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Electronic Raman spectra of divalent cobalt ions in cadmium-chloride —type crystals*
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The polarized Raman spectra of divalent cobalt ions at concentrations ranging from 2.5 to 10 wt% in
cadmium chloride, cadmium bromide, manganese chloride, and cobalt chloride from 15 to 300 K are
reported, All five electronic transitions between the spin-orbit and trigonal crystal-field-split levels of the
'T&g('F) cubic-field ground term are observed with frequencies of 235, 499, 923, 953, and 1088 cm ' for
cadmium-chloride crystals containing 2.5-wt% cobalt. The strong-field matrices of the trigonal crystal field
and the Zeeman interaction are calculated and quantitatively explain the experimental data. The d'
configuration parameter values for the cadmium-chloride crystals with 2.5-wt% cobalt are (in cm ')
Dq = —670, B =790, C = 3320, f= —512, |'=—513, v =57, and v' = —34S. EPR measurements on the
cadimum-bromide crystals with 0.1-wt% cobalt yield new values of gi = 3.74+0.1 and g, = 4.67~0.1 which
resolve diAiculties in fitting the experimental data for this crystal, Raman lines were also observed for
antiferromagnetically ordered CoCl, .

I. INTRODUCTION

The energy levels of the 3d' configuration char-
acterize the electronic spectra of divalent cobalt
ions. Those below 2000 cm ' may be observed by
infrared absorption or by electronic-Raman-scat-
tering measurements with suitable crystals.

In this paper we report Raman-scattering mea-
surements for crystals of cadmium chloride, cad-
mium bromide, and manganese chloride containing
cobalt and for cobalt chloride.

Cadmium-chloride-type crystals were chosen
as hosts for these studies because of the following
reasons:

(i) The metal cations are located in sites which
have only a slight trigonal distortion from cubic
symmetry.

(ii) Cadmium chloride, cadmium bromide, man-
ganese chloride, and cobalt chloride are all iso-
morphic and spectral changes caused by the varia-
tion of either the cation or anion in a given crystal
structure can be readily investigated.

(iii) The k =0 lattice phonon spectra of all four
crystals have been previously determined by in-
frared-absorption' and Raman-scattering mea-
surements. '

(iv) The crystals containing cobalt are general-
ly blue colored and can be examined with argon-ion
laser excitation with the possibility of resonance
enhancement.

(v) The cobalt-ion concentration may be varied
over a wide range to distinguish the spectra of
both single cobalt ions and of cobalt-ion clusters.
Cobalt chloride itself becomes antiferromagneti-
cally ordered below 24.71'K and the effects of
such magnetic ordering on the spectra can also be
determined.

In this paper, the Raman spectra observed are

described in Sec. III. The Raman spectra of sin-
gle cobalt ions are analyzed in Sec. IVB using a
crystal-field model involving all 120 states of the
3d' configuration. Parameters describing the
trigonal crystal field and the spin-orbit interaction
are obtained.

Several papers have reported preliminary inves-
tigations of the electronic Raman spectra of these
crystals. This paper presents some new ex-
perimental results, including polarization of some
of the electronic Raman lines, and contains the
first detailed crystal-field analysis of the spectra.

II ~ EXPERIMENTAL

All the crystals are hygroscopic and care must
be taken in their preparation and mounting in or-
der to prevent contamination by moisture. The
crystals were grown from the melt by the Stock-
barger method. Analar grade powders of the hy-
drated salts were first dehydrated by heating at
200'C under vacuum for several days. They were
purified of oxide and residual water by passing
dry hydrogen chloride or hydrogen bromide (as
appropriate) through the materials for several
hours as they were being heated to the melting
point and then bubbling the gas through the melt
for an additional hour. The purified melt was fil-
tered through a sintered quartz sieve into a quartz
tube which was sealed off. The crystals were
grown by slowly lowering the sealed quartz am-
poule through a sharp temperature gradient. The
resulting crystal boules were typically of dimen-
sion 8-mm diam by 20-mm long, and comprised
a single crystal if the tip of the ampoule was
shaped to allow the growth of only one crystal
from the initial seed crystals. Infrared measure-
ments showed no absorptions due to water, con-
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firming that the crystals were free of any water.
For low-temperature spectra, the crystals were

mounted on a copper sample block on the bottom of
the liquid-helium reservoir of a Hofmann optical
Dewar giving a lowest crystal temperature of
15 'K.

The scatter ed light was disper sed with a Jar-
rell-Ash model 25-103 1-m double monochromator
and detected photoelectrically with a thermoelec-
trically cooled E.M.I. 6255 SA photomultiplier.

j.In some measurements, a 3-m monochromator
was attached to the double monochromator to pro-
duce a triple monochromator. This was useful
for reducing stray light in cases where the Raman
lines were very weak.

In the case of the cobalt chloride crystals, the
absorption at all the argon-ion laser frequencies
used was sufficiently high to require the use of a
surface scattering technique in which the laser
light is incident and scattered off the same sur-
face. This technique was also used in obtaining
polarization spectra as it has the advantage of re-
quiring only one polished crystal surface, perpen-
dicular to the c axis, giving less depolarization
of the incident laser beam.

III. EXPERIMENTAL RESULTS

The Raman spectra of cobalt in the four host
crystals were measured for a range of cobalt con-
centrations. The Raman spectra observed for the
three chloride crystals are very similar to each
other, while that for the bromide differed in some
respects. All the Raman spectra showed two nar-
row and intense lines due to the Raman active
k=0 phonons of the host lattices.

Raman lines due to electronic transitions of co-
balt were identified by their correlation with the
cobalt concentration. Raman lines due to two-pho-
non processes also occur. These have an intensi-
ty which is enhanced by the presence of impurities
in the crystals. However, they can be distin-
guished from the cobalt electronic Raman lines by
their presence in the same host crystals doped
with other ions, such as nickel. Fluorescence
lines also occur in some crystals and can be dis-
tinguished in the usual way by compari'son of the
spectra for two different laser excitation frequen-
cies.

The identification of the electronic Raman lines
of the single cobalt ions from their cobalt concen-
tration dependence was confirmed by their polar-
ization properties which are consistent with the
selection rules for Raman active transitions be-
tween the appropriate electronic states (Sec. IV).

The basic similarity of the Raman spectra in all
four hosts was helpful in determining the complete

spectra in all the crystals. The electronic Raman
spectra of cobalt chloride are relatively intense
because of the 100%%uo cobalt concentration and this
established the pattern of the electronic energy
levels.

In the case of the cadmium- and manganese- .

chloride crystals, the lowest electronic level was
obscured by the A. „Raman phonon line. ' Its posi-
tion was determined from the frequencies of tran-
sitions from it to higher excited levels observed
in the room-temperature spectra.

The Raman spectrum of cadmium-chloride crys-
tals containing 5%%ua by weight of chloride is given in
Fig. 1. Polarization studies on the lines at 948
and 921 cm ' showed that the 948-cm ' line de-
creases markedly in the x(z~)x polarization direc-
tion while the 921-cm ' line shows little change
(Fig. 2). These lines are therefore assigned as
transitions to y', , and y4 symmetry states, respec-
tively (Sec. IV).

The room-temperature spectra have a line at
715+5 cm ' which gives the energy of the lowest
electronic level as 235+10 cm '.

As the cobalt concentration is increased addi-
tional Raman lines appear due to the formation of
cobalt ion clusters. Figure 3 shows the spectra
of crystals containing from 0 to 100 wt%%ug of cobalt
chloride and Table I gives the spectral data from
the 1000-cm ' region, together with an assignment
of the lines due to cobalt pairs of adjacent cobalt
ions in the cadmium planes.

The liquid-helium-temperature Raman spectra
of cadmium bromide crystals containing 0, 3, 5,
and 10 wt%%uo cobalt bromide are given in Fig. 4.
These spectra are confused by a multiplicity of
impurity activated Raman lines due to second-or-
der phonons and fluorescence lines. The only
Raman lines that correlate with the presence of
single cobalt ions in the 5-wt%%uo crystals have fre-
quencies of 282, 394, 893, and 995 cm '. A high
resolution spectral scan shows that the 893-cm '
line is a doublet with line components at 889 and
894 cm '. Polarization studies show that the 889-
cm ' line is largely unpolarized, the 894 cm '
line is weak for x(zz)x polarization and the 282-
cm line is reduced in intensity by 30% for this
direction. The 889, 894, and 282 cm ' are, there-
fore, assigned as transitions to electronic states
of y'„y', „and y', , symmetry, respectively. De-
polarization effects due to the imperfect crystal
surfaces caused only reduced rather than zero in-
tensity to be observed for the y', , levels in the
x(zz)x polarization direction. In the 5-wt%%uo crys-
tal lines due to cobalt ion pairs are observed at
268, 439, (903), and 1007 cm ' (Table II).

The spectra of MnCl, (Co) are very similar to
those of CdCl, (Co), and are shown in Fig. 5. The
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FIG. 1. Raman spec-
trum of CdC12(Co): 5 wtgp re
corded with spectral slit
widths of 1.5 cm (100-
300 cm ~) and 6.0 cm ~

(300-1150 cm ~). First
and second-order phonon
features are labeled A
and B, respectively.
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lines are weaker than for the other crystals stud-
ied because of absorption of laser light by the
pink-colored host crystal and because of the
greater width of the lines. For these reasons no
attempts were made to determine their polariza-
tion. The greater linewidths are attributed to
dipolar broadening by the neighboring paramag-
netic manganese ions. The room temperature
spectra has a line at 745+10 cm ' which indicates
the lowest electronic level of the cobalt ion is at
230~13 cm '.

The room- and liquid-air-temperature spectra
of cobalt chloride are shown in Fig. 6; Table III
gives the spectral data. At low' temperature,
there are broad lines at 545 and 978 cm ', which

are asymmetric. The profiles of both of these
lines were analyzed by a least-squares-fitting
procedure into two overlapping line components
for each. Three of these at 549, 963, and 992
cm ' are assigned as electronic transitions of
cobalt, while the fourth line, at 522 cm ', is as-
signed as a second-order phonon band whose in-
tensity is enhanced by its proximity to the 545
cm ' electronic line. This assignment is support-
ed by the measurements on the antiferromagnetic
ordered cobalt chloride crystals below 24.7 'K

where the three electronic lines narrow consid-
erably and shift to higher frequencies while the
522 cm ' line becomes a broad weak line centered
at 510 cm ' (Fig. 7).
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FIG. 2. Polarized Ram-
an spectrum of CdCl2(Co):
5 wt'jo, recorded at 78'K
(900-1000 cm ~).
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FIG. 4. Raman spectra CdBr2(Co): 0, 3, 5, and
10 wt jp, all recorded at 15'K with a spectral width
of 6.0 cm «.
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FIG. 3. Raman spectra of CdC12(Co): 0, 3, 10,
50, and 100 wt'fp, all recorded at 15 K, excepting
that of the 100jp CoC12 crystal ( 30'K), and with
a common spectral width of 6.0 cm «.

Number of
nn Co2+ concentration

Co + ions 2.5 (wt jp) 5.0 (wt jp) 10.0 (wt jp) 100.0 (wt%)

499+ 2
923+ 1
953+ 1

1088+ 3

517+ 1
937+ 3
969 +2

497+ 2
921+ 1
948+ 1

1088+ 2

513+1

966+ 2

495+ 2
9186 1
944+ 1

1088+ 2

508+ 1
929+ 1
961+1

963+ 4
992+4

' All frequencies in wave numbers (cm ).

TABLE I. Classification by nearest-neighbor (nn) ca-
tion environment of the Co + electronic lines of CdC12(Co),
in the 1000-cm region.

Two Raman lines, present only in the room tem-
perature spectrum, occur approximately 220 cm '
below corresponding lines of the low-temperature
spectra and confirm the assignment of the line ob-
served at 220 cm ' as the lowest electronic level.

TABLE II. Frequencies (cm «) of Raman lines for
CdBr2(Co) crystals of varying cobalt concentration re-
corded at 15 'K.

0 (wt%)

200+1

Concentration
3 (wt jp) 5 (wt jp)

200 +1

282 +1
351+1
394+1
440 +2
889+1
894+1
905+1
995+1

200
268 +2
284 +1
351+1
397+1
439+1

(893+1)
unsplit

993+1
1007+2

10 (wt jp)

271+3
286+2
352+2
400 +2
444+ 2
887+1
893+1
903+1

unresolved
unresolved

IV. THEORY AND ANALYSIS OF THE SINGLE-ION

COBALT SPECTRA

The electronic Raman lines observed comprise
transitions between the energy levels of the 3d'
configuration and their frequencies and relative
intensities are determined by the energy levels
and states of this configuration. Because the
Raman data give the position of all the energy le-
vels for the lowest cubic crystal-field term of



C HRIS TIE, JOHNS TONE, JONES, AND ZDANSKY 12

(

CA

C4

I-
th
X
4J
I
X

:1oOg(t 5'K }

.So+{a3 K}

FIG. 5. H,aman spectra
of MnC12(Co): 5 and 10
wgp, both recorded with
a spectral width of 6.0
cm ~. First and second
order phonons are 1abe1-
ed A and B respectively.
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cobalt, it is worthwhile to calculate the position
of these energy levels of the 3d' configuration for
the case of a site of D,„symmetry. Because pre-
vious attempts" to accurately fit all the observed
Raman frequencies were unsuccessful, this cal-
culation was extended to include all 120 states of
the 3d' configuration.

The ion arrangement in cadmium-chloride-type
crystals has been given by Ono et al. '; the struc-
ture belongs to the D~ space group' and the ca-
tion-site symmetry is D,„. The divalent cobalt
ion in these crystals is surrounded by a nearly
octahedral arrangement of anions, the octahedron

being slightly expanded along one of its trigonal
axes. The crystal field is thus predominantly cu-
bic with a small trigonal component giving rela-
tively small splittings of the cubic-field electron-
ic levels. The combined effect of this together
with the spin-orbit interaction on the 'T„('F)
ground term is to produce a manifold of six
Kramers doublet levels with an over-all splitting
of 1000 cm '. These levels have either y4 or y', ,
symmetry so only two types of transitions are
possible from the y4 symmetry ground level,
Here, the y4, y'„and y', are particular irreduc-
ible representations of the D~ double group. The
y', and y, irreducible representations are complex
conjugates and are degenerate in the absence of a
magnetic field being labeled y', ,

The selection rules governing the occurrence of
Raman active transitions between such levels may
be derived from the symmetry properties of the
relevant Raman scattering tensors. ' Thus y4 - y', ,
transitions are absent in x(zz)x polarization
while y', -y,' transitions occur in all polariza-
tions. The two types of transitions may also be
distinguished by comparing the xx and xy polari-
zation spectra, since the xx and xy components in
the Baman-scattering efficiency may differ from
transitions to y4 final states but not for transitions
to y', , final states.

4oo 6oo

FREQUENCY (crn )

FIG. 6. Baman spectra recorded at 30, 83,
and 300 K of CoC12 in its paramagnetic state.

3oo'K
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A. Calculation of the matrix elements of the trigonal

crystal field and the Zeeman interaction

For the calculation of the energy levels for di-
valent cobalt, the strong field approach of Tanabe
and Suganos is used

The energy matrices of the electrostatic inter-
action and the spin-orbit interaction have already
been calculated in the strong-field coupling
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TABLE III. Frequencies (cm ) and widths (cm ) of observed electronic lines present in
the paramagnetic and antiferromagnetic spectrum of CoCl& in the region 200-1200 cm

300 'K
Freq Width Freq Width

Paramagnetic phase
83 K 30 'K

Freq Width WidthFreq

Antiferromagnetic phase
15 'K

220+5
344 +7
559 +7 .

755+7
986 +9

986+9

75+5
70+5

65+15

90+5

221 +3

545+5

978 +7

1115+5

20+3

51+2

40+10

220 +3

549+4

963+4

992 +4

1115+5

20+3

43 +1

40+1

233 +1

549 +2
557 +3

961.5+1.0
983+2

1014+2
1150+5

10+1

20 +2
28 +3

6+1
20 +3

18 +3
30 +5

scheme for the M' configuration by Sugano' and
Schroeder, " respectively. The electrostatic in-
teraction is expressed in terms of two parameters
B and C while the spin-orbit interaction is char-
acterized by parameters f and f'.' We thus only
need to calculate the energy matrices for the trig-
onal crystal field and for the Zeeman interaction
in the strong-field coupling scheme to obtain both
the position of the energy levels and their g fac-
tors for divalent cobalt ions in this symmetry
crystal field.

The operator for the trigonal field interaction
is developed from the d' electron case. It is of
T, symmetry and has the form

V(T, ) =(1//3)(V(+V„+Vt),

where the V&, V„, and V& transform like the g(,

$g, and fq basis functions of the cubic T, irre-
ducible representation, where g, q, g are the cu-
bic axes.

The trigonal field is described by two trigonal
crystal-field parameters, v and v', which are de-
fined in terms of the single-d-electron reduced
matrix elements by

v = (&/~2)(f, IIV(T,) II ~,),
v'=(&/~6)&t IIV(T )Ile& .

The numerical factors in these definitions were
chosen to make these parameters identical to
those defined by Pryee and Runciman. "

The Zeeman operator (kL+2S) has T, symmetry
and the z and x components of the orbital part (kL)
are expressed in terms of the operators U„, VB,

200 400 600 800

FREQUENCY (cm')

1000

'~ ssK

i5'K

1200

FIG. 7. Raman spectra
of CoCl& in its paramag-
netic (T= 83 K) and anti-
ferromagnetic (&= 15'K)
states. The latter is con-
structed from several
part spectra as follows:
130-270 cm ~ using the
4880-A laser line and a
spectral slit width of 1.5
cm ~; 270-460 cm ~, 4579
A and 3 cm ~; 460-650
cm ~, 4579Aand6cm ~

650-900 cm=~, 4765 A and
6 cm; 900-1050 cm
4880 A and 1.5 cm ~;

1050—1270 cm, 4880 A
and 10.5 cm-'
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V& which transform like the e, P, y basis functions
of the cubic T, representation by

V, (T,) = (1/V 3 )(V + VB + V& ),
V„(T,) = (1/v 6)(V„+V8 —2') .

The two orbital angular momentum reduction fac-
tor parameters k and k' are defined by

~&to =(t, IIV(T, )lit, ),
-2&3tk' =(t, ((V(T,)ffe),

which are related to those of the spin-orbit inter-
action by

& = K/Co, &' = 0'/ko,

where g, is the free-ion spin-orbit coupling con-
stant. The appropriate S„and S, components of
the spin operator are similarly expressed and
their matrix elements can be evaluated with no
additional parameter s.

There are 120 states in the d'(d') configuration
and matrix elements of the trigonal crystal field
and Zeeman interaction are required between all
of these.

Since there are no nonzero matrix elements of
either the trigonal crystal field or the z compo-
nent of the Zeeman interaction between y,' and
y', , states, the 120-dimension energy matrices
for these interactions can be reduced to two ma-
trices of dimensions 78 and 42, respectively, by
using basis states having either y4 or y', , symme-
try. However, the basis states used for the pub-
lished calculations of the cubic-field, electrostat-
ic, and spin-orbit interaction transform as the ir-
reducible representations of the cubic double group
referred to a cubic system of axes, while the y,

'
and y,', states appropriate for the site of D,„sym-
metry refer to a trigonal system of axes, with the
principal axis along the diagonal (111)direction
of the set of cubic axes. A rotation of the double
cubic group basis states was therefore performed
to obtain basis states of y~ or y,', symmetry re-
ferred to the trigonal system of axes. The appro-
priate transformation coefficients were derived
from the rotation matrices for the 8= —,

' and 8= ~

spin functions. With these basis states the y4
matrices of the trigonal crystal field and the z
component of the Zeeman interaction simplify fur-
ther into two 39-dimension matrices corresponding
to the two components of the y4 states.

The x component of the Zeeman interaction has
nonzero matrix elements between y~ and y,',
states and it is necessary to diagonalize the full
120-dimension energy matrix for this interaction.

The complete matrices of the trigonal crystal
field and the Zeeman interaction are available on
request. 'The reduced matrix elements of V(T, )

and V(T, ) for t', and t'e configurations have already
been published by Sugano and Peter. " All matrices
were checked to within a phase by numerical diag-
onalization. Checks were made by comparison of
the eigenvalues with the results for MgO:Cr" and
Al, O, :Cr"obtained by Macfarlane" using his
weak-field d' (d~) matrices.

8. Fitting of the experimental data

With the implicit assumption of a pure 3d elec-
tron configuration there are seven parameters to
determine all the energy levels for a trigonal sym-
metry site. These are the cubic crystal-field pa-
rameter b, (=10Dq), the two electrostatic param-
eters B and C, the two trigonal crystal-field pa-
rameters v and v' and the two spin-orbit param-
eters g and &'. The five observed electronic
Raman lines are transitions between the six spin-
orbit and trigonal crystal-field levels of the
'T,~('Il) cubic crystal-field term, and, therefore,
do not depend on the values for the cubic crystal
field or the electrostatic parameters. These were
set at the values obtained from the cubic crystal
field analysis of the optical spectra of cobalt chlo-
ride and of cadmium chloride and bromide con-
taining cobalt carried out by Ferguson et al. ' and
Robson. " The values appropriate to manganese
chloride containing cobalt were taken as the same
as those for cobalt chloride, since these two crys-
tals have closely similar dimensions.

The frequencies of the electronic Raman lines
were then fitted by an iterative least-squares rou-
tine by adjusting the four parameters f, P', v, v' .
The results are given in Table IV.

In the case of cadmium-chloride and -bromide
crystals the g values for the ground state level
are known from EPR measurements"'" and the
set of parameters obtained could be tested by com-
paring these g values with the calculated splitting
factors for the ground-state level for these param-
eters. These are shown in Table V.

The least-squares routine was modified to in-
clude the deviation of the observed value for g~~

from the calculated one. This was done in the ex-
pectation that only slight adjustments in the param-
eter values may allow exact fit of the observed g
values without degrading significantly the energy-
level fit. No new parameters need to be introduced
because the parameters k and k' characterizing the
z component of the Zeeman interaction are related
to the spin-orbit interaction parameters g and g'
(Sec. IV A).

The corresponding g~ deviation was not included
because it would necessitate diagonalizing the
whole 120-dimension matrix. The g~ deviation was
weighted heavily to take account of the greater ex-
perimental precision in its value.
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TABLE IV. Calculated and observed energies of the six Kramers degenerate electronic lines of the T&( F) term.

Assignment
CdBr2(Co): 3 (wt'fp)

Expt Cale
CdC12(Co): 2.5 (wt%)

Expt Calc
MnCl~(Co): 5 (wt%)

Expt Gale
CoC12

Expt Cale

y+ +/+ ((1)Z 8+)
y'("~r8')

'(~2~18')
++ +~+ ((2)Z 8+)
y+ (P7+)

282+1
394+1
889+1
894 +1
995+1

282
394
889
894
995

235+10
499+2
923 +1
953 +1

1088+3

225
497
923
953

1091

230+13
524 +3
938 +2
972 +2

1108+3

217
522
939
972

1108

220+3
549 +4
963+4
992+4

1115+5

217
546
965
991

1115

Dq
B
C

gl

V

-610
790

3090
544

-432
129

-227

Parameters of energy matrix

-670
790

3320
-512
-513

57
-345

-690
780

3432
-516
-515

124
-433

-690
780

3432
-533
-503

440
-694

All measurements and parameters in units of wave numbers (cm ').

TABLE V. Calculated and observed g values for the
(&6) y4 CdC12. Co and CdBr2. Co+ crystals.

CdBr2 .. Co2+

Expt Cale
CdC12. Co2+

Expt Calc

3.74+0.1
2.71+0.05

4.67+ 0.1
4.99+0.05

3.59

4.66

3.06 +0.05
3.06 +0.02
3.04 +0.02

4.96+0.05
4.98+0.02
4.95+0.02

3.02

5.07

A. Edgar (Ref. 18).
"K. Morigaki (Ref. 16).
J. W. Orton (Ref. 17).

For CdC1, :Co'+, the g -value fit was found to be
very good and it did not prove possible to improve
the agreement without destroying the energy-level
fit.

For CdBr, :Co", the experimentally observed g
values were very different from those calculated
and it was not possible to find any set of parame-
ters that would bring the calculated values close
to the experimental values. To resolve this dis-
crepancy, the EPR measurements on this crystal
(0.1 wt%%uo) were repeated for us by Edgar, "with

the results given in Table V, which show the pre-
vious EPR results are in error.

The inclusion of the gt~ deviation into the least
squares routine did not result in a significantly
better fitting. In both CdC1, :Co ' and CdBr, :Co"
this is due to the relative insensitivity of the g
values to small parameter variations about the op-
timum set obtained from the energy fit above. The
final energy-level fit obtained is within the experi-
mental accuracy of measurement of the observed

lines, while the g values are fitted to vvith 0.15.
Previous calculations"" of the spin orbit and

trigonal crystal-field energy levels of the 4T„('E)
cubic-field ground-state multiplet have allowed an
admixture of the levels of the 'T„('P) term and
yield an energy-level scheme which approximates
that obtained here using all the states of the d'(d')
configuration (Fig. 8). The principal difference is
in the splitting of the upper levels in the more ex-
act calculation. The absence of such splitting in
the earlier calculations prevented a good energy-
level fit to the observed levels.

Allowance was made for this splitting in the cal-
culation of the energy levels of cobalt chloride by
Hsu and Stout, "although only states from the
~TM ('F) and T~ ('P) terms were included in their
analysis.

The exact values obtained for the trigonal field
parameters are not physically significant because
of the sensitivity of these parameters to the ex-
perimental accuracy of the data. It was found
that relative variations of a few cm ' in the meas-
ured energy levels could alter the parameters by
15%. In comparison, the spin-orbit parameters
were insensitive to such changes. In view of this,
further refinements in the fit by remeasuring the
optical absorption spectra of each crystal in great-
er detail and refitting the cubic field and electro-
static parameters is not justified.

The values obtained for the two spin orbit pa-
rameters are closely equal in the case of the chlo-
ride and the data could have been fitted equally
well using one spin-orbit parameter, as is usually
done in the weak-field calculations. " On the other
hand, the data for the bromide requires distinctly
different values for the two parameters and it is
not possible to obtain a good energy level and g-
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value shift if the two parameters are set to the
same value.

In all cases, the spin-orbit parameter values
are close to the free-ion spin-orbit coupling con-
stant &, = -535 cm ' and there is little covalency
reduction. This may be expected from the intra-
configurational nature of the transitions which are
all between states of the t ~e~ configuration.

The trigonal-field parameters are similar for
all the chloride crystals, and differ in the case of
the bromide. Their d' configuration values are
characterized by a positive v and a negative v'
with v'/v= -3. Their magnitudes are small com-
pared to those usually obtained for trigonally dis-
torted crystals" consistent with the small trigonal
distortion of the cadmium chloride lattice.

The electrostatic contributions to the trigonal
crystal field in cadmium-chloride-type crystals
come from the small departure from cubic sym-
metry of the octahedron of nearest-neighbor chlo-
rine ions, the noncubic arrangement of the next-
nearest-neighbor cadmium ions, and the electric
dipole moments induced on the chlorine ions, by
the cadmium ions. ' The main part of the trigonal
crystal field comes from the noncubic arrange-
ment of the cadmium ions and the induced chlorine
dipole moments. Kanamori" calculated the trig-
onal crystal field for cobalt chloride due to these
two contributions and found the contribution due to
the noncubic arrangement of the cadmium ions was
sufficient to split the ' T,, ('E) term into two le-
vels, 4A„+4E, , separatedby1000 cm '. Inclusion
of the contribution from the chloride dipole mo-
ments modified this energy-level separation and
for large induced dipole moments, the level

scheme was reversed. A calculated splitting of
1000 cm ' is large compared to that actually ob-
served hence these electrostatic contributions
can more than account for the magnitude of the
trigonal crystal-field parameters obtained from
the analysis of the spectra. A quantitative cal-
culation is not possible at present as it would re-
quire knowledge of the magnitude of the induced
dipole moments on the chlorine ions and the in-
clusion of the effects of covalency, overlap, and
other nonelectrostatic contributions.

V. MOLECULAR-FIELD ANALYSIS OF THE COBALT-

CHLORIDE SPECTRA BELOW 25'K

The Raman spectra of cobalt chloride below
24.71'K show splitting of the single ion levels due
to exchange interactions between the cobalt ions.
In view of the calculation of Hsu and Stout, ' it is
worthwhile attempting a revised calculation to fit
the additional levels observed. The molecular-
field interaction perpendicular to the c axis is
represented by

H = KT, fg ($,)OS, , —

where (S„)o is the expectation value of S„ for the
ground state of the coba.lt ion, and Z, ~q is the ef-
fective exchange interaction which includes the
effect of both intra- and inter-layer exchange in-
teractions. The energies of the twelve exchange
split levels of the 'T,~ ('F) term are obtained by
diagonalizing the dimension-12 matrices for this
interaction, using as basis states the twelve low-
est levels obtained by diagonalizing the full 120-
dimension free-ion and crystal-field matrices of
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3d' configuration.
For 2J,ff —16 cm ', the energy levels given in

Fig. 9 are obtained and are in good agreement
with experimentally observed transitions. How-
ever, the transition to the lowest-lying energy le-
vel is calculated to be 30 cm ', whereas this le-
vel has been observed to occur at 19.2 cm ' by
Jacobs et al." This discrepancy can be attributed
to the use of an exchange interaction Hamiltonian
appropriate for an S =

& level for calculating the
energies of the levels of a 'T, orbital triplet.

VI. SUMMARY

All the trigonal crystal-field energy levels of
the lowest cubic-field multiplet of cobalt have been
determined and fitted exactly with a crystal-field
model which includes all states of the 3d' config-
uration. Good agreement is also obtained with the
known ground-state g factors. Zeeman Raman ex-
periments could verify the parameter fits obtained.
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FIG. 9. Calculated and observed energy levels
(cm ) within the ground T&(E) term of a Co+
ion in both a purely trigonal and trigonal plus ex-
change field (Table III).
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