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The dependence of frequencies in electron spin double resonance on crystal orientation in

an external static magnetic field is found for U,, F§ and M centers in alkali halide crys-
tals. Angular dependence is determined by the structure of the centers; the double-frequency
resonance method can thus be used for a direct experimental study of the structure of color

centers in alkali halide crystals.

1. STUDY OF SHORT-RANGE ORDER BY THE
DOUBLE-FREQUENCY RESONANCE METHOD

I]._‘HE electron spin double-resonance method!»? fur-
nishes the frequencies of spin-nuclear transitions
resulting from interactions between a localized
electron and one of the nuclei surrounding the cen-
ter where the electron is localized. These frequen-
cies depend on the wave function of the localized
electron and the direction of the external static
magnetic field H. The dependence on the angle of
H can be determined without knowing the analytic
form of the electron wave function. This depend-
ence is determined by the structure of the center
and the symmetry of its neighborhood. The double-
frequency resonance method can therefore be used
to study the structure of different localization cen-
ters from their frequency spectra and angular de-
pendences. When the wave function y falls off
rapidly outside of the center the principal contri-
bution to the frequency spectrum comes from nu-
clei of the first and second coordination spheres
(i.e., only small frequencies result from interac-
tions with the spins of distant nuclei). Therefore
the frequency spectrum and its dependence on crys-
tal orientation in an external magnetic field are
sensitive to the short-range order of the localiza-
tion centers.

Feher? investigated the frequency spectrum and
angular dependence of double resonance at F cen-
ters in KCl. His experiments agree with the ac-
cepted view as to the nature of F centers and give
the values of |y |2 at the lattice sites which are
closest to F centers.? Feher points out that the
experiments obtain many other frequencies some
of which are probably associated with defects other
than F centers. It is therefore useful to obtain
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the dependence of double-resonance frequencies in
spin-nuclear transitions on crystal orientation in

an external field H when the crystal contains color
centers other than F centers. This is all the more
important because there is no direct experimental
evidence showing the structures of a number of dif-
ferent electron localization centers.

2. SPIN HAMILTONIAN FOR INTERACTION BE-
TWEEN A LOCALIZED ELECTRON AND THE
MAGNETIC MOMENT OF A LATTICE NUCLEUS.
SIMPLIFICATION OF THE HAMILTONIAN

We denote by S and Iy the spins of the electron
and nucleus at the k-th lattice site, by u, pk their
magnetic moments and by pgk the distance from the
k-th site. The spin Hamiltonian Jgk for the inter-
action between a localized electron and the k-th nu-
cleus can be written as follows:?

Hon= 45 55 19 oe= O P IS + D ApilarSe (1)
p.q
iy (% 01912
pok = ?125 fgw;;dv. @)
The axes of the Cartesian coordinate system cen-
tered at the k-th site are numbered by the sub-
scripts p and q.

The spin Hamiltonian in (1) agrees essentially
with the usual form for gy as the sum of a
Fermi expression and a dipole-dipole interaction,
which is mathematically less accurate than (1) be-
cause the dipole-dipole term contains the differ-
ence between two divergent integrals. However,
it is convenient in (1) to separate the Fermi term,
which is proportional to |y |2 at the k-th site.

When spherical coordinates are used for Apgk
in (2) it is easily shown that
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drpty
381,

Apgr = — [$(or = 0) 23,

+ “_””;S |¢2 3% X gk PhOpg dv @)
Si, ' pz ’
where 65, is the Kronecker symbol. Inserting
Apgk from (3) into (1), we obtain

Hse=a(lxS) + X\ Dpor IptSq- 4)
p.q

The first expression on the right is the Fermi term
while the second is the mean value of the dipole-
dipole interaction. It follows from (1) and (3) that

81w, N
=?ﬂ]¢(9k=0)l» (5a)
3x . x ,—p28
Dypor = ol S{ P2 ﬁkvfikl—apkﬂdv‘ (5b)
ST, °h

It is obvious that Dpq = Dgp. From considera-
tions of symmetry the spin Hamiltonian (4) can be
simplified further. Let Gk be a symmetry oper-
ator satisfy the following requirements: (1) It does
not affect the spatial position of the electron locali-
zation center. (2) It does not move the k-th nucleus
of the lattice. (3) It interchanges identical crystal
ions. Then

GP 4 =9 (6)

From (6) we easily obtain the relation between dif-
ferent coefficients in (5b2 resulting from symmetry:

=GPD,,, = _‘b,-s, k-
qu/c Gz D[qk % Dsl (7)
The coefficients bjgy (which are generally also
dependent on p, q, and k) are determined very
simply in any specific case.

We note that the set of operations Gi(k) com-
prises a subgroup of the crystal point symmetry
group. The fact that the present problem is sub-
ject to less than complete crystal symmetry ac-
counts for the frequency anisotropy of spin-nuclear
transitions (the dependence of double-resonance
frequencies on crystal orientation in an external
magnetic field H).

It is also evident that when the coordinate axes
X1k, Xk, Xgk transform into each other under the
operations of crystal point symmetry leaving lat-
tice defects in their places, the coefficients Dpqx
will not depend on the subscript k for a group of
ions that are arranged identically with respect to
the localization center and have the same symmetry
elements of G Each ion of this group can be
transferred to any other site of the group by a
crystal symmetry operation without effecting the
spatial arrangement of the lattice defect. Here-
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inafter local coordinate systems will always sat-
isfy the foregoing conditions.

3. U, CENTERS

There is indirect experimental evidence that the
U, absorption band in KC1 results from the pres-
ence of hydrogen atoms at interstices of the lattice.®
It was shown in reference 6 that the U, optical ab-
sorption band is accompanied by the paramagnetic
resonance of hydrogen atoms. The paramagnetic
resonance line width (~ 68 gauss) results from
the interaction between the electron spin and the
magnetic moments of the surrounding nuclei.

We shall now obtain the electron spin double
resonance frequencies resulting from the interac-
tion between the Uy-center electron and eight sur-
rounding nuclei, assuming that the hydrogen atom
is at the center of a cube (Fig.1). For each of the
eight points the symmetry elements of G.( form
a group Cgy (a three-fold rotation axis and three
planes of symmetry containing the rotation axis).
The local coordinate system for ion 1 is chosen
such that the axes xjk, Xk and X3k are parallel
to X, Y and Z. The coordinate axes for ion 2 are
parallel to the directions [0 1 0], [1 0 0] and
[0 0 1]. The local coordinate systems for other
ions in Fig. 1 are then obtained by symmetry op-
erations which leave the U, center fixed but trans-
port ion 1 (or 2) together with its local coordinate
system to equivalent points. In these coordinate
systems all integrals in (5b) are identical for posi-
tive and negative ions, respectively.

FIG. 1

Performing the symmetry operations of Gi(k)
in group Csy on the coefficients Dpq, we obtain

Dn = Dzz == D33 =0, DI'Z = D-z:s = D31~ (8)

The vanishing of the coefficients Dpp follows from
the fact that Dyy + Dy + D33 = 0. We denote the unit
axes of the local systems by 7k, Tk, T3k and the
coefficients Dpg, P #4q, by D*, where the upper
sign refers to positive ions and the lower sign to
negative ions. The spin Hamiltonian (4) with (8)
taken into account can then be written as follows:

+

F o= a= (14s8) + D* ) (o) (Se%ar). (9

Dt q

We assume at first that a* > D*, so that the
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selection rules for double-resonance spin-nuclear
transitions are AMg =0; AMj=+1, where Mg
and Mj are the spin projections on the field H,
which is oriented with respect to the crystallo-
graphic axes as shown in Fig. 1. To calculate the
mean value of ¥gkx we must know the projections
of Tpq (P=1,2,3) on the field direction. It is
evident that

TprH == Tprx SiN 7 COS O 4 Tppysin ¢ sinl 4 tpez cos 2. (10)

hvis = gufinfl + )sa=

In (10) Tpgx is the projection of Tpk on the X
axis etc. In order to obtain the correct frequency
the Zeeman energy gnBn (Ix*H) must be added

to ¥gk, where gp and B are the nuclear g-
factor and nuclear magneton, respectively. Since
the isotropic term in (10) makes the isotropic con-
tribution a*/2 to the frequency and the contribu-
tion of D* (Ig*Tpk)(S*Tqk) is 3D*TpkHTqkH, We
obtain the following eight frequencies in the double-
resonance spectrum of a U, center:

1/, (sin? ¢sin 26 -+ sin 2¢ (cos -+ sin 6)) D*,
hvsg = GuPnH -+ 1/sa% 41/, (sin? ¢ sin 26 — sin 2¢ (cos 6 4 sin §)) D*,
hvEy == gaPnH + 1/,a% — 1/, (sin? ¢ sin 26 — sin 2¢ (cos # — sin 6)) D*.

(11)

hvig = gnPnH 4 Y/sa% — 1/, (sin® ¢ sin 26 + sin 2¢ (cos 6 — sin 0)) D*

The subscripts of hv in (11) refer to the numbered
nuclei in Fig. 1.

When H lies in the XY plane we have ¢ = /2
and

hvig = hvig == gaBnH + 1sa* +1/,D* sin 29,

Iy = hviy = guBall + sa= — /D% sin26.  (12)

In this case only four frequencies are obtained.

We shall now drop the assumption that a* > D*.
As previously, the electron spin is oriented in the
direction of H, sothat Mg =3 and the selection
rule is AMg = 0.

Let g be the spin Hamiltonian averaged over
the electron spin wave functions. From (9), with
gnPn (Ix - H) taken into account, we then obtain

FH sk = gnBn (LH) + 1sax Ly +'/uD* 2 E 1 kx ~prx=qrH-
p.q X,¥,Z

p+q (13)

It is convenient to rewrite (13) by introducing the
projection Iy, of the spin of the k-th nucleus on
the “quantization axis.”’ If M, is the quantum
number of this projection of the spin operator the
selection rule is AMp = +1. It follows from (13)
that

L:/;L;sk = [(Myr +gnBroH)* + (mar 4 GnBnoaH)?

. (14)
+ (/n3k + gn,@'nst)zl “L e

Here «y, ay, a3 are the projections of H/H on
the X, Y, and Z axes,
D‘_t
myp = 1/211(1'_“ + 5 Z TpkXTqkH ) (15)
ptq
and mpk and mgk are given by (15) with Tprx
replaced by Tpky and Tpkz, respectively, and

@y by @, and aj. The frequencies are easily
obtained from (14):

hvk = [(mlk -+ gn}’:"rzmllﬁl)2 -+ (m2k + gnﬁna‘zH)g
-+ (mak + gn}?’nazH)Z]l/z'

It can be shown that when a* > D* (16) becomes
Eq. (11) as an expression for the frequencies.

The coefficients Dpq (the dipole-dipole inter-
action tensor) can most conveniently be written in
the principal coordinate system where Dpq is di-
agonal. In the present case the symmetry group
Csy determines these coordinates, the x3r axis
being the three-fold rotation axis while the other
two axes have any mutually perpendicular direc-
tions in a plane perpendicular to the C; axis. D,
now has only the diagonal components - D+, —D<,
and 2D,

(16)

4. F; CENTERS

An F'{ center is a system consisting of two
negative vacancies and an electron in an ionic crys-
tal.® The electron ¥ cloud can either be distrib-
uted symmetrically with respect to the two vacan-
cies or be concentrated to a large degree around
only one vacancy, giving what we shall call the
symmetrical and asymmetrical Fj -center models,
respectively. The second model possesses greater
probability but both models are used in the litera-
ture. 910,11

The angular dependences of a number of double-
resonance frequencies will differ in the symmetri-
cal and asymmetrical models. We shall determine
the double-resonance frequency spectrum by con-
sidering only the interaction of the electron with
the nearest neighbors of the F;’ center (Fig. 2).
Table I is a list of the symmetry elements of Gi(k
for each of seven groups of “nearest neighbor”
ions which are located identically with respect to
the Fj center. The spin Hamiltonian for ions of
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FIG. 2. Immediate neighborhood

2 "%’;Z\\ g ~f~ ofan F} center. Ions located one
+ /zz<: = ,+ — row above those shown in the figure
TaNE N g are denoted by -primes (3'a, a’, etc.);

N those located one row below by dou-
ble primes (3"a, a" etc.). The near-
est neighbors include ions which
are not farther distant than /2R
from a (upper circle) or b (lower
circle).

groups I and VI will differ in the symmetrical and
asymmetrical cases since the symmetry groups of
the Gi(k) elements differ; frequencies resulting
from interactions with ions of group I will be high-
est because these ions are closest to the vacant
lattice sites a and b simultaneously. Moreover,
in the asymmetrical case, the plane ¢” is not a
plane of symmetry because the vacancies a and
b are not equivalent in this instance. Therefore
the coefficients in the spin Hamiltonian for ions

of a single group are not equal when these ions
have specularly symmetrical positions with re-
spect to ¢”. In the symmetrical case the coeffi-
cients of the spin Hamiltonian for all ions of a
given group are identical. Compared with the
asymmetrical case there are now only one half

as many frequencies for groups of ions which are
not in the ¢” plane. For the sake of simplicity
we shall not supply the coefficients a and Dpq
with additional indices but shall keep in mind the
preceding disaussion and the fact that the coeffi-
cients differ for ions of different groups.

Local coordinate systems are naturally selected

so that the xyk axis is parallel to the a-b direc-
tion, the xyix axis is perpendicular to this direction
and the xgk axis is perpendicular to the plane of
the F§ center (the principal axes of D,y can be
given without knowing actual magnitudes only for
ions of group I in the symmetrical model and for
ions of group V; the axes are those already men-
tioned).
. Table II gives the directions of Tpk for some
ions. Directions for other local coordinate systems
are obtained by.the procedure described in Sec. 2.

In the symmetrical model the symmetry group of

TABLE II
Local ortho- | F center in | F{ center in| F] center in
gonal unit (001) plane | (010) plane | (100) plane

axes for ions

1,3a,a’, 5a, Ta,
1,3 a—b |Along| g—p |Along| g —p | Along
[110] 110y | (101] f101) [011] 0111
T 110 | 110 | 101 | 101 | o011 | O1f
T2 110 | 110 | 101 | 101 | 011 | 011
Ts 001 | 001 | 010 | 010 | 100 | 100
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TABLE I. Symmetry elements of Gi(k)

Symmetrical Asymmetrical
Ion group model model

I: Ions 1, 2 g,0",C, o

II: Ions 3a, b; 4a, b o o
II: Ions a', b, a", b" a' o'
IV: Ions 5a, b; 6a, b’ o o

V: Ions 7a, b o; 0, C,' o, 0, Cz'
VI: Ions 1/, 2/, 17, 2" “ -
VIIL: Ions 3'a, b; 3"a, b - -

4'a,b; 4"a, b

o —plane of F] center; o’—plane perpendicular to ¢ and
containing a and b; o"—plane perpendicular to o and con-
taining ions 1 and 2 (Fig. 2); C,—-a-b axis; C} — axis
through ions 1 and 2.

Gi(k) for group I ions is Cyy. Therefore Dpgk =0
when p =q: °
ik = a (1e*S) + Du1 (Ie=%12) (ST1) + Do (Te%or) (S +%2r)
+ Dss (Ix+%3e) (Sevar) = (@ — Dy — D) (Ie*S)  (17)
+ 2Dy + D) (le-%1e) (S-%1x) + (2D L + D) (Lee Tar) (S+%2z).

In deriving (17) we used the fact that the trace of
qu is 0 and employed the notation

Dy =Dy; Dy = D,.

In the asymmetrical model the symmetry group for
the same ions is Cg, so that only the coefficients
Dys and Dy3 vanish (the x3x axis being perpen-
dicular to the Cg plane). Consequently, in this
case,

Hi=(@—D; —D,;)(IeS) ++ (2D 4 D) (le=%us) (S+718)
+ (2D) + Dy) (Te%2r) (S+%2r)
+ Dig[(Ie+%12) (S+%2r) + (Ieo5e) (S+518)]-

(18)

The spin Hamiltonian of ion groups II and IV in
both F{ -center models is also given by (18) (see
Table I). For ions of Group III we have the follow-
ing spin Hamiltonian:

Ftw' =(@—Dy — D) (1eS) + 2Dy + D) (e +=ye) (S+Twe)

+(2D1 + Dy) (Le-%ax) (S+%22)
(19)
+ Dig [(Le+ T12) (S-%36) + (Ix «%ar) (S-%1e)].

This equation does not contain D,3 and Dy; be-
cause the X,k axis is perpendicular to the sym-
metry plane o’.

For ions of group V the symmetry elements of
Gi(k) form the group C,y, and the corresponding
spin Hamiltonian is given by (17). In the symmet-
rical F}L center group VI ions possess a symmetry
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plane ¢”; consequently D;; and Dj3 vanish, so
that

Het =(@a—Dy —Dy)(1+S) 4 2Dy + D) (le- %) (S+%12)
+ (2DJ. + D!:) (T +%2r) (S“‘zk)

4 Daa [(Te-%at) (S+%ge) + (15 +%as) (Semer)].  (20)

In the asymmetrical case, however, symmetry ele-
ments of Gi(k) are absent, so that

Hek =(@—Dy—D.)(1xS) + (2D + D) (e ) (S 51)

+ (201 4 Dy) (ke %ar) (S+%at) + 2 Dpg (e or) (S+%es).-
p*a (21)
Group VII ions have the same spin Hamiltonian.
We shall now determine the frequencies for

double-resonance spin-nuclear transitions. Let
the static magnetic field H lie in the (001) plane
forming an angle 6 with the [10 0] direction.
The isotropic'part of the spin Hamiltonian is usu-
ally considerably larger than the anisotropic
part,®37 so that for simplicity we shall assume
a » Dpq. Therefore, if as previously Mg and Mp
are the quantum numbers of the spin projections in
the H direction, the selection rules for spin-nu-
clear transitions will be AMg=0 and AMj==*1.
The frequencies are easily computed without as-
sumptions regarding the orientation of H and the
magnitudes of a and Dpq, as was shown for U,
centers.

" To determine the frequencies we must know the
projections of the local axes on H. If the F“{ cen-
ter lies in the (001) plane and is oriented along
[110] the projections of the unit axes in Table II
are given by

= = (sin 0 4 cosb) / V'2;

%op == (sin 8 — cos 6) / V' 2; =um = 0. (22)

If the F§ center lies along [110] it follows from
Table II that

YT % Yo T T N1 TsH T Tame (23)

The primed axes in (23) refer to the case in which
the Fy center is directed along [T10]. For local
coordinate axes not given in the table projections
on H can differ from (22) in sign. If the F§ cen-
ter lies in the (100) plane the projections are

TikH = + sin 0/1/5,
Topr = % sin0/ Y 2; o = % cos 6. (24)

The combination of signs in (24) depends on the
number k of the ion. Finally, for an Fj center
in the (010) plane the result differs from (24) by
the interchange of sin § and cos 6. The frequen-
cies are determined in the same way as in the pre-
ceding section.

When FQ’ centers lie in the (001) plane spin-
nuclear transitions for ions of the first group in
the symmetrical case are represented by

—D
L sin 26;

A
(25)
Dy+D, ) Dy
2

D, +D D,
hv:gnpnﬂ_{_%(a,i_ n‘; ¢>+ i

—D .
— n L sin26.

hy' ;gnan+%<a+

For ions of the second group in the symmetrical
case we have

[4 1 D + D, \

hv: =g, B, H _;__2.(0_1_ s _l_}\

by—b, .. 1
4 —=sin26 F 5 D\mCOS 26;

D, +D (26)
hy'z = gn an_l,_ _;—(a + _.“_2_J'_>

D, —D
— "L §in26 + %Dm cos 26,

%
In (25) and (26) hv and 'hy’ refer to two mutually
perpendicular orientations of Fj centers in the
(001) plane.

For ions of groups III, V and VI spin-nuclear
transition frequencies are given by (25), and for
groups IV and VII by (26).

In the symmetrical case for Fj centers in the
(001) plane there are the single frequencies hv
and hy’ for groups I, III, V and VI, and pairs of
frequencies for groups II, IV and VII.

For FJ centers in the (100) plane in the sym-
metrical case spin-nuclear transition frequencies
resulting from an interaction between the spin of
a localized electron and the magnetic moment of
the k-th nucleus are given by the following equa-
tions:

For groups I and V:

hy = ganH + 5 (@— Dy — D)

‘ 27
+ 2Dy +D,)sinto.
For groups II and IV:
= = guBaH -5 (@—Dy D))
) ) (28)
L K(D y+ D, —3—01._,) sin? 6.
For group III:
hvt = gn ?'IIH -+ % (a— DM - D—)
. 29
+ 2Dy + D) sin?0 & 28 sin 26, @9)
4 2V2
For group VI:
1
hvt = gufuH +(@—Dy —D
Y 8 f z( | _L) (30)

3 . Py Dg .
+ % (Dy +Dy)sin6 & 57%— sin 26.
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For group VII:
. 1
vt = g,lijnH —%— '2—(a—Dl' _D.L)
-+ ;:—(Du 4Dy —i—%Dm)sin?Oi- %&”sin%;
(31)

. 1
hvg = gupe il + 5 (@—Dy — D))

+4(Dy + D

e D,;)sin?0 9%—;—29& sin 20.

If the Fj center lies in the (010) plane the
results are the same as in the (100) plane with
sin 6 in (27) to (31) replaced by cos 6.

Let us now consider the results for the asym-
metrical F}' -center model. For ions of groups I
and VI and F;' centers in the (001) plane we have

ot = gl (0t L)

D||—Da . 1

+———sin 26 £+ 7D12 cos 20;
, R D;"I'D

h\'izgmnH—t—jka'l"—!—T'L)

D

—D
- L/;_L sin 20 & % Dy, cos 20, (32)

For group I and Fj centers in the (100) plane
we have
. 1
hvE = gnBn H + 5 (@— Dy — D)

—i—%(Dn + D, & %Dm) sin®f, (33)
and for group VI the frequencies are given by (31).
For the remaining ion groups the angular de-

pendences of the frequencies are the same as for
the corresponding groups in the symmetrical case.

In the asymmetrical model the frequencies for
F§ centers in the (010) plane are given by the
symmetrical model in the (100) plane with sin 6
replaced by cos 6.

Each ion group in the asymmetrical case has
twice as many different frequencies as the same
groups in the symmetrical case.

It is evident from the foregoing that F‘z" centers
lying in mutually perpendicular directions in the
(001) plane are represented by different angular
dependences of the frequencies, whereas for Fyj
centers in the other two planes the frequency spec-
trum is independent of the Fj -center orientation
in the plane. If the F7 center lies in the (001)
plane the weight of each frequency for ion groups I,
II, IV and V is one-half that of the corresponding
frequency when the Fi" center lies in the (010) or
(100) plane and is equal to N/6 and N/3 for the
asymmetrical and symmetrical model, respectively
(N is the number of Fi" centers in the crystal).
For other frequencies the weight is independent of
the plane in which the Fj center is located and is
twice as large as the values just given.

ZEVIN

We may now inquire about the difference between
the angular dependence of the double-resonance fre-
quency for an F center and that for an F§ center
which is regarded as an F center that is polarized
by a neighboring negative vacancy (the asymmetri-
cal model). It is simplest to compare the two fre-
quencies in the local coordinate system that was
used for the nuclei surrounding the F center.?
Denoting the coefficient of the dipole-dipole inter-
action in this system by Dprq’s when for the posi-
tive ions nearest to the vacancy the primed axes
are along the principal crystallographic axes and
the x3 axis passes through the vacancy, for k =1,
for example, we obtain

th:l:nnH ia'{—D"
" o = +2(1 ) (34)
+5 (Dygr — Dyrge) sin? 6 + —2-D3r2' sin 20.

For .F centers Dggr =0, and we obtain the al-
ready known double-resonance frequency for this
case®3 (in reference 3 a + Dygr = A, Dgrgr — Dyryr
= BR?).

The angular dependences of other frequencies
for F centers in the asymmetrical model can be
determined in the local coordinate systems of the
centers. However, without computing a and
it is impossible to determine theoretically whether
experiment can distinguish F -center and asymmet-
rical F'z" -center frequencies (in (25) the difference
in the angular dependence results from the term
2Dy yr sin 20). For an asymmetrical F§ center
the second vacancy has little effect on the ¥ -cloud
distribution of the F center, so that it is difficult
to separate the frequencies. It is still an open ques-
tion which of the frequencies in (25) to (33) can be
resolved experimentally and how well this can be
done.

5. M CENTERS

An M center is pictured as being formed by an
electron localized near three vacancies resulting
from two missing anions and one missing cation
(Fig. 3).8’12’13 As for FJ centers, we have both a
symmetrical and an asymmetrical model for M
centers. In the symmetrical model the ¥ cloud
of the localized electron is distributed symmetric-
ally with respect to the anion vacancies a and
b, so that vacancies a and b are equivalent. In
the more probable asymmetrical case the ¥
cloud is concentrated to a greater extent around
one of the anion vacancies.

Table III gives the symmetry elements of Gi(k)
for nearest-neighbor ions. A knowledge of Gi(
enables us to write the spin Hamiltonian g at
once. For ions of the first group in both M -cen-
ter models
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-%ik = (@ — Dy — D5) (1-S) + (2Dy -+ D) (Ie%12) (S 718)
<+ (2D; 4 Dy) (Le+ %) (S + %22)

+ Dia [(Temae) (S %ar) -+ (Lear) (S 51e)]. (35)

For group II in the symmetrical model Dj; = Dy,
s0 that

Hik = (@—2Dy) (1eeS) -+ 3D [(Ie1) (S+%u) + (1e%e) (S+%2)]
4= Dyp [(Tee%1) (S +%or) + (Lee%ar) (Se%1r)]- (36)

In this case the principal axes of the tensor Dpq
are along C, and two mutually perpendicular di-
rections in a plane perpendicular to Cy. The prin-
cipal values of the tensor are D;— Dyy, Dj + Dy,
and -2D;. In the asymmetrical model the spin
Hamiltonian for these ions is given by (36).

For group III in the symmetrical case we have
D13 = D23, and D“ = Dzz; otherwise we have (21)
The asymmetrical model has the same spin Hamil-
tonian with different coefficients. Finally, group
IV does not possess symmetry elements that sim-
plify the Hamiltonian, so that 3Ly is given by (21).

The coefficients a and D are identical for
ions that are mirror reflections of each other in
the o plane. Moreover, in the symmetrical model
there are identical coefficients for ions (k, and ky)
that are located symmetrically with respect to the
o’ plane, while all other ion groups have different
coefficients. However, we shall not add additional
subscripts to a and Dpq-

In calculating frequencies it must be remembered
that there are four orientations of an M center in a
given plane, which is thus divided into four quadrants
by the sides of the M center.

Let the field H lie in the (001) plane and make
an angle 6 with the [100] direction. As previously,
we shall assume that a > qu The projections of
unit local axes (Fig.3) on H for M centers with
different orientations in different planes will be 0,
+cos 0 or =sin 6.

Spin-nuclear transition frequencies in the sym-
metrical model for an M center in the (001)

TABLE III. Symmetry elements of G{)

Symmetrical Asymmetrical
Ion group model model
I. Ions 1-6a, b o o
I: Tons 1, 3, 7 a,0',C, o
I Ions o, 0%, 1/, 1/, o'

3l 3” 7lI 7II
IV: Ions on both sides
of group I ions.

o — plane of M center; o’ —diagonal plane; C, —intersec-
tion of these planes
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plane are as follows:
For ions of groups I and IV:

1

hvut = gn:ﬁn H+ ((1 + D;)

+ 4 (Dy — Dy) cos®l & Dy, sin 25

(37

h’b —gndnﬁ'*‘ (a + D )

+ - (D — D) sin® 6 £ =Dy, sin 20,
For groups II and III:

B = gaa B 3 (@ + D)) 4 Dosin20. (38)

For M centers in the (100) plane in the sym-
metrical model the frequencies are:
For group I:

B = gabo H + (@ + Dy) — 22522 cogtt
(39)
hvy = gnd H + Z(a‘L‘Dg)‘—%D— Dy COSZF)
For group II:
1, 1 ] 3
by = gupn H — 5 (a + D) — 5 D, cos?l; (40)
For group III:
= = g3 H + & (a+ D)
(41)

3 ; 1 .
-3 Dy cos?t & > D,5sin 26;

For group IV:

2 3 1 .
é&%ﬂi cos? i = — Dy sin 20;

42)
cos? ) & é_ D, sin 26.

hvz = guda H + 5 (a+ D) —

hvg = g H 1 5 (a -+ Dy) — 2D

In the asymmetrical model the number of differ-
ent frequencies for each group is double that in the
symmetrical model.

For groups I and IV of an M center in the (001)
plane the angular dependences are the same as in the
symmetrical model [Eq. (38)]. For groups II and III

+ - o+ -

S wosom
- \/@@@ + N s

I: —* Z,
+ia© % O h - ) N U h
N N
—ﬂz«f- £ @ @217 + fk\!’:
- OB -o-® - b

w Ja Za k
-+ - 4+ - + b

a

FIG. 3. a) Nearest neighbors of an M center, which in-
clude ions in two parallel planes above and below those
shown in the figure. The notation is the same as in Fig. 2.

b) Local coordinate systems. The zy axis is perpendic-
ular to the plane of the M center and is always directed away
from it. (As for primed ions, the z; axis in the figure is al-
ways along one of the three directions [0 0 1], [0 10] or [100].
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the frequencies are the same as hvi of (38) in the
symmetrical model.

For M centers in the (100) plane in the asym-
metrical model the frequencies for group I are

hv, = gnBnH + /2 (a 4 Dy) — 1/, (2D, + D,) cos® b;
hi, = gnBn H +'/2(a + Ds) —*/(2D; + D) cos®i;

hv = gaBaH + Y2 (@' + D) — '/ (2D; + D)) cos® b;
hvy == gnn H + /2 (@’ + Dy) — /2 (2D, + D) cos® b

For group IV we have

ZEVIN

)
o ||
Ya W'

e ]
v
Yo' =%b Yo=Y’

FIG. 5. a) The pair of nuclei k, and ky, in the symmetrical
model result in two frequencies which coincide at 6 = 45°

b) In the asymmetrical model the same ions give four fre-
quencies, two of which are smaller than for the symmetrical
case. The weight of each frequency is one half that in the sym-
symmetrical model.

L
' %

v = gnBn H -3 (a + D1) — /2 (2D, + D,) cos® b £ 1/, Dyysin 20;
hvE= gu3. H 4 /s (a + Ds) —/2(2D;, + Dy) cos? 6 &1/, Dyssin 26;

hE = gu3a H + Y3 (@’ + Dy) — /5 (2Dy + D) cos? b 1/, Dy, sin26;

(44)

vt = guBn H + Y2 (@ + Dy) — Y5 (2D} + D;) cos? 6 = 1/, Dy sin26.

For group II the frequencies are given by hvy,
and hvy of (43) and for group III by hvi and hvgE
of (44).

For an M center in the (010) plane in both
the symmetrical and asymmetrical models frequen-
cies are given by the preceding expressions for the
(100) plane with cos 6 replaced by sin 6. We
must expect large differences in the frequencies
for ions of a single group even in the symmetrical
model because of considerably different positions
of ions in the group with respect to the M center.

We can make the following comments regarding
the foregoing angular dependences. When an M
center is in the (001) plane the angular depend-
ences for ions kg and kj, (Fig. 3) differ; also, M
centers with sides along [001], [010] and
[001], [0T0] give frequencies different from
the corresponding frequencies due to the two other
M -center orientations in this plane (the sign of
Dy, is different). In the asymmetrical model each
frequency is split into two. Thus ions 2a, 2a’, 2b,
and 2b’ (Fig. 4) give four frequencies and ions
lo and 10" give two. (In our local coordinates
qu for 2a and 2b’ coincide, and for ions 1o
and 10’ Dy; =Djy; Dy =Dj;). This is illustrated
in Fig. 5.

When an M center lies in the (100) or (010)
plane all four orientations in the symmetrical model
give identical sets of frequencies, while in the asym-
metrical model two pairs of orientations give differ-
ent frequencies. However, the M centers shown in
Fig. 4 give identical frequencies in this case.

We are deeply grateful to M. F. De‘fgen for di-
recting this work.
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