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Selection rules in rare earth MCD spectra. An experimental confirmation
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The MCD spectra of the °D,«—’F, and °D,«'F, transitions are analyzed for two complexes of the
Eu** ion with the F~ ligand: the LiYF,/Eu’* (D,, symmetry) and KY,F,/Eu** (C,,
symmetry). The sign inversion of the .« terms, predicted theoretically in a previous paper, is
confirmed experimentally. It is shown how MCD is able to distinguish unambiguously between

the C,, and the D,, coordination symmetries.

I. INTRODUCTION

The aim of this paper is to give an experimental confir-
mation of the selection rules, derived theoretically in pre-
vious papers,”'® for the MCD spectra of rare earths, in the
light of two mechanisms which account mainly for the spec-
tral intensities of rare earth absorption bands, namely, the
magnetic dipole and the induced electric dipole mecha-
nisms.

The MCD experiments were performed on the Eu’* ion
complexes with a common ligand (F~) but in two different
coordination symmetries (D,, and C,,).

In order to confirm the sign inversion predicted pre-
viously on a theoretical basis’ we analyzed for both symme-
tries the properties of the Faraday «/ terms corresponding
to the >D,«"F, and >D,«F,, transitions where, respective-
ly, the magnetic dipole and induced electric dipole character
are predominant.®

In the first section of the paper we recall the theoretical
background of the subject making exclusive use of the sym-
bols, definitions, and sign conventions of two papers, one on
MCD by Stephens in 1976,* (and subsequently recommend-
ed in the recent monograph by Piepho and Schatz’), and the
other one by Judd? on the absorption intensities of rare earth
ions.

The central objective of this paper is to look at the MCD
spectra of rare earths in the framework of the Judd-Ofelt
theory?® and to show how magnetic circular dichroism
through the sign properties of its &, &, and € parameters
is much more sensitive to site symmetry effects than absorp-
tion or emisson signals.

Il. THEORY

The MCD circular dichroic signal A4 is expressed by
(see formula 44 in Ref. 4):

A4 =A_—A,

-refo(-22)

+(@o+ Z)ie)prce,
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where
_ 1 02 __ 02
dl———dA g [1{4a10_|72)°1 — [{4.10.172)°|°]

X [(alL, +28,17,)°
- <Aa |Lz + 2“Sz !Aa >0] ’
o= 3 Ref 3 (10U K,I0, 14"

A A K. #J
— (4,10, [7;)(K, 0_|4,)°]
X (J/l ‘Lz + 2"Sz |KK>0
Wi~W;
+ z [(Aalo—lJA>o<J/110+le)o

=
— (4,10, |7,)°(J;|0_|K,)°]
(K.|L, +2S, lAa)"]
X
Wi —Wi

(1)

with 4 _ and 4 : absorbance for rcp and lep (right circularly
polarized light and left circularly polarized light).
& : energy
x./V 7 log, e
250fic

A": Avogadro’s number,

with

x: effective field correction,

x =a?/n for electric dipole transitions,
x = n for magnetic dipole transitions,
a: electric permeability ,

n: refractive index .

f(#): shape function so that (f(€)d& =1,
s %, € o Faraday parameters,

k: Boltzmann constant,

T: temperature,

B: Bohr magneton,

© 1985 American Institute of Physics 4329
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4330 Gorller-Walrand et al. : Rare earth MCD spectra

H: magnetic field,
C: concentration,
z: optical pathway,
0, = F(1/V2)myx +im,): electric dipole operator
for Icp and rcp
or
0+ = F(1/v2)u, + in,): magnetic dipole operator
for lcp and rcp,
d ,: degeneracy of the ground state,
A, : zero field (absence of magnetic field) wave
functions for the ground state.
If A is degenerate a =1 to d,,.
J;: zero field wave functions for the excited state.
If J is degenerate A = 1 to d.
K, : zero field functions for the excited state,
%9, W9, W%: electronic state energies,
(L, + 2S,)BH: — p,H : Zeeman operator,
)°: the superscript zero’s designate zero field quantities,
& ,: the subscript 1 designates a first order
moment quantity,
% o the subscript O designates a zero order
moment quantity.
Note: In order to account for MCD it is convenient to choose
unperturbed wave functions which are diagonal in the Zee-
man operator.

A. Sign convention

Following Piepho and Schatz® the CD sign is positive
when absorption for left circularly polarized light is greater
than for right circularly polarized light. As a consequence of
having a positive &/, term, the absorption of left circularly
polarized light must take place at higher energy than absorp-
tion of right circularly polarized light (see Fig. 1). A positive
B term corresponds to absorption of left circularly polar-
ized light.

B. The expression for the .=/, term in the Judd’s
notation

The expression for the o7, term becomes?

o = di S [1€4a[0_|45)°1” — [{4,10, 14 ;)°)?]

A aa’
X [<A t'l' ILz + ZSZIA ;’>0] - <Aa|Lz + ZszlAa)O] ’
(2)
where 4 and 4 ' are the ground and excited crystal field levels
which correspond to

(Aa|= S (1M |ay,

and
|A;,)_=_za1’u,[1¢’J’M’). (3)

If in addition to J and J ', M and M’ are still good quantum
numbers for the crystal field levels an obvious simplification
results in the expression of the .| term since the summation
of the M or M' terms reduces to one term (a,, = ! and a;,,

AA=A_-A,
N T
positive a-term
DA=A-A, positive @3-term
\/ E
negative (>term
AA=A_‘ A+

positive C-term

/\

I —
\V

FIG. 1. Sign convention.

= 1). Also, the summation over the a or &' terms reduces
maximally to two terms corresponding to the components
with quantum numbers |M |, — |M | and |M'], — [M'|; the
cubic and icosahedral symmetries are not considered in this
treatment (for details see Ref. 18).

If, moreover, the ground level is nondegenerate, and
necessarily labeled by M = 0O (otherwise M will no longer be
a good quantum number for the crystal field level), the
expression of the .7, term becomes, in the simplified nota-
tion (4 |=(J0|and [4")=J'M"),

o,

= 'M; » [[(JO[O_|J'M")|* — |{J 0|0 [J'M")*]

X['M'|L, +2S,[J'M')]. (4)
As

Z [(Jojo_|J'M")|?
+ M= M|

= S oo, |l M )| (5)
+ M|, — M
and
'+ IM'||L, +25. |0, + [M'])
= —(J,—|M'||L, +2S,|J",— |[M"]|). (6)

In Russell-Saunders coupling:
(J', £ |M’'||L,S, +2S,[J,+ |M'|)= + |M'|g
with

J. Chem. Phys., Vol. 83, No. 9, 1 November 1985
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JU+1)~LIL+1)+SS+1) Z
=1+ : (the Land
& W+ 1) (the Landé
factor).

One subsequently obtains for o7, the expression
o\ =2(JOIO_'M")P[(J'M'|L, +25,l0'M")]. (7)

If g is positive the sign of < , is determined by the sign of
M’ used to label the Zeeman component to which left circu-
larly polarized light is absorbed. If g is negative the opposite
statement holds true.

We will now consider this rule in the light of the two
mechanisms that account predominantly for the intensity in
the spectra of rare earth complexes, i.e., the magnetic dipole
and the induced electric dipole mechanisms.

(a) Magnetic dipole transition [0O_=p_,
= —(le|/2mc)(L + 28)2, ].

For a magnetic dipole transition the intensity matrix
element is related to

|(TO|(L + 28)1\ "M ") |?

J 1 J
= - 1 J( ) i
=0y , 3 )VILE2SIOE, @)
where g = — 1 and + 1 for left and right circularly polar-

ized light. The selection rule for a magnetic dipole transition
can be derived from the 3j symbol:
M'=—g=—(-1). )
This means that absorption of left circularly polarized
lightoccursto M ' = + 1giving always a positive o/ | term if g

is positive.
() Induced electric dipole transition (0_=m_,
= —lelDV).

For an induced electric dipole transition, from Eq. (13)
in Ref. 2, the intensity matrix element is related to

|<J0|DO "M ) |2
=| > @ +1(=1p*e

pteven A
1 A ¢
XA ( )EM)
"\¢g —-p—q »p (
X (JO|U |7 M )2 (10)

This expression may be further reduced to
[(JO|DPI'M ') ?

| Y @A +1(—1p*4,

pheven
1 A 1\ _
x(q -pP—q p)'(t"”
J AT ,
X(=1(5 %0 m)OIUE.

Besides a series of selection rules on J, 4, t... given in Refs. 2,
18, and 19, there is one that follows from the second 3 sym-
bol and which is relevant for MCD, namely,

M'=—-p+g). (12)

From Eq. (7) the sign of the & term is thus determined by the
sign of the M ' value that satisfies the 3j symbol for g = — 1.

4331

The sign of this M ' value is clearly related to the symmetry of
the coordination sphere around the rare earth ion through
the p value which appears in the odd crystal field terms

V=34,D".
Lp

lIl. EXPERIMENTAL
A. Choice of the single crystals and synthesis

To confirm the previously deduced selection rules and
demonstrate their influence on the sign of the &, term, it
was necessary to find a case where a given lanthanide ion
could be complexed with the same ligand but in different
coordination symmetries. The phase diagram of the system
RF-YF, doped with Eu>* (R: alkaline ion K or Li) suggests
the possibility of synthesizing two types of complexes:
RY,F,/Eu** with C,, coordination symmetry around the
rare earth, and the RYF,/Eu’* with D,, symmetry. For
practical synthesis reasons RY;F,, was prepared with the K
cation (KY,F,/Eu**) 7 while the RYF, was obtained with
the Li cation (LiYF,/Eu3*) .8

B. Crystal structure and relation to site symmetry

The LiYF,/Eu®* system crystallizes in the tetragonal
scheelite structure (space group C§,). The polyhedron
formed by the nearest neighbors of the rare earth ion, eight
fluorides (F~}, is nearly a dodecahedron (D,,) (see Fig. 2).
There is a slight lowering in symmetry to S, which implies a
small distortion of the ¢ coordinate.

The KY,F,/Eu®* complex crystallizes in a cubic sys-
tem ( Fm3m).' In this structure which is derived from the
fluorite structure each rare earth ion is surrounded by eight
F~ ions forming a slightly distorted square-based antiprism

(Ca)-

C. Orientation of the crystals

The LiYF,/Eu®* was cut and polished as a + 1 mm
slab perpendicular to the optical tetragonal c-crystal axis
which corresponds to the S, axis in the symmetry and orient-
ed with this S, axis || to the magnetic field. The application
of the magnetic field (H, ) on the D,, symmetry or S, symme-
try results in the S, symmetry.!!

For the cubic KY,F,,/JEu** crystal, no orientation
work is needed. One has to keep in mind, however, that in the

a)KYy Fyg (Eu3?) by LiYF, (Eu3?)

FIG. 2. Site symmetries: 2,: KY,F,o/Eu** (C,,), 2,: LiYF,/Eu** (D,,).

J. Chem. Phys., Vol. 83, No. 9, 1 November 1985
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crystal structure the C,, sites are oriented with their C, axes
in three directions perpendicular to each other, that is for
1/3 with their tetragonal C, axis parallel to the magnetic
field and for 2/3 perpendicular to the magnetic field.

The resulting spectrum is thus expected to be a superpo-
sition of these three different sites among which only the first
type fulfills the conditions required for testing the theoreti-
cal predictions of the first section of this paper. The two

a)K Y3 Fg(Eu>")

Gorller-Walrand ef &/, : Rare earth MCD spectra

other sites justify the additional comments of the Sec. IV C
in this paper.

D. Recording of the MCD spectra

The MCD spectra were recorded with a McPherson
spectrophotometer (1200 lines per mm grating) equipped
with a Morvue modulator and a 7 T supermagnet.

The MCD spectra are shown in Fig. 3 and exhibit a

5

ARBITRARY UNITS
o
AR .
| 1 1 1

5

.
Dy —Fy

-2 21 -~
1 |
214 21.5 21.6 1895 1905 1915
WAVENUMBER (¢m x 1000)
) 3+
b) Li Y Fy (Eu”")
5 7
oL Do~—Fy _
2L i
(5]
—
z \F 4
o
>
< J
® 0 e o
=
o
<
A -
-2 -
-3 ~
1 1
2143 2153 2163 18.95 1905 1915

WAVENUMBER (crﬁ]x 1000)

FIG. 3. MCD spectra (293 K, 7 T): 3,: KY,F,/Ev** (C,,) 3,: LIYF./Eu>* (D,,).
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positive o7, term for the D «F, transition in both the
LiYF,/Eu** and KY,F,/Eu®*. The °D,<F, transition
exhibits a positive &, signalin C,, whileit is negativein D,,.
Moreover, in KY,F,,/Eu** %, terms are found which
show a sign inversion between *D,«F, and ’D,«F, transi-
tions. The % , term at highest energy is positive for °D,«<F,
while negative for *D,«F,,

IV. DISCUSSION OF THE SPECTRA
A. Preliminary remarks

The °D«'F, and *D,«F, transitions are forbidden
within a Russell-Saunders coupling scheme. However, due
to the relaxation on the selection rules by intermediate cou-
pling, these transitions do occur. This means that the °D,
and °D, states are in fact linear combinations of states with
the same J value (e.g., °D,, 'F}, etc.... and °D,, 'F,, etc....).

We will first consider the &, terms corresponding in
both spectra of KY,F,,/Eu®** and LiYF,/Eu** to the
’D,«'F, and 3D,«F, transitions. A special section will
deal with the %, terms appearing in the spectra of the
KY,F,o/Eu®* crystals due to the fact that 2/3 of the sites
have their tetragonal axis perpendicular to the magnetic
field.

B. &, terms
1. The °D,«"F, transition

Through intermediate coupling the °D, state contains to
some extent ’F, contribution so that for "F,«F,, all the se-
lection rules are obeyed in order to satisfy the conditions
necessary for a magnetic dipole transition!2:

4l=0, AS=0, AL=0,
A4J=0, + 1 (not 00},

AM = O(o polarization),
AM = 41 (7 polarization).

a. KYs F10(EU3‘)

4333

In Fig. 4 the crystal field splitting is given for the C,, as
well as the D,, symmetry. In both symmetries 7-polarized
transitions occur from the 4, ground state to the twofold
degenerate excited E state.

In the presence of a magnetic field the crystal field levels
aresplitintoanupper |M ') = | + 1) component and alower
| — 1) component while the ground state corresponds to
(M| = (0.

Following the selection rule M’ — M = — p, absorp-
tion of left circularly polarized light occurs to the
IM’) = | + 1) components while right circularly polarized
light is absorbed to the | — 1) component. The result is a
positive ./, term in both symmetries C,, and D,,, accord-
ingly to the expressions of the <, term in both symmetries:

=+ 1L, +2S,| + DOje_,| +
—(—=1|L, +25,| - 1)
X|{Olue 41| — D?
= +2(+ 1L, + 25, + D|(Olu_,| + 1)|?
+ 28|10l + DJ?.

2. The °D,«F, transition
In the case of the C,, site, only the site with tetragonal
axis along the propagation direction of the incident light and
thus the magnetic field has to be considered (in this section).
Due to the mixing of *F, and 3D, states the transition
5D,«'F, is induced electric dipole allowed; the relevant se-
lection rules being

Al= +1, AS=0, |ALI<S6,

|AJ | <6, where if J or J' = O then |4J | = 2,4,6.
From the fact that J = 0 and from the triangular condi-
tions in the 3/ symbol of formula (11},

0<A<2 so that A =2.

b LiYF, (Eu3")

(; 120% Chy —— Dog - .
T3 S i::;:l.::, =———=E )it =TT By () guem-idl - 3
no T 2. 2o T Bimgesaenr T . 5 FE B = HZ‘;
1 - | _ —
5 - — FODTD e By () L1 D D) -~ f2 DZ A B o —— 6
" — ’%(Id)ol-zn'_lzlﬂ) — A i i — B, “—3)}2“’2’" 2% - 5
XYy -1t X,y +] |-
+ |-

: =R A £ == R I p—— ety
5 - FZ(M):l-m Aziny 1D I v
_J+ SxSy [‘* SxSy ~1 |4
p —li... <05 PRI IR ] <ol fi 7F6 A () <o J w i

FIG. 4. Correlation scheme between crystal field and Zeeman components for the "F,, >D,, and D, levels in D, and C,, site symmetry. The symbols — and
+ correspond to absorption of left and right circularly polarized light. a : KY,F,/Eu®*, b :LiYF,/Eu®*.
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4334 Gorller-Walrand et al. : Rare earth MCD spectra

The selection rules on ¢ with respect tod = 2aret = lor
3.

The p values for t = 1 and 3 are found in the odd crystal
field potential terms (see Prather'?)

C. Atp(Odd): A(C) A5 (C) p=0,

D,, 4, (0dd): 45,(S) p=2,
where C and S designate the tesseral harmonics (C:cos and
S:sin).

In both symmetries the E«<—A4, transitions are to be con-
sidered in the light of the selection rules of Eq. (12), whereas
g = — 1, (left circularly polarized light); one obtains the fol-
lowing:
for C,, M'= —(0—-1)= +1

leading to a positive &/, term,
for Dyy M'= —2—1)= —1

leading to a negative &/, term.

The corresponding expressions of the ./, terms are, re-
spectively, for C,, symmetry:

=+ 1L, +28,| + 1[{0|m_,| + 1}|?
—{~1|L, +28,| — D|{0lm_,| — D?
= +2(+1|L, +25,| + D[(0lm_,| + 1}]?
= +2g[{0|m_,| + D|*.
For D,, symmetry:
= (=1L, +25,| — D]{0lm_,| — 1)
=+ 1L, + 25| + D[Om_,| + 1)]?
= —2(+ 1L, + 25, | + D[0|m | + 1)|?
= —2g[{0|m_ | + 1)|?.

C. %o terms in the KY3F,, MCD

For the two sites having their tetragonal axis perpendic-
ular to the direction of the magnetic field, the crystal field

potential (V= >'4,,D{)) has to be expressed in two other

I,

coordinate syst‘éms, obtained by cyclic permutations
x—y—z—x (rotation of — 120 °) and x—z—y—>x (rotation
of + 120°.13

Once an expansion has been obtained in a given coordi-
nate system, that in any other coordinate system may in
principle be obtained from the fact that each of the terms in
the new system will be expressible as a sum of terms of the
same ¢ value but of different p values.

The relevant transformations of the tesseral harmonics
are for a rotation of — 120°: C'—=S'V and

CP— — (V6/4)S P — (J10/4)SY,
for a rotation of + 120°: C{'—>C"! and

CP— — (v6/4)CY + (/I0/4)CY .

The crystal field functions (see Fig. 4) are now written as
linear combinations of the different A’ components which
means that in this case M’ are no longer good quantum
numbers.

Let us consider the >D,«"F, and >D,<«"F, transitions.

3. The °D,—F, transition

The application of the selection rules on transitions
between the crystal field levels in Fig. 4 makes clear that
magnetic dipole transitions following S, and S, occur to two
levels in which | + 1) and | — 1) are combined (labeled 4 "
or I',). One of these levels is accidently degenerate with a |0)
level (4 ' or I')).

The Zeeman operator (L, + 25,) transforming like S,
mixes the two I, states. For a rotation of — 120°, let us first
consider the mixing of the lower state [(1/
v2){|+1)+]—1))] into the wupper state [(1/
v2)(| + 1) — | — 1))]. The energies are, respectively, Wy
for the lower and W, for the upper state, so that
AW = W, — W, is negative.

The expression for the 4, term is

By Re{ (A((+ 1 = (= 1)L, + 25, |1V + 1) + | — 1))
AW
X({Olu—1|(1/vV2)| + 1) — | = INA/V 2+ 1] + = 1])|44]0)
= O al(1/V/2)] + 1) = = DA+ 1]+ (= 1l 0}

2 2
= ——=-|(0 1)]%.
2810l + 1)

Because AW is negative, the MCD signal at higher energies consists of a positive %, term.
Ananalogous derivation leads to the conclusion that at lower energies the MCD signal yields a negative %, term as AW is

positive.

One can conclude therefore that the MCD spectrum consists of a negative %, term to the low energy side of the
unperturbed zero field transition and a positive %, term to the high energy side; that is the composite MCD signal looks like

the <, term.

Exactly the same result is obtained when the order of the upper and lower states are reversed as it is the case for the + 120°

axis rotation.

J. Chem. Phys., Vol. 83, No. 9, 1 November 1985
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2. The °D,«"F, transition

In Fig. 4 the wave functions and energy shifts are given for the *D,«"F, transition in the same way as for the D« F,
transition.

The emphasis lies now, however, on the fact that absorption [following the selection rules for the induced electric dipole
mechanism (x,y)] occurs to components that are linear combinations of the | 4 2), |0), and | — 2)|M ') values. These corre-
spond to the 4 '(T,) in C,, the symmetry obtained by applying the magnetic field (see Fig. 4).

By application of the Zeeman operator the same considerations hold true as for the *D,«F, transition, i.e., mixing of the
I, states under |L, 4 28, |, resulting in three %, terms. For the — 120° rotation these terms are as follows:

(1) to the upper level, characterized by — (1/y2)(| + 2) — | — 2)) and W, corresponds:
B 1) = 2( — (D + 2] = { = 2DIL, + 28, [{W2/4)] + 2) — (3/2)[0) + (v2/4)] — 2)}
0 B WK\ - WJ

X {{0lm_| — (12| +2) — | — 2)) [W2/4)¢ + 2] — (/3/2)(0|
+ (2/4)( = 2| ]Im 4]0) — (O)m | — (1/2)(| +2) — | = 2))
X [2/4)( + 2| — (J3/2)(0| + (V2/4){ — 2|} |m _,|0)}

— (I2)((+2] = (= 2|)IL, +25,|[(/6/4)] +2) +1|0) + (V6/4)| —2)]
Wg, — W,

X {{0lm_,| — (AA2)] +2) — | — 2)) [(W6/4)( + 2| + 1(0]
+ (W6/4)( — 2| }m ,1|0) — (Olm | — (1I/2)(| +2) — | —2))

+

x (W64 + 21 + K] + W&/ — 2/ Tim_,10)})
where W,, Wy , and W , are, respectively, the energies of the upper, intermediate, and lower level:
Wy, — W;<0 and W, — W, <0.

This results in

Bt = (555 )l | +2)P <0l =P
K — Wy

+ (V6/2)40|m _,|0)({O[m _,| +2) — (Olm_,| — 2))}

____ﬂ___ 2_ . 2
+( WKZ_WJ){(J?/Z)(I(OIm..,I+2>| |{O|m_,| — 2)1?)

— (LA Om_[0)(Olm_y] +2) — O}m_i[ =2} ),
(2) to the intermediate level, characterized by (y2/4)| + 2) — (y3/2)|0) + (2/4)] — 2) and Wy, corresponds:

[W2/4)¢ + 2] — (W3/2)40] + W2/4K — 2[]|L, + 28, | — (1/2)(| +2) — | —2))
W, — Wy,

390(2}=2(
X {(0lm_,| [W2/4)] +2) = (3/2)10) + (J2/4)] ~2)]
X (= (UABIC + 2] = (= 2D)m.1[0)) = (Ofm 1| [W2/4)] + 29
— (B/2)10) + (B/4)] — [~ ARKK +2] = (= 2]m_, [N} ),

421 = 2| 5= | 1|+ 201 = O] =23 )+ §6/2)0m_0)
X(0lm_,| +2) = (Olm_,| = )1,

where W, — Wy >0;
(3) to the lower level, characterized by (y6/4)| + 2) + 4|0) + (V6/4) — 2)
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B3) = 2( [(W6/4)( + 2| + 10| + (6/4) — 2| 1|L, + 25, — (12| +2) — | —2))

W, — Wk,

X {{Ojm _,| [(6/4)| + 2) + 1|0} + (V6/4)| —2)]

X(— (12 + 2] = (= 2|)|m_,|0)) — {O|m .| [(V6/4)| + 2) + 4|0)

+ 664 —2)](— (LB +2] = (= 2)m o)),

25 =2 =520 [ Lo + 2= 10, -8

+ ARl [0) = (Olm_| +2) + ©lm_,| - )],

where W; — Wy >0.

The situation is complicated to some extent by the fact that
the sign of the & , term is the result of the interplay of differ-
ent intensity matrix elements.

By looking at the odd crystal field terms, which occur in
the expansion of the crystal field potential after a considera-
tion of the coordinate system transformation:

A,lodd) A4,,C(S) 4;CS p=1

A3;CS p=3
and at the selection rule M’ = — (g + p), it is found that to
| —2) absorption of left circularly polarized light occurs
through the 4,; parameter, while absorption of right circu-
larly polarized light takes place through 4,, and 4,,. To
| + 2), exactly the inverse holds true.

Moreover, the 4, and 45, are effective in the absorption
of left and right circularly polarized light to the [0) compo-
nent to the same extent. Calculations based on the intensities
of fluorescence spectra by Porcher and Caro show that the
As3>» A5, and A,), so that the matrix element (O|m _ ;| — 2) is
greater than {O|m_,| + 2). The detailed calculations will be
given extensively in a second paper that takes into account
the wave functions in an extended, J-J coupling, basis set.!’

However we can summarize the result of the calcula-
tions as follows: all the electric dipole matrix elements for the

— 120°rotation are imaginary. Numerically the second part
of the #,(1) term [with coefficient — 3g/( Wy, — W]
turns out to be predominant, as it contains a sum of two
terms, whereas the difference of these same two terms ap-
pears in the first part.

Finally, as mentioned previously in this second section,
the terms [(O|m_,| —2)|*> and (O|m_,|0){0O|m_,| —2)
have the largest contribution. The % (1) term has thus the
sign of Wy — W, <0. As a consequence the related % (3)
term is positive since it contains W, — W, >0.

A (2) is related (but of opposite sign) to the first part of
B o(1) [with coefficient — g/( Wy, — W,)}; our calculations
indicate that it is one or two orders of magnitude smaller
than the two other %, terms and indeed difficult to detect
experimentally.

V. CONCLUSION

The central objective of this paper is to show that a pure-
ly qualitative sign argumentation for induced electric dipole

[ransition in MCD spectra can lead to definite conclusions
about the site symmetry of the coordination sphere sur-
rounding the rare earth ion.

The case illustrated here demonstrates how the C,, sym-
metry can unambiguously be differentiated from the D,,
symmetry by the sign of the o/, terms associated to the
3D,«"F, induced electric dipole transition. We recall that
the magnetic dipole transition >D,«F, shows the same sign
for the ., term in both symmetries.

With respect to this the >D,«—"F, can serve as a “sign
reference transition” and the D,«'F, can be used as a
“MCD probe” (in addition to the well-established NMR and
fluorescence probes) for testing the coordination structure.

We wish to emphasize that such a simple differentiation
between D,, and C,, symmetries cannot be obtained by ab-
sorption or fluorescence measurements, and even by polar-
ization spectroscopy; indeed in both cases the spectra will
show (both for x—y absorption or emission} the same kind of
signal due to a transition from the nondegenerate ground
state to a degenerate E state.

The case worked out here theoretically was chosen ad
hoc to test the validity of the selection rules and their conse-
quences for the sign of the ., terms in a rather simple way.
The most difficult step was, however, to choose the single
crystal systems that enabled us to confirm experimentally
the predicted theory.

The presence of two other sites in the KY,F,,/Eu’+
crystal although requiring a more complicated theoretical
development, allows one to draw some clear conclusions on
the low symmetry of Cs.
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