f, . . . , n +1,. . .&,

where (M&, (m&, (g+&, (g &, and (n & denote

I

electron spin, nuclear spin, upper and lower LTS,
and phonon states, respectively. The LTS-electron
spin interaction Hamiltonian is denoted P z~ and
the LTS-phonon Hamiltonan is denoted A Tz. The
transition probability is

&
M' m ' @- I ~Ts I

M m 0+ & & 0+ n + 1
I ~Tp I @+ no &

—%coa a

&M'm'g-l~zslMm y &&& -n+-1I~TPI&+ n &

+ —Aco~+E

na+1-I ~Tp I 0+,nc &&M' m' 0+ I ~Ts I
M m 0+ &

+
5

2
n +11~TP I & n&&-M'm' 0 I~Ts -I M m 0+ &

E+5

X(l+e " } '5 (fico E —5) .— (3)

In this expression 5 is the electron Zeeman energy
splitting, 5D is the energy-conserving Dirac 5 func-
tion, E is the LTS splitting, and co is the frequency
of a phonon of index a. The term (1+eE~ )

' is
the probability of finding the LTS in the P+ state
initially. The hyperfine energy splittings have been
neglected relative to E and 5.

P Tp has been obtained previously. ' The LTS
Hamiltonian, in the basis corresponding to the ion
being localized in one well or the other, ' is given by

I

in phonon operators in the usual way.
The tunneling-state —spin interaction can be writ-

ten

BA2"Ts——S.$ Idx;,
Bx.

where A is the hf tensor and the x; are direc-
tion coordinates. In the earlier work' ' A was as-
sumed isotropic, and to fall off with distance R as
1/R . Under these conditions

~LTS (4) P 'T& ——a I S
0

(7a)

'
ag
Be

+
Be

Bh Bg
Be Be

a~ ag
Be Be

ag a~ '
ae ae

(5)

where E=(g +/! )'~ is the energy splitting be-
tween the two levels. The strain e is then expanded

Here g is the asymmetry of the potential wells and 4
is the overlap energy, given by Acooe . The ground
state of an isolated well is %coo, and
A, =(2m V)'~ de, where V is the barrier height, d is
the well separation, and m is the mass of the tunnel-

ing ion. To obtain the tunneling-state —phonon-
interaction Hamiltonian, P TP, Eq. (4) is expanded
in terms of the strain e, and the result is
transformed to a basis which diagonalizes Pt &Ts.

The result is

in the nondiagonal tunneling-state basis, or

~ =.1S '"
2E,E (7b)

in the diagonal basis. Here Ro is the average dis-
tance of the tunneling ion from the F+ center, and
the tunneling distance d is assumed to be along the
color center Li axis.

There are three problems with this Hamiltonian.
First, the [FL;] center exhibits an anisotropic hf
spectrum and SLR rate, neither of which can be
predicted using an isotropic hf coupling tensor.
Second, in CaO one would expect some, if not most,
of the tunneling to be transverse to the color center
Li axis. Finally, since the I.S operator in Eq. (7)
cannot connect spin states of the form

~
M, m & with

~
M+ l,m &, this Hamiltonian is inadequate for use

in Eq. (3} to restore thermal equilibrium after sa-
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turation of an allowed ESR transition.
These defects can be remedied if the anisotropic

terms of the hf tensor are included. If the tunneling
distance d is small compared to the color center Li
distance R0, transverse tunneling can be approxi-
mated as a rotation of the hf tensor coordinate sys-

tem. Since the hf interaction is not isotropic this
will cause the coupling energy between the electron
and the Li to change, inducing spin transitions.

The principal coordinate system for g and A has
the z axis along the color center Li axis. The hf ten-

sor is written

1 0 0
A=al —b 01 0

0 0 —2

where 1 is the identity matrix. Since g is approxi-
mately isotropic, S is quantized along Ho and the
hf tensor must be written in a new coordinate sys-

tem with z '~
~
Ho. The orientation of z ' will be speci-

fied relative to the principal axis system by p, the
angle between z ' and the yz plane, and P, the angle

between the projection of z ' onto the yz plane and

the z axis.
The interaction energy depends only on 8, the an-

gle between z' and z. When Ho is at an angle 8
from z, the hf tensor has the form

1 0 0

A0 ——a j.—b 0 cos 8—2sin 8 0.5 sin 8

0 0.5sin 8 sin 8—2cos 8

(9}

To obtain 4 rs we substitute Eq. (9) into Eq. (6), expressing the derivative with respect to x and y as deriva-

tives with respect to 8. If it is assumed that the tunneling in the x,y and z =r directions are independent, this
leads to a Hamiltonian with three parts, each of the form

P 'rs», C» (p, g}T——, (8.), .

where

C»(p, g)= bd

0

simp

1 —cos'pcos'y
' (1 la)

Cj (p, P)= bd

0 0
cosp sing

1 1 —cos p cos 0
(1 lb)

C,
'
(p, P}== 3d

0 0 1
(1 lc)

Here, as in Eq. (7a), the matrix indicates the tunneling ion is localized in one well or the other.
For x;=x ory

T» (8)= —,[1—3 sin. (28)](I+S++I S )+—[1+3sin(28}](I+S +I S+)

, i cos(28)(—I,S+ I,S )—, i —cos(28—)(S,I+ S,I )—
and for x; =r

T,(8}=, [2a+b {sin 8—2—cos8}]{I+S I S+ }+, b sin—8(I+—S+ I S }—
—

4 ib sin(28)(I+Sz —I—Sz+IsS+ IzS—)

(12)

To complete the calculations, A ~„. must be

transformed to a basis in which ~i.zs is diagonal.
The effect on the LTS matrices of Eq. (11) can be
seen by comparing Eq. (7b) with Eq. (7a). Transi-
tion rates can now be calculated by substituting
4 rs and P r~ into Eq. (3}.

These rates describe a complex relaxation process
in which all "adjacent" (e.g., hM =0, +1, hm =0,
+1) nuclear and electron spin states are coupled.

[

Such a system will not relax to thermal equilibrium
with a single time constant, a fact observed experi-
mentally in this study. However, to understand the
range of frequency and temperature dependencies
which can be predicted by this model it is useful to
examine the SLR rate of two isolated states. In this
case the recovery is exponential with a time constant

1 —W'f +8f' + fag'f'+ Wf'g' (14)
T1
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where the primed states differ only in that the initial
LTS state is/ .

Case I: E»5. Here the LTS energy E is much
greater than the electron Zeeman energy 5 and the
relaxation rate is given by

, i
(M'm'i T(8) iMm) i

4np*A u'

M= [/Z

6+ 6
~ + (15a) M=- /p

I

where

G, =S2(g BPBe+a Ba/Be}',

G =g' (g'BAIBe —5 Bg/Be)

(15b)

(15c)

p» is the mass density, and v is the velocity of sound
of the crystal. The tunneling parameters, E, b, , g,
C(p, g), and T(8) vary with tunneling direction and
hence have implicit subscripts x;. For temperatures
T«E/k, 1/T& is a constant. As T increases 1!Ti
increases faster than T, becoming linear with T at
high temperatures. In the limited region corre-
sponding to these measurements (T &30 K) this
function appears linear, but with an apparent nega-
tive y intercept, whenever T & (E/2k).

The frequency dependence of 1/Ti depends on
the relative strength of the two LTS-strain coupling
terms, G+ and G . Unless g(BE/Be)-5(Bg/Be),
the G term of Eq. (15}must dominate due to the
relative magnitudes of the energy denominators. In
this case the SLR rate will depend on microwave
frequency v as 1/v . If the first term should dom-

inate, the rate will be independent of frequency.
Case II: E «5. In the other limit where E «5

the rate is

m=

FIG. 5. The energy levels of the coupled electron-

spin —nuclear-spin system. The isotropic term in the hy-
perfine interaction can cause the transitions indicated by
the double arrows only. The dashed lines indicate pure
nuclear transitions.

[100] direction Eq. (13) predicts that radial tunnel-

ing will contribute only to the transitions indicated

by double arrows in Fig. 5. Transverse tunneling

contributes to all transitions. Radial tunneling may
dominate the SLR when Ho~~[111], while trans-

verse tunneling dominates when @~[100]. If for
radial tunneling E»5, and for transverse tunneling

E«5, then by Eqs. (14) and (15) the SLR rate
would be linear for @~[100] and be approximate-

ly csch(E/kT) for @~[111].
The population of the ith level ¹ is governed by

the following set of coupled differential equations

dN;/dt = g [NJ(WJ, +WJ';+Rp)

N; ( W;J + W—
~ J'+R;J )] . (17}

i
(M'm'

i
T(8)

i
Mm ) i4mp*ku'

X,(G++G )coth
5 5

E4

For experiments performed at X and Ku band, the
Zeeman splitting is 5=0.46 and 0.79 K, respective-

ly, so the condition 5«kT is always satisfied and

coth(5/2kT) can be approximated as 2kT/5. The
SLR rate is linear in temperature and independent
of frequency.

The hf splittings have been neglected in these
derivations. This approximation is not valid for
hilf =0, hm =+1 transitions. For those purely nu-

clear transitions Eqs. (14) and (15) are valid, provid-
ed 5 is reinterpreted as the hf splitting.

In CaO:Li the transitions are not between two lev-

els, but rather between eight levels as shown by the
arrows in Fig. 5. When Ho is oriented along the

In these equations 8&, and 8&,' are the transition
rates from states j to i and from j' to i' as calculated
using Eq. (3). Again the primes indicate that the
LTS are initially in the f state. The R,J represent
microwave-induced transition rates. In matrix
form, the solution to these equations is

N= V E+B, (18}

where E; =a; exp(r;t} and V and B are constants.
The prefactors a; are determined from the initial
conditions; V, B, and r; are determined numerically
from Eq. (17) using well-known matrix techniques.

For each allowed line in the EPR spectrum the
population difference between the two levels in-

volved was calculated as a function of time after the
saturating pulse. The maximum time used was such
that the population difference was equal to the
"noise, " as estimated from the experimental signal-
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to-noise ratio. These simulated recoveries consisted
of a fast, brief, initial recovery, followed by an ex-
tended slow recovery. This mimicked the experi-
mental data. These calculated recoveries were fit to
a single exponential over the region between 40%
and 90% of full recovery, as were the experimental
data. The theoretical time constants determined in
this manner, scaled to pass through the experimental
data at 25 K, appear in Fig. 4.

The temperature dependence of the simulated
recoveries was insensitive to the relative values of
6+ and 6 . The two parameters were set equal to
6, for transverse tunneling and to 6, for radial tun-
neling. In order for radial tunneling to dominate for
a [111] magnetic-field orientation, G, /G, must
exceed 10 . If the tunneling-state parameters g and
5 were each proportional to the LTS energy E, then
6 ~E and the reasonable condition that E„/E, & 32
then suffices.

The exact value of E, cannot be determined from
the data, however, the linear relationship between re-
laxation rates and temperature, illustrated by Fig. 3,
demands that E,/k &0.5 K. We estimated it to be
0.1 K for our model calculations. From the curva-
ture of the data in Fig. 4, E,/k was estimated to be
25 K. A reasonable fit to the temperature depen-
dence can be obtained with values of E,/k between
20 and 35 K. Subject to the constraint that the
simulated and experimental relaxation rates agree at
a temperature of 25 K, the curves in Fig. 4 can be
generated with E,/k =25 K, E, /k =0.1 K,
G, = 10 G„and Ho~

~
[111].It is noteworthy that the

m = ——hf line experimentally relaxes 1.5 times2
3

faster than the m =+—, hf lines at 25 K, whereas

the simulation predicted a ratio of 0.93. Further-
more, this weak and qualitatively incorrect hf
dependence appears in our simulations only when
the purely nuclear spin transitions (indicated by the
dotted lines in Fig. 5) are excluded from the simula-
tion. Because of these obvious shortcomings in the
model with respect to the hf dependence of the SLR
rates, we did not attempt to measure the frequency
dependence of the hf dependence.

For an external magnetic field along the [100]
direction, the simulations correctly predict the linear

temperature dependence of the SLR rates which ap-

pear in Fig. 3.

IV. CONCLUSIONS

The dependence of the electron spin-lattice relaxa-
tion rate of the [Fi;] center in CaO:Li on tempera-
ture, microwave frequency, and crystal orientation
can be explained by assuming that the electron spin
relaxes through localized tunneling states created by
an "off-center" lithium impurity. The coupling be-
tween the electron and the lithium is the hyperfine
interaction. The anisotropic nature of this interac-
tion, coupled with the existence of two tunneling
motions, one along the electron-nuclear axis, and the
other perpendicular to that axis, is crucial to under-
standing the observed rates.

The radial tunneling energy is roughly 25 K. The
lack of frequency dependence when He~~[100] can
be explained in two ways. Either the transverse tun-
neling energy is less than the Zeeman energy, or the
coupling parameter G+ is much greater than G
In the latter case the SLR rate is independent of fre-
quency regardless of tunneling-state energy. Howev-
er, even in this case the linearity of the SLR rate
with temperature for a [100] magnetic-field direc-
tion restricts the transverse tunneling energy to be
less than 1 K.

Although the existence of an m dependence sup-
ports the importance of the hyperfine interaction to
the relaxation mechanism, this theory was unable to
correctly predict that dependence.
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