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EPR spectra and linewidths of Mn'+ in calcite*
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The constants corresponding to the spin-Hamiltonian terms without cylindrical symmetry for Mn'+ in

calcite (CaCO3) have been measured by EPR techniques; it is shown that the principal axes of the spin

Hamiltonian are rotated 15.5' from the crystal axes. This value allows us to obtain information about
the charge distribution of the carbonate ligands. Our result is in agreement with the predictions of a
simple covalent model for the carbonates. We measured also the angular variation of the linewidth of
an EPR transition; our data allow us to explain the source of the inhomogeneous broadening for Mn'+

in our sample as random internal stresses. We compare our results with previous data obtained for
Mn'+ in CaWO4 where the source of broadening is a distribution of point defects in the sample. A
method for finding the source of inhomogeneous broadening in sites of low symmetry is discussed.

I. INTRODUCTION

The electron-paramagnetic-resonance (EPR)
spectra of Mn' impurities in calcite (CaCO, )
have been studied by many authors. ' ' Good nat-
ural single crystals with low concentration of
manganese impurities are easily found; they have
a narrow EPR spectrum very appropriate for pre-
cise measurements.

It was shown by Kikuchi and Matarrese' that
the point symmetry at the Ca" site in calcite
(and that of the substitutional Mn' impurities) is
S„with two inequivalent sites per unit cell which
can be rel.ated by a C,' operation. The spin
Hamiltonian referred to the crystalline axes (z
parallel to the c crystal axis and y parallel to the
C,' axis) can be written as

~=ljzH g 5+A,' e,'(8)+A', 8', (S)+A', (c) 6,'(5)
+A', (s) s', (5)+I'A4, (1)

where the first contribution is the Zeeman inter-
action, with g~ the Bohr magneton; the following
four terms give the zero-field splitting of the
Mn" ions and the last term is the hyperfine inter-
action with the nuclea, r spin I= z of the 100% abun-
dant "Mn isotope. Higher-order Zeeman and
hyperfine contributions, which are not important
to fit the EPR-allowed transitions, are not in-
cluded in Eq. (1). The e „(f)and S„(S)are nor.-
malized spin operators equivalent to those de-
fined by Prather, ' acting on the spin S'=2 of the
Mn" ions; they are defined in Appendix A. The
doubie sign in the 8', (5) term of Eq. (1) takes into
account the two inequival. ent ions in the unit cell.

The operators C", „(5)are real and the s„(5) are
Hermitic, and therefore the coefficients A„(c)
and A„(s) are real.

The parameters g, A, A, , and A.4 had been
measured previously but there were no values
for A', (c) and A. ',(s), even though their importance
could be inferred from the splitting of the lines
corresponding to the two inequivalent sites.

One of the purposes of this work is the measure-
ment of the parameters A', (c) and A', (s); their
values give important information about the role
played in the crystalline electric field by the oxy-
gen ligands and about the electronic distribution
of the carbonates. In fact, the point symmetry at
the Ca" sites would be D,„ if the calcium and
carbon ions in the lattice were the only ones that
contributed to the crystalline field. ' The oxygen
ions of the carbonates reduce this symmetry to
S, and introduce the contribution A,'(s)s', (S) to the
spin Hamiltonian of Eq. (1). The effect of this
term is to make the principal axes of the spin
Hamiltonian different from those of the crystal;
the angle of rotation can be measured and used
to obtain information about the electronic distri-
bution of the carbonate ligands.

We report here mes. surements of A', (c) and
A (s) and using these values we determine the
principal axes of the crystalline electric field
acting on the Mn" ions in calcite. These values
are discussed in terms of a model for the crystal-
line electric field and the covalent bond of the car-
bonates.

Measurements of the angular variation of the
EPR linewidths of Mn" in calcite are also re-
ported in this paper. Our data are compared with
the angular dependence predicted by the point
symmetry of the magnetic ion. Important differ-
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ences are observed when the behavior of the line-
widths of this system is compared with that re-
ported previously by us' for Mn" in CaWO4.
These differences allow us to explain the sources
of the inhomogeneous broadening in each case.
We show how the measurement of the angular
variation of the linewidths can be used to study
the origin of the broadening for magnetic ions in

sites of low symmetry.

II. THEORY AND CALCULATIONS

A. Position of the EPR lines

The most important contribution to the Hamilton-
ian of Eq. (1) is the electronic Zeeman term so
that, to study the angular variations of the EPR
spectra, it is convenient to choose the direction
of the magnetic field as the quantization a.xis.
Considering that the g and A tensors are isotropic
within experimental accuracy, ' the spin-Hamilton-
ian of Eq. (1) can be written as

X, =gye85, +A[S,I, + —,'(I+S +I S, )] +Ao 2 (3 cos'8 —1)8~(S)+A2x ~ sin 26 8,'(8) -A, x —,sin'6 8', (8)

+ LAO4x —,'(35 cos'6 —30 cos'6+ 3) + & MIQ sin'6 cos6 [A',(c)cos3gaA,'(s) sin3$]] 84O(S). (2)

The fourth-order nondiagonal spin operators have
been negl. ected; this approximation will be dis-
cussed later in the paper. The angles 8 and y in

Eq. (2) give the orientation of the magnetic field
referred to the crystal axes.

The eigenvalues of Eq. (2) are functions of the
field Hand the angles 8 and /determined by the
values of the parameters of the spin Hamiltonian,

E„=F(g, A, A„, (H, 6, P)).

These functions are invariant to any change in the
direction of the magnetic field corresponding to
an operation of the S, point group. Then E„(6, p)
transforms like the completely symmetric ir-
reducible representation I", of S,. Using the
transformation rules of the tesseral harmonics in
S„' the angular va.riation of the position of any

EPR transition is given by

g ps@„„,(i ) = k,'(i)+ k,'(i) 8,'(6, P) + 0',(i) e,'(8, y)

+&g'(i) &g(6 0)+~'g(i)Sg(6, 0), (3)
where the k„(i) are consta. nts to be determined
exper imenta, lly.

Sixth- and higher-order terms transforming
like 1, in S6 could a, lso be considered in Eq. (3)
as contributions to the angular variation coming
from higher-order perturbation corrections to the
energy levels, due to the nondiagonal terms of
the fourth-order spin Hamiltonian of Eq. (2). If
only the diagonal. contributions are considered,
the fields of the EPR allowed transitions of the
type (S„I, )- (S, —1, I, ), are given by

gpsH„, „,(S,I, —S, —1, I, ) = ggeH, -AI, -A,'[6,'(S, ) —g20(S, —1)]—,
'

(3 cos'6 —1)

—(A,'[—', (35 cos'6 —30 cos'6+ 3)]——,v 70 sin'6 cos6 [A,'(c) cos3 /+A', (s) sin3&g]

x[ c;,'(S. ) —&,'(S. 1)], (4)

where S, and I, are the quantum numbers giving
the projection of the electronic and nuclear spin
along the direction of the magnetic field. It is
known' that g =2.0018, A =87.82&&10 ' cm ',
A,'= -50.54x10 ' cm ', and A.,' = -0.079Vx10 '
cm ' at room temperature.

If higher-order contributions of the spin Hamil-
tonian of Eq. (2) are considered, changes are
introduced in Eq. (4). It is easy to estimate that
terms depending only in 8 contribute at most 20 6
to the line position of the EPR lines at ~band.
Assuming that A. ', (c) and A34(s) are of the same
order of magnitude or smaller than A~, terms
depending on 8 and y simultaneously show at

most changes of 0.1 G. These corrections are
unimportant for our purposes.

The parameters A~(c) and A~(s) give contribu-
tions to the line positions depending on Q; these
contributions are zero for 8 =0 and for & =90'
and have a maximum Q dependence for 8 = 60 . It
is of interest then to rotate the magnetic field in.

a cone with 8 =60' around the c crystal axis; if
both, 8 and Q were changed during the experiment,
the 8 dependence of the position, which is much
s.ronger, will mask the y dependence and the
error due to the indetermination of 8 would be
comparable to the contribution of A3~(c) a,nd A'(s).
For 6 = 60', Eq. (4) can be written
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H„,„,(S„I,"S, —1, I, ) =E(S„&)+[——,'M70sin'8 cos&[A', (c) cos3$+A', (s) sin3$] [ C', (S, ) —&',(S, —1)]j. (5)

The term A'3(s) sin3$ reflects the noncoincidence of
the principal axes of the spin Hamiltonian (mag-
netic axes) with those of the crystal. This can
be easily seen if Eq. (5) is written as

g„„,= K(S, , 6) —4 v 70 sin'&cos&A", (c) cos3(pro. )

ta, ins S, as a. subgroup (0„, T„, D~» D,„, etc. ).
If the symmetry of the source of broadening is
S, the angular variation of the linewidth is given
by

&H = a + b & 2(&, Q) + c 6 ~(8, P) + d 6 34(8, P) + e 8~(6, p)

where

x[6 ',(S, ) —6',(S, —1)], (6)
=A, +A., cos'8+A, cos'8+ Bsin'6 cos& cos3(yp p),

and

tan3o. =A', (s)/A3~(c).

Equation (6) predicts a variation of each line with
an extremum for Q = +n when 8 remains constant;
if the position of a pair of lines corresponding to
the same transition but different sites is plotted
as a function of Q, the distance between the extre-
ma gives 2n.

B. Linewidths of EPR transitions

The line shapes and linewidths of inhomogeneous-
ly broadened lines depend on the distribution and
kind of defects which produce the broadening; they
can be analyzed in terms of specific models of the
source and several papers exist in the literature
analyzing the problem. "" It has been shown
that different kinds of defects produce different
line shapes, "'"and Lorentzian, Gaussian, but
mostly mixed shapes have been observed and dis-
cussed. The theories predict the behavior for
given sources of broadening but in general it is
difficult or impossible to check the adequacy of
the models for the different systems studied ex-
perimentally.

Some information can be gained by measuring
the angular variation of the linewidths. The func-
tion which describes this variation is invariant
to the symmetry operations of the point group
of the source of the broadening and then should
transform like the completely symmetric irreduc-
ible representation of this group. The measure-
ment of this angular variation gives then directly
the symmetry of the source; it can be the same
or higher than the point symmetry of the magnetic
ion; randomly distributed defects of any kind can-
not have a symmetry lower than that. For a cubic
point symmetry, for example, the angular var-
iation of the linewidth has to be cubic because no
higher point symmetry exists. If the crystalline
point symmetry is S6, as in the case of Mn' in
calcite, the point symmetry of the source of
broadening could be 8, or any group which con-

where 6) and gare referred to the crystalline
axes and the two signs in P indicate the two non-
equivalent sites of Mn" in calcite, as in Eq. (6)
for the angle a.

In a previous paper' we have studied the angular
variation of the linewidth of Mn" in CaWO, . In
that case, using the properties of the S4 point
group of Mn" in the CaW04 lattice, we obtained

&H =A,' +A,' cos'8+A', cos'8+ B' sin'8 cos4(y+ P'),

(8)

where the sign of P' holds, because the two sites
of Ca" in the unit cell of CaWO4 are not disting-
uishable in EPR experiments.

In Eqs. (7) and (8) for Mn' in CaCO, and in
Ca%04 we assumed that the point symmetry of
the sources of broadening is the same as that
of the crystalline electric field. However, for
Mn" in CaWO, we measured P' =0 in Eq. (8),
indicating a tetragonal point symmetry higher
than S, (D„, D,„, D„or C, „) for the broadening.
We understand now that this experimenta, l result
indicates that the main source of inhomogeneous
broadening are point defects at the position of the
calcium or tungstate ions in the CaWO, lattice,
but not at the oxygen sites. That is because the
point symmetry around a calcium ion is Q, if
only calcium and tungstate ligands are considered
but it is l.owered to 84 when the effect of the
oxygens is considered.

III. EXPERIMENTAL TECHNIQUES AND RESULTS

The measurements were performed with an
~-band EPR spectrometer, a rectangular TEyoy
cavity and a 12-in. rotating magnet. The cavity
has a goniometer which allows rotation of the
sampl. e around an axis contained in the plane of
rotation of the magnetic field. The c crystal di-
rection of the calcite sample was oriented within
1' along the axis of the goniometer rod by Laue
techniques. We placed the magnetic fieM at
6 = 60 from the c axis by rotating the magnet and
then we change the angle @with the goniometer.
Because of the error in the orientation of the
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sample, small changes of the angle 6 are pro-
duced when the goniometer is rotated and the ex-
perimenta' points have to be corrected. We show
in Appendix B how this correction was done.

The experimental values for the position of the
transitions S, = ——,

' ——
& with I, = —2 correspond-

ing to the two inequivalent sites are shown in

Fig. 1. The intersection of the cone where the
magnetic field moves, with the x~ plane of the
crystal, can be determined easily because both
sites are equivalent for the magnetic field Hat
this angle and the EPR lines are superimposed.
Two crossings differing by 60' are found, how-
ever, and we do not know which one corresponds
to the xz plane of each site. For this reason the
sign of o.'defined in Eq. (6) cannot be determined.
A least-square analysis of the curves in Fig. 1
gives, when compared to Eq. (6),

H(G) = Ko+ 9.83 cos3(gs 15.5'),

where Ã, =2908 G. Two sets of values for the
spin-Hamiltonian parameters can be proposed
using our experimental data; comparing Eq. (9)
with Eq. (6), we obtain

(9)

or

A4(c) =(0.245+0.004)x10 4 cm ',

A~(s) = x (0.232 + 0.004) x 10 4 cm ~,

A", = (0.338+ 0.006) x 10 ' cm '

b H(G) = 1.78 —0.15 cos3(Q+ 16.4').

Comparing Eq. (10) with Eq. (7), we obtain

A, +,6A, + ~ A3=1.78 G,

is~3B = —0.15 G,

and

P = (+ 16.4 + 1.0)'.

(10)

The linewidths of the 5, = —&-2 transitions are
less than 1 Q and isotropic within experimental

o. = (v 15.5+ 1.0)'

at 300'K. ,

The linewidths measured for the same EPR
transition and the two inequivalent sites for & =60
are shown in Fig. 2 as a function of p. The labels
"site 1" and "site 2" used in Figs. 1 and 2 indicate
which line of Fig. 1 corresponds to each line in
Fig. 2 but they do not make clear which one cor-
responds to each nonequivalent site in the unit
cel.l of cal.cite.

At least-square analysis of the curves in Fig. 2

gives for the angular variation of the linewidths,

2920—
I i I i I J I l I i I / I

+SITE 1

2910-

Cl
Lw

L 2900—

error; those of the S, =* 2-+ & transitions are
slightly broader and anisotropic.

The values given in Fig. 2 were taken at 300 K;
they show only minor variations when our sample
is cooled to 77 K.

IV. DISCUSSION

A. Spin-Hamiltonian parameters

The values of the spin-Hamiltonian parameters
of an S-state ion like Mn" in diamagnetic hosts
depend in a complicated way, and through high-
order perturbation mechanisms, on the crystal-
line electric field at the position of the magnetic
ion, the spin-orbit, spin-spin, and other relativ-
istic interactions. " No theory satisfactorily ex-
plains the enormous amount of experimental data
existing for these ions; these data are then of
little use, in general, to obtain detailed informa-
tion about the ion or the crystal host.

We show in Sec. II that for the S, point symmetry
of Mn2' in calcite, a spin operator transforming
like 8 ',(8, p'), with p' related to the angle /with
the crystalline axis by Q'= Q —n, contributes to
the spin Hamiltonian. Our experimental value of
+can be used to obtain directly the charge dis-
tribution of the ligands, if the following hypotheses
are made:

(i) The angle n, which relates the principal
axes of the spin Hamiltonian with the crystal axes,
is a characteristic of the crystalline electric
field; this is equivalent to stating that the values
of the constants A3~(c) and A~(s) of the spin Ham-
iltonian of Eq. (1) are due to the same interactions
and the same mechanisms. We assume in the

I I I I I I I I I I I I I I

0 30 60 90 120

$ (deg)
FIG. 1. Angular variation of the magnetic-field posi-

tion of the EPR transition S,=-2--2 with I,=-2 in the
cone with g =60, as a function of Q. The lines were ob-
tained by a least-square fit of the experimental data with
Eq. (6).
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FIG. 2. Angular variation of the linewidth of the EPR
transition S,=-2--& with I,=-2, in the cone with O

=60, as a function of $. The lines were obtained by a
least-square fit of the experimental data with Eq. (7).

calculation that the spin-Hamiltonian parameters
A34(c) and A~(s) depend linearly on the crystalline
field, a fact verified in uniaxiaI. stress experi-
ments'4 for small induced crystall. ine fields.

(ii) The bond of the manganese ion in the calcite
crystal is ionic and so the charge of the carbonate
ions is -2e.

(iii) There is no lattice distortion at the impur-
ity site.

Hypotheses (ii) and (iii) are simplifications
which allow us to keep the calculation within rea-
sonable bounds; also, the value of the hyperfine
constant of Mn" in calcite indicates that any cov-
alent contribution is small.

The part of the crystalline electric field acting
on the Mn" impurities in the calcite lattice, which
depends on the angle @with the crystal axis, can
be written as

a~(c) 6~(e, Q)+a', (s) S~(6, Q),

with'

0
below

0
(2)

above

FIG. B. Six nearest carbonates to the magnetic impurity
are shown for the two inequivalent sites of Ca2 in cal-
cite. In the upper part we show with solid lines the crys-
tal axes and with dashed lines the principal axes of the
spin Hamiltonian of each site.

a', (s) P,.[(3x', —y', )(y, z, )/r', ]q,. .

a', (c) g, [(x', —3y',.)(x,. z, )/r', ]q,.'. .

The sum on the numerators is only over the oxygen
ligands because the calcium and carbon ions do
not contribute to a~(s) since the point symmetry of
their distribution is D,„.

If point charges qo and qc are assigned to oxygen
and carbon ions of the carbonates, with the con-
dition

qo+qc 2e

the values of qo and qc can be obtained by a simple
calculation using Eq. (13) and our experimental
value of n.

Considering the indeterminacy of the sign of n,
two sets of values are obtained:

a', (c) = —,
'

v 70+(x',. —3y',. )(x, z, )q, /r', .

a', (s) = —,
'

v 70+(3x', —y', )(y, z,. )q, /r', ,

(12a)

(12b)

qo = —0.82e, qc =0.46e for n= —15.5',

qo =0.94e, qc ———4.82e for n = +15.5 .
Only the first set of values is reasonable and

so we obtain

where the sum is over the ligands which, in Eqs.
(12a) and (12b), are supposed to be point charges.
Approximation (i) is equivalent to considering
that

n = —,
' tan '(A,'(s)/A', (c))

= -', tan '(a', (s)/a', (c))= a'.,~,

where a,z is the angle between the principal axis
of the electric fiel.d and the crystal axis. It fol-
lows that

qo = -0.82e, qc =0.46e, ~ = —15.5'.

We show in Fig. 3 the position of the carbon and
oxygen ions of the distorted octahedron of carbon-
ates which surrounds the Mn" impurity; the
crystalline axis and the principal axis of the spin
Hamiltonian (and of the crystalline field) are also
shown in Fig. 3.

The values of qo and qc are in good agreement
with what is obtained by a simple molecular-or-
bital. calculation of the charge distribution of the
carbonate ion. As shown by Douglas and
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McDaniel, "the 24 valence-shell electrons of

CO, ' are distributed in the following way:
(a) six electrons in three o bonds formed with

sP' hybrid carbon and oxygen orbitals; (b) two
electrons in one v bond formed with P, oxygen and
carbon atomic orbitals; (c) 12 electrons in six
nonbonding orbitals formed with sP' hybrid atomic
orbitals; and (d) four electrons in two nonbonding
orbitals formed with P, atomic orbitals. The
nonbonding orbitals [(c) a.nd (d)] contain only ox-
ygen-pure orbitals and so contribute with -~3 e
to the charge of each oxygen. Considering the
electronegativities of C and 0,"the ionic char-
acter of the a bond is about 22/p, the 78% remain-
ing charge in these bonds is shared between the
carbon and oxygen. Then the six electrons in
the v bond are distributed as follows:

—2(0.22 + 0.39)e = -1.22e

in each oxygen and

2 x 3 x 0.39e = —2.34e

in the carbon. Of the two electrons in the n bond-
ing orbital (b), one is in the carbon and the other
is shared by the three oxygens. The total electron-
ic charge of the valence shell of the oxygens is
then - 6.88e and qo = —6.88e + 6e = —0.88e, a
value in excellent agreement with qo = —0.82
calculated using our experimental data. The
molecular-orbital calculation predicts also a
charge q, = + 0.64e at the carbon sites.

B. Angular variation of linewidths

The possible sources of the EPR linewidths of
Mn' in the samples of CaCO, used in our experi-
ments are the following:

(i) The spin-lattice relaxation times; This
possibility was discarded because there are no

important variations in the l.inewidths, and par-
ticularly in the angle P, when the sample is cooled
to 77 K.

(ii) Random magnetic fields at the Mn2 ions
produced by other magnetic impurities; They also
broaden the S, = —

&
--,' transition. There is no

ligand hyperfine structure since the most abundant
isotopes of C, 0, and Ca have I=O.

(iii) Random electric fields at the Mn' ions
produced by crystal defects, impurities with dif-
ferent charge or size in the crystal, "or a dis-
tribution of internal stresses'4 due to the thermal
history of the sample. These random electric
fields produce no broadening of the S, = —2-2
fine-structure transitions.

Equation (7) gives the angular variation of line-
widths for all the trigonal point groups, but Pc0

only for the C, and S, groups. Our experimental
value Po0 indicates that the symmetry is S„ that
is, the symmetry given by the oxygen ligands.
Also, the angles &and P are equal within experi-
mental error and so the principal axes of the
angular variation of the linewidths coincide with
those of the crystal field. A random distribution
of the oxygen ions around their equilibrium po-
sitions would produce this effect and we conclude
that the main source of broadening in our sample
are random stresses in the crystal.

Very different is the result obtained for Mn"
in CaWO4, where data on the EPR linewidths have
been reported previously by us. Our data fol. lowed

Eq. (8) with P' = 0 indicating as was shown in Sec.
II, that the point symmetry of the source of broad-
ening is D,„, higher than the S, point symmetry of
the crystalline field; the defects that originate
the broadening are at the position of the Ca or W

ions in the crystal, but not at the oxygen sites.
These Point defects are essentially different from
the lattice distribution of random stresses of
Mn" in CaCO, ; they have been studied by Mims
and Guillen" w'ho pointed out that they can be
recognized from the line shape of the inhomogen-
eous broadened line. This paper gives a simple
way to identify the source of the broadening with-
out measuring line shapes, a measurement which,
even when a large signal-to-noise ratio of the
EPR lines is obtained, is difficult to perform
with the needed accuracy. Our method is not use-
ful in the high-symmetry cases, when the crystal. -
line electric field is not rotated from the crystalo-
graphic axis; however, many of the low-symmetry
crystals can be analyzed as in the cases of CaWO,
and CaCO, .

It is of interest to note in Eq. (7) that if the term
depending in the angle (I) has the same order of
magnitude as those depending only on 0, large
differences between the linewidths and the height
of the EPR lines would be observed for the same
transition of the two nonequivalent sites. For
Mn

' in CaCO, the differences observed in our
experiments are about 30/o and can be explained
considering the data in Fig. 2. Marshall and
Reinberg" observed for Fe' in CaCO, differences
of up to a factor of 10 in the height of the EPR
signal of the two nonequivalent sites. These dif-
ferences were explained by an unequal population
of Fe impurities at the two calcium sites in the
unit cel.l; this is not the case observed by us for
Mn" in CaCO, . In a forthcoming paper we will
give a detailed discussion of the origin of the
inhomogeneous broadening of Mn" in calcite in

terms of the values of the constants of the spin-
lattice interaction measured in uniaxial stress
experiments.
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APPENDIX A

Real combinations of the spherical harmonics
can be defined by'

1:„'(&) = [4~/(2n+1)]" 1''„(&),

6 „(&, &p) = (I/l2)[4n/(2n+1)J~'

(A1)

x[y„+(—1)"Y„],
s„(&, (p) = (i/v 2) [4v/(2n+ 1)]~'

x[1'„~—( —1) ~y~]

(A2)

(A3)

These definitions differ from that given by
Prather by a factor of [4w/(2n+ I)]'i'. It gives

&,(&) = 2(3 cos'& —1)

8,'(& ) = -,' (35 cos'& —30 cos'& + 3),

64(&, Q) = ~ ~70 sin'& cos& cos3$,

& ', (&, Q) = + v 70 sin'& cos& sin3$.
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6 3(5) = ~6 2 v 70[ S'(2S, —3) —S',(2S, + 3)).

Their matrix elements between spin states with
constant ~ could be obtained using the tables
given by Hutchings" for the Stevens spin opera-
tors. The convenience of using normalized oper-
ators comes evident when they have to be rotated
to different directions of the magnetic field.

APPENDIX 8

& = &,+ e sin(Q- g), (BI)

where e and g are the spherica, l angles giving
the direction of the quartz rod in the crystal
system of coordinates, and 6), = 60 . Equation
(Bl) is correct up to terms linear in e. If it is
replaced in Eq. (6), the following dependence is
obtained for a —&- —

& transition up to terms
linear in e (in gauss):

The orientation of the c crystal axis of the cal-
cite along the quartz rod of the goniometer was
performed within 1 . The position of an EPB
transition is given by Eq. (6) as a function of the
direction of the magnetic field.

However, due to any misalignment of the sample

The transformation rules of these functions can
be derived from the rotation matrices of the
spherical harmonics as obtained from the tables
given by Prather. Spin operators equivalent to
these defined in Eqs. (Al), (A2), and (A3) could
be defined. They are

AH=433& sin(Q- g)+ Iv210

x [23~(c)cos3$+A', (s) sin3$],

where

H=K( —z, Po)+EH

(B2)

8~~(S, ) = 2[3S', —S(S+ 1)],

(S, ) = 8 [ 35S,—30S(S+ l)S + 25S2

+ 3S'(S+ 1)' —6S(S+ 1)],

~(S) = ~|6 ~70[ S' (2S, —3) + S',(2S, + 3)]

and K(S„&) is obtained comparing Eqs. (4) and (5).
The least-square fit of the experimental data

was done with Eq. (6) and the correction given

by Eq. (B2) where e, g, A', (c), and 4',(s) are
adjustable parameters. %'e obtain & =1.1 and

g = 141 in agreement with the previous idea.
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