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The spectrum of forbidden EPR transitions is considered for Mn?* ions in a calcite lattice, with and
without inclusion of the hyperfine structure. It is shown that the ordinary spin Hamiltonian formal-
ism provides a fully satisfactory description of experimental observations. The effect of the crystal
field on the positions of the EPR spectra with selection rules AM = R and Am] =r is determined.
The pattern of forbidden lines in a field H depends on the fine-structure splitting of Zeeman levels
by the crystal field. Quadrupole interactions, to which some authors'*! attribute the presence of a
spectrum that is nuclear-spin forbidden, could not be detected. Finally, it is affirmed that the for-
bidden electronic and nuclear transitions have an identical origin.

In addition to the lines that are allowed by the ordinary
selection rules the spectra of atoms and molecules are
known to include weak lines representing transitions
that are associated with different selection rules.
These ‘‘forbidden’’ lines are observed both in the op-
tical and in lower frequency regions. Several investi-
gators have observed a forbidden electron paramag-
netic resonance (EPR) spectrum of certain ions in
crystals.!'"®] Although the origin of forbidden optical
spectra is clearly determinable, as a general rule, the
same cannot be said regarding the forbidden EPR
spectra.

The present work is concerned with experimental
observation of the forbidden EPR spectrum of Mn?*
ions in an axially symmetric crystal system (CaCQOs;).

1. FINE-STRUCTURE SPLITTING

The ground state of Mn®* is known to be a singlet
having sixfold spin degeneracy (°). This degeneracy
is removed partially by the crystal field, to an extent
that depends on the symmetry possessed by the latter.
In a cubic field the singlet splits into twofold and four-
fold degenerate spin levels, ! while in fields possess-
ing a lower order of symmetr?r the degeneracy may be
reduced to Kramers doublets. !*2-**]

A suitable spin Hamiltonian for the case of axial
symmetry can be written as!'®]

H = gpH.S, + g, B(H.S. + 1,S,) + B0 + B0, 4 B0g, (1)

where the conventional notation has been used. In de-
riving our final equation we omit the term B30 be-
cause of its smallness. By means of familiar transfor-
mations, limiting ourselves to second-order perturba-
tion theory corrections and assuming the selection
rule AM=R (R=1, 2, 3,...) for the quantum number
M, we finally obtain an expression that can be applied
to the experimental results:

HR = Ily — 1/;DR (2M — R) (3cos® 0 — 1)
4 (DR [8Ho) [4S(S +1) — 24M (M — R) — (8R>--1)]sin? 20
— (DR | 8H)[2S(S +1) — 6M (M — R) — (2R*41)]sin*0, (2)

where H (the.external field) and the constant terms H,
and D are given in oersteds.
Transitions obeying the selection rule AM =1 are
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considered allowed, while transitions with AM =R#= 1
will be considered forbidden. For AM = R =1 our Eq.
(2) becomes the well-known expression that describes
the fine-structure splitting of spin levels in a crystal
field.

Since Mn** has electron spin S = % we can expect
that the EPR spectrum of Mn®* will include four for-
bidden fine-structure lines with AM = 2, three for-
bidden lines with AM = 3, two forbidden lines with
AM = 4, and one forbidden line with AM = 5. After we
locate experimentally the AM =1 fine-structure lines
in a field H for zero angle 6 between the applied mag-
netic field and the principal axis of the crystal, we can
construct the behavior pattern of the spin levels in the
field H.

The bottom of Fig. 1 shows where the allowed and
forbidden lines are located in a field H; the upper part
shows how the spin levels behave as the magnetic field
is increased. Equation (2) provides an excellent de-
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FIG. 1. Fine-structure transtions in a field H. The bottom line
show five groups of lines: five lines obeying the selection rule AM =
1 (allowed spectrum); four lines for AM = 2. three lines for AM = 3;
two lines for AM = 4, and one line for AM = 5. The last four groups
comprise the forbidden spectrum. The upper part of the figure shows
the character of spin level splitting by the field H. The arrows cor-
respond to the magnitude of the quanta hy. The semicircle shows
(enlarged) the splitting of the fine-structure levels by the crystal field.
Numerical experimental data are given in all our figures only for the
CaCOj; crystal. However the results can easily be extended to the
EPR spectrum of any iron-group ion in an axially symmetric crystal
system.
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scription of this extrapolation for Mn?* in CaCO; when
we use the following values of the constants: H,

= 3325 Oe and D = 93.7 Oe. The good agreement be-
tween theory and experiment shows the reasonableness
of the extrapolation, which has also made it possible to
determine the spin level splittings induced by the
crystal field.

It was found that the lowest level is a + % Kramers
doublet (Fig. 1), separated by 10.8 X 10 cm™ from a
higher +% level, which in turn is separated by 3.24
x 107 cm™ from a still higher +3; level. It should be
noted that this splitting was determined for the case in
which the principal crystal axis was along the magnetic
field (6 =0, corresponding to g = g ).

In addition to the EPR measurements for g = g
(6 = 0) we investigated the angular dependence of the
Mn®* fine-structure lines in CaCO;. Figure 2 shows
theoretical curves calculated with Eq. (2) for the fine-
structure transitions % — % and -%, = -%. Each of
these lines undergoes hyperfine splitting into six com-
ponents. The hyperfine-structure transitions undergo
identical shifts in the field H as the angle 6 is varied
from 0 to 90°. Our experimental results are repre-
sented by the small circles in Fig. 2. We note that the
theoretical curves took account of the term BJOj in
Eq. (1); this small and awkward term was excluded
from (2). In most instances this term corrects the
lines in the field H by at most 10 Oe, which represents
no essential alteration of the forbidden transitions
(AM=R#1).
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FIG. 2. Angular dependence of the fine-structure transitions
5/2 > 3/2 and -3/2 - =5/2 (each of which undergoes a hyperfine
splitting into six components). The theoretical curves were calculated
using Eq. (2) including the B Of term; the small circles repre-
sent the experimental points. The separations of the hyperfine lines
do not change as the angle 6 varies from 0 to 90°.

Completely similar behavior of the fine-structure
transitions % — % and -% — -3, is observed for 0
increasing from 0 to 90°. The only difference lies in
the fact that the range of H within which the lines are
shifted with varying 6 is smaller than the range of H
shown in Fig. 2. It should be noted that the described
type of angle-dependent line shifts is characteristic of
of all axial systems.

2. HYPERFINE SPLITTING

Despite numerous investigations[4’5’7’ 16) of the for-
bidden hyperfine spectrum, no satisfactory solution of
the problem exists. This spectrum is either attributed
incorrectly to a quadrupole interaction, or its obser-

vation is simply recorded without explanation. There
has been no discussion of the relation between the for-
bidden spectrum in a field H and the character of
spin-level splitting induced by the crystal field.

The hyperfine interaction is in the general case of
dual character, consisting of a magnetic (dipole-dipole)
interaction and an electric (quadrupole) interaction.
Thus the spin Hamiltonian that takes account of the hy-
perfine interaction is represented by

Hyg = AST+ Q12 — /I (1 +1)], (3)

where A is the hyperfine structure constant, Q is the
quadrupole interaction constant, and I is the nuclear
spin.

We shall find the quadrupole interaction to be absent
in our case. Therefore the spin Hamiltonian including
fine-structure splitting is
HR = Ho—/;DR(2M — R) (3cos? 0 — 1) + (D?R [ 8Ho) [4S(S + 1)

—24M (M — R) — (8R> + 1)]sin220 — (D2R [ 8H,)[2S(S + 1)
— 6M (M — R) — (2R2+ 1) ]sin0 — A[r(M — R) + m,R]
— (A2/2H)) [I(I +1) R — Mr(2m; —r) — mR(m; — 2r)
— r*R] + (42/2Hy) [S(S+1)R — mR(2M — R) — Mr(M
— 2R) — Rr].
Here the constants are to be given in oersteds.

In the derivation of (4) the selection rules for the
quantum numbers of shell electron spin and nuclear
spin were AM = R, AmJ=r, where R=1,2,3,4,5
and r =0,+1,£2,+3,+4,+5. (S=%,1=3%).

We have observed forbidden nuclear transitions
only in the cases of fine-structure transitions that
obeyed the selection rule AM = 1. We observed lines
with Amy==+1,+2 inthe , — - transition. The
positions of these lines relative to the allowed spec-
trum with Amjy =0 (Fig. 3) yielded the energy level
scheme; this in turn gave us the positions of lines
with Amy=+3,+4,+5 in the field H, relative to the
same allowed transitions. This pattern is shown in
Fig. 3. Here the arrows in the upper part denote
transitions induced by a quantum hv; the lower part
shows the locations of all forbidden lines (observed or
unobserved) in a field H and the allowed hyperfine
lines (Amy = 0). It should be noted that the forbidden
transitions with Amy=+3 (1/2 — -%, transition) which
were observed in'?! coincide with our transitions in a
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FIG. 3. (Lower part) Allowed (Amj = 0) and forbidden
(Amy = £1, £2, 3, £4, +5) spectra of the fine-structure transition
1/2 - —1/2. (Upper part) Hyperfine splitting of the fine-structure
levels 1/2 and —1/2 involved in the allowed and forbidden spectra.
For the sake of clarity Figs. 3-5 have not been plotted on a common
scale, which would show the relative magnitudes of the hyperfine
splittings. When Figs. 3-5 are plotted on a single scale the aforemen-
tioned quantitative relation between the hyperfine splittings is ful-
filled very accurately.
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magnetic field.

For the % — Y% fine-structure transition we ob-
served forbidden transitions with Amy=+1, +2 (Fig.
4). The positions of the forbidden transitions with
Amp=+1,+2,+3,+4,+5 inthe % — % fine-struc-
ture transition exhibit some qualitative departure from
the positions of the same lines in the 7% — - fine-
structure transition. This discrepancy is accounted
for by the behavior of the energy levels in the magnetic
field.

|
1 1 ﬂ
L ,l 1N
w§ Y 2352l F 02 3021 3214201412 0F1 2 31425 -4 -5 A m,

FIG. 4. (Lower part) Allowed (Amj = 0) and forbidden (Amj =
+1, 2, 3, +4, +5) spectra of the fine-structure transition 3/2 - 1/2.
(Upper part) Hyperfine splitting of the fine-structure levels 3/2 and
1/2. The forbidden spectrum of the -1/2 - —3/2 fine-structure transi-
tion is completely similar. The easily constructed hyperfine structures
of the —1/2 and —3/2 levels are exactly like those of the 3/2 and 1/2
levels.

Forbidden transitions with Amy =+1 were also ob-
served for the % — 3, fine-structure transition, and
are shown in Fig. 5 along with all the other transitions
(Amp=+2,+3,+4,+5). Because of the particular
hyperfine splittings we find that the forbidden lines are
shifted somewhat from the forbidden lines of the
3% — Y% and % — -%% transitions.

In constructing Figs. 3—5 we did not use a consist-
ent scale for the transition-inducing quanta or for the
relation between these quanta and the separations of
the experimentally observed lines. Nevertheless, these
figures present a picture that is qualitatively correct.
We note, for example, that the hyperfine splitting of the
®, fine-structure level is five times greater than the
hyperfine splitting of the % level and that the splitting
of the 3% level is three times greater than that of the
% level (using arbitrary units for the splittings). This
pattern is easily accounted for in virtue of the fact
that the magnetic moments of the 5/2 and % states are
5 and 3 times greater, respectively, than that of the
% state. We thus arrive easily at the conclusion that
the hyperfine splitting is accounted for entirely and
exclusively by the interaction between the dipole mo-
ments of shell electrons and the dipole moment of the
nucleus (the dipole-dipole interaction). If at the same
time an interaction should exist between the electric
field of the electrons and the nuclear quadrupole mo-
ment (the quadrupole interaction) we would not find
such a simple relationship governing the hyperfine
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FIG. 5. Allowed (Amj = 0) and forbidden (Amj = 1, £2,
+3, ¥4 +5) spectra of the 5/2 - 3/2 fine-structure transition. Upper
part — energy levels; lower part — lines in a magnetic field H.

splitting. We must therefore assume either zero
quadrupole moment of the Mn nucleus or that the
quadrupole interaction constant Q [in Eq. (3)] is
smaller than the experimental error (~0.5 Oe). The
absence of a quadrupole interaction is indicated by the
fact that the hyperfine line separation remains constant
as the angle 6 is varied (Fig. 2). This would not oc-
cur if Q did not vanish; the hyperfine line separation
would then obey a (3 cos’6 - 1) law.

We note, in conclusion, that all our spectra (allowed
and forbidden, observed and unobserved) are in good
agreement with Eq. (4).
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