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Electronic Raman scattering of Co + in CdC12 and CsMgC13
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The polarized Raman scattering between the electronic levels of the 'T,
g ground term of Co'+ in CsMgC1, has

been observed at 2 K. We calculated the fine structure of "T,
g for this system as well as for Co'+ in CdC1,

(observed by Lockwood and Christie). Second-order perturbation theory has been employed for a Hamiltonian
containing the trigonal crystal field 5 and spin-orbit interaction X. The data are fit satisfactorily with
4/j~j = + 4.4 and —2.5, respectively, Using the crystal-field wave functions we calculated the spectral
intensities of the electronic Raman lines as a function of b/jXj, within the framework of Axe's theory.
The theory predicts a small asymmetry between xz and zx polarizations and a very weak scattering in zz
polarization. These predictions result mainly from the fact that the intermediate configuration 3d'4p lies more
than 100000 cm ' above the 3d' configuration, making the closure assumption an adequate approximation.
Good agreement is obtained between observed and calculated spectral intensities for both crystals.

I. INTRODUCTION

The electronic Baman scattering by crystals con-
taining transition-metal ions has been used mainly
in the study of magnetically ordered systems. '
This scattering involves the creation of either one
or 1'wo magnons. ScatterlIlg by isolated lons (di-
luted crystals) was studied in fewer cases ' and
the theoretical understanding of this phenomenon
has not been thoroughly pursued. By contrast,
in the case of crystals containing rare-earth
ions the electronic Raman scattering is better
understood. '

In this work we present experimental results of
scattering by Co ' ions imbedded in two crystals:
CdC13 and CsMgCls. In the latter case a full po-
larization analysis of the scattering has been ob-
tained. %e then develop the theory of the elec-
tronic Baman scattering along similar lines used
in the case of rare-earth iona (Axe's theory'). The
scattering intensities are calculated as a function
of the parameters which determine the fine struc-
ture of the ground term ('T„): the spin-orbit inter-
action; nd the trigonal crystal field. %'e show
that the basic closure approximations involved
in the theory hold better for transition-metal
ions than for rare earths. This results in good
agreement between the theoretically calculated
spectral intensities and those observed experi-

mentallyy,

The paper is outlined as follows: Section II
sums up the experimental results; Sec. III

deals with fitting the energy levels of the T&
term and obtaining the crystalline wave func-
tions. In Sec. IV we present the theory of the
electronic Ran1an scattering and apply it to the

Ti~ term.

Co + ions occupy sites of Dsz symmetry in both
CdC12 and CsMgC13. (Both crystals are uniaxial,
with space groups D,', and D8„, respectively. )
The electronic Baman scattering of CdClz-.3-at. 1
Co ' has been investigated by I.ockwood and Chris-
tie. They did not obtain a polarization analysis of the
spectrum. (It is extremely difficult to cut and
polish single crystals of CdClz in a plane contain-
ing the c axis. ) However, the incident light in
their experiment traveled perpendicular to the
e axis and the scattered light was observed paral-
lel to the axis. Therefore, the three reported
electronic lines were observed in a combination
of yx and ax polarizations. (The z direction is
chosen parallel to the c axis. )

%e have carried out a detailed polarization
analysis of the electronic Baman scattering of
single crystals of CsMgC13: 7-at. % Co '. The
crystals were grown by the Bridgman technique. 6

The scattering was observed at 2 'K using the
4880-A line of an Ar' laser and the 6471-A line
of a Kr' laser. However, all the analysis was
carried out on spectra observed with the latter.
This is because the absorption of the Co ' ion in
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photomultiplier response and crystal absorption.
Typical observed spectra are shown in F 1

The lines shifted by 189 and 258 cm ' are due to
phonon scattering. They are observed in all other
members of the ABCl~ family (A is an alkaline
ion, 8 is a transition-metal ion) which we have
investigated. Also, they are the only lines ob-
servable at room temperature. The other three
lines are due to scattering by the Co ' ions. No
electronic scattering was observed in zz polariza-
tion.

III. CRYSTAL-FIELD CALCULATION FOR T TERM
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The 4F term of a Co ' ion subjected to a cubic
octahedral crystalline field is split into three
levels with energies E(4 T,~) = —6Dq, E(4 T2 ) = 2D
and E 4A =12
b

Dq. The wave functions are giveven

y linear combinations of the form

L
O

O
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x4

The explicit expressions are given by Lines. ' In
this work we focus on the T,~ term which is split
further by the spin-orbit interaction and a residual
crystal field due to the trigonal distortion fr ion rom
u l cubic symmetry. The perturbing Hamiltonian

is given by

I —~80+ ~trig —~L ' S+ &iLg+ &gL- (2)

x(vz}v Goin
x4

The spin-orbit coupling constant deviates from the
free-ion value because the T is t,~ is per urbe by
other T« terms (outside F). We shall take & as
a parameter to be fitted to the experimentally ob-
served energy levels of T,~. In first-order per-

y q.turbation theory, the Hamiltonian given b E . (2)
is customarily replaced by an effective Hamil-
tonian operating within Tlr.

Goin
x4

I
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this spectral region is weak and structureless
and no resonance enhancement is expected. The
observed intensities were corrected for both
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FIG. 1. Raman scattering of CsMgCl3 . 7-at. '7o Co2+

at2 K.a . No electronic lines are observed in zz polariza-
tion. The lines shifted by 189 and 2'8 cm are due to
phonon scattering.

K ff ——&' C S —h[C, —&Z(Z+ 1)]

Here Z is a pseudo-angular -momentum of mag-
nitude 2=1, &' = —-', X, and 6 = —', B, +QB2. An at-
tempt was made previously' to fit X',« to the ob-
served energy levels of Co ' in CdClz but it re-
sulted in a significant inconsistency. In this study
we have calculated the energies of the six Kramers
doublets of 'T„up to second order following a
procedure developed by Pryce. This approach
is required because good wave functions are
necessary for a reasonable calculation of the
electronic Raman scattering (in addition to the
above-mentioned difficulty). The energy eigen-
values of 'es of T,~ up to second order are obtained by
diagonalizing the 12 x 12 matrix whose elements
are given by
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The second-order part can be divided into three
groups of terms in an obvious way: V~ ', V,',&„
and the mixed terms V' '&,«. Kanamori has
shown that the V,', ' xnatrix is equivalent. to the ma-
trix of the following effective HRIQlltonlRn cR1-
culated within the set of the ~T,~ states:

(2) 15
4 E&4Ts,) —E('T, )s

x [2(Z,S', + 2„'8 „'+2', &,' }—(2 S)'j . (5}

2&, 2„, Z~ are the components of 2 along the [100j
cubic Rxes.

Use of the full second-order Hamiltonian re-
quires determination of three independent param-
eters: ~, 81, and Bz. However, we have found
that a very satisfactory fit to both energy levels
and g factors of the ground state was obtained by
restricting the number of parameters to two,
and 6, and by retaining V' ' only. Figure 2 shows
the cal~ulated energies of the six Kx'Rmers doublets
of T,~ as a function of 6/) ~ j . The states are
designated by the irreducible representations of
the double group D3~ with Rn additional distinguish-
ing label (a, 5, . . . ). The values of A correspond-
ing to Co ' in either CdClz or CsMgC13 are de-
noted by arrows.

In order to obtain the values of ~ and 6 for the

crystals under study we have used the observed
energy levels for the fitting procedure. Table I
summarizes the results of the calculations, using
both first- and second-order (V,', ' only) per-
turbation theory as compared with the experi-
mental data. The values of ~ and 6 obtained by

fitting the experimental dRtR ax'e listed in TRble
II. As a check on the adequacy of the obtained
parameters we calculated g„and g, of the (Es, a)
ground state. The results are compared in Table
II with data obtained by ESR experiments 'o'~

Since the parameters obtained by second-order
perturbation theory produce a better fit to both
energy levels and g factors we have used them in
the calculations of the Raman scattering intensi-

tiess.

%e now consider' the lnelRstlc scattering of light
between the six Kramers doublets of the 4T« term.
As the experiments were done at low tempera-
tures, the initial state of the Co ' ion was the
ground doublet I g)—:I Es~ Q)~ while the f1Ilai state
If ) was any one of the other five doublets (Fig. 2).
The scattering intensity is determined by the po-
larizability tensor, ' which is conveniently written
as a sum of a symmetric and antisymmetric
parts:

Here E„are the energies of the intermediate
states l n) and er is the ionic electric dipole
operator; p, o =x, y, z, where the first index cor-
responds to the polarization vector of the incident
photon and the second to that of the scattered
photon. v is the frequency of the incident laser
light, and it is impbcitly assumed that v = v&

- v, .
Now, for a divalent transition-metal ion located

at a crystalline site having inversion symmetry,
the first intermediate states that contribute to
P~,(f,g, v) belong to the M" '4p configuration. In

I

the case of Co ', the Sd 4P configuration lies at
about 100000 cm . From Eq. (6} it is noted that
P'"'/P's' -hv/E„, which is roughly equal to 0. 15
for laser light with v-15000 cm '. Another im-
portant simplification arises from the fact that
the intermediate states are far removed from the
~T,~ ground term. According to Judd's closure ap-
prommatron, ' E„xs consrdered as being nearly
constant for all the intermediate states. This as-
sumption allows one to express the polarizability
tensor P„ in terros of matrix elements of effec-
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Explicit expressions are given, for instance, in
Ref. 13. A typical equation is

P,„(f,g, v) =(f
I

—,'i (n—z"—n', ' —v 2nD )Ig)
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0.0
-6.0

l, i

-4.0 -2.0 0.0 2.0

(ER d)

(Ei,c)

(Eg, b)
sMgClq

(E~,a)
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FIG. 2. Energy levels of the ground term (4T&~) of
Co ' calculated as a function of 6j I W I . E~ and E& de-
note the two irreducible representations of the double

group D3~.

P„(f,g, v)=(f lg
&=0 a=-

(7)

tive tensor operators between the initial and final
states of 'T«..

We now employ the Wigner-Eckart theorem and
note that all components P„(f,g, v) will depend on
just two parameters: n', =('7'„ll n"'ll'7'„) and
n2=—( &« II

n' 'll T«). no
' contributes to the Ray-

leigh scattering only. Of these two reduced ma-
trix elements, a,' determines the contribution of
the antisymmetric part P'"' while n~ determines
that of the symmetric part P' '. The wave func-
tions Ig) and If ) describing the Kramers doublets
of T,~ can be written in the form of the following
linear combinations:

lg)= P Z b,(M.Ms) IS, M, ) IS, M, ).
Ng= 3/2

(8)

The coefficients b,(M, M~) are obtained in diagonal-
izing the V matrix of Eq. (4); they depend on the
ratio d/I XI only. Substituting for Ig) and If) in

Eq. (7) we obtain

P„(f,g, v)= Q bg(M M~)b (M M~)&s ~. (g, M Ipcq, (p, o)n,' 'lg, M )

by (M~M~) b~(M~M~) np, (M~, M~).
5 "s

(9)

ii'-(~ g «I'I nVn2) Z IP.=V&, gs, v)l'. (10)

The matrices n„(M~, M~) are defined by Eq. (9).
Their elements are dependent on n,' and n,'. In
the Appendix we give their explicit form for T«
of Co '.

We have thus shown that P„(f,g, v) depends on
the ratio h/I &

I through the coefficients b& and b~

and on the reduced matrix elements a,' and e2
through the matrices np We note that only the
relative intensities of lines for a given scattering
configuration (i.e. , given p and o) are usually
determined experimentally. Thus, only the ratio
n,'/n2 is determined. The transition probability
for scattering between levels g and f can then be
computed as a function of two ratios: A/I X ( and
n', /n2 We shoul. d bear in mind that in so doing,
the separate contributions of each independent
transition between the Kramers components of g
and f are summed up:

State

Calculated energies
Observed

energy (cm ') First order

(a) CsMgC13. Co '
Second order

E&, a
E b

Ej, c
E2, d

E(, e
E,f

0
235+3

823+ 2
1265 +3

0
263
457
819

1266
1327

0
241
446
823

1266
1371

E2, a
E(, c
E2, b

E,f
E(, e
E2, d

500
923
953

(b) CdC12 ..Co '
0

236
487
899
981

1083

0
211
491
908
973

1108

Data of Ref. 3.

TABLE I. Observed and calculated energy levels for
the T&g term of Co ' in CdCl& and CsMgCl&.
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TABLE II. Spin-orbit and trigonal-crystal-field pa-

rameters and ground-state g factors. x(zx)~ x(vz)v
(Ep, d)

First-order
perturbation

X (cm ')
5 (cm )

gII

gj

Second-order
perturbation

3 (cm ')
Z (cm')

Observed g factors

CsMgCl&..Co2'

—159
680

6. 90
2. 50

—166
727

7. 03
2. 68

7. 32

CdCl& . Co '

—152
—378

2. 90
4. 94

—159
-405

2. 85
4. 96

2. 97
4. 95b

O

h 320—

Vl
(~ &60—

I I

-4.0 0.0 4.0 -4.0 0.0 4.0

FIG. 4. Effect of nonvanishing antisymmetric scat-
tering on the spectral intensities in zx and yz polariza-
tion.

'Data of ref. 11. 'Data of ref. 10.
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i and j denote the individual Kramers components
of f and g, respectively. We shall refer to the
expression on the right-hand side of Eq. (10) as the
spectral intensity of the (f, g) scattering in p&x po-
larization configuration.

The calculated spectral intensities as a function
of b/I &I of the five electronic Raman transitions
are shown in Figs. 8 and 4. Figure 3 shows the

results for the case n1 =0, i.e. , only the symmetric
scattering. Since the effect of the antisymmetric
part (n', o 0) could be determined experimentally
by observing the asymmetry between zx and yz
scattering configurations, we show in Fig. 4 only
these two polarizations, calculated with o'.~&/az

= —0. 15. (For a', /nz=+0. 15 the zx and yz spec-
tral intensities of each transition are merely
interchanged with respect to the case with a', /n',
= —0. 15.) ln comparing the zx and yz spectral
intensities it is worthwhile noting that the (E„a)
-(E„d) transition has equal intensities for both
configurations. This behavior is due to the fact
that this transition is the only one that is indepen-
dent of n', .

%e now apply the results of these calculations to
the experimental data of Sec. II. For CsVigCl~: Co '
we have a complete polarization analysis of the ex-
perimental transitions. The b./I XI ratio was de-
termined by fitting the energies of the observed
levels. The n', /nz ratio was determined by a
y' fit of the scattering intensities of the (Ez, d) and

TABLE III. Observed and calculated (parentheses)
spectral intensities of electronic Baman lines for
CsMgCl& . Co2'. (All lines in each polarization are nor-
malized with respect to the intensity of the 1265-cm '
line. )

160—
(Ep,f)

80 —~
{Eg,b)

-4.0 0.0 40

( g, (Ep, d)
IE

-4.0 0.0 4.0
4 t I X. I

x {yx)v

{o.o7)

El, e
446

fJ

823

0, 18 +O. 03
(0. 14)

Fi, e
1265

1.0
(1, 0)

E2, f
1371

(o. 16)

PIG. 3. Electronic Raman spectral intensity for
scattering between the ground level (E2, a) and the five
excited l.evels of T&~ as a function of 6/I h I. The anti-
symmetric scattering is assumed to vanish.

x {yz)y

x (zx) y

(o. o1)

(o. o2)

(o. 23)

(o. 16)

2.28+0. 1
(2. 28)

1.55+0. 1
(1.42)

1.0
(1.0)

1.0
(1..0)

{o.17)

(o. 14)
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(E„e) lines in zx and yz polarizations. We thus
obtain

o', /n, ' = —0. 09+ 0. 05 (CsMgC1, :Co').

Using this value we calculated the scattering spec-
tral intensities for all lines in all polarizations
and compared them with the experimental results
(Table III). ln this table all intensities are nor-
malized with respect to the (E„e) line intensity.
The agreement between experiment and theory is
quite adequate: (a) The intensities of all lines are
predicted to be weakest for zz polarization. No

scattering is observed experimentally. (b) The
strongest line in yx polarization corresponds to
the (E~, e) doublet, while in yz and zx polarizations
the strongest lines correspond to the (Ez, d) and

(E„e)doublets.
In the case of CdCl& .Co ' we lack a complete

polarization analysis. As mentioned in Sec. II,
the configuration used in Ref. 3 is compatible with
a yx and zx combination. From Fig. 3 we note
that for d/I &I = —2. 5 two strong transitions are
expected in yx polarization: (E„e) and (E„f ).
In zx polarization these two lines are again ex-
pected to be strong. This general behavior is in
qualitative agreement with experiment.

V. SUMMARY

The electronic Haman scattering between the
crystal-field states of the lowest 4T&~ term of
Co ' has been examined both experimentally and

theoretically. We have shown that the energy
levels are well accounted for when second-order
perturbation theory is used. The resulting wave

functions have been used to calculate the Haman
intensities as a function o7 4/I & I and for two given
values of ef/oa. Good agreement is obtained be-
tween experiment and calculation for both

CsMgel, :Co'and CdCl, :Co' for which ~/~ ~ t&0
and &/I & I

& 0, respectively. The facts that the
closure approximation works well and that the
antisymmetric part is small for Co ' are explained
by noting that the intermediate configuration in-
volved lies at about 100000 cm"'. It is interesting
to contrast this case with rare-garth ions like
Ce ', Nd ', ' and Dy '. For these ions large
antisymmetric scattering is observed, and the
closure approximation on the intermediate states
is not as good as in Co '. This is due to the fact
that the 4f" and 4f" ' 5d configurations are closer
in energy than Sd" and 3d" '4P.

Finally, a good knowledge of the single-ion
eigenfunctions is a prerequisite for a detailed
study of the elementary excitations in the iso-
morphic concentrated crystals. Such a study in
CoCl& is the subject of a forthcoming publication.

APPENDIX

The following are explicit expressions of the
matrices a~,(M', MJ defined by Eq. (9). a', and
0'2 are the reduced matrix elements of the e"' and

tensors w~th~n the T,~ term

QV vo@2

6 vvo+3

+gJ

Vo ~2

1~ IBv 7o &a

8 Gi+ 4 35&2

+1+ 4 35+2

8 9 31+1 a4%35+2
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+ x.

8 V 21 +1 24V35 +2

x Zf
12V35 +2

—8 Q1+ 4 35Q2

8V 21 +1+24'V 35 2
3/~ i ~ &1

-hJ, '
8 V 21+1 24 V 35 +2
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