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Solid state devices and materials are assuming 

increasing importance in our everyday life, e.g., 

the phosphors used in television picture tubes 

and in fluorescent lamps to convert electrical 

energy to visible light, and the transistors and 

germanium diodes that are finding widespread ap- 
plication in amplification and detection of small 

currents. -Improvement of such devices and mate- 

rials demands more precise knowledge of the basic 

properties of the  solid state.     The present  study 

deals with  one  aspect   of the problem.     In parti- t 

cular,   observations  on  the  magnetic   behavior  of 
'! the  electrons of a paramagnetic  ion  in a  crystal- 

I line field of trigonal  symmetry are reported and 

'{ an interpretation of the  observations is given. 
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Abstract 

Paramagnetic resonance absorption of Mi    at 9300 mc has been studied 
using single crystals of CaCOj containing 0.06 per cent by weight Mi    ions. 
The Mi     spectra consists of 30 well resolved lines,   approximately 3.5 gauss 
wide and extending over a range of 1100 gauss with a large dependence upon 
angular orientation between crystal axes and external magnetic field.    The 
theory pertaining to the Mn     resonance absorption in the CaCOj crystal is 
developed and presented.    The interpretation of the observed spectra is 
based upon crystalline field effects plus nuclear hyperfine interaction. 
The spectroscopic g   factor  is  found to be essentially isotropic.     The hyper- 
fine structure factors A and B' are found to be nearly equal.    The fine 
structure constants D' and d' are determined.     The values assignee are: 

g(| = 2.0022 A' = 8.782xir3 cm-1 D' = 3.75X lO^cm-1 

gx = 2.0014 B' = 8.774 X10~3 cm-1 d' = 4.00 XHT6 cm-1 

Small discrepancies between theory and experiment are found as well as 
unexpected and unexplained line splittings at certain angular orientations. 
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SECTION 1 

Introduction 

Investigation of the effects of crystalline  fields on paramagnetic reso- 
nance absorption spectra contributes to our knowledge of the solid state by 
revealing certain properties of the crystal  and of the paramagnetic  ion. The 
theory describing paramagnetic resonance in  crystals  is necessarily based 
upon a single crystal model. Several investigators      have observed and inter- 
preted spectra in single "crystals of alums.  Tut ton salts,  and similar mate- 
rials in which the crystalline field is that of the surrounding waters of 
hydration.  Single crystals of non-hydrated inorganic compounds with suitable 
substitutional  concentration of the paramagnetic ions have been unobtainable 
and,  hence,   studies of these materials have previously been limited to pow- 
dered samples,    '     which presumably consist of a   large number of randomly 
oriented crystals.   In  the resulting spectrum,   angular dependent effects are 
average;   thus,   information about anisotropic crystalline fields is obscured. 
The present investigation used single CaCO, crystals of the calcite struc- 
ture with 0.06 per cent by weight Mn as a substitutional impurity.  The cal- 
cite structure has trigonal symmetry in the nearest neighbors  (the C03 ions) 
and cubic symmetry  in  the next nearest neighbors   (Ca1^).   The 9300 nc para- 
magnetic resonance absorption spectra of the Mi**   observed in these  crystals 
exhibited a  large anisotropy,   as was to be expected  for the trigonal   field. 
Since the  lines have a width of only 3.5 gauss,   and their positions were 
determined with an accuracy of one gauss using proton resonance,   and since 
the effect of angular orientation on line position is iarge,   the present 
work with calcite permits a precise comparison between the predictions of 

•Teit «upcrtcript» refer to references listed »t cad of report. 
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theory and experimental observations  themselves. On   the whole,   the agreement 

between theoretical predictions and the results of experiment  is good.  How- 

ever,   small deviations,   greater than the experimental  error,   are  found,   as 

well as a heretofore unobserved splitting of certain   lines  that depends upon 

angle. 

SECTION   2 

Theory 

The predominant   features of the magnetic behavior of doubly  ionized Manga- 

nese,   occurring substitutionally  in a  single crystal of Calcum Carbonate, 

should be explained in  terms of the Dj point group symmetry    of the neighboring 

Carbonate radicals and the magnetic interaction between  the electronic and 

nuclear moments of the Manganese  ion. 

Fine  Structure 

The  fine  structure splitting is caused by  the crystalline  field,   which 

leaves  the magnetic  levels doubly degenerate,   and the  external magnetic  field, 

which lifts  this degeneracy.     The ground state of Mn++  is a ^5/2   state and the 

nuclear spin  is I = 5/2.    The  total number of energy  levels  is   (2S + 1)(2I + 1) 

= 36.    The selection rules  for paramagnetic resonance absorption are   AM= 1, 

Am = 0 (where M and m are the electronic and nuclear magnetic   quantum numbers 

respectively):   hence,   the total number of transitions  is  30. 

The most general  expression  for the crystalline potential  at  the site of 

the Manganese nucleus is given by 

'-££"•" n. (M (i) 
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•here Aj is  the crystal  field coefficient 

r is the radius of the magnet is.  ion 

Yim{&,#>) is a spherical harmonic P'(COB8) e*"* 

Ihe calculation of the expectation value of the crystalline potential  re- 

quires integration between d wave functions.    The product 'J'sd^Pid   transforms 

under rotation like the outer product D2xD2  °^ ^e representations of the ro- 

. tat ion.,groups     Since the outer product 

D, XD, = Z" 
the components of the potential V wi«h 1 >4 will have vanishing diagonal 

matrix elements.     Ihe odd I  components of the potential V are off diagonal 

in the total quantum- member J.    Since the excited J levels are very far from 

the ground state J :m= 5/2,   these components of V can be neglected. 

Assuming the crystalline potential to be axial,   the fine structure 

Hamiltonian Hf, is 

= ff(/V sin^ cos<£" + fly aind' aix\<p! + fj.,, COB6') 

+ A| r* P2 (cos0') + A? r4P4 (cos0') 
(2) 

where   (x', y', z')   refer to the crystalling coordinate system and Pi is the 

Legendre polynomial. 

In the case under study,   the magnetic energy is much larger than the 

crystalline energy,  hence the Hamiltonian Eq.(2) must be quantized with 

respect to the direction of magnetization in the crystal  (z axis). 

In order to rotate the Hamiltonian Eq.(2)   from the primed to the un- 

primed frame of reference,  use is made of the spherical harmonic addition 

theorem 

p, (cos*?') - ^FTT ^2T(c-frjyu-g*)«*(*-*?) 

• r.-i 

(3) 

where P." is the normalized associated Legendre polynomial, 8  is the angle 

between the radial vector and the direction of .magnetization, and 6    is the 

angle between the direction of magnetization and the crystalline field axis. 



The rotated Harailtonian Eq.(2)  is 

(4) 

A4° r* V* P; (cos 5) P; (cos0") e" 

The eigenvalues of the Hamiltonian Eq.(4) will be calculated by first and 

second order perturbation theory.  The matrix elements of the crystalline 

terns are diagonal when • = 0, the matrix elements of the remaining terms in 

the summation are off diagonal and their eigenvalues must be calculated Ly 

second order perturbation theory.  The second order terms for the third factor 

in Eq.(4) will be neglected because of the small order of magnitude of A?. 

The matrix elements ofP*(cos8) are evaluated by noting that, since they 

transform under rotation like the D. representation of the rotation group, 

their matrix elements have the same dependence on the magnetic quantum number 

if as the Wigner coefficients S(,£f) . 5 

Hence, the matrix element of the associated Legendre polynomial is the 

product of the Wigner coefficient and a factor that depends upon total quantum 

numbers of the ion, but is independent of M.    Since the amount of orbital mo- 

mentum produced by the crystalline field distortion of the 5 state is unknown, 

these constants cannot be evaluated but will be left as empirical constants y 

and S.  In the cases where the total quantum numbers are known(i.e., para- 

magnetic salts of the rare earth ions) these constants can be evaluated by the 

method described by Stevens. 

The matrix elements of the Legendre polynomials are 

\M\P\\M) = y\Mi -5(5 + 1)] 

ftll" |jf±l) -y{(l±2lf)[flS±*f+l)(ST|f)]*} 
(5) 

ttf|P2
2|lf±2) - y[§CS±lf+2)CS±lf+l)CSTAf)(S*lf-l)]x 

(Af|P.0IW) = S [25 M* -305(5 + l)»/2 + 25&2 - C S{S i l) + 352(5+i)2j 

Making use of Eq.(5)  the eigenvalues of the Hamiltonian Eq.(4)  become 

• 
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E* = gBHM + D' [{M2 - jS(S+1)] J3^ cos20- U 

 ^A    ruilA eta x 1 \ _ i\ _ o ull   Aift, 
g 

•-fg-BffcSGS + 1) - 1> -8A#3] =^-«in*0 cos20 

+ ^{2S(S+l)-l}+2«1]5Lsin^ (6) 

+ d'[35M*- 30S(S+ DM2 + 25#2 -6S(S + 1) + 3S2(S + l)2] 

X    35 *f cos*0 - 30 ^ cos*0 + 3 
L   e* «2 J 

where    D'= \jti\7*  . d'= J 8 Aj rj . g = [g2 cos20 + gl
2 sin20]* • 

and where 8  is the angle between the magnetic field // and the crystalline 
field axis, and g,f and gj, are the components of the spectroscopic splitting 

factor parallel and*perpendicular to the crystalline field axis respectively. 

The d'  term neglected by Bleaney is of sufficient magnitude to be required 

in the interpretation of spectra exhibiting large axial crystalline field 

effects. 

Bleaney has given a physical interpretation to the relationship between 

the spectroscopic splitting factor in the direction of magnetization g, and 

its components parallel and perpendicular to the crystalline field axis (g„ 

and gxrespectively). A quantum mechanical proof of this relationship is 

given in the appendix. 

Byperfine Structure 

The hyper fine splitting is caused by a coupling between nuclear and 
electronic moments.    The hyperfine structure Hamiltonian K|,f,  is 

Ktf, = ASJt f ^(•VL+.S.j;) (7) 

where S± = Sx±iSy 

S is the effective electronic spin" 

I is the nuclear spin 

The eigenvalues of #hf, are angularly dependent if A is not equal to B.s 

In the case under study, A  is approximately equal to B.   so the angular de- 
pendence of higher order perturbation terms will be neglected.    The eigen- 
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values of Eq,(7) calculated by first, second, and fourth order perturbation 

theory are 

^* - *:tf»+Y^-{Af[i(i +1)-«2]-«te(s+1)-»2]} 

Ug/3/y 
5 VerCS) -iirJa(I)+WVT(S) -Af3«2T(I) + Af4»£(I)     (8) 

_u_4 Mm*i{S) + «*js(I) -MTJ,(S) +Af«2 £5(I) "«2« C,CS) + JfV-JfV] 

where tr(x )•=-= x(x + 1) [4 - 3 x (.r + l)] 
r(x)= [6x(x+J)-9] 

£(x)=[3x(x + l)-l] 

7?x{y) == [3x2(x + l)2y(y + 1) -x2(x + l)2~4x(x + l)y(v + 1) +2x(x + 1)] 

C.-Cf) -#[6*(* + D"y(y + 1) " H*U + 1) -2y (y+ 1) + 5] 

if' - 4W 2 g2 cos20 r R'* gi
2 ain20]* 

Combining Eqs.(6) and (8) we obtain the total energy eigenvalue 

and the transition energy 

EM  = £*• + **• Km m Km 

0    Km Kl- 

(9b) 

(96) 

Since, in paramagnetic resonance absorption experiments, the radiation 

frequency is kept constant and the magnetic field is varied, Eq.(9b) is solved 

for H and the line position becomes (in units of gauss) 

! 
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H = H0-D(2M-1) U^cos^-l] 

2D 2 „2 
&II& + ^- [4S(S+ 1) - 24A/W- 1) - 9] ^^ sin20 cos20 

o 

2ft 
[2S(5+ 1) - 6Af(Af- 1} - 3] % sin40 

-d{!40«3-210W2+[190-605(5+1)JW+30S(5+1)-60} (10) 

x I.V^a- cos^-30^ cos20+3 -K«--£Ur(I+ l)-«2 + *(21f- 1)] 
2fl0 

-5^{(4WJ-6JI/2 + 4«-1)U^(I)-«3] + (3JI/2-3J/+1)[I.*-«2T(I)-(T(/)] 

+ (2W- l) \M
3
 T{S) -m C/S)] +«2 CS(D -•4W) -^ (S)} 

D' d' hvn B 
<**"      fl=^g-   d=^'   *-jt'   A = tp'   B=

gfi- 

Intensities 

The observed transitions may be  identified with electronic quantum numbers 
by means of their intensities.    The intensity of magnetic dipole ratiation is 
proportional  to   {J + tl) {J~M + l).    Hence,   the intensities of transitions between 
the Zeeman levels of Mr>     occur in the  following ratios  (the subscript denotes 
the upper of the  two magnetic  levels): 

W-V**!J*   ::   5  :   8   :   9   :   8   :   5 (ID 
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SECTION   3 

Experimental   Method 

The crystals were prepared by cleaving them along the natural rhomdehedral 

cleavage planes of calcite to a size approximately 4 ran on  a side and mounted 

at  the desirea orientation with wax onto a }^-in. quartz rod.     The orientation 

of the crystal with respect to the quartz rod was checked by means of optical 

gainiometer measurements and held to a precision of 2G minutes of arc. 

Che of the mountings was used so that the c crystallographic axis  (which, 

incidentally,   is the optic axis)  was parallel to the axis of the quartz rod, 

and a second was used with the c axis perpendicular to the axis of the quartz 

rod.     Inasmuch as the crystalline electric field in calcite is predominately 

axial and lies along the c axis,  most of the data was obtained with the latter 

crystal. 

The experimental method was the same as that used by Hershberger and 

Leifer    in their  investigation of powdered phosphors,  except for the method of 

mounting the sample and the method of measurement of the magnetic field.,    The 

crystals used in this investigation were natural calcite crystals,  which by 

chemical analysis were found to contain 6.02X 10~3 per cent by weight of Mn. 

The crystals cleaved along natural cleavage planes were mounted on a quartz 

red,  which,   in turn,  was mounted in a holder that formed the end wall of a cy- 

lindrical resonant cavity operated in the circular electric or TE(mmode.    The 

holder placed the quartz rod along the axis of the cavity and the sample at 

the center of the cavity.    The holder was rotatable and graduated so that the 

crystal could be rotated through known angles.    The resonant cavity placed in 

the magnetic field with its axis perpendicular to the externally applied mag- 
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netic field,   satisfied the condition  for resonance—that is, RF magnetic 
field perpendicular to external magnetic  field. 

The general features of ths detection systems have been previously de- 
scribed" and will be reviewed briefly to point out some modification with 

regard to  field measurement. 

The magnetic field is swept over the  1200-gauss range in approximately 
10 minutes and is simultaneously swept 1 or 2 gauss at a 35-cycle rate. 
The  low-speed wide-range sweep is accomplished by varying the set point on 
an electronic regulator supply furnishing power  for  the main magnet coils, 
while separate low inductance coils are employed to inject the 35-cycle 
sweep.    The band width of the detection system is approximately 3 cycles. 
Changes in power transmitted through the cavity containing the sample are 
amplified by a narrow-band 35-cycle amplifier and are then detected and 
recorded using a square law detector and a phase detector  followed by a 
2-channel Brush recorder.    This method of detection yields the derivative 

of the absorption curve but with a  loss of its sign for the square law 
detector.     Signal-to-noise ratios in excess of 1000 were obtained for 
samples of approximately Vg gram and 6* 10      per cent by weight manganese, 
indicating that less thail  Mr   Mn     ions may be detected. 

The  large signal-to-noise ratio permitted DC amplification  of the 
transmitted power changes, yielding the absorption curves directly.    Some 
such curves are shown in Figure 1. 

Magnetic field strength is measured by means of proton resonance.    The 
proton resonance signal is detected and used as the information signal of a 
servo system,  which adjusts the proton resonance oscillator,   keeping it  cen- 
tered on the proper  frequency for the magnetic  field.    Hence,  as the magnetic 
.field is driven slowly through the desired range,   the proton resonance oscil- 
lator follows automatically.    The oscillator is hetrodyned with the harmonics 
of a General Radio Type 1100-A Secondary frequency standard,   spaced at  100-kc 
intervals.    The hetrodyne signal is detected and amplified by a narrow-band 
low-frequency amplifier so that zero beat gives an impulse  to the marker pen 
on the Brush recorder.    These markers appear every 100 kc,  which corresponds 
to approximately 23.5 gauss.    The markers can be seen in Figures 2a and 26. 
Actual data were taken from records for which the paper speed was greater 
than that shown in the figures in order to reduce the interpolation error. 
A section of one of the records to an enlarged scale is shown in Figure 3. 
Linear interpolation is used between markers.    The stability of the magnetic 
field and the tracking of the servo system is such that the maximum uncer- 
tainty of a  field determination is approximately i gauss. 

9 
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FIGURE I. Direct 9300 »c absorption curvet of Mn" 0.06 per cent by weight in a single 
crystal of CaC03. The angle specified is that between thee crystallographic axis and the ex- 
ternal tagnetic field. The 0° curve extends froa 2732 to 3872 gauss. The individual lines are 
syaaetrical. The apparent asymetry is due to the curvilinear coordinates of the Brush recorder. 

f 

10 



-    a?sss35 - • -     ! 

II 

"S -\ 

o 
O 

II 

I© 
o 
o 
c 

© 
o 
o 

o 

B 

S 

to 
o 

© 
o 

CO 

o 

o 
o 

<t> 

•«-• 
2 

(O o 

o 
o 

o 

1 

i.    O 
3    U 
o   • 

o   « 

a. 
u <•- 
o o 
•> 
xt a. 
<o o 

o  +* 
a » 

a. v. 
o <o — « a a. 

U   JC 
e  »~ 

« 
O   E 
o 
CO   TO 
a» — 

•o c 
o <a 
O E • 

a 
c 
o 

<    f 
a. 

UJ §> 

is 
0 

11 

4t-~ fe*JK'*,tfW."j-,J' . 



'.•::•-.-.- :-,;. rs^lzTZaZXam*** 

9) 

a- 

o 

I 

• 

<3 

c    «> 
o -o 

•—   k. 
+<   o 
«   o 
—   0 
<u   k. 
L. 

o 
0)   f 
.e •«-' 
+> 

H- 
M     O 

I     * 
-c    O 

• 
•>   •» 

O       4) 
O   J= 

o 1    " 
1 <t>   <0 

q* k. i. 
•   a x   « 

•» o   a —   & 
ts«. a 
-•-< a> 
3 H-   u « 

«© •   JC 
o U    k 

E   a 
o E 

O 
© -o c CO   — 
o>  « 

• • 1  = 
o u-    U 
o ec — 
<0 -•-• 
o • a 

»   c 
•D     Ot 
1-     « 
O    E 
O , 41    4> 
i-  x: 

1- 
«     . 
+>   c 
e   o 
4)   _ 
E   -M 
—     Q. 
k     k. 

& s 
X   J3 

u:   BJ 

• •> 
•o   o 
CM    0) 

k. 
UJ   ._ 
Cti  -o 
3 o   u 
—   JZ 
u- •< 

•o 
e 
S 

12 

•MMWWMM i>T"i mH/B — 



warn • w saawoi KS asm a S7fflSv  .1 a w\?\-. 

SECTION   4 

Experimental   Results 

It was anticipated that the axial component of the crystalline electric 

field would be parallel to the c axis of the crystal.    To test the correct- 
ness of this assumption,  one crystal was mounted with the c axis parallel 

(c„)  to the quartz rod and data taken ?very   10°  for a total rotation of the 
crystal of 180°.    Thus,   the c axis was kept perpendicular to the external 

magnetic field for all angular orientations.    No angular change in the line 

position was noted: hence,   it was concluded that the  (large) axial crystal- 

line electric field had no component perpendicular to the c axis and in 
fact coincided with the c axis. 

A second crystal was mounted with the c axis perpendicular  (cx)   to the 
quartz rod.    Rotation for this crystal permitted orientation of the axial 

crystalline field with respect to the external tnagr.ei.xC  field to any desired 
angle between 0° and 360°.    Inasmuch as the mount did not allow absolute 

correlation between the c axis and the angular scale,   the correlation was 
obtained experimentally at 90° by comparison between the c,   and c„ data.    A 

precision of 1° in the angular determination was obtained. 

The angular dependence of the line positions is shown in Figure 1 which 
shows the direct recording of absorption.    Figures 4a and 46 plot the m = +Yi 

and m =   /i lines for the angles at which they may be determined with preci- 
sion.     It will be noted from Figure 1 that many of the  lines can be neither 

clearly resolved nor positively identified  for angles between 0° and 90°. 

Note in both Figures 1 and 3 the splitting of the M=+yi, +%, ~Yi and ~%/i 

lines at intermediate orientations between 0°,  90° and 180°.     Figure 5 shows 

.the angular dependence of the central  (M = +Yl)  lines to an enlarged scale, 
•••r 
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FIGURE 4a. Mn** 0.06 per cent by weight in CaC03. The angular dependent line position and 
splitting for the » — +% ia shown for certain angles between the c crystallographic axis a.»i 
the external magnetic field. The RF frequency is 9300 mc. 
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FIGURE 4b. Mn 0.06 per cent by weight in CaC03. The angular dependent line position and 
splitting for the»~-54 is shown for certain angles between the e crystallographic axis and 
the external magnetic field. The RF frequency is 9300 me. 
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where deviations from the line position at 90° are plotted for each of the six 

central  (]tf = +/a)  lines.    It is noted that the inaptitude of the angular depend- 

ence is a  function of the nuclear magnetic quantum number a increasing monoton- 

ically  from a = +/4 to a = -/4 although the increase does not seem to be linear. 

The evidence of nonlinearity is not conclusive Since overlapping of the lines 

reduces the precision at the angles where the shift is the greatest. 

Figures 2o and 26 show the appearance of the spectrum at 0°,  57°,   and 90°, and 

for a sample of the calcite that was powdered by grinding to give random crystal 

orientation.    At 0° and at 90° most of the 30 lines are seen to be well resolved. 

For this reason,   and because the theoretical expression for the line positions 

have maxima or minima in the angular dependent terms at these angles,   they were 

chosen for precision measurements and the interpretation is based principally on 

line positions at these two angles.    The "powdered" curve shows angular depend- 

ence of the central Jf=+/4 lines as a  function of a.    The u — +s/l line is the 

strong line on the right  (low field)  and the a=-^2 line is on the left.     In-- 

creased angular dependence from a = +/4 to    m=-/l for these randomly oriented 

crystals shows up as a decreased maximal slope and as an increased separation be- 

tween maximum slope points.    A direct absorption curve for the powdered sample is 

shown in Figure 6,  which also shows a direct absorption curve to a compressed 

horizontal scale.    Ihe major features shown are six major  (M—+l/i) peaks plus 

secondary peaks superposed upon a broad absorption curve      Ihe powdered crystal 

curves also show the futility of an attempt to interpret data regarding crystal- 

line fields when they are obtained from powdered samples. 

Ihe line position for each of the 30 lines at G' and at 90° is tabulated in 

Table I.    Figure 7 shows a plot of the line positions at 0° and 90° with the 

quantum number assignments indicated. 

I 

TABLE   I 

RESONANCE ABSORPTION LINES   IN GAUSS* 

CaCOj^Mn 0.06 wt%       RF= 9300 mc 

a 
K«+# JJ=+3/2 JT-+J. tf—54 M = -3A 

0 = 0° 0=90° 0 = 0° 0 = 90° e = <f 0 = 90° 8 = 0° 0=90° 0 = 0° 0 = 90° 

+5A 2732.6 3226.2 2924.2 3157.9 3080.5 3077.4 3236.1 3000.4 3428.1 2938.2 
+ 3/2 2826.8 3319.9 3015.9 3248.8 3169.9 3166.5 3322.3 3087,7 3510.9 3023.7 

+y> 2924.2 3415 3 3109.8 3342.1 3260.9 3258.1 3410. t 3176.8 35%.9 3111.9 

-Yi 3022.7 3515.0 3206.9 3439.1 3354.8 3352.2 3503.0 3268.8 3687.1 3201.1 

-n 3125.4 3617.9 3306.1 3538.6 3451.3 3447.9 35%. 9 3362.1 3778.4 3292.2 

• 3232. • 3725.0 3410. t 3640.9 3550.6 3546.7 3693.3 3457.9 3872.4 3385.0 

• Line position! a 
t Owing to superpo 

re known to i .. 0 
• itiom of lines, 

fSBSS. 

the accuracy here is it. 5  gnats. 
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CaC03:Mn 0.06 wt$>,   Powdered 

FIGURE 6.   Spectrum for a sample powdered  by grinding.   The direct absorption  spectrum and 
its slope are shown below.   The direct absorption spectrum to a compressed scale is shown above. 
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FIGURE 7.   Line positions and the quantum number assignments are shown. 0 is the angle 
between the c crystallographic axis and the external magnetic field.   RF=*9300 mc. 
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SECTION 5 

Interpretation 

In accordance with the customary practice,   the lines are designated by 
the quantum numbers of the upper energy level involved in the transition cor- 
responding to the line.    Thus,   the line associated with the It = +% —' + /4, 
« = +% —' +J4 transition is designated #= +54,  • = +%. 

The  line  intensities  fall  into  three groups as predicted by Eq, (11) 
Further identification of the lines is readily accomplished by comparison 
with the leading  fine structure and hyper fine structure terms of Eq   (10),, 

Empirical determination of the parameters of Eq   (10)   for 5=0° yields 
the values He =3318.6 gauss, D=40.5 gauss, d = 0.0428 gauss. 4=93=95 
gauss, g   =2.0022,   as given in Table II      Use of these values for the pa- 
rameters gives agreement between observed and calculated line position 
within the estimated maximum experimental  error of ± 1.0 gauss. 

The values of the parameters that give  the' best agreement between  ex- 
perimental and calculated values of line positions at 90° are fl0 = 3319.8 
gauss, D=39.7 gauss, d = 0.0428 gauss, B= 93.90 gauss, gi = 2.0014.    At 
this angle,   some difficulty is experienced in assigning best values  to the 
parameters.     The values assigned yield agreement between experimental and 
calculated line positions to within  the maximum experimental error  for all 
lines except theA/ = +y2, m = +s/l and theW = -J/4:  • = -s/>  lines where the 
discrepancy is about  four times the experimental error. 

In an attempt to account for discrepancies,   the effect of higher order 
terms of a trigonal symmetry,  use of a small cubic symmetry contribution, 
and nuclear quadripole effects have been examined and are  found to be  inad- 
equate.     The discrepancies,   though small,   are considered significant. 
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The angular dependent splitting of the M = +S/i, + J/J, ~Y> and ~Yi lines 
shown in Figure 4 is unexpected. Crystalline imperfections of the linage 
structure type would produce discrete angular dislocations of the crystal 
planes and night occur frequently enough throughout the crystal to effec- 
tively yield two slightly different orientations of the crystal, thereby 
giving rise to two equally intense lines of the angular dependent spacing 

observed.    The hypothesis,   although attractive,  must be discarded inasmuch 
as it would demand the splittings 
for the M=+s/t and -}4  lines to 
be twice that for theAf = +J4 and 
~'/l lines, whereas the observation 
is that thejB*=+J/2,  -% lines are 
split less than the #=+%    ~Yl 
lines 

The significance of the crys- 
talline field splitting terms D 

and d' of Table II  is shown in Eq. 
(6) where the/ are expressed as the 
products of three factors: 

D' - Ky^ 

The coefficients A* and A? are 
the derivatives 

The terns r}. and r* are  the mean 
square and mean  fourth radii of  the 
3d shell of Mn++.   The terms y and 

S are numerical   factors dependent upon the  total  angular quantum number of 

t*i++ in the crystal. 

The mean square and mean  fourth radii  can be calculated and will   probably 
be known to a  fair degree of accuracy.    Experiments designed to determine the 
coefficients A? and A" will allow a determination of y and S,   and will,   there- 
fore,   make it possible  to determine the quantity of orbital momentum  intro- 
duced by means of the crystalline field distortion of the S state of Vs\ +. 

TABLE   II 

EMPIRICAL VALUES OF PARAMETERS 

FOR Mn* + IN CaCOj 

0=0° (9 = 90° 

D 
d 

A 
B 

gauss 

3318.6± 1.0 
40.510.2 

0.0428 ±0.002 

93.9510.05 

gauss 

3319.811.0 
39.710.2 

0.042810.002 

93.9010.05 

09 * * 10'* cm"1 x 10 * 

D' 
d' 
A 

B' 

37.910.2* 
0.040010.0002 

87.8210.08 

37.110.2* 
0.040010.0002 

87.7410.08 

fn 2.002210.0006 
2.001410.0006 

*A discrepancy  in   the   two  Talnes   of   the - 
coaetant  0'it  noted.     The value' 

b'm (37. 5 ± . 04) X IQ-*  cm"' 

wonld give  agreement between  calculated and 
experimental   line   poaitiona. 
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APPENDIX 

Derivation of the g Value in a Crystal 

-1 

til! 

II 

If the external magnetic  field is located at an angle 6 with respect to 
the crystalline  field axis,   then  the vector-operator equation relating  the 
magnetic moment operator  in one reference  frame to the magnetic moment oper- 
ator in thr*. other is 

k/x, = k'fJ.,'coad + i'fixi air.d cos<£ + j'/V aind sin<£ (A-l) 

where 6 is the angle between H and the crystalline field axis. 

The magnetic moment operator expressed in both coordinate systems is 

fl12 
an M« 

°« fl23 *h 
a32 °» A 

(A-2) 

3i 

Substituting Eqs.(A-2)   into Eq.(A-l)  gives  the  following expression: 

k'a,, cos# + i'ai3 sin# cos<£ + j 'aJ3 sin# sin$ = k (A-3). 

Taking the average value of the  first of Eqs.(A-2)  between wave  functions 
belonging to  the crystalline coordinate system,   one obtains 

Jtf(*'yV)M.'fcv**yV)rfT--   ouM(«'y'z*)Ais,^(x'y'2')rfT 

+ au /</£(*' y' z') My 0. (x y z')dr (A-4) 

+ a,3 /«£(*'y':V,^y z')dr 
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I 
l-i-d 

A rotation of the wave  function from the primed to the unprimed reference 

frame gives 

4>m{*'y'*') =  ^^Uyz) (A-5) 

Because of the orthogonality properties of the wave  functions and the 

Hermitian character of «..,,, 

I 

Substituting Eq. (A-5) into Eq. (A-4) and noting that /A, and ^t, have no 

diagonal elements, one obtains the equation 

i M(xl?z')naltm{x'?z')dT   =    a„ Jtf(xyz) M,#i(*yz) 

Hence 

i gjfiM - a13g/Sjf 

°u   = 

Similarly the second and third of Eqs.(A-2)  give 

a»   = 

°33    = 

g 

ill 
6 

In the case of an axial crystal gr, = gyf = g, and  gJ( = gM . 

Substitution of the above results into Eq,(A-3)  and taking the sum of 

the squares of the components to be unity gives 

«2 = SII  cos26 + gf sin20 

| I 
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