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The electron-nuclear double resonance (ENDOR) method was used at T = 300 and 20°K to study the
magnetic hyperfine interaction of the F centers in LiF with the crystal lattice nuclei in coordination
spheres III-IX. The angular dependences of the ENDOR frequencies were investigated in detail at

T = 20°K. A general form of the spin Hamiltonian was used to describe the experimental results. The
magnetic hyperfine interaction constants were determined. The temperature dependence of the con-
stants was detected and measured in the 20— 300°K range.

INTRODUCTION

THE F centers in LiF have been investigated by the
ENDOR method before.!”®! The constants representing
the magnetic hyperfine interaction of the F-center elec-
tron with the nuclei in three coordination spheres of the
crystal lattice, have been determined first by Lord.™!
However, Lord has erroneously taken sphere VIII for
sphere II and, therefore, he has drawn incorrect con-
clusions about the localization of the F-center wave
function near a vacancy.

The hyperfine interaction constants for sphere II,
determined experimentally in"'? are considerably
smaller than the values calculated theoretically in'*’.
This disagreement between the theory and experiment
has been removed in®’*! where the EPR and ENDOR of
the F centers in LiF have been investigated in detail.
The hyperfine interaction constants of sphere II, deter-
mined by the ENDOR method, have been found to be
much larger than for sphere I. This is in agreement
with the theoretical values of these constants and with
the EPR experiments, in which the observed hyperfine
structure has been found to consist of 35 lines. The
ENDOR method has been used to determine the hyperfine
interaction constants of an F center in LiF for spheres
I—VIII at 1.3°K. However, the use of an axial spin
Hamiltonian has given incorrect values of the constants
for spheres of lower symmetry.

In the present investigation the steady-state ENDOR
method was used to measure the hyperfine interaction
constants of an F center in LiF for spheres III—IX at
temperatures of 20 and 300°K. In analysis of the experi-
mental data we used the general form of the spin Hamil-
tonian making allowance for deviations from the axial
symmetry. In expressions for the ENDOR frequencies
we included the terms associated with a deviation of the
nuclear-spin quantization axis from the direction of a
magnetic field Ho."® Allowance for these terms was
essential because of a considerable dipole-dipole hyper-
fine interaction which—in the case of many spheres—was
larger than the contact interaction.

EXPERIMENTAL METHOD AND TECHNIQUE

We used LiF single crystals grown by the Kyropoulos
method. Attempts to color crystals additively by means
of Na, K, or Cs—as in'®’ —were unsuccessful. F centers

were produced by bombardment with y rays from a co-
balt gun. The radiation dose was 10" rad. units. The
optical absorption spectrum of an irradiated LiF crystal
is shown in Fig. 1. Line 1 in Fig. 1 represents the F
band, and line 2--the M band. The ratio of the line in-
tensities was F/M ~ 6. The concentration of the F cen-
ters, determined from the optical measurements, was
10'® cm™®. Identical results were obtained for a neutron-
irradiated sample.

The investigation was carried out using an ENDOR
superheterodyne spectrometer, operating in the 3-cm
range (Vmicrowave = 9290 MHz).!") The sample was
rotated in a (001) plane. The low-temperature measure-
ments were carried out using a cryostat described in'®’.
In this cryostat the temperature of a sample was several
degrees higher than liquid hydrogen temperature.

EXPERIMENTAL RESULTS AND DISCUSSION

The following expression was used to describe the
experimental results for the ENDOR frequencies®®7:

hv = hvy & ‘fala 4 by (3 costa — 1) + ba(3 cos? B — 1)
+ °/s(b1e; sin? 2a + bagg sin? 2B — 8byey cos? a cos? ) ],

(1)

where v1, is the nuclear Larmor frequency; a is the
isotropic hyperfine interaction constant;

by = —1/3(Dys 4 2Dsp),

by = Ys(Dyy — D), (@)

D,: and D,, are the components of the anisotropic hyper-
fine interaction tensor; o« and 8 are the angles between
the magnetic field Ho and the principal axes I and II of
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FIG. 1. Optical absorption spectrum of i
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FIG. 2. Angular dependences of the ENDOR sum frequencies for
the Li7 nuclei in spheres IIT and V; T = 20°K. The dashed curves repre-
sent sphere III and the continuous curves—sphere V.

the tensor Dy, respectively; p and q represent the axes
of a Cartesian system of coordinates;

bi ba
T xovitatbitb T v tatbitb (3

&€

The signs + represent, respectively, the sum and differ-
ence frequencies.

In the case of an axial spin Hamiltonian, we may as-
sume that b, = 0, b, = b in Eq. (1).

Figure 2 shows the angular dependences of the
ENDOR frequencies of the Li’ nuclei in spheres III and
V; vy, = 5.464 MHz. The dashed curves represent the
theoretical dependences for sphere III; the continuous
curves represent the theoretical dependences for sphere
V; the points are the experimental values. We can see
that the agreement between the theory and experiment
is good. These angular dependences of the ENDOR fre-
quencies were recorded at T = 20°K.

The curves for coordination spheres IXa and, tenta-
tively, IXb are observed only for some of the angles.
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FIG. 3. ENDOR spectrum of the Li7 nuclei in spheres III, V, IXa;
& =0°, T =300°K, »[, = 5.396 MHz. The number of the sphere is indi-
cated in the top part of the figure. Primes are used to denote the differ-
ence frequencies. x"is the imaginary part of the paramagnetic suscepti-
bility and vy, is the radio-frequency signal.
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FIG. 4. Angular dependences of the ENDOR frequencies for the
F19 nuclei in sphere IV. The dashed curves correspond to T = 300°K
and the continuous ones—to T = 20°K.

Sphere IXa has a clearly visible one upper line, which
makes it possible to identify this sphere reliably.
Sphere IXb has only one line at & equal to 25, 35, and
40°; @ is the angle between the magnetic field H, and
the [100] crystal axis. These results indicate that the
wave function of an F center is most strongly localized
along directions of the [110] type. Therefore, it is
reasonable to assume that the observed line is due to
sphere IXb and not due to spheres XI or XIII, whose
nuclei are located further from the vacancy and from
directions of the [110] type. The error in the determina-
tion of the constants of sphere IXb is much larger than
for the constants of other spheres.

The last terms in Eq. (1) are most important in the
case of sphere III and are approximately equal to 20 kHz.
Since the lines corresponding to the sum and difference
frequencies shift in the same direction, their symmetry
with respect to the nuclear Larmor frequency is dis-
turbed. This is observed experimentally.

Figure 3 shows the spectrum of the ENDOR lines of
the Li” nuclei in spheres III, V, and IXa for ¢ = 0° and
T = 300°K.

Figure 4 gives the angular dependences of the ENDOR
frequencies for the F'° nuclei in sphere IV; vy,
= 13.223 MHz. The dashed lines represent the angular
dependences at T = 300°K; the continuous lines show the
dependences at T = 20°K. The rapid variation of the con-
stant a can be seen clearly in Fig. 4. The change in the
constant b is slight.

The angular dependences of the ENDOR frequencies
for spheres VI and VIII are shown in Fig. 5. The con-
tinuous lines are the theoretical dependences for sphere
VI; the dashed curves are the corresponding dependen-
ces for sphere VIII. These angular dependences were
recorded at T = 20°K.
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FIG. 5. Angular dependences of the ENDOR frequencies for the
F!? nuclei in spheres VI and VIII. The continuous curves represent

sphere VI and the dashed curves represent sphere VIII; T = 20°K.
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IV | F8 | a 0,48 0,47 0,21 1Xa| Li? 0,072 0,10
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b | 028 | 0,333 [0,333 sl I I =
ba — 0,016 |0,016 ’
o | — | 24020 |2de20)| NP | o | — (0,1) -

~ *aand b are in MHz.

** _angle between nearest crystallographic axis and principal axis III of the tensor of anisotropic

hyperfine interaction.
***The parentheses indicate inexact results.

A line of a more distinct sphere is observed near the
nuclear Larmor frequency of F'°. The angular depen-
dence of this line is weak and, therefore, neglecting the
anisotropic hyperfine interaction, we can estimate the
constant a. This constant is of the order of 100 kHz. In
the table this sphere is denoted by N.

Figure 6 shows a typical ENDOR spectrum for the
nuclei in spheres IV, VI, VIII, and N; & = 35K,

T = 300°K.

The table lists the magnetic hyperfine interaction
constants of an F center in LiF, obtained at 20 and
300°K. In addition to our results, the table includes also
those reported in®1. At T = 20°K our results are in
agreement with those reported in that paper. The small
difference between the constants for spheres V and VI
is due to our allowance for the deviation of the spin
Hamiltonian from the axial symmetry. The error in the
determination of the constants of the F'° nuclei does not
exceed 10 kc and in the case of the Li’ nuclei it does not
exceed 5 kc.
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FIG. 6. ENDOR spectrum of the F1? nuclei in spheres IV, VI, VIII,
and N. ® = 35°, T=300° K, v[, = 13.280 MHz.

When the temperature is increased from 20 to 300°K
the constant a of the Li” nuclei increases and the con-
stant b decreases slightly. In the case of the F'° nuclei,
both constants a and b decrease: a changes considerably
and b slightly. The greatest change in the constants is
observed near room temperature. For this reason the
effect has not been observed before.

We must mention that the wave function of an F cen-
ter is localized mainly along equivalent directions of the
[110] type. This is confirmed by an increase in the con-
stants and a stronger intensity of the lines for those
spheres in which the nuclei are located closest to direc-
tions of the [110] type, even when compared with the
nuclei in spheres which lie closer to the vacancy but
further from these directions.
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