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To summarize, our molecular-orbital calcula-
tions support the 81.omquist value for the electron
density at Fe of a 4s orbital, 2 l $~(0) l = 9. lao,'

they suggest for the Fe dimer dissolved in noble
gas an Fe-Fe distance somewhat over 4. 20 g; and
they indicate a probable value of + 0. 20+ 0.03 b for

the quadrupole moment of " Fe.
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Electronic Raman Spectra: Crystal Field in Terbium Aluminum Garnet and Europium
Gallium Garnet
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The crystal-field splittings of the 'F multiplet of Eu'+ and Tb'+ have been determined in europium
gallium garnet (EuGaG) and terbium aluminum garnet (TbAlG) from light scattering, fluorescence, and
absorption spectra. The data were used to derive a set of crystal-field parameters for the two garnet
systems. In these calculations the Hamiltonian appropriate for the D, symmetry of the rare-earth sites
and also the mixing of different J states by the crystal field were taken into account. From the
eigenfunctions derived in this way the magnetic-susceptibility-versus-temperature curve was calculated
for TbAlG.

INIODUCTION

The usefulness of electronic Raman spectroscopy
(ERS) in determining low-lying electronic levels of
rare-earth (RE) ions in crystals bas been demon-
strated now in a number of cases and a considerable
amount of experimental data have been collected. '
Much of the work has been focussed on RE garnets
which are of interest from different aspects. RE
aluminum and gallium garnets ean serve as models
where the RE ions experience a comparatively
large crystal field (CF) of low symmetry, namely,
Da. RE iron garnets are interesting mainly be-
cause of their large magnetic anisotropy. Al-
though the latter ones are opaque in the visible

region of the spectrum, EBS has been tried, but up
to now only the photon spectrum has been observed
by light-scattering techniques. CF analysis for
the aluminum and gallium systems is not only an
interesting task by itself but also an essential pre-
requisite for the understanding of the magnetic be-
havior of the iron garnets.

CF calculations mostly yield better results for
low-lying levels, and a good experimental method
to explore these therefore is desirable. Although
one has to admit that EBS mostly yields strong
spectra in the shme range in which good fluores-
cence spectra can also be obtained, the fact re-
mains that in crystals with over-all cubic symmetry,
such as garnets, absorption and fluorescence from
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the RE are completely unpolarized and no informa-
tion can be obtained by these methods about the sym-
metry labelling of the states. This is not the case
with ERS, where this information, although with a
certain degree of ambiguity, is contained in the
polarization features.

CF analysis, including information from ERS,
has been performed for the first time on dysprosium
garnets. Since the Dy

' ion has an uneven num-
ber of electrons, the states are all labelled by the
same quantum numbers and double-valued repre-
sentations of the extended group D~; the consider-
ation from above is meaningless. Further infor-
mation can only be obtained by the application of
a magnetic field and measurement of the three main
values of the g tensor. This is an advantage over
the even-number-of-electrons case, since a state
can be identified experimentally by three additional
quantities, however, there is a disadvantage in that
the method is restricted to reasonably narrow lines.
For the determination of polarization features, the
linewidth is of minor importance.

The main difficulty with a CF analysis for the RE
garnets is the large number (i.e. , nine) of param-
eters which have to be adapted. This requires as
much experimental information as possible, and all
experimental methods should be exhausted before
calculations begin. Fluorescence, absorption, and
Raman spectra therefore were obtained from the
two garnets EuGaG and TbAlG, and the energy-
level schemes were determined. For EuGaG we
were able to obtain electronic Raman spectra with
shifts up to = 5000 cm ', which to our knowledge
are the largest shifts ever observed in ERS. Thus
the entire manifold ~F could be explored by this
method. [Lower-lying levels of this manifold (in-
cluding preliminary CF calculations) have been
determined earlier. EuGaG results from infrared
(IR) and fluorescence measurements have also been
reported by Van der Ziel et a/. Most results of
EBS on TbA16 have already been published. ] A

CF analysis was then performed which allowed for
J mixing of the states of the complete F manifold.
Based upon the eigenfunctions for the CF states
obtained from this analysis, the susceptibility
curve versus temperature finally was calculated
for TbA1G and compared with the experiment. For
EuGaG, this calculation was omitted because of its
low accuracy, caused by the ground level that is a
Fo state

EXPERIMENTAL

Part of the electronic level scheme of the free
Eu ' and Tb ' ions is shown in Fig. 1. In a crys-
tal field of Da symmetry these levels split into
two J+1 crystal-field levels, but the splitting hard-
ly exceeds 500 cm '. Since both Eu ' and Tb ' have
an even number of 4f electrons, each of the CF
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FIG. 1. Energy-level scheme for Eu3' and Tb3' to-
gether with different laser lines used for excitation of
the spectra.

levels belongs to one of the species A, By Bp B3
of the single group D~, and the number by which
each of these representations occurs in a given J
state is obtained in the normal way. A J= 1 state
is split into three components of symmetry: B,
+B~+B» and a J= 2 state is split into five levels
of symmetry: 2A. +B,+B2+B3, etc. Here only the
states of the F multiplet shall be investigated, but
the higher lying levels D4 for Tb ' and levels Do,
D&, Dz for Eu ' will serve to excite fluorescence
spectra.

Direct transitions from the ground state have to
be explored by IR techniques. A Cary 14 instru-
ment was used for the range 1-3 p. and a Beckman
IR-7 instrument was used to obtain spectra up to
10 p.. For the whole crystal these transitions ap-
pear depolarized because of the over-all cubic
symmetry but are governed by selection rules.
There are neither electric nor magnetic dipole
transitions between states belonging to the same
representation. For EuGaG the ground state Fo
is of A character and the number of possible transi-
tions to a split F~ state can be read from Tables
I and II. For TbAlG the situation is not as simple
because the symmetry of the ground state cannot
be judged as easily. The fact that, for example,
the absorption spectrum of the split ~F& state shows
nine lines could serve as an indication that the
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Absorption Fluorescence Light scattering

72a
84~

0
2

74
83

0
2

75
84

~ ~ ~

262
322
373

TABLE I. Electronic levels (in cm ) for TbA16 obtained
by different methods.

vacuum-this level becomes sufficiently populated
to contribute to the absorption spectrum. It was
not possible to resolve this level as a satellite in
the absorption spectra. This information could be
obtained from absorption and fluorescence mea-
surements in a magnetic field, while Zeeman-Ra-
man data are also available. The best estimate

TABLE II. Electronic levels (in cm ) for EuGaG obtained
by different methods.

?Fg 2133
2145
2175
2208
2348
2373
2400
2478
2618

460
470

2134
2148
2179
2212
2350
2376

469

2135
2148
2178
2210
2349
2377
2403

?F

F

Absorption Fluorescence

305
328
407

830
859

1323
1343

Light scattering

308
329
411

819
834
855

1324
1341

F3

?F

3391
3400
3408
3449
3517
3623
3702
3V33

4560
4628
4669
4695

5062
5548
5594
5624

5737

5872

3385
3398
3477
3445
3514
3618

3730
4004

4372
4519
4558
4627
4669
4697

5551
5591
5625

5738
5868
5876

3414
3450
3521
3622
3704

?F

F4

1830
1851
1894
1925
1977

2068

2831
2923

3090

3142
3199
3262

3765

3955
4012
4017
4155

1829
1853
1899
1920
1974
1983

2146

2829
2928
3066
3088
3096

3768
3823
3956

4017

1832
1853
1896
1929
1970
1982

2448
2831
2924
3074
3086
3098

3200

3766
3822
3958
4012
4020

~As high-temperature satellite.
"Uncertain.

ground state is of A type (Fig. 2). This is the num-
ber of lines which one would expect in this case.
This argumentation however leads to a contradic-
tion for the spectrum of I'&. Here eight lines are
found, which, in any case, are too many. How-
ever, it has already been determined by EBS that
the next level is less than 5 cm ' above the ground
state. Since the sample temperature was esti-
mated to be 10 K when liquid He was in the Dewar-
the sample was mounted on a cold-finger tip in

4183

?F6

4990
5011
5089

5204

5240
5282

'From Ref. 5.

4165

4215
4232

4939
4964
4990
5006

4952
4990
5010

5101
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fluorescence from Do was found to be by far the
strongest. All fluorescence appeared only at very
low temperatures (concentrated crystal!); at 80 'K
it is quenched almost entirely. For TbA16 at 10 'K
only the laser lines greater than 4880A can be used
for excitation. The 4880-A laser line falls short
in energy by - 80 cm '. This gap can be bridged at
higher temperatures when electronic levels at- 80 cm ' become populated. With 4880-A excita-
tion, strong fluorescence therefore occurs at
-80 'K, which can be frozen out at lower tempera-
tures.

For the reason just mentioned (at 80 'K) only the
5145-A Ar' laser line can be used to excite the Ra-
man spectrum of TbA16. With 4880-A excitation
fluorescence is too strong at this temperature.
For EuGaG, Raman experiments at low tempera-
tures (& 10'K) can be disturbed by strong fluores-
cence. At 80'K, fluorescence disappears but the
quality of the Raman spectrum is nearly unaf-
fected by the temperature increase. Even ERS at
temperatures slightly below room temperature
have been reported in this case. For further de-
tails, in particular the evaluation of Raman spec-
tra via the determination of the scattering tensor,
the reader is referred to Refs. 4 and 6.

CRYSTAL-FIELD CALCULATIONS

For the present case the CF Hamiltonian cap. be
written in the form

Ramon p -—Ag (x ) Va+A2 (x ) Vp+A4 (y ) V4

+A4 (r ) Vg+A4 (x ) V4 +A6 ( ) Vq

Fluoresc

I'IG. 2. Splitting of the ~J"
5 level in TbAlG, as it ap-

pears in the light-scattering, fluorescence, and absorp-
tion spectra.

of the position of the first excited state at zero
magnetic field yielded the result ~ = (2+ 0. 5 cm ')
above the ground state.

Fluorescence was excited with an Ar' laser and
a Kr' laser source. For TbAlG, it always origi-
nated in the lowest CF levels of D4. Similarly as
in the ground state, the lowest levels of 'D4 con-
sists of a closely spaced doublet, which, in some
cases, was useful in the evaluation of the spectra.
Eu6aG fluorescence originates in different excited
states, depending on the laser line used for excita-
tion. As can be seen from Fig. 1, the Kr' laser
line at 5309 A will excite only fluorescence from
level Do. Although the Ar' laser lines can be
used to excite fluorescence also from higher levels,

+A g (r ) V6+AB (x ) Vq+Ae (y6) V6.

The matrix elements for the V„can be related to
the tensor operators U„by simple numerical coef-
ficients. ' Matrix elements of the U" can be cal-
culated from the Wigner-Eckart theorem and us-
ing the tables of Nielson and Koster. The A.„"(r")
are used as free parameters and have to be adapted
to describe the experimental results.

A computer program was written calculating the
matrix elements of BCF between all states belong-
ing to the I' multiplet.

The zeroth-order approximation corresponds to
the free-ion limiting case. LS-type eigenfunctions
were assumed for the states of the Fz (J'=0, . . ., 6)
multiplet. This is a very good approximation in the
present case as becomes obvious by inspection of
Ofelt's results' and consideration of the fact that
K is diagonal in S. Since each Fz state is (28+1)-
fold degenerate, one ends up with a 49&&49 ma-
trix if full J mixing is included. This matrix can be
broken up into four submatrices, each one belong-
ing to one of the four representations of the single
group Da. As a preliminary set of parameters,
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SUSCEPTIBILITY

In many cases measurements of the temperature
dependence of the susceptibility X have been used
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those found for the Dy garnets '" were used. The
energy-level scheme found from these parameters
already showed some resemblance to the experi-
mental one for TbA1G as well as for EuGaG. For
the comparison of experimental and calculated en-
ergy levels one has to consider what has been said
in~ about the coordinate systems. If the coordinate
system is chosen correctly the comparison of theory
'and experiment becomes unique for EuGaG. This
is so because the ground state I'0 always belongs to
the totally symmetric representation. Apart from
the coordinate system for TbA1G the experimental
symmetry labelling depends on which species is as-
sumed for the ground state. It is always the species
of a transition only which can be measured and thus
the species of one of the fi.nal states has to be known
to determine the other one. Only the assumption of
a A ground state brought full agreement of calcula-
tion and experiment for TbA1G.

After the correlation of theoretical and experi-
mental results had been established a least-square-
fit program was used to minimize the remaining de-
viations. The good agreement between theory and
experiment obtained by this procedure is demon-
strated in Figs. 3 and 4. The results are also giv-
en in Tables III and IV.

0
2

84

460
470

2134
2147
2177

2209
2349
2375
2402
2478

2618
3388
3399
3411
3448
3517
3621
3703
3732
4004
4372
4519

~ ~ ~

4559
4628
4669
4696
5062

~ ~ ~

5550
5593
5625
5738
5868
5874

A
B3
B& or B2
B~ or B2

B& or 82
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A

B~ or B2
B( or B2
B& or B2
B3
A

B& or B2

0
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196
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271
303
388
452
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468
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2133
2150
2167
2195
2217
2350
2362
2400
2481
2591
2604
3384
3388
3400
3433
3519
3618
3702
3735
4023
4368
4501
4519
4554
4617
4677
4688
5074
5116
5541
5599
5617
5731
5860
5887
5965

A
B3
B2
Bg

B(
A
A
B3
B2
B(
B3
B2
A
Bg
B2
A
B3
B(
B(
B2
B3
A
B2
B3
B2
Bg
B3
A
A
B2
B3
Bg
A
B
A
B3
B2
B2
Bg
B3
A
Bg
A
B2
B3
B3
B(
B2
A

TABLE III. Comparison of experimental and calculated
energy levels for TbAlG together with experimental and
calculated representations. Calculated values (in cm ~)

refer to the following parameter eet: A&(r ) = —160,
A~(r ) = —291,A8(x )=44, A22(r ) =391, A24(r ) =220, A~(r6)
=-162, A4(z )=936, Aq4(x8)=753, A66(r )=-153. The
error in the value of the parameter is + 3%.

0
O0
0

J=6 J=5 J=4 J=2

FIG. 3. Experimental (left) and calculated (right)
splitting patterns for TbAlG. For parameters see Table
II.

to estimate the 'strength of the CF interaction in
BE compounds. These attempts were, in general,
only modestly successfu1 because the effect of the
CF splitting on the susceptibility is not very pro-
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0
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OBS.
CALC. theoretical and experimental X curves are com-

pared. For EuGaG the effort did not seem to be
worthwhile. The first excited state is -300 cm '
above the ground state, and no typical features in

0
00
tO

0
00
LA

OBS.
CALC.

OBS CALC.

E c'-
0

(3~0
LLj 0-
Z
LLj

pBS CALC.

pBS CALC.

0
00
OJ

0 OBS CALC

0
0„,
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FIG. 4. Experimental (left) and calculated (right)
splitting patterns for EuGaG. For parameters see Table
IV.

nounced. Alternatively, the eigenfunctions ob-
tained from a CF calculation as presented above
can be used to predict the susceptibility. The for-
mula used was derived by Van Vleck and can be
written

-s
J'

fy

„I'(JIg.IZ)' ~ 21(ZIP. IZ )I'
)k7' ",, Z, , -Z,

denotes the molar susceptibility and No is Avo-
gadro's number. The symbol J stands for the
actual composition of a "J"state in the crystal
field, e.g. , in terms of a summation of az„lJ,M),
where IJ;M) are free-ion basis functions. The
nondegenerate levels of Eu ' and Tb ' in first ap-
proximation carry no magnetic moment because
of the symmetric contribution of I Jam), and the
first part in the bracket on the right-hand side
vanishes. This can also be expressed group theo-
retically. For the direct product of any of the rep-
resentations A, B» Bz, or B3 with itself, one gets
A but the components of the axial vector p. belong
to B» Ba or B3. For the second term one can
eliminate, for example, p„and p„between B2- and
B3-type states because B&~B3=B,and only p„ trans
forms under B, . This simplifies the evaluation of
the formula given above considerably. Calculations
were only performed for TbA1G and in Fig. 5 the

&em~.
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TABLE IV. Comparison of experimental and calculated
energy levels for EuGaG together with experimental and
calculated representations. Calculated values (in cm ~)

refer to the following parameter eet: A&(r ) =-80,
A4(r )=-263, As(r ) =63, A&(r ) =237, A4(r )=200,
A&(r6) =-92, A4(r ) =993, A&4(r ) =839, A6(r ) =-176.
The error in the A~'s is 3'fo.
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