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Electron-nuclear double-resonance study of NaF:Fe+ associated with a Na+ vacancy
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An electron-nuclear double-resonance (ENDOR) study of a paramagnetic Fe+ center in an orthorhombic
site in NaF (the orthorhombic center) is reported. The hyperfine constants of the orthorhombic center have

been determined for the fluorine-lattice nuclei in the first two fluorine shells, where each shell has three
inequivalent sets of equivalent nuclei due to the presence of a vacancy. These results are consistent with the
model of Fe+ ions substitutionally occupying the Na+ sites and associated with a nearest Na+ vacancy (1,1,0).
The ENDOR results show that the vacancy is located along the axis associated with the g value of 4.588.

I. INTRODUCTION

Vfhen transition-metal ions are incorporated
in alkali-halide crystals, they are usually located
substitutionally on a cation site with a divalent
charge state, and it is necessary to compensate
the additional positive charge. ' ' %atkins has
performed a detailed electron-paramagnetic-
resonance (EPR) investigation of Mn" in LiCl,
NaCI, and KCl.' Hall et al. have made extensive
EPR measurements of iron-group ions with vari-
ous electronic configurations on octahedral sites
in fluoride crystals. "' Other EPR measurements
of transition ions in various crystals have been
made "'

Although the EPR method has served as apower-
ful tool in various researchproblems, it frequently
fails to make an unambiguous determination of
the total defect structure. However, a more
powerful technique than EPR is electron-nuclear
double-resonance (ENDOR) introduced by Feher. '
The high-precision determination of lattice hyper-
fine interactions by ENDOR permits a determina-
tion of the geometry of defects, impurities, and
associations. Comparison of theoretical and ex-
perimental hyperfine interactions provides a pic-
ture of lattice distortion about the defect. ' "

Electron-nuclear double-resonance studies'""
of substitutional trivalent positive ions in CaF,
have confirmed the existence of charge compen-
sation by interstitial negative ions by direct ob-
servation of the ENDOR signals due to the nuclei
of the interstitial ions. Since substitutional di-
valent positive ions in alkali halides are charge
compensated by positive-ion vacancies, the
ENDOR technique cannot provide the same direct
demonstration of the charge compensator. 'The

best data that an ENDOR study could obtain would
be data for all possible lattice sites except the
vacancy. Since no ENDOR signal can be obtained
from a vacancy, its presence must still be in-

ferred by the symmetry of the EPR and ENDOR
data, and the behavior of the impurity when the
crystal is subjected to radiation and various tem-
peratures.

An ENDOR study of the Fe' ions in an octahedral
site in NaF crystals (the octahedral center) was
made by Chung and Mieher. " The octahedra, l cen-
ters consist of Fe' ions occupying the Na'-ion
sites substitutionally without any nearby associ-
ation.

In this paper we report an ENDOR study of the
Fe' center in an orthorhombic site in NaF crys-
tal. The orthorhombic centers are produced by
either electron bombardment or x-ray irradiation
at liquid-helium temperature, and are stable up
to about 60 K. Unfortunately, due to the large
number of ENDOR lines resulting from the quad-
rupole splitting" of the Na ENDOR lines and the
low symmetry of the associated complex, and due
to the low frequencies of the Na ENDOR lines
resulting from the large g values, we were unable
to make a detailed ENDOR study of the Na nuclei,
even though the Na nuclei were measured for the
octahedral center. "

Garrison has made detailed EPR measurements
of the orthorhombic center in x-ray irradiated
Na F crys tais. " The model suggested by Garrison
is that Fe' ions in substitutional Na' sites are
associated with a vacancy at the nearest Na' site
(l, l, 0). This vacancy was originally associated
with the Fe" ion for charge compensation in the
freshly grown crystal. ' " When the crystal is
exposed to x rays at liquid-helium temperature,
Fe" ions may trap an electron and become Fe'
ions; however, the associated vacancy ma. y not
move at this low temperature, resulting in the
orthorhombic centers. To confirm this model
one needs to establish two things: one is the charge
state and the other is the detailed structure of the
surroundings. Garrison suggests that the charge
state is Fe' based on the fact that this center
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can be converted to the octahedral center (Fe')
by warming, and that the g tensor has the value
of g„„+g„+g„=10+3 k, with k = 0.8, where the
factor k represents the reduction of orbital an-
gular momentum due to charge transfer, which
is consistent with the theoretical value by Tink-
ham. " The determination by Garrison of the va-
cancy site was mainly based on the symmetry
revealed by the g tensor, since it was not possible
to determine accurate hyperfine constants for
neighbor lattice nuclei in the EPR study. Our
present ENDOR results are in agreement with
the basic model. However, we shall show that
the location of the vacancy with respect to the g
tensor is different than that assigned by Garrison.

We have observed other evidence that is in favor
of the Fe' state. The EPR spectrum has also been
studied for an ultrapure NaF crystal, obtained
from Cornell University, that was irradiated in
the same manner as the Harshaw- crystals. This
sample was grown by a careful process of multiple
zone refinings. From the investigation of the
EPR spectrum, the Cornell sample was found to
contain V~ centers in greatly reduced concen-
tration (about 5/o-10/0 of the Vr concentration in
the Harsaw crystals), but H and Ii centers with
about the same concentration as in the Harshaw
crystals. Also, there was no sign of the Fe' res-
onance in the Cornell crystal. Ef one assumes
that Fe" ions in the Harshaw crystals behave as
electron traps, one may understand why the pro-
duction of V~ centers is so much higher, and also
that the production of other centers that do not
require electron traps are about the same in the
different samples. All of these details are in fav-
or of the charge state of Fe' for both the octahedral
and the orthorhombic centers.

Figure I shows a schematic diagram of the var-
ious structures and mechanisms of iron centers
in NaF. This is a summary made from both the
present and the previous studies. ~ ~ '~ '~ " Kim
and associates have reported the EPR study of
Fe" ions in Na F, "'"and the EPB result of Fe"
ions in octahedral sites in NaF is given by Hall
et al. ' We observed complicated EPR spectra
at liquid-helium temperature after the orthorhom-
bic center was annealed to 60-250'R, and the
spectra were somewhat different for different
annealing temperatures. These spectra were pre-
sumably due to Fe' centers associated with a vac-
ancy at sites other than the nearest Na' site
(1, 1, 0), i.e., the vacancy moved away, but not
enough to leave the centers in an octahedral site.
It has not yet been possible to analyze these spec-
tra.

All the magnetic resonance data in this experi-
ment were obtained on the X-band superheterodyne

spectrometer described by Gazzinelli and Mieher, "
operating at a signal frequency of 9370 MHz. The
experimental procedure has been described in
Ref. 12.

In this experiment we have used both the (100)-
and (110)-rotation-axis samples to make the an-
gular-dependence study in the {100]and {110)
planes.

The ENDOR spectrum as a whole showed a
dramatic temperature dependence. Over a 5 'K
temperature range, ENDOR signals would vary
in intensity by a factor of 50. Beyond the limits
of this range, the signals were not visible. This
characteristic of the spectrum prepented many
difficulties in initially obtaining the ENDOR res-
onances. Once the signals were obtained, the
process of maximizing the signals with respect
to temperature had to be repeated at each point
in the angular dependence. The signals maximized
in the range 9-14'K. The temperature dependence
of the ENDOR signals is illustrated by Fig. 2.

II. ENDOR RESULTS AND ANALYSIS

A. Preliminary

The environment of the orthorhombic center
is shown in Fig. 3. We have analyzed the ENDOR
spectrum of the neighboring fluorine nuclei in the
first two shells. Each shell has three inequivalent
sets of equivalent nuclei, which are labeled A,
B, and C in the shell.

When the g tensor is strongly anisotropic, the
electron spin is, in general, no longer quantized
along the static field direction. The EPB, line
itself has a strong angular dependence, which in
turn means that not only the orientation but also
the magnitude of the laboratory magnetic field
is changed as we rotate the crystal. However,
there is still a reasonable way to analyze the
ENDOR spectrum if we take the same sort of
approximation as in Ref. 12, namely, if we assume
that the electron spin 5 behaves according to the
electron Zeeman term in the spin Hamiltonian,

&= paH, g -S+ g(-p, „g,H, ~ I,. +I,. A, S).

The assumption that 8 is quantized along H, g is
usually a good approximation, since p,~H,g is much
larger than', in most cases. Since we now have
three different coordinate systems (the principal-
axes system of, the g tensor, that of the A tensor,
and the crystal axes), it is rather complicated to
have a general formula. Therefore, in the follow-
ing sections we shall consider one particular case
at a time.

Before proceeding to Sec. IIB, we should first



ELECTRON-NUCLEAR DOUBLE-RESONANCE STUDY OF. . .

(a)
! Fe"- '+! (I, I,O)!

-ray(RT)

(b)

(LHe T)
-!Fe'-'+'(I, I,O) Obs.

!
Fe'- „'+,(I, I,O)! (Trans)ent)

Anneal

60'-250 K

(d) Obs.
Anneal

)250 K

X-ray(RT)

(e) 24 hrs.

! Fe" !Obs.

X-ray (RT)

()) -90 hrs.

Fe"' Obs,

(c)
!

+ r--, Other thonFe-'+'
&(, l,o)

Obs. (Complex)

Obs: Observed at L He T

LHeT: Liquid Helium Temp.

RT: Room Temperature
'.+,': Na -Vacancy

FIG. l. Schematic diagram of the various possible
structures of iron centers in NaF. (a) In a fresh NaF
crystal Fe ' substitutes for Na' and charge is compen-
sated with a Na' vacancy at (1,1,0) site. (b} %hen x-
rayed at liquid-helium temperature Fe 2' changes its
charge state to Fe', but the vacancy stays. at {1,1,0).
(c) When the state B was annealed to 60-250 K, the
Na vacancy moved to other sites than (1,1,0}, resulting
in complex EPR lines. (d) %hen the state C was
annealed further to above 250 K, the vacancy moved away
enough to leave Fe' in octahedral site. On the other hand,
this state can also be obtained by x-irradiation of the
state A at room temperature (RT). (e) %hen the state
D is x-rayed longer ( 24 h) at BT, Fe' changes its
charge state to Fe2+. When this state E is left at RT
without irradiating, it goes back to the original state A
(see Refs. 4 and 5). (f) When the state E i.s further x-
rayed (-90 h) at RT, Fe2' changes to Fe3' {Ref.16}.

give a preliminary account of the EPH measure-
ments, since this is needed to understand the de-
tails of the ENDOR spectrum. Since this para-
magnetic impurity does not have a nuclear mag-
netic moment (only the 2%%-abundant isotope "Fe
has a nuclear magnetic moment), from Eq. (1) the
resonant field for the EPR line may be given by

In the above equation, v, is the EPR frequency
and

g'=-(g'cos'n+g„'cos'p+g', cos'y)'~',

where coen, cosP, and cosy, are the direction
cosines of Ho in the g-tensor principal-axes sys-
tem. So if we know the g tensor and its principal
axes, then we can easily find its angular depen-
dence by simply expressing cosn, cosP, and cosy
in terms of the rotation angle 6I. In practice, the
g tensor is found from the experimental angular
dependence of the EPR spectra. Theg tensor of
this orthorhombic center is g„=2.027+ 0.002,
g, = 5.797+ 0.002, and g, =4.588+ 0.002 with a set„
of corresponding axes parallel to [001], [110], and
[110], respectively. This in close agreement with
the values of Ref. 13, where g„=2.029+ 0.002,
g, =5.792+ 0.002, and g, =4.585+ 0.002.

For a general orientation of the magnetic field,
we shall have six EPR lines at magnetic fields
given by EIl. (2), since there are six possible
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FIG. 2. Temperature dependence of the fluorine ENDOR spectrom.
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From Table I and Eq. (3), we can find all six
EPR lines given by Eq. (2), but we immediately
find that EPR lines from (a) and (b) are the same,
and so are (e) and (f). Therefore, when H, is in
the Z-X plane, we have four EPR. lines, and, for
example, the EPR line of (a) can be written

H, =hv, /ps(g„' cos'8 + -,'g,'sin'8
&

g
2 stn28)1/2

and we will have similar expressions for the other
lines. Figure 4 shows the angular dependence of
the four EPR lines. In this figure, the line with
crosses is the EPR line given by Eq. (4), along
which the ENDOR measurements have been made
with the (100) sample.

Now, consider the situation of the (110)-rotation-
axis sample, In this case we rotate Ho from
[001] to [110] in the (110) plane; hence the static
field can be written

FIG. 3. Lattice near the orthorhombic center.
H, =H, H, = H(si n8/v2, sin8/W2, cos8). (5)

orientations of the principal axes of this g tensor
as given in Table I. One of these systems [(a) in
Table I] is shown in Fig. 3, where the spatial
coordinates X, F, and Z fixed in the crystal are
also shown.

Suppose that the Z-X plane in Fig. 3 is the plane
of rotation of II, (in the case of the (100)-rotation-
axis sample) and that we measure the rotation
angle 8 from the Z axis ([001]), then the static
field may be written

Ho=H, HO=HO(sin8, 0, cos8),

where we have used the notation

(X,H, e) =—Xx+aj+Cz,
and wg can find

Again using Eq. (3) with Table I and Eq. (5), we
can find the direction cosines, which in turn will
give six EPR lines by Eq. (2). However, the EPR
lines from (c) and (e) are the same, and so are
(d) and (f), and consequently we have only four
lines. The equation for the EPR line of (a) in
Table I can be written

H, =h&, /ps(g2 cos'8 A@2 sin'8)'~',

which we will call EPR line 2, and for the EPR
line of (b) one can write

H, =hv, /p, ,(g„'cos'8yg,'sin'8)"',
which we will cal-1 EPR line 1.

Figure 5 shows the angular dependence of all
four EPR lines, along with the observed values.
In this figure the triangles are the observed values

TABLE I. Six possible sets of the g-tensor principal-axes systems of the orthohombic center in the spatial
X, Y, Z coordinates in Fig. 3.

Set X

Directions of the
principal axes

X

Unit vectors of the principal
axes in the X, Y, Z, system

g

(a)

(b)

(c)

(d)

(e)

(f)

[001]
[0017

[010]
[010]
[100]
[100]

[110]
[110]
[101]
[101]
[011]
[011]

[110]
[110]
[101]
[101]
[011]
[011]

(0, 0, 1)

(0, 0, -1)

(0, 1, 0)

(0, -1, 0)

(1, 0, 0)

(-1, 0, 0)

(1, -1, 0)/J2

(1, 1, 0)/J2
(1 0, 1)/J2

(1, 0, -1)/J 2

(0, 1, 1)/J 2

(0, -1, 1)/J2

(1, 1, 0)/J2

(1, -1, 0)/J2

(1, 0, -1)/J2

(1, 0, 1)/J 2

(0, -1, 1)/J 2

(0, 1, 1)/J2
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FIG. 4. Angular dependence of the calculated EPR of
the orthorhombic center with the (100) sample. ENDOR
measurements have been taken on the line with crosses.

along the EPR line 1 and the circles are the ob-
served values along the EPR line 2.

When we derived Eq. (7), we took the different
set of the principal axes of the g tensor with the
plane of rotation of H, fixed [i.e., the (1TO) plane];
however, this is physically the same as changing
the plane of rotation of H, to the (110)plane
(x -y plane). In other words, when we follow the
EPR line 1 the static field is in the x -y plane,
and when we follow the EPR line 2 the field is in
the x -~ plane. All the ENDOR measurements
with the (110) sample have been made along these
two EPR lines. This will make it somewhat sim-
pler to analyze the ENDOR results, since the
spin S will remain in one of the principal planes of
the g tensor (which are also the rotation planes
of H, ). This is, however, not the case for the
(100) sample. For the (100) sample 8 will not be
in the rotation plane of H„since the rotation plane
is not a principal plane of the g tensor.

B. Shells I-A, I-B, and I-C

Xg

(a) 0

Oo Oo Oo

Q F- oNa g Fe'

Assuming that we already know the model as
shown in Fig. 3, we shall start with the nuclei
I-A and I-A'. The ENDOR data of these two nuclei
have been taken along the EPR lines 1and 2. Since
for these two EPR lines the magnetic field lies
in the g-tensor principal planes, as shown in Sec.
IIA, we shall work in the g-tensor axes system.
Accordingly, all the necessary quantities should
be properly expressed in these g-tensor coordi-
nates. Since the z~-x plane is the plane of re-
flection symmetr'y of I-A. and I-A', as can be seen
in Fig. 3, one of the principal axes of the hyper-
fine tensor of this nucleus should be perpendicular
to this plane, and we shall call this the y axis.
Consequently, the other two hyperfine axes (z axis
and x axis) should lie in the z -x, plane, and let
Q be the angle between the z axis and the x axis,
as shown in Fig. 6(a). Then, the unit vectors of
the hyperfine x, y, x axes in the x,y, z coordinates
become

EPR:& I I 0&-ROTAT I ON

80"
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~50 ..[ I I I ]
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&( 20-
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[ool]
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0

FIG. 5. Angular dependence of the calculated EPR of
the orthorhombic center with the (110) sample.

FIG. 6. Hyperfine principal axes. (a) The principal
axes of I-A, III-A, and III-B. (b) The principal axes of
the I-B and I-C. The y's are different for B and C.
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x=(sing, 0, cosP),

y=(0, -1, 0),

z=(cosP, 0, -sing),
(s)

where we have used the notation (A, B,Q) =Ax,
+By +Ca .

First, consider the ENDOR along the EPB 2
(see»g 5). From Eq. (6) we note that the elec-
tron spin S sees the effective static field,

H,«=H, (g„cos9,O, g, sin8)
=H, g(8)(g, cos8, 0, g, sin8)/g(8),

withg(8) given by Eq. (9) and

H, = hv, /g(8) pa .

Thus an expression of the ENDOR frequency of
the nucleus I-A has been found as a function of the
rotation angle 9, with the parameters A„A„,and

Q to be determined.
The ENDOR frequency of the nucleus I-A' can

be found by changing the sign of 8 in Eq. (13),
because to the nucleus I-A' the above magnetic
field seems to rotate to the opposite direction
[see Fig 8(a)]. Thus for the nucleus I-A', we have

where hv' =hv( —8) (14)

g(8) = (g,'cos'8+g', sin'8)'~'.

Or, we may as well say that S is quantized along
the direction

(9)

8=- (g„cos8,0, g, sin8)/g(8),
—=(cosg, 0, sing),

where we have defined:

cos(=g„cos8/g(8) and sing

(10)

=g, s in8/g(8);

then, g is the angle between S and the x~ axis. All
of these angular relations are shown in Fig. V.

If we go through the arguments given in Bef. 12,
then we ca,n write the effective field at the nucleus
I-A as

H, = (m, A„x.S —y~ KH, x .H, )/y~h,

H, = (m, A, y S —yzhH, y .H, )/yah,

H =(m~A 2.S —y~hHoz Ho)/yah,

where H„is the x component of the effective field
in the hyperfine axes system of I-A, etc. , and

of Eq. (13).
Therefore, we will observe two ENDOR lines

from I-A and I-A' by Eqs. (13) and (14) for ea.ch
m„except for 8=0' (i.e, along [001]) a.nd 8=90'
(along [110]), in which cases the two ENDOR lines
coincide.

A nonlinear least-squares-fitting computer prog-
gram(NONLINR) has been used to fit the observed
ENDOR data to Eqs. (13) and (14) to determine
A„A„,and Q, which are given in Table .II. Fig-
ure 8 shows the computer plot of the calculated
and observed angular dependence of the ENDOR
spectra of the nuclei I-A and I-A', the circles
are the observed ENDOR values for the EPR 2.

Similarly, we can find the ENDOR frequency of
the nucleus I-A along the EPR & as

hv =1[m,A„g„singcos8/g(8) —yzhH, sing cos8]'

+ [m,A,g, s in8/g(8) —y~SH, s in8]'

y [m A,g, cos Q cos8/g(8)

—yzKH, cosQ cos8]'I'~ ',

H, =(cos8, 0, sin9). (12)

From Eq. (11), with Eqs. (3) and (10) we can write
the ENDOB frequency v of I-A as

hv=f[m, A, (g„singcos8+g, cosQ sin8)/g(9)
90

80"

FLUORINE SHELL I -A
[~&03

(13)

Xg
li

FIG. 7, An~ar rela-
tions of Ho, S, and the hy-
perfine axes in the g-ten-
sor principal-axes system.

-yzhH, (sing cos9+cosQ sin8)]'

+ [m,A, (g„cos&f&cos8 —g, sing sin8)/g(8)

-yzkH, (cosg cos8 —sing sin8)]'P~',

60"

~Wo

40"

~30"
W 20"

I 0"

0
l5 20 25 30 35 40 45

ENDOR FREQUENCY {MHz)

[00)]
50 55

FIG. 8. Angular dependence of the calculated and ob-
served ENDOR of I-A. The triangles are the observed
ENDOR values along the EPR line 1 and the circles
along line 2.
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TABLE II. Hyperfine constants of the nuclei I-A for the
orthorhombic center. The principal axes are defined in Fig. 6(a).

Present work Previous EPR

A,
A

A

11.8' + 0.2'

74.0 + 0.1 (MHz)

50.0 + 0.05 (MHz)

66.5 + 0.1 (MHz)

74.2 + 2.0 (MHz)

47.0 + 3.0 (MHz)

69.0 + 5.0 (MHz)

' See Ref. 13. The value of f35 is not given by Garrison. However,
the principal axes chosen there implies this value.

where

g(8) = (g„'cos'8+g„'sin'8)'~'

and

H, (8) =hv, /g(8) ps.

(16)

hv(90 ) = —,'A, ~y„hH, . (17)

From this equation we can find A by the ENDOR
data with 8 = 90' along the EPR line 1, because

To find the similar expression for the nucleus
I-A' (see Fig. 3), we can simply substitute 8 =8
+180' in Eq. (15), which in turn gives us the same
equation as Eq. (15). In other words, when we
follow the EPR Line 1, the nuclei I-A and I-A' will
give rise to a single ENDOR line for each m, ;
hence we will observe two lines approximately
2yzKH, apart given by Eq. (15). When 8 =90',
Eq. (15) becomes

the static field is along the hyperfine y axis (i.e.,
the hyperfine y axis coincides the y axis).

Table II gives A, along with the previously de-
termined A„A„,and Q. This table also gives
the values determined by Garrison in his EPR
study for comparison.

Figure 8 also shows the calculated and observed
ENDOR spectra for I-A and I-A' along the EPR
line 1. In this figure the solid line is the cal-
culated a.ngular dependence using Eq. (15) with
the parameters given in Table II, and the triangles
are the observed values. The observed ENDOR
spectrum shows a doublet structure, which is due
to the higher-order effects of the two equivalent
nuclei. '"

Next, let us 'consider the four remaining nuclei
in shell I, namely, I-B, I-B', I-C, and I-C' in the
(001) plane (see Fig. 3). Since the (001) plane is
the plane of the reflection symmetry for these
nuclei, one of the principal axes should be per-
-pendicular to this plane, i.e., parallel to the
[001] direction, and accordingly the other two
should lie in the (001) plane. The presence of a
vacancy makes I-B and I-C inequivalent. So, we
shall assume that the hyperfine z axis of I-B
makes a.n angle Q with the [100] direction and that
of I-C makes Q with the [TOO] direction, as shown
in Fig. 6(b) (the Q's are different for 8 and C).

For these nuclei we have made the ENDOR mea-
surements with the magnetic field in the (010),
(1TO), and (110) planes, which correspond to the
EPR lines of Eqs. (4), (6), and (7), respectively.

Along the EPR line of Eq. (4) [the EPR line with
crosses on it (Fig. (4)], we can find the ENDOR
frequency of I-B as

I

hv =(1m,A„[-,'(g, +g,) sin&]& sing + —,
' (g, -g, ) cos&f& sin8]/g(8) —yzKH, sing sin8p

+[m,A,g„cos8/g(8) —yzhH, cos8]' yam, A, [—,'(g, +g, ) cost]& sin8 ——,'(g, -g,-) sing sin8]/g(8)

yzhH, cos-P sin8j')'~',

where

g(8) = (g„'cos'8+—,'g,'sin'8 y ~g', sin'8)'~',

(16)

H, =H, (8) = hv, /p g(8) .

Although this expression is complicated, it is a function of only 8, the rotation angle of the static field,
with the parameters A„A„A„andQ. The complication comes from the fact that the magnetic field is
in a general orientation to both g- and A-tensor principal-axes system. Similarly, we ean find the ENDOR
frequencies for I-B', I-C, and I-C'.

When the static field is in the (ITO) plane (the EPR line 2) or in the (110) plane (the EPR line 1), all the
nuclei I-B, I-B', I-C, and I-C' will have the same expression of the ENDOR frequency. For the EPR
line 2, , we obtain for the nucleus I-B

hv=f[m, A„g,sin(45'+Q) sin8/g(8) —yzRHasin(45'+Q) sin8]'+[m, A„g„cos8/g(8)—yzkH, cos8]'

+ [m,A,g, sin(45' —Q) sin8/g(8) —y„KH,sin(45'- Q) sin8]'P~ ',
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with g(8) given by Eq. (9) and H, =hv, /g(8) ps.
Similarly, for the EPR line 1, we obtain for nucleus I-B

hv =([m,A„g,cos(45'+ P) sin8/g(8) —yzhH, cos(45'+ Q) sin8]'+ [m,A,g„cos8/g(8) yz—SH, cos8]'

+ [m,A,g, cos(45' —Q) sin8/g(8) —y~fEH, cos(45' —Q) sin8]'p~', (20)

withg(8) given by Eq. (16) and H, =hv, /g(8) ps.
Considerations of symmetry show that I-B and

I-8' have the same parameters, and likewise
I-C and I-C'. The actual ENDOR spectrum has
a complex multiplet structure due to the higher-
order interactions discussed in detail for the
octahedral center in Ref. 12, and the structure
strongly depends on the orientation. Therefore,
in the fitting process we have taken the center
of the multiplet structure. All the ENDOR data
for these nuclei have been fit by NONLINR to Eqs.
(18)-(20) to determine the hyperfine constants.
Table JII gives the parameters thus determined.

Figure 9 shows the angular dependence of t;he

ENDOR of the four nuclei with the parameters in

Table III when the static field is in the (010) plane.
In this figure the circles are the observed values
for I-B and I-B', and the triangles are those for
I-C and I-C'. These values are the center fre-
quencies of the complex multiplet as mentioned
above. Figure 10 shows the angular dependence
of the ENDOR spectrum when the static field is
in the (110) plane (i.e., along the EPR line 1).
The crosses are the observed values or I-C',
and the &'s are those for I-B and I-B'. Figure
11 shows the angular dependence of the ENDOR.

spectrum when the static field is in the (1TO) plane
(i.e. , along the EPR line 2). The crosses in the

figure are the observed values for I-C and I-C'.

C. Shells III-A, III-B, and III-C

+[m, A, (g„singsin8+g, cosP cos8)/g(8)

-y~ÃH, (sin&]& sin8 + c os/ cos8)]']'~ ', (21)

The ENDOR spectra around y„H,have been
measured within about 30' of the [110]direction
for EPR Line No. 2 and of the [110]direction for
EPH line 1, and they have been identified as those
from the nuclei III-A, III-B, and III-C (see Fig. 3).
Electron-nuclear double-resonance lines from
some of the shell-V-type nuclei (2, 1, 0) were ob-
served, but the hyperfine constants were not deter-
mined due to insufficient data.

The III-A sites lie in the z -x, plane, which is
a plane of reflection symmetry. As shown in

Fig. 6(a), the situation is similar to that of I-A
nucleus. Therefore, the mathematical formalism
is essentially the same as the one given for I-A,
and we can obtain the ENDOB expression along
the EPP line 2 by a simple substitution of P by

Q —90'and 8 by 90' —8 in Eq. (13). Now, 8 is
measured from the [110]direction to the [001]
direction and is the angle defined in Fig. 6(a).
Thus we obtain

pgv =([m,A„(-g„cosgsin8+g, sing cos8)/g(8)

-yzhH, (-cosg sin8+ sing cos8)]'

TABLE III. Hyperfine constants of the nuclei I-B and I-C for
the orthorhombic center. The principal axes are defined in

Fig. 6(b).
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' See Ref. 13. Values were given in tensor-component form in

.the g-tensor coordinate system as follows: A = 85.6 + 3,
A = 26.8 + 2, A„=111.3 + 3,A„„=33.8 +3. We have

diagonalized them for comparison.

FIG. 9. Angular dependence of the calculated and ob-
served ENDOR of I-B and I-C along the EPR line of
Fig. 4. The circles are the center frequencies of the
observed values for I-B, and the triangles are those for
I-C.
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where

g(8) = (g'„sin'8+g,'cos'8)'~'

Ho =Ho(8) =hv, /P, sg(8) .

F» III-A' we obtain a similar expression by
substituting -8 into 8 in Eq. (21). The ENDOR
measurements have been fit to Eq. (21) by using
the NO~LINR program, and the parameters thus
determined are given in Table IV. A, has been
determined from the ENDOR of the EPR line 1
with Eq. (17).

As shown in Fig. 6(a), the equivalency of III-A
and III-B is broken by the presence of a vacancy.
Since the nature of the local symmetry is the
same for these two shells, the expressions for
the ENDOR frequencies are identical with, of

90~

80J

70t

60"

cn 50-

4ot
LLI~ 30"

Z 20

10"

SHELLS I
—B / I

—C

FIG. 10. . Angular dependence of the calculated and
observed ENDOR of I-B and I-C along the EPR line 1
in Fig. 5, i.e., when the static field is in the (110) plane.
The crosses are the observed values for I-C, and X's
are those for I-B.

TABLE IV. Hyperfine constants of the nuclei III-A, III-B, and
III-C for the orthorhornbic center. The principal axes are
defined in Fig. 6(a).

III-A III-B

course, slightly different values of parameters.
Therefore, a doublelike ENDOR spectra is to
be expected. 'This doublet, however, is funda-
mentally different from the one observed for I-A.
The former is due to the slight i.nequivalency of
the two nuclei, while the latter is due to the higher-
order effect.s for two equivalent nuclei.

It should be pointed out that the assignment of
the experimental lines labeled III-A and III-8 to
their corresponding sites in Fig. 6(a) is based
primarily on considerations of the experimental
angles Q listed in Table IV. Assuming the Fe'
ion to relax toward the vacancy, we have simply
assigned the nuclei so that the byperfine z axis
may be close to the direction of Fe' —F . The
same considerations have been used in the assign-
ments of I-B and I-C in Fig. 6(b).

Figure 12 shows the calculated and observed
angular dependence of the ENDOR spectrum of
III-A and III-B along the EPH line 2. In this figure
the circles are the measured values of III-A, and
the triangles are those of III-B.

Finally, let us look at the nucleus III-C. As we
see in Fig. 3, this does not have any local sym-
metry at. all. Therefore, none of the hyperfine
axes can be determined by symmetry consider-
ations. Furthermore, we do not have enough
data to experimentally determine those axes.
Therefore, we made a crude assumption. Namely,
since one of the hyperfine planes may not deviate
much from the x,-y, plane, we have assumed that
one hyperfine plane coincides with the x -y plane.
Then the situation becomes the same as that of
III-A, and we can use the same equations derived
for III-A. Since we are now with the EPR line 1,
the g values should be properly replaced in Eqs.
(21) and (22). It should be noted that when the
static field is in the x -y plane, the two nuclei
labeled by III-C are equivalent, and so are the
two III-C' nuclei (Fig. 3), even though the hyper-
fine plane does not coincide with the x -y plane.
Figure 13 shows the calculated and observed an-
gular dependence of III-C, using a similar equa-
tion as Eq. (21) with the parameters given in

'25 35 40 45 50
ENDOR FREQUENCY (MHz)

55 60

FIG. 11. Angular dependence of the calculated and
. observed ENDOR of I-B and I-C along the EPR line 2
in Fig. 5, i.e., when the static field is in the (110)
plane. The crosses are the observed values for I-C.

i' (degrees)

A, (MHz)

A (MHz)

A (MHz)

33.8 + 0.5
3.69 + 0.03

-2.46 + 0.08

-3.25 + 0.02

30.7 +0.5
3.66 + 0.04

-2.40 + 0.09
-3.53 + 0.02

30.4 + 0.4
5.22 + 0.03

-3.00 + 0.12

-2.90 + 0.02
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FIG, 12. Angular dependence of the calculated and ob-
served ENDOR of III-A (circles) and III-B (triangles)
along the EPR line 2 near the (110] direction.

FIG. 13. Angular dependence of the calculated and ob-
served ENDOR of III-C along the EPR line 1 near the
[110]direction.

Table IV. It is interesting to note that the hyper-
fine values in Table IV are very similar for nu-
clei III-A arid III-B, and the values for Ig-C are
quite different. The III-A and III-B nuclei are
nonequivalent due to the presence of the vacancy,
but are equivalent with respect to the g tensor
axes, whereas the III-C nuclei are nonequivalent
to III-A and III-B due to the vacancy and, also,
due to a different location with respect to the g-
tensor axes.

III. CONCLUSIONS AND DISCUSSIONS

We have determined the hyperfine tensors of
the nearest-neighbor flurorine nuclei (shell I) of
the orthorhombic center. Here we have clearly
distinguished three inequivalent sets (labeled I-A,
I B, and I-C) o-f two equivalent nuclei. From these
and the additional ENDOR measurements for the
next-nearest-neighbor fluorine nuclei (III-A,
III-B, and III-C), we have confirmed the basic
idea of the model of this center suggested by
Garrison based on his EPR study. '3 Namely,
Fe' ions substitutionally occupying the Na' sites
are associated with the nearest Na' vacancy in
one of the (110) directions. The model of the
vacancy association was mainly based on the sym-
metry of the g tensor (the principal values are

g„=2.027, g, = 5.797, g, = 4.588, with [001],[1TO),
[110]axes as their respective principal axis),
which requires something along either the [110]
direction or the [110]direction to give this sym-
metry. The previous assignment" of the vacancy
position along the [1TO] direction (associated with

g =5.797), however, was highly speculative since
the accurate determination of the hyperfine tensors
of the three distinct sets of the nearest neighbors
was not possible with the EPR measurements.
As we have seen in Sec. II, the hyperfine tensor
of I-A nuclei determined by ENDOR tells us that
the vacancy position should be along the [110]
direction (associated with g, = 4.588), which is
different from Garrison's assignment. The ad-
ditional ENDOR measurements for III-A, III-B,
and III-C lattice nuclei also support this assign-
ment of the vacancy site.
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