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The fluorescence spectrum of Eu3* in the C,—approximately C,,—site of the C-¥,0j5 struc-
ture was recorded using ‘a tunable dye laser to populate the 5D0 level of the 4% configuration.
Because the active ion occupies an anisotropic point site in an overall cubic unit cell one can
make use of the Feofilov theory to interpret the experimental polarization of the emission lines.
The polarized laser beam was applied perpendicular to the (111) plane of a single crystal and the
polarization for each line of the SDg—"F, ; 3 4 transitions was measured. From the data the ir-

reducible representations associated with the Stark levels can be found. In particular the transi-
tions 4, — A and 4, — A, can be unambiguously distinguished from 4 — B, and 4, —B,. A

preliminary crystal-field analysis was undertaken on the basis of the 49 7F, states using an Hamil-

tonian (including spin-orbit coupling) written in true C, symimetry, that is including imaginary

crystal-field parameters. To derive approximate values of the crystal-field parameters the elec-

trostatic point-charge model was applied.

I. INTRODUCTION

Y,0; crystallizes in the cubic T} space group. It is
a good host material in which 4 /" rare-earth ions can
be embedded for optical purposes, especially fluores-
cence under a variety of excitation conditions. The
structure contains two sites for the Y*¥ ion: a S
centrosymmetrical site and a C, site responsible for
the quasitotality of the observed emission lines. No
information has been obtained until now about the
irreducible representations associated with the C,
crystal-field split levels, since even though the site
symmetry is low, the overall unit cell symmetry is
nigh, forbidding any extinction whatever the observa-
tion direction.

Schaak and Koningstein! attempted to identify the
irreducible representations associated with electronic
levels of Eu?* in C-Y,0; utilizing the electronic Ra-
man technique. However they succeeded only in
detecting some Dy —F, lines for the S site, and
none associated with the C, site. The present work
reports a new study of this material.

II. CRYSTALLOGRAPHY

The C-Ln,0; structure is related to the fluorite
structure MO,. The fluorite structure can be
described as an assembly of M Og unit cubes. The
C-Ln,05 structure is an assembly of two types of
MOg unit cubes: the S¢-type cube with two missing
oxygens on a body diagonal and the C,-type cube
with the oxygen vacancies on a face diagonal. There
are therefore two distinct sites for the rare-earth

atom, the ratio of the number of C, sites to the
number of Sg being 3:1. In the following we shall
only attend to the most numerous C, site, and con-
sider it as pseudo C;,, the real symmetry being
slightly distorted.

In order to carry out the theoretical study of the
polarization properties of fluorescence spectra, we
have to know the relation between the symmetry ele-
ments at the rare-earth site and those of the unit cell.
Figure 1 is a representation of the C-Ln,0; structure.
The Ln atoms occupy the center of half the little unit
cubes in each X, Y, or Z direction. The oxygens oc-
cupy all the vertices of these little cubes except those
for which an anion vacancy is drawn. One can see
that the C, symmetry axis of each cationic C,, site is
parallel to either X, Y, or Z, that is to one of the
three C4 symmetry axes of the C-Ln,0;3 cubic unit
cell. There are therefore three groups of Cj, sites
denoted by i =1, 2, or 3 according to the orientation
of the C, axis along crystallographic X, Y, or Z,
respectively. Bases for the irreducible representations
in each of these local C,, sites are defined as z (C,
axis), x (chosen as joining the two oxygen vacan-
cies), and y (normal to x and z). Table I summarizes
all the relations between cubic cell and point-site
symmetry elements.

III. THEORETICAL POLARIZATION PROPERTIES
OF THE FLUORESCENCE SPECTRUM
OF Eu?* in Y,0;

The optically active europium ion enters the Y,0;
lattice by substitution in yttrium sites. Its local site
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FIG. 1. C-Ln,0j; idealized structure (only oxygeri va-
cancies are drawn).

symmetry is C,, nearly C,,. Subsequently to the ex-
citation of the 3D, long-living level at 17221 cm™,
this level re-emits towards the ’F multiplet. Table II
lists the irreducible representations associated with
the crystal-field splittings in C;, and C, symmetries
and the nature of the optical transitions.

The light emitted through magnetic or electric di-
polar transitions is polarized either along the C, axis,
or in the plane perpendicular to this axis. As it was
said above, the C, symmetry axes are oriented in
equal numbers along the three C, axes of the unit
cell, so there exists no privileged direction along
which some components are absent, as in uni- or
biaxial crystals. However, Feofilov? has shown that
in cubic crystals containing anisotropic centers, the
degree of polarization can exceed %, under certain

conditions of observation. The experimental evi-
dence for this was brought in by the study of rare-
earth (Eu’*) doped alkali halides. Feofilov showed
that the necessity for charge compensation created in
fact anisotropic elementary centers. Following the
azimuthal dependence of the polarization of lumines-
cence in these crystals he established that the centers
had to be oriented along the four threefold axes.

In Y,03: Eu*, these centers exist without necessi-
ty of charge compensation. Feofilov’s method can be
applied to identify the irreducible representations as-
sociated with the Eu®* levels observed in fluores-
cence experiments. In a first step, the absorption
probabilities can be calculated by considering the clas-

TABLE I. Relations between site and unit cell symmetry elements in C-Ln,0; (see Fig. 1 for notations).

Site Site

Site Site
Elementary Symmetry Orientation Elementary Symmetry Orientation

cube i z; X; Vi cube i z; X; Vi

alB: C,(D) X [oT1] [o11] B14 Cc,(2) Y [to1] [101]
alD C,(1) X [o11] [oT1] B1C C,(2) Y [To1] [101]
a24 S B82B C,(3) z [T10] [110]
a2C Se 82D C,(3) z [110] (T10]
a3B C,(1) X (o11] [oT1] B34 C,(2) Y [101] (To1]
a3D Cy(1) X [oT1] (o11] B3C C,(2) Y [101] {To1]
adA S B4B C,3) z (T10] [110]
adC Sg - B4D Cc,3) z [110] (1101
y1B (D) X [oT1] [o11] 314 Cc,(2) Y [101] [To1]
y1D C,(1) X [o11] [oT1] 81C Cc,() Y [101] [To1]
y24 S¢ 528 C,(3) z [110} (T10]
y2C S 82D €,(3) z [T10] [110]
y3B Cy(1) X [o11] [oT1] 334 Cc,() Y [To1] (101]
y3D C,(1) X [oT1] [o11] 83C Cc,(2) Y (o1l [101]
y44 S 848 C,(3) z (1101 (T10]
y4C S 34D Cc,03) z [T10] [110]




12 J. DEXPERT-GHYS AND M. FAUCHER 20

sical interaction between the external electric-field Eq
associated with the incident electromagnetic wave,
and each elementary electric (linear oscillator) or
magnetic (rotating oscillator) dipole associated with
the optically active ion. In a second step, the emis-
sion probabilities of the excited oscillators in the ob-
servation direction can be calculated. The crystal
orientation with respect to the incident light must be
known. The results are then compared with fluores-
cence measurements, in which the Eu®* °Dy level is
excited by the linearly polarized beam of a dye laser
tuned to the "Fo— 3D, wavelength.

1IV. EXPERIMENTAL

A. Materials

Y,0;: Eu* crystals were grown in a 2 kW solar
furnace at Odeillo (France) by Dr. A. Rouanet. A
mixture 99 Y,03/1Eu,0; (Johnson Matthey 99.99%)
was melted and then gradually cooled back to room
temperature in one hour. A plate-shaped crystal
2 x2 x 1 mm was chosen, the larger faces being na-
turally polished.

X-ray diffraction confirmed that it was a single-
crystal displaying the C-Ln,0; structure (cubic

a =10.604 A, space group T/,la3). Laue photo-
graphs gave the crystal orientation, i.e., a (111) plane
parallel to the larger faces.

B. Measurements

Nonpolarized reference fluorescence spectra of
Eu’* were obtained under uv excitation (Osram HBO
150 W lamp equipped with a Wood filter) at 300 K,
liquid nitrogen and liquid helium temperature.

Polarization measurements were performed at
room temperature using a dye laser to excite selec-
tively the °D, level of Eu**. The basic set up is
shown in Fig. 2. Excitation was accomplished by a
Spectra Physics, 375/376 cw single-mode jet-stream
rhodamine 6 G dye laser (1 X 107 M in ethylene-
glycol), pumped by a Spectra Physics 164 argon ion
laser. The wavelength of the laser beam is continu-
ously tunable from about 5700 to 6500 A. The light
is vertically polarized and the linewidth is equal to 0.7
cm~l,

The excitation beam was focused on the crystal, so
that the (111) crystallographic plane was nearly nor-
mal to the beam direction. The light emitted by the
sample was analyzed in the same direction by a Glan
prism. The nearly normal incidence allows for the
exciting light to be deflected from the monochroma-

TABLE II. Irreducible representations corresponding to crystalline levels in C,, and C, site

symmetry groups.

C,, (nitial Level SDy: 4))

C, (Initial Level 3Dgy: A)

Terminating  lrred. Transforms No. of Irred.  Transforms No. of  Transition

Level Rep. like lines Rep. like lines nature

Fo Ay z 1 A z oo ~ ED
A, R, 1 A R, 1

TF, B, R, ! 2B R.R, 2 MD
B, R 1
24, z 2 34 z 3

F, B, x 1 28 X,y 2 ED
Bz % 1
Ay /(1) 34 R, 3

TF, 24, R, 2 MD or (ED)
2B, R, 2(2) 4B Ry.R, 4
2B, R, 2Q)
34, z 3 SA z S

TF, 24, / ED
2B, X 2 4B X,V 4
232 v 2
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FIG. 2. Experimental apparatus.

tor entrance slit. Two fluorescence spectra were then
recorded, corresponding to the Dy —7F| , 3 4 transi-
tions with two normal orientations of the analyzer,
noted z and y.

All the fluorescence spectra were investigated with
a Jarrel Ash 78460 Czerny-Turner spectrometer (fo-
cal length 1 m, reciprocal linear dispersion 4 A/mm,
in first order), and detected by an Hamamatsu R 374
photomultiplier tube.

V. CALCULATION OF THE POLARIZATION

In the following calculations we will assume an in-
cident linearly polarized beam falling perpendicular to
a (111) slab of the cubic crystal. Figure 3 represents
the projection on the (111) plane of the oscillators,
where a is the angle between the incident electric
field E, (as given by the dye-laser construction) and
an arbitrary reference axis 4 connected to the crystal
axis, and B is the angle between A4 and z (z is one
direction of the analyzer). Both « and B8 are unspeci-
fied, but have constant values.

The total number of lines observed in the fluores-
cence spectrum is compatible with the C,, site sym-
metry selection rules, so the calculations were first
carried out assuming it was the true symmetry at the
Eu’* site. The correspondence with the C, group
was easily made afterwards and did not change the
conclusions. ‘

A. Absorption

In our study the absorption phenomenon is always
due to the Fy— 3D, dipolar transition. The irreduci-
ble representation corresponding to 'Fo and Do is 4,
the electric dipolar operator is also of 4; symmetry,

Y4
(a)
Z;
YJ X3
|
X4 |
|
| ez,
|
SR N AR, Y
7~
- Y2
Z, i
(e
X Y, X2
A
(b) A
mm—
%4 E,
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a/B
X3
€ €2
y
X2

FIG. 3. (a) Possible directions for the x;, y; and z axes
attached to the local oscillator and, (b) projection of the os-
cillators on the (111) plane.
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and transforms like z; for the ith ion. Thus the D,
level is excited only if the external electric field Eq
has a component following z;. The probability of ab-
sorption p/ is proportional to this component and the
absorption intensity to (p,")z. In practice, the three
C, (z) dipoles are projected on the (111) plane (con-
taining Eg), and the interaction between the projec-
tions (€;) and E, is calculated.

B. Emission

1. Mechanisms of the
5Do—"F; transitions

It is well known that *Dy—"F| is mainly a magnet-
ic dipole transition (MDT), while Dy —"F, is essen-
tially an electric dipole one (EDT). For ’Dy—"Fj;,
the character depends on the amount of admixture of
'F, and "F| states in "F;. -We only have an approxi-
mate set of crystal-field parameters (see Sec. VII)
and therefore imprecise wave vectors. In practice sig-
nificant contributions from both J =1 and J =2
states are present in the ’F; wave vectors. Because
of this, it is impossible to ascertain whether the ex-
perimentally observed Dy —"F; transition is mainly
an MDT or an EDT. Only a complete intensity cal-
culation once the true crystal-field parameters are
known would be able to clarify the matter.> Howev-
er, this ambiguity cannot change the results of polari-
zation measurements. We shall demonstrate that
A, A, lines MDT in C,, symmetry) and 4, — 4,
(EDT) behave in the same way with respect to a po-
larized incident beam.

A "mixed" behavior of the *Dy—F; transition will
only lead to a breakdown of the strict symmetry
selection rules for C,, (Table II) but this already ar-
ises because the true site symmetry is C, (see Sec.
VB3), A, and A4, representations become A and
MDT as well as EDT are allowed.

2. Electric dipolar transitions:
5D0 - 7F2, 7F4

Four and seven lines are, respectively, allowed for
these transitions in the C,, symmetry group. Since
the starting level *D, behaves as 4, the electric dipo-
lar operators for SDy—F,, "F, have the same sym-
metry as the terminating levels, that is

Ogp(4,— A)) — A, which transforms as z;,
Ogp(4,— By) — B;, which transforms as x;,
Ogp(4, — B,) — B,, which transforms as y;.

For A, — A, lines, the ith ion acts as a dipole oscil-
lating linearly along z. The electric-field E; emitted
in the S observation direction is oriented along a
tangent to a meridian drawn on a sphere surrounding

FIG. 4. Electric-field Ei emitted in the S direction by a
linear dipole z;.

the oscillator (Fig. 4). A quantity proportional to E,

'is obtained by projecting an unit vector oriented

along the elementary dipole on the (111) plane. It is
then decomposed into | E,| and | E,| following the
two mutually perpendicular orientations of the
analyzer in the experience.

The polarization is then expressed as

3 (o0 Bl [E, )

P= = =
2_: (Pi“)z(l Eizl2+ I Eiy|2)

The calculated value of P is reported in Table II1.

The same calculations have to be performed for
A, — By and 4, — B, emission lines. The Eu®* ion
acts as an electric dipole oscillating along x; or y;,
respectively. Taking into account Table I one can see
that in a whole cubic unit cell x; and y; are indistin-
guishable. Therefore we cannot differentiate between
By and B,. For convenience we have represented in
Fig. 3 x1, x5, and x3 in (111) plane and yy, y,, and y;
out of this plane, but in fact one has to keep in mind
that for half / sites just the contrary is true.

Following the calculated values of P (Table III), we
can thus identify on the one hand the 4, — A4, and
on the other hand the 4, — B or B, fluorescence
lines. ‘

Note the individual values of « and 8 do not ap-
pear in the final expression of the polarization values,
but only the value of (@ —B), that is the angle
between the incident electric field and the analyzer
direction. In particular the polarization is maximum
when those two directions are coincident, that is
when a=g.
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TABLE III. Calculated values of the degree of polarization.
Absorption: Electric dipolar transition 7Fo—>°Dg
Irred. Elementary Projection on (111) Absorption Intensity
Rep. Dipole Direction Modulus (pP?=(%; Ep)?
z; € 2/61/2 -g-cosz(21r/3 +a)
Ay 5 € 2/61/2 %cosz(Z-n/S —a)
z3 € 2/61/2 %cosza
Emission: Electric dipolar transitions SDg—"F,, SDy—"F,
Ei Emitted in the
Irred. Elementary S =[111] Direction _ Associated Energy __ Polarization P
Rep. Dipole Direction Modulus |Eiz|? |Eiy|?
2, . 2/612 2 cos2Qm/3+p) 2sin2Qw/3 +p)
Ay 2z, € 2/61/2 %0052(2'”/3—3) %sin2(27/3 -B) P=%cos2(¢x—B)
z3 € 2/61/2 % cos’B %sinzﬁ
Xy x| 1 cos2(w/6 +B) sin2(ar/6 + B)
B, X, X, 1 cos?(m/6 — B) sin2(/6 — B)
X3 X3 1 sinB cos’B P =—% cos2(a—p)
(or By) »n € 1/312 -;—cos2(21r/3 +p) %sinz(Zw/S +8)
¥ € 1/312 %COSZ(Z’H'/:;—B) %Sinz(Z‘rr/ll—B)
V3 € 1/312 -;— cos?B —;- sin?B
Emission: Magnetic dipolar transitions *Do—"F,Dy—7F;
Ii[ojection Iifojection
Irred. Elemen-of H; on (111) Associated Energy of H? on (111) Associated Energy
Rep. fary Direc- Modu- Direc- Modu- ~ ) Polarization
Rotor tion lus [HL2 [H2 tion lus |H2|? |H2?
2 X 1 cos?(w/6 +B) sin(w/6+B) ¢  3Y2/3 %cos2(21r/3 +B)—;-sin2(21-r/3 +B)
4,z x; 1 cost(u/6—p) sind(a/6—B) & 33 +cost(2m/3—p)5 sin?Qw/3—p) P =1 cos2(a—p)
3 X3 1 sin2B cos?B e 313 —;— cos’B % sin?B
X3 € 1 cos?Qn/3 +B)sin?Qn/3+pB) - - -
B, X3 € 1 cos?2w/3—PB)sin2Qn/3—-B) - - -
(or By) x3 € 1 cos’g sin?8 ce P =-—% cos2(a—pB)
yox 1 cos(w/6 +B) sin(w/6+B) ¢  2/6!/2 ;— cos2(27/3 +ﬁ)-§-sin2(21r/3 +8)
¥ X, 1 cos?(w/6—pB) sin2(w/6—B) €  2/6!2 % cos?(2m/3 —B) -§~ sin?Q2#w/3 - B)
V3 X3 1 sin?B cos?B e 2/612 % cos?p % sin’B
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3. Magnetic dipolar transition:
s D 0 7 F 1

For MD transitions we can say that since *D,
behaves like 4, the magnetic dipolar operators for
these transitions have the same symmetry as the ter-
minating levels, that is,

Omp(A4,— A,) — A4,, which transforms as Rz;,
Owmp(4,— B,) — B), which transforms as Rx;,

Owmp (4, — B,) — B,, which transforms as Ry;.

For A, — A, lines, the active ion has to be con-
sidered as an elementary magnetic rotor whose axis is
along z;. The magnetic field ﬁ,- generated in the
direction S is elliptically polarized. The magnetic ro-
tor may be resolved into two mutually perpendicular
dipoles of equal amplitude oscillating in the rotor
plane. These two unitary dipoles have proportional
projections on the (111) plane: H, and H 2

The analyzer measures in fact E;, so we have to
make the following correspondence:

IE/’z'l"'lﬁl;l and |E;|"‘|H::| .

The polarization P following the analyzing positions
yand zis then

S (MM H, P~ [ Hy [ + (| Hzl2— | Hj )]

P= e e
S (21 He2+ [ H,y ) + ( HZ? + [ H )]

The same calculations are performed for B; (or B,)
lines, where again, as for electric dipolar ones, there
are six different directions for the elementary rotor.

The polarization values are reported in Table III.
They also depend on the difference (o« —B) and the
polarization is maximum when the incident electric
field and one direction of the analyzer are coincident.
If the true symmetry group (C,) is considered, the
conclusions are not much changed. Of course, the
distances and angles are slightly distorted and the
values of P are not exactly those tabulated in Table
III. Both B, and B, become the same irreducible
representation B and the polarization sign is not
changed. The only marked difference is that the

A, ﬂAz transitions become 4 — A and are now al-
lowed. The corresponding electric dipolar operator
behaves as an A4 irreducible representation, and the
sign of the polarization of the corresponding lines is
the same as that determined previously for 4. In

md
the same way 4,— A4, also become 4 — A, these

are allowed and the sign of the polarization is the
same as that of 4, — 4,.

VI. EXPERIMENTAL RESULTS
A. Fluorescence spectra

Chang and Gruber* obtained fluorescence spectra
of Eu®* jon in Y,0; under uv excitation and observed
several transitions originating from 3Dy, *D,, or 5D,
electronic levels. Moreover some observed transi-
tions could be due to the highly symmetric S¢ crystal-
lographic site.*®

Using a dye laser, selective excitation allows us to
ascertain the energetic positions of 5D0,7F1,2,3,4 levels
of Eu’* in the C, point site. Some transitions ori-
ginating from the S site may be observed after ener-
gy transfer. However the relative intensities of
fluorescence lines selected in Table IV are the same
whether we use laser or uv excitation, consequently
we believe that they are to be attributed to Eu* in
the same crystallographic site, namely, C,.

By dye laser as well as uv excitation, up to five
lines are observed at 77 K on the "red" shoulder of
the strongest component of the Dy —F, transition
(6111 A) which is also the strongest emission line of
the spectrum. Some must obviously be vibronic
components. We have retained as zero-phonon lines
those two that remained visible at room temperature.
The one remaining line observed at 15845 cm™!
makes a total of four, consistent with the C,, selec-
tion rules. It also agrees with the results obtained on
the isomorphous compound Lu;0;:Eu*.” So, the
total number of observed lines (3, 4, 6, and 7,
respectively, for SDy—"F) , 3 4) is compatible with a
C,, point site (see Table II).

B. Polarization measurements

The intensity of the emitted light was first meas-
ured in the direction of the incident vector Eo to yield
I;, then normal to it to give /,. Thus angles 8 and «
are equal and, as was said above, the observed degree
of polarization must be maximum. The fluorescence
spectra giving /z and Iy are recorded in Fig. 5 togeth-
er with the reference spectra without the Glan prism.
In Table IV are listed the peak heights (arbitrary un-
its) which are supposedly directly proportional to the
intensities. For each wavelength relative intensities
are measured with exactly the same recorder sensi-
tivity and slit aperture. Corrections must be intro-
duced for the polarizing effect of the spectrometer,
which is given by the degree of polarization of natur-
al light passing through the spectrometer and varies
with the wavelength. Using a tungsten lamp we have
measured the ratio R = /,/I, (unpolarized source)
and drawn a reference curve versus wavelength. The
values of P reported in Table IV are then

I, XR — 1,
Plexp) = LXR =L
) = R+,
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TABLE IV. Experimental results.
Transition uv excitation dye-laser excit. dye-laser excit. Iz Iy R Pexp= %—2—2——}% Identi-
77 K R 77 K . 300 K fication
AA)  Em™ A Em™ A(A) E(m™)
5D0—*7F0 5806.0 17 224 5806.7 17221 5807 17 221 Al
SDg —'7F1 5874.9 17022 5875.2 17 021 5874 17024 108 66 1.12 +0.29 A,
5930.0 16 863 5931.7 © 16 858 5932 16 858 25 45 1.12 -0.22
5996.0 16 678 5998.2 16 672 5997 16 675 22 18 1.16 +0.18
SDy—7F, 61105 16 365 61109 16364 6113 16359 110 72 1.30 +0.33 Ay
(6119) (16 343)  (6119) (16 343) : v
(6122.7) (16 332) (6123.2) (16 332) v
6128.6 16 317 6129.5 16 314 6129 16 316
(6137) (16 295) (6137) (16 295) v
6144.5 16 275 6144.5 16 275 6145 16 273
6310.9 15 846 6311.2 15 846 6311 15845 162 130 1.54 +0.31 Ay
5Do—*7F3 6501.5 15 381 6502.5 15379 6505 15373 101 104 1.82 +0.28 A,y
6510.3 15 360 6510.0 15 360 6512 15 356
6527.5 15 320 6527.5 15 320 6530 15314 19 36 1.88 —0.04
6576.4 15 206 6576.7 15 205 6578 15 202 12 20 1.95 +0.08
6622.3 15 100 6621.7 15102 6624 15099 38 _ 73 2.02 +0.02
6637.0 15 067 6638.0 15 065 6636 15 069 Ay
5D0—,—'7F4 6867.5 14 561 6867.5 14 561 6872 14 552 33 375 246 +0.37 Ay
6929.6 14431 6930.0 14 430 6935 14 420 33 84 2.56 —0.01
7033.2 14218 7034.0 14 217 7039 14 207
7066.4 14 151 7066.5 14 151 7070 14 144 65 90 2.81 +0.34 Aq
7086.7 14111 7086.5 14 111 7089 14 106 98 250 2.84 +0.05
7116.4 14 052 7115.5 14 054 7120 14 045 55 147 291 +0.04
7122.3 14 040 7122.5 14 040 7125 14 035 73 111 2.92 +0.31 Aq

Two F, lines exhibit a positive degree of polariza-
tion. However, since the magnitude of this polariza-

tion is markedly higher for the first one, the 4, char-

acter was ascribed to the lowest energy level.
In the Dy —'F, transition the first strong line

(16 359 cm™) is clearly of A;-type, its polarization be-

ing strongly >0. The two next lines are much weak-
er and their behavior is hidden by the first one so
their polarization was not established experimentally.
In contrast, we can ascertain the character of two
weak lines in the 3Dy —"F; transition (15 356 and
15 069 cm™) and one in the Do —"F, transition

(14 207 cm™), since they obviously behave in the op-

posite way from their strong nearest neighbors which
are unambiguously assigned.
A,— A, lines (for an even terminal J level) or

A;— A, (for an odd terminal J level) are theoretical-
ly strongly >0 polarized (Table III). It is noteworthy
that the appropriate number of such polarized lines is
observed for each transition, which permits an unam-
biguous identification of these components. All the
Ay — By or A, — B,, on the contrary, are negatively
polarized with a smaller absolute value of P. This
last point is less obvious in experimental results for
which two subgroups should be identified (the first
one with slightly >0 and the second one with slightly
<0 polarization). This fact could be attributed to the
real C, character of the site symmetry or to the im-
perfect quality of the single crystal. In spite of these
discrepancies we think the classical theory we have
applied is a valid method to assign correctly 4, — A4,
A, transitions for Eu’* in C-Y,03C,, site.
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FIG. 5. Fluorescence spectra of Eu3* in C-Y,0; at 300 K. (a) spectrum without analyzer; (b) I; (©) 1,. For each line /; and
1, are recorded under the same experimental conditions. The experimental value of the degree of polarization is given by

P=WU,xR—1)/U, xR +1,) (see text).

VII. PRELIMINARY CRYSTAL-FIELD ANALYSIS

The interpretation of the optical spectrum of Eu®*
in Lu,03 has previously been carried out by Linares
and Gaume-Mahn’ and that of Er** and Tm3* in
Y,0; by Gruber et al.® These authors studied the ab-
sorption and fluorescence spectra of single crystals of
pure Tm,0; and Er,0; as well as 1% and 5% Er** and
Tm3* doped Y,0;. They identified 71 and 65 crystal-
line Stark levels for Tm3* and Er**, respectively, but
without polarization to give the assignment of the
levels. Though J mixing was neglected, the authors
succeeded in fitting the observed components and a
set of calculated levels with a standard deviation

equal to 13 cm™'. The starting values of the BFs

(crystal-field parameters) for the fitting process were
the PCEM (point-charge electrostatic model) calculat-
ed values.

For our crystal-field calculation, we have built up
an interaction Hamiltonian acting between the 49
states of the lowest levels 7 Fy—g of the 4% configura-
tion of Eu?*. The "F manifold is well separated from
the upper 3Dy level (12000 cm™). This Hamiltonian
includes spin-orbit coupling as well as crystal-field in-
teraction (CFI). Spin-orbit coupling produces only
diagonal terms but it locates the centers of gravity of
the terms with the correct spacing to allow a good
crystal-field mixing.

The matrix elements for CFI are calculated assum-
ing the crystal-field potential can be expanded in
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terms of tensor operators Cf to give

V=3 BXCH, @
kqi

(Wybourne’s formulation). When the site symmetry
implies imaginary CFP, which is the case for C,, Eq.
(1) can be written

V=3 BHCk,+(~1)CH + sk Ck, — (=1)CH]
k,q >0

+3 b8k @)
k .

where b and sf are the real and imaginary part of BX.
In C; site symmetry, g is even and Eq. (2) reduces to
V=3 bi(Ck +CH +isf(Ck,—CH + 3, bkCEs
k,g>0 k
The expression for the calculation of matrix elements
following Racah’s algebra may be found else- '
where %10
Let us consider two states |J,M;) and |J',M; + q).

The only matrix elements for CFI between these two
states which may be nonzero are

M| CEL T My + )
and )
(' M; +q|CEHIMy)

TABLE V. Crystal-field parameters determined from
experimental data and PCEM calculations. (The units are
em™l b¥ and sk are the real and imaginary parts of Bk)

CFP Er3+ a Eu3+ b Eu3+ c

(em™)

b¢ —154 —609 (—1220) 0
b3 —608 =1213 (—470) —4073
b -1216 —760 —-1617
b3 —1496 ~725 524
54 +2 —130 .0
bs +773 +616 +966
sd +18 +406 0
b§ ~112 +133 +352
b$ +332 +29 +292
s$ -25 +8 0
b§ +212 +232 +658
s§ —139 +111 0
b —14 +10 —68
sé +56 +20 0

2CFP determined by Gruber er al. (Ref. 8) converted to ten-
sor operator parameters through the relationships given by
Kassman (Ref. 12). -

YPCEM values for Eu3* in Y,03; s# is cancelled by a 5° ro-
tation around Oz ; between parenthesis: experimental values
of b¢ and b3. ‘

°PCEM values of Eu* in an idealized Y,05 structure.

Taking into account the phase factor.in the expres-
sion of matrix elements and the permutation proper-
ties of the 3/ symbols,!! it is easy to show that in this
special case (2J and M, are even), the coefficients of
the imaginary parts of the B;’s are equal to the coef-
ficients of the real parts in one triangle of the interac-
tion matrix, and equal but of opposite sign in the
other triangle, which of course simplifies a great deal
the building up of the matrix.

Two preliminary calculations have been performed,
the first one by utilizing the 14 B,f determined by
Gruber et al. on Er’* (Table V). The splittings of
the "F,—4 are reported in Fig. 6 together with the ex-
perimental observed components. A second calcula-
tion was carried out, utilizing the B2’s deduced from
the 7F, splitting in our experiments on Eu’*, where

7;' 7F2
a b c a b c
Ar—
- —B
B, — : ---qA;
. _a,
At~
Af-—- L 18
——B
B— —B
& -L —.JA; ’ 4 ——A
B,
AC- —
L.
a b c a b c
a1
BfF= —|
— o __.__A
o o= T =k
31_. —_— e—— AZ
A
=B
_81 A — !
B,
A;
A —B;
B, 4 A
Al-—
AL . -
B — A
—.L.
TF3 TFy

FIG. 6. Calculated and experimental energy levels of
Eultin C-Y,0;. (a) calculated spectrum utilizing the CFP’s
refined by Gruber et al. for Er®* (Ref.8). (b) experimental
spectrum. (c) calculated spectrum utilizing experimental
b2's and PCEM values for the other CFP’s.



20 J. DEXPERT-GHYS AND M. FAUCHER 20

the A, component is identified by the polarization as the lowest in energy. The other B,f‘s were given PCEM

values calculated through the formula

—y2)—q/2 k—q
e ()] g d=x)7""
Bf=(r"ye k—g)! ; PlkH 2Kk 1 a:j—q

The pomt charges (coordinates: p;, o, BJ, and

X) =cosaj 7)) are arranged around the Eu’* ion substi-
tuted to Y>* according to the structural data of Y,0;
(Ref. 13) space group T} :

Ln3* in 8b(S; site)
Ln3* in 24d(C, site) x =097 ,
0% in 48¢ x =0.385, y=0.145, z=0.38

Freeman and Watson’s values of the (r¥)’s (Ref. 14)
were introduced in the formula.

The B"’s given by the PCEM calculation after con-
vergence within a sphere 30 A in radius are reported
in Table V (see b). Also given are the results of the
calculation if the Y,Oj; structure is idealized, i.e., with
the following atomic positions:

Ln*tin24d x=1 ,

0¥ in 48¢ x=0.375, y=0.125, z=0.375

The first shell of neighbors is exactly cubic with
two oxygens missing on a face diagonal. The site
symmetry is truly C,, and imaginary CFP are of
course missing. B¢ vanishes while the Bo /B4 and

B¢ /B$ ratios assume the cubic values —( £)12 and

+(%)1/2. The reason for this can easily be found by

applying the superpositon principle.
The energy levels calculated with the B,f’s from

x?—1)ke"4Bj

T
Table V (see b) are also drawn in Fig. 6 beside the
experimentally observed components. Although the
true C, symmetry was considered, the levels retain
more or less their C,, character, which is why we
have distinguished B, from B, and A, from A4,
whenever possible, but one must keep in mind it is
only an approximation.

As usual the B} and Bf CFP calculated by the
point-charge model are too small to give a good ac-
count of the "F; splittings. However, it is noteworthy
that the A4 level positions according to our calculation
are consistent with the polarization data except for an
interchange between 4 and B levels at the bottom of
7F;. 1t is obvious that PCEM values are only a crude
starting point and the CFP need to be carefully re-
fined which will be done shortly.
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