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Abstract: The single-ion electronic spectra of Yb2O3 (4f3) over the temperature range 2-300 K have been measured and in­
terpreted. Three allowed purely electronic absorptions and associated vibronic structure have been identified for Yb(III) ions 
at electric dipole (C2) sites, and in part for Yb(III) ions at magnetic dipole (C3,) sites. A number of weak absorption bands 
in the 450-490 nm spectral region have been assigned unequivocally to the simultaneous pair excitation of neighboring 
Yb(III) ions and have been analyzed in detail. The vibrational band shapes of these pair absorptions reflect those of the con­
tributing single ion transitions. Pair spectra of Yb(III) in YbOF have also been observed, while those possible for YbF3, 
Yb(OH)3, and LaYbO3 were too weak to detect. These results are attributed to structural as well as bonding features, and 
help to elucidate the nature of the pair absorption process. Finally, the case for SPE absorptions by interacting Cu(II) ions is 
reconsidered. 

The absorption of light by pairs of interacting metal ions 
was first observed in PrCl3 at energies corresponding to 
sums of single ion Pr(III) electronic levels.3 A theoretical 
model for this simultaneous pair excitation (SPE) process 
was developed,4 and later applied in a semiquantitative 
manner to the PrCl3 data.5 Similar processes that are asso­
ciated with the interactions responsible for magnetic phe­
nomena have been observed over a wide spectral region. 
These include the enhancement of spin-forbidden single ion 
absorptions and the observation of SPE absorption or emis­
sion bands in both antiferromagnetic crystals and molecular 
dimers.6"12 Also related are the simultaneous spin flips on 
adjacent ions (2-magnon scattering)13 and summation vi­
brations of adjacent chromophores in the ir region.14 Most 
of the above studies have dealt with systems containing in­
teracting transition metal pairs. 

In order to study the SPE absorption process in detail, we 
have chosen to exploit the advantages of Yb(III) systems. 
Yb(III) has relatively simple, but interesting, single ion 
spectra in the 10,000-cm-1 region. Highly condensed 
Yb(III) systems of known structure are readily available in 
high purity, contain a variety of bridging ligands and bridg­
ing geometries, and have a wide spectral window which in­
cludes the entire SPE spectral region. For Yb203 , it has 
been possible to relate unequivocally the SPE bands to the 
single ion electronic levels of the interacting Yb(III) ions. 
Additional studies of YbF3 , Y(OH)3 , LaYbO3 , and YbOF 
have shed light on the interaction mechanism. Finally, we 
consider the case for attributing the characteristic addition­
al absorption band exhibited by strongly coupled Cu(II) 
pair to a SPE process. 

Experimental Section 

Powdered samples of Yb2O3, Yb(OH)3, YbOF, and YbF3 stat­
ed to be 99.9% pure were obtained from commercial sources'5 and 
were used as received. The single ion spectra of Yb2O3 were ob­
tained from both pressed disks (KBr, CsCl, and TlCl gave identical 
results) and a single crystal that was polished to a thickness of 90 
n. SPE spectra were obtained from a 4 mm thick single crystal of 
Yb2O3'6 and from pressed disks of neat Yb2O3. The multiple re­
flections undergone by a light beam in traversing a ~0.7 mm thick 
disk resulted in three times the band intensities obtained with the 
crystal; the spectra were otherwise identical. The disks were pre­
pared with a standard 13-mm (ir) pellet press and were soaked in 
mineral oil to reduce light scattering. 

Low and medium resolution spectra were measured with Cary 
14, Cary 17, and Spex 3/4 meter Model 1702 spectrometers, using 
quartz dewars of standard design. The Spex instrument was cali­

brated with first-order neon lines for the SPE region and second-
order neon lines for the single ion region. The high resolution spec­
tra were measured at 2 K on a 3.4-m Jarrell-Ash spectrometer 
equipped with a 30,000 line per inch grating and calibrated with 
first and second order iron lines. A quartz-iodine source was used 
for the single ion region, while a quartz-bromine source was used 
for the SPE region in order to avoid I2 absorptions. Single ion 
energies obtained from densitometer tracings were processed with 
a third-order least-squares fitting routine based upon the iron line 
positions. Oscillator strengths were obtained from measurements 
on single crystals. 

Emission was observed at 77 and 4.2 K from Y2O3 doped with 
Yb(III) (1:900). Y2O3 also forms the C-type oxide. The sample 
was prepared from YbCl3-6H20 and YC13-6H20 stated to be 
99.99% pure (Lindsay).'5 The addition OfNH3 to a solution of the 
chlorides in triply distilled water precipitated the mixed hydroxide. 
The hydroxide was collected by centrifugation, washed well with 
water, and fired in an alumina crucible at orange heat for 6 hr. 
The ir spectra of the product was free of OH absorption bands and 
was identical with that of Y2O3. LaYbO3 was prepared by firing 
the mixed hydroxide at yellow heat (~1400c) for 14 hr. The mixed 
hydroxide was obtained by the treatment of an equimolar aqueous 
solution of the metal chlorides with NH3. The intensities and d 
spacings of the product's powder diffraction pattern corresponded 
to those calculated from the crystal parameters and structure fac­
tors reported for LaYbO3.

17 

Due to the low intensity of the SPE absorptions, long effective 
path lengths were required. Under these conditions, normally un­
detectable levels of trace rare earth impurities could be observed. 
Although the SPE bands of both 99.9 and 99.99% pure Yb2O3 
were identical with those of the single crystal, a further experiment 
was undertaken in order to definitely exclude the possibility of as­
signing an impurity absorption as a SPE band. It was observed 
that even thick (~2 mm) pressed pellets of Yb(OH)3 exhibited no 
detectable absorption in the SPE region. A sample of Yb2O3 pre­
pared by igniting this Yb(OH)3 sample at orange heat in an alumi­
na crucible exhibited the characteristic SPE spectra. These experi­
ments verified that the bands we have assigned to SPE absorptions 
are not due to other rare earth impurities. 

Structural Details. (A) Yb203. Yb2O3, a C-type oxide, crystal­
lizes with the bixbyite structure.18 The crystal parameters19 are: 
cubic; /„3 - Th~>; a = 10.434 A; u = -0.0321; Scaled = 9.22, dobsd 

= 9.17 g/cm3. The unit cell contains 48 oxide ions and 32 Yb(III) 
ions, of which 24 are located at C2 sites and 8 at C3,- sites. Except 
for the small positional parameter (u), the hexacoordinate Yb(III) 
ions are surrounded by an essentially cubic oxide environment out 
of which two oxides related by either a face diagonal (C2) or a 
body diagonal (C3,) have been removed.'8'19 Each Yb(III) has 12 
nearest neighbor Yb(III) ions that are connected by 6 single oxide 
and 6 double oxide bridges. Those Yb(III) ions at C3, sites have 
only C2 site nearest neighbors, while those at C2 sites have eight 
nearest neighbors at C2 sites and four at C3, sites. There are twice 
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Figure 1. Geometrical features of the relevant Yb(III) pair-wise inter­
actions in the compounds listed. All bond lengths and Yb-Yb separa­
tions are given in A. Average Yb-O distance in Ybj03 is 2.28 A. 

as many unique C2-C2 pairs as mixed C3/-C2 pairs. The geome-
trieof both types of pairs are shown in Figure 1. 

(B) YbF3. YbF3 crystallizes with the YF3 structure. The crystal 
parameters20 are: orthorhombic; Pnma; a = 6.216, b = 6.786, c = 
4.434 A; tYcaicd = 8.17 g/cm3 . Using the positional parameters for 
the similarly sized YF3 lattice,20 we have calculated that the nine-
coordinate Yb(III) ions are surrounded by eight fluorides at ~2.3 
A and one at ~2.6 A. Each Yb(III) ion has 12 "nearest" neighbor 
Yb(III) ions; the approximate Yb-Yb separations are: 3.60 A 
(2X), 3.85 (2X), 4.17 (2X), 4.33 (4X), and 4.39 (2X). The geome­
tries of some of these Yb pairs are shown in Figure 1. 

(C) Yb(OH)3. Yb(OH)3 crystallizes with the UCl3 structure. The 
crystals may be indexed as being hexagonal ( C ^ 2 -P6}/„) with a 
bimolecular unit cell described by a = b = 6.22 A, c = 3.50 A, a = 
0 = 90°, y = 120°, and rfca|cd = 6.4 g/cm3.21 The Yb(III) ions are 
nine-coordinate, having six O H - ligands at 2.42 A and three at 
2.54 A. Each Yb(III) is connected by double hydroxide bridges to 
eight "nearest" neighbor Yb(III) ions; the Yb-Yb distances are: 
3.53 (2X) and 4.01 A (6X). The geometries of these Yb pairs are 
shown in Figure 1. 

(D) LaYbO3. LaYbO3 crystallizes as a distorted perovskite. The 
crystal parameters17 are: orthorhombic; Ci^-Pnaj/h a = 6.01, b 
= 5.81, c = 8.39 A; Scaled = 8.2 g/cm3 . Each Yb is coordinated to 
six oxide ligands (at distances of 1.98, 2.11, 2.12, 2.25, 2.38, and 
2,42 A) and has six nearest-neighbor Yb(III) ions linked by bent 
single oxide bridges. The geometries of the three similar types of 
Yb pairs are shown in Figure 1. 

(E) YbOF. YbOF may be prepared as either a rhombohedral or a 
tetragonal phase.22 The material used in our studies (Lindsay15) 
gave a powder diffraction pattern that indicated the presence of 
both phases. However, for the purpose of our studies, the structural 
differences between these phases are not critical. 

The rhombohedral phase crystallizes in the space group / ? 3 m -
Djd5 with a = 6.569 A, a = 33.0°, and dcaM = 9.25 g/cm3 .22 We 
have used the positional parameters and crystal data of the iso-
structural and similarly sized YOF (a = 6.697 A) 2 3 to calculate 
approximate bond distances in the YbOF lattice. The Yb(III) ions 
are coordinated to four oxides and four fluorides, the respective 
bond distances being 2.44 and 2.29 A. Each Yb(III) is connected 
by double ligand bridges to 12 "nearest"-neighbor Yb(III) ions. 
Three are connected by double F - bridges (Yb-Yb = 3.61 A), six 
are connected by F _ / 0 2 _ bridges (Yb-Yb = 3.83 A), and three 
are connected by double O 2 - bridges (Yb-Yb = 4.11 A). Addi­
tional geometrical features of these pairs are shown in Figure I. 

Results and Discussion 

Single Ion Spectra. (A) Background. T h e energy level di­
a g r a m of Y b ( l I I ) ( X e 4 d 1 0 4 f l 3 5 s 2 5 p 6 ) is relatively simple 
(F igure 2 ) . Sp in -o rb i t coupling splits t he single 2 F te rm 
which arises from the 4f hole into 2F7/2 and 2 F 5 / 2 mult iplets 
which a re ordered in energy according to H u n d ' s rule. 
These mult iplets a re separa ted in energy by —% £ where £ is 

I)21W 

Figure 2. Correlation between the free ion levels of Yb(III) and those 
appropriate for the C3; and C 2 lattice sites in Yb2O3. The relative split­
tings of the free ion multiplets by an Of, lattice site in terms of parame­
ters p and p' have been obtained from ref 24. T's refer to Bethe's dou­
ble group notation. 

the spin-orbit coupling constant. Covalency effects present 
in Yb(III) compounds will cause a small reduction of £ 
from the free ion value of 2883 cm -1 

Electronic transitions between the 2F7/2 and 2Fs/2 multi­
plets in the free ion are magnetic dipole allowed (AJ = ± 1) 
and electric dipole forbidden. For the case of the C-type 
oxide, the crystal fields at the C2 and C3, sites will remove 
the (27 + l)/2 Stark degeneracies of the free ion levels. 
Only the Kramer's degeneracy remains. Although the oxide 
sites are significantly distorted from cubic symmetry, it is 
useful to consider the cubic case as a starting point. The 
splitting of the free ion multiplets in Oh symmetry is shown 
in Figure 2. In the Bethe double group notation, Tf, and T? 
are doubly (Kramer's) degenerate, and Ts is fourfold de­
generate. The relative energies of the Oh terms are deter­
mined by the electrostatic interaction of the 4f hole with a 
cubic field and have been calculated in terms of the param­
eters p and Z".24 These parameters do not include the ef­
fects of the (r6) splitting terms on the 2F7/2 level.25 While 
this omission could lead to a reversal of the |2F7/2, Ts) and 
|2F7/2, T&) term ordering, their relative energies are ,not 
especially important here because we are primarily inter­
ested in only those transitions which originate from the low­
est level of the ground electronic state. 

A further reduction in symmetry from Oh to either C3, or 
C2 results in the splitting of the Ts term; all terms now re­
tain only a Kramer's degeneracy. Electronic transitions 
from the lowest 2F7/2 level to the three levels of the 2F5/<2 
multiplet are magnetic dipole allowed for the C3, site and 
(forced) electric dipole allowed for the C2 site. The total 
crystal field splitting within the 2Fs/2 and 2F7/2 multiplets 
should be about 700 cm-1. In principle, two sets of three 
transitions (i.e., one set for each site) are expected from the 
lowest 2F7/2 level to the three Kramers' doublet excited 
2F5/2 levels. These transitions should be centered around 
10,000 cm -1 and have a spread of ~700 cm -1. Since the Ci 
sites are statistically prevalent (3:1), and transitions origi­
nating at these sites are forced electric dipole allowed, they 
should dominate the observed spectra. 

(B) Assignment of Single-Ion Spectra of Yb2O3. The sin­
gle ion spectra of Yb2O3 in a pressed KBr pellet at 298 and 
80 K are shown in Figure 3. In this section, we assign the 
three electronic transitions from these low resolution (~10 
A) spectra; the vibrational structure and true band shapes 
obtainable at higher resolution will be considered in the 
next section. AU of the structure at lower energy than band 
C is seen to disappear at 80 K. It is clear that band C can 
unambiguously be assigned to the lowest energy doublet of 
the 2F7/2 ~~* 2F5/2 transition. The A, B region is then as­
signable to hot bands originating from thermally populated 
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Table I. Single Ion Transitions at 2 K Observed 
for Yb2O3 Oriented Along (111) 

Band 

C1 
C1' 
C2 
C2' 
C3 
C3' 
E1 
E2 
E3 
E4 
E5 
F1 
F2 
F3 
F. 
F5 
F6 
F7 
G1 
G2 
G3 

X(A) 

9756.34 
9746.03 
9655.06 
9636.34 
9577.30 
9567.11 
9505.10 
9484.14 
9466.10 
9422.97 
9404.76 
9366.23 
9344.44 
9326.75 
9298.65 
9229.12 
9205.47 
9159.69 
9026.38 
8746.4 
8562.4 

(vac) cm ' 

10,246.2 ± 0.4 
10,257.8 ± 0.4 
10,354.4 ± 0.4 
10,374.5 ± 0.4 
10,438.5 ± 0.4 
10,449.6 ± 0.4 
10,517.8 + 0.4 
10,541.0 ± 0.4 
10,561.1 ± 0.8 
10,609.5 ± 1.0 
10,630.0+ 1.0 
10,673.7 ± 0.4 
10,698.6 ± 1.0 
10,718.9 ± 0.6 
10,751.3 ± 1.0 
10,832.3 ±5.0 
10,860.1 ± 5.0 
10,914.4 ±5.0 
11,075.6 ± 2.0 
11,430 ± 10 
11,676+ 10 

1 1 1 I T 

850 900 950 1000 1050 

WAVELENGTH ( N M ) -
Figure 3. The single ion spectra at 298 and 80 K measured at low reso­
lution (~ 10 A) on a Gary 14. The Yb2O3 was dispersed in a pressed 
KBr disk. 

ground state electronic or vibronic levels. Cold bands may 
be expected at energies higher than C due to transitions 
from the ground electronic state to vibronic levels of the 
lowest energy doublet of the 2 F 5 / 2 level. Since the metal-
ligand force constants and lattice vibrations are essentially 
invariant to the well-shielded f-f transitions, hot and cold 
vibronic bands should be symmetrically arrayed about the 
first purely electronic transition. This feature of lanthanide 
spectra allows us to suggest that band A originates from an 
electronic level ~570 c m - 1 above the ground state, since 
there is no cold band counterpart of A at C + 570 cm - 1 . 
The most prominent band at a higher energy than C is band 
E (10,517.8 cm"1) . We can assign E to the transition from 
the ground electronic state to the second 2 F 5 / 2 term. This 
assignment rests on the large intensity of E and the fact 
that it cannot be a vibration built on C. If E were vibronic, 
then a hot band corresponding to a substantially populated 
level at C - 250 c m - 1 should be observable at 300 K. In 
addition, the low energy vibrations associated with E (see 
Figure 5 and Table 1) are not present for band C. This is 
contrary to what would be expected if E were an intense 
fundamental built on C. There now remains the choice of 
either bands F or G for the third electronic origin. The 
problem of deciding which of four prominent absorption 
bands correspond to three allowable electronic origins has 
been well discussed for yttrium aluminum garnet doped 
with Yb(III).24 27 The garnet spectra are quite similar to 
those of Yb2O3. The most recent interpretation of the gar­
net spectra corresponds to the choice of F as the third elec­
tronic origin and G as a vibration built upon C26, based on 
the observation that F did not appear to have a hot band an­
alog. Because of the numerous vibronic levels in this region, 
this argument may not be completely reliable. The assign­
ment of the 2F7/2 levels in the doped garnet using this tech­
nique is not in agreement with the results of electronic 
Raman studies.28 In any event, the analogous assignment 
for the oxide (i.e., F being electronic and G being vibronic) 
would appear unlikely because the larger C-G energy spe-
aration (~830 cm"1) exceeds the energy of the observed 
lattice vibrations (Figure 6). It would then appear that G is 
either the third origin or a vibration built upon E or F. Al­
ternatively, F is the third origin or a vibration built upon E 
or C. 

The absence of a hot band at C - 428 cm - 1 (~10% ther­
mal population at room temperature) indicates that F is not 
likely to be a vibration associated with C. Similarly, the ab­
sence of a hot band at E —560 cm" ' rules against G being a 
vibration built upon E. The remaining choices are either G 
built upon F or F built upon E. It was hoped that these two 
possibilities could be distinguished by the temperature de­
pendence of band D. Band D disappears at 80 K. Our best 
estimate of the Boltzmann energy of D is 180 ± 90 cm - 1 , a 
value obtained from a linear log intensity ( J I{v) dv) vs. 
1/T plot. This corresponds more closely to the E-F separa­
tion (~160 cm"1) than the G-F separation (~400 cm"1) . 
Further confirmation of F arising from a vibration built 
upon E is indicated by the similarity in spacings of the low 
energy progressions centered on each band (24, 45, ~80 
cm"1) . Thus F appears to be the fundamental in a ~156-
cm"1 progression built upon E. The weaker absorption of a 
second 156 cm"' quantum with similar substructure is also 
observable (next section). Band G, on the other hand, has 
no structure, which suggests that it corresponds to an excit­
ed state with an electronic wave function significantly dif­
ferent than those for E and F. In summary, our best esti­
mate of the 2F5/2 spacings are C-E = 272 cm"' and E-G = 
558 cm" ' . These experimentally obtained spacings corre­
spond in Figure 2 to the significant distortion from O/, sym­
metry expected at the oxide sites, which leads to a large 
splitting of the Tg quartet. 

(C) Vibrational Structure. Having assigned C, E, and G 
as the three electronic origins, we shall attempt to explain 
the structure observed within these transitions. The band C 
region at higher resolution (~4 A) is shown in Figure 4. As 
will be demonstrated in the next section, Ci is the electronic 
origin of the Yb(III) ions at the C2 sites while C, ' is that of 
those located at the C3, sites. The C, ' -C] splitting of 12 
cm"1 is found to be reproduced at 110 cm"1 (C2 ' -C2) and 
190 cm" ' (C3 ' -C3) from Ci. Consequently, C2 and C3 (C2 ' 
and C3 ') can be assigned to 110 and 190 cm" ' vibrations 
built upon the first electronic transition of each site. 

The E and F regions of the spectra are shown in Figure 5. 
Sets of vibrations that are similar in energy and shape are 
reproduced at ~156 cm"' intervals which have an overall 
Franck-Condon factor 5" =* 0.55. This 156-cm"1 major 
mode is labeled as Fi and F5 which are built upon Ei. The 
subset of lower energy modes built on the 156-cm"' vibron­
ic origins are E2, E3, and E4 built upon E,; F2, F3, and F4 
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Figure 4. The band C region of the single ion spectra at 2 K of a 90 n 
single crystal of Yb2O3 oriented along (111). These spectra were mea­
sured at —'4 A resolution on a Cary 17 instrument. The insert shows 
the true C i - C / separation obtainable at 4 K with the higher resolution 
(~0.1 A) of the Spex 1702 single beam spectrometer. A Yb2O3-KBr 
pressed disk was used for this latter study. Energies of the C, E, and F 
band systems are listed in Table I. 

built upon Fi; and F6 and F7 (much broader and weaker) 
built upon F5. Thus, the first and second quantum of a 
~24-cm_1 mode and one quantum of a ~85-cm-1 mode are 
observed. Only E5 remains to be explained. It could be asso­
ciated with either the first electronic origin Ci (AE = 384 
cm-1) or the C3,- site. Finally, origin Gi appears to have two 
vibrations built upon it: the first at 355 cm"1 and a second 
at 600 cm -1 (Figure 3). 

Having experimentally obtained the vibrational frequen­
cies associated with the electronic origins, it is now appro­
priate to consider the observed lattice modes. The 7V 
Yb2O3 lattice has 5 X 16 X 3 = 240 vibrational modes of 
which only half are physically distinct. These modes trans­
form as (6 Ai8 + 6 E8 + 30 T8 + 8 Au + 8 Eu + 36 T11); the 
Ai8, Eg, and Tg modes are Raman active while the Tu 
modes are ir active. The observed Raman29 and ir30 spectra 
are listed in Figure 6. Since the macroscopic electric field 
due to the ionic character of the lattice transforms as T11, 
the 36 T11 ir models are expected to be split at zone center 
into a doubly degenerate transverse (TO) and nondegener-
ate longitudinal (LO) branch. Light absorption will excite 
only the transverse modes. Consequently, the reflectivity 
spectra of Yb2O3 are needed to identify all of the ir active 
lattice modes. While such data are not available, they 
should closely resemble those reported for the isostructural 
Y2O3.

31 The reflectivity data OfY2O3, along with the ir and 
Raman data on Yb2O3, have been used to construct Figure 
6. The large number of modes in the 80-620-cm_l spectral 
region makes difficult the assignment of the electronically 
active vibronic modes. An additional complication arises 
because the fundamental ir and Raman modes are at k = 0 
wave vector of the «= lattice. However, the electronically ac­
tive vibrations can have any wave vector (k) contributing, 
weighted by the density of states which is larger near zone 
edge (k = -rc/la where a is the lattice constant). Since the 
lattice is fairly ionic, the energies at zone edge generally 
will be different from those at zone center. This expectation 
is supported by the observation of an overtone (not shown) 
of the 570-cm-1 ir band. Light absorption by two vibrations 
(1 and 2) requires only that k\ + k2 = 0 and will peak for 
the high combined density of states near zone edge. The ob­
served overtone which peaks at 1080 cm -1 is 60 cm -1 lower 
than twice the zone center energy. Thus, even the higher en­
ergy modes which have been associated29 with YbO6 cluster 
vibrations show a significant energy dependence on k. An­
other argument against associating only the higher energy 
modes with "internal" vibrations of the cluster is that many 
of the observed electronically active vibrations are low in 
energy. Since the f-f transitions are localized, the vibrations 
of only nearest neighbor oxides should be electronically ac-

Figure 5. The E and F band systems of Yb2O3 (90 M crystal) measured 
at 2 K. See Figure 4 caption for details. 
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Figure 6. The observed Raman29 and ir30 vibrations of Yb2O3. 

tive. However, the observed vibrations span the low energy 
region down to 24 cm-1. Therefore, the nature (and site 
symmetry) of the electronically active vibrations must be 
mixed. The presence of a 24-cm_l vibronic progression 
implies one of the following: (a) the lowest energy observed 
vibration at ~80 cm -1 at k = 0 has a large negative disper­
sion to zone edge; (b) one of the ir or Raman inactive modes 
is in this region; or (c) the zone edge of some of the acoustic 
modes is at 24 cm-1. The other observed electronically ac­
tive vibrations all have possible assignments based on the 
observed vibrations of Yb2O3 listed in Figure 6. 

(D) Absorptions from Both Lattice Sites. We complete 
our assignment of the single ion spectra by experimentally 
demonstrating our previous assertion that C, and Ci' (Fig­
ure 4) corresponds to the first purely electronic 2F7/2 -* 
2F5/2 transition originating on the two different lattice 
sites. Since C / is readily observed at 80 K, it should not be 
associated with the magnetic ordering of the Yb2O3 lattice 
at 2.3 K.19 Also, there is not a corresponding hot band for 
Ci' located at C| - 11.6 cm -1. These observations are con­
sistent with a two-site hypothesis. Evidence for Ci and Ci' 
involving two different site absorptions comes from the tem­
perature dependence of the emission spectra. 

Probably because of concentration quenching, Yb2O3 it­
self does not emit down to 4 K. We have, however, doped 
(1:900) Yb(III) into Y2O3 which is isostructural as well as 
an excellent phosphor host. Rare earths doped in Y2O3 do 
not appear to show a site preference.32 We observed that 
the doped oxide showed two sharp emission lines at 80 K at 
energies corresponding to Ci and d ' . When the tempera-
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Figure 7. Emission spectra at 4.2 and 78 K of Yb(IIl) doped 1:900 into 
Y2O3. Spectra were measured at ~0.1 A resolution on the Spex 1702 
spectrometer. Emission corresponding to the Ci and Ci ' absorptions 
appears at 976.0 and 975.0 cm - 1 , respectively. 

ture was lowered to 4.2 K, both lines became more intense, 
although their relative intensities remained constant (Fig­
ure 7). If both lines corresponded to two levels of a given 
type of Yb(III), the line associated with the higher level 
should have markedly cooled out. The Boltzmann factor for 
an 11.6 cm"1 level at 4.2 K is c-'1.6/2.9 = 0.OI8. The rela­
tive temperature independence of these resonant emission 
spectra establishes that Ci and Ci' originate from Yb ions 
at different lattice sites. The oscillator strengths are Ci = 
1.95 X 10-7 and C,' = 0.15 X 10~7, a 13 to 1 ratio. Since 
there are three times more Ci sites than C3, sites, and since 
the Ci sites are forced electric dipole while the C3/ sites are 
only magnetic dipole allowed, we can associate Ci with the 
Cj site and C / with the C3, site. Allowing for the 3:1 statis­
tical factor, the ratio of the forced electric dipole to magnet­
ic dipole intensity was found to be 4.3:1. A semitheoretical 
estimate of this ratio for Yb2C>3 at room temperature yield­
ed a value of 11:1.33 Presumably, this qualitative agreement 
would have been better if the calculations were based upon 
spectral data obtained at low temperature in order to mini­
mize odd parity vibrational effects. 

The Pair Excitations. The absorption spectra of a ~1.6 
mm thick pressed pellet of Yb203 powder in the spectral re­
gion 450-500 nm are presented in Figure 8. This region lies 
in the large spectral window between the Yb(III) single ion 
absorptions at ~ 10,000 cm -1 and the charge-transfer ab­
sorption edge at ~40,000 cm"'. A number of weak bands 
(~10~3 as intense as the f-f absorptions) were observable 
even at room temperature. Cooling the sample to 80 K shar­
pened the spectra and caused a modest (~60%) increase in 
the band intensities. Measurements made at either 2.0 or 
4.2 K under high resolution revealed no significant change 
in spectral features. 

Because of the large effective light paths required to ob­
serve these weak bands, it was necessary to establish that 
they are not due to trace amounts of rare earth impurities 
(see experimental section). The noninvolvement of impurity 
absorption is further supported by an analysis of the ener­
gies and shapes of these absorption bands. The energies and 
assignments of the SPE bands (Figure 8) are listed in Table 
II. Assignments are based on the energy agreement with ap­
propriate combinations of single ion excitations. Since the 
f-f excitations are well shielded from the Yb(III) environ­
ment by the filled 5s and 5p shells, SPE bands may be ex­
pected to correspond almost exactly with sums of single ion 
energies. Another consequence of the insulated f-f single 
ion excitations is that each partner of an excited pair can be 
considered to interact with its oxide nearest neighbors inde­
pendently of the other. This allows us to factor out the sin-

460 480 500 
WAVELENGTH (NM> — 

Figure 8. The SPE absorptions at 80 K of a neat Yb2O3 pressed pellet 
measured at ~1 A resolution with a Cary 14 instrument. Band desig­
nations are given in Table II. Equivalent, although weaker, absorptions 
were exhibited by a 4 mm thick single crystal. Curves I, II, and III are 
those S r ^ absorptions built upon the C, Ei, and Gi single ion electron­
ic origins, respectively. The insert shows an expanded trace of the Ci + 
C, and Ci + C1 'SPE bands. 

Table H. Calculated and Observed Energies" 
of the SPE Absorptions in Yb2O3 

SPE 
band 

1 
2 

3 
4 
5 
6 

7 
8 

Observed energy6 

20,490.2 ± 
20,503.6 ± 

20,791 ± 3 
20,932 ± 3 
21,031 ± 5 
21,327 ±5 

21,592 ±6 
21,858 ± 7 

0.4 
0.4 

Single ion 
combination 

C 1 + C1 

C1+ C1' 
IC1'+ C1'] 
C1+ E1 

C1+ F1 

E 1+ E1 

C1+ G1 

F 1+ F1 

E1+ G1 

F 4 + G1C?) 
G1+ G1 

Calculated 
energy:' 

20,492.4 ± 0.8 
20,504.0 ± 0.8 
20,515.6 ±0.8 
20,763.8 + 0.8 
20,919.9 ± 0.8 
21,035.6 + 0.8 
21,321.8 ± 2.4 
21,347.4 ± 0.8 
21,593.4 ± 2.4 
21,826.9 ± 3 
22,151 ± 4 

" Energies in (vac) cm - 1 . b Energies of 1 and 2 from single-crystal 
spectra measured at 2 K on 3.4 m Jarral Ash. Energies of 3 -8 from 
spectra of neat Yb2O3 pellet at 80 K (see Figure 8 caption), 
c Based on data in Table I. 

gle ion vibrational wave functions as was done in eq 4 (ap­
pendix). Thus, the shape of a pair transition is determined 
(eq 5, appendix) by the product of the Franck-Condon fac­
tors of the contributing single ion transitions. This effect is 
observed in the three curves extracted graphically from the 
complete SPE spectra. Curve I (Figure 8) contains all of 
the pair bands which have been assigned by reasons of ener­
gy additivity to combinations containing the lowest elec­
tronic origin C]. Since Ci is a sharp band, the SPE bands 
associated with combinations containing C, should have 
band shapes determined by the second single ion transition 
of the pair (i.e., d + C1, C, + E1, C, + G , ) . For this rea­
son, curve I mirrors the shape of the single ion spectra (Fig­
ure 3). Curve II is built upon SPE bands involving the elec­
tronic origin Ei, which is associated with considerable vi­
brational structure. Thus, the SPE bands included in curve 
II are significantly broadened by the effect of Ei on the 
product of the Franck-Condon factors, the band attributed 
to Ei + Ei being especially broad. The third indicated elec­
tronic origin G1 is also fairly broad, which may be why we 
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Figure 9. The eight C3, sites in the Yb2O5 unit all lie at the corners of a 
5.22 A cube. Shown on the lower part of the figure is the mutually or­
thogonal oxide coupling of the nearest neighbor Ca sites to a common 
C2 site. 

were not able to detect a SPE band corresponding to Gi + 
Gi above the background noise level. 

A significant feature of the SPE spectra is the 13.4 cm -1 

separation of bands 1 and 2. On the basis of energy additiv-
ity these SPE bands may be assigned to Ci + Ci and Ci + 
Ci'. As described in the previous section, C] is the lowest 
electronic transition originating from Yb(III) at a C2 site, 
while the C / transition is the analog for Yb(III) at the C3, 
site. The absence of a Ci' + C / SPE band is attributed to 
the C-type oxide structure of Yb2O3. Nearest neighbor 
pairs include both C2-C2 sites and C2-Ca sites. Yb(III) 
ions at different C3, sites are not nearest neighbors, and can 
interact only via a common Yb(III) neighbor at a C2 site. 
The exchange path for C-^-Cn pairs required by this ar­
rangement is shown in Figure 9. This exchange path is un­
favorable because of the intervening Yb(III) ion and the 
poor coupling afforded by the single oxide bridge relative to 
that of a double oxide bridge (see below). 

The observed oscillator strengths of the first two SPE 
bands are / , = 2.6 X lO"10 and/2 = 3.54 X IO"10. Since 
the numbers of unique C2-C2 and C2-C3, pairs are equal, 
the mixed C2-C3/ SPE band has 1.35 times more intensity 
than its C2-C2 counterpart. The intensity of a SPE band is 
givenby the square of eq 3 (appendix). For an exchange in­
duced interaction, this can be written approximately as/sPE 
= / C T ( - / 2 / A £ C T ) where J is the exchange matrix element 
given by terms like those in eq 2 (appendix) and/cT is the 
oscillator strength of the charge-transfer band which is at 
an energy £CT- Thus, a small increase of Vl.35 = 1.16 in 
the interaction (J) between the C2-C3, pair over the C2-C2 
counterpart would account for the observed intensity differ­
ence. We will not attempt a quantitative explanation of this 
difference. We do note that with the inclusion of the local 
oxide ligands, neither type of pair has any unique symmetry 
element. However, there are small physical differences be­
tween the pairs. For example, the Yb(III) ions in the mixed 
pairs are ~0.05 A closer than those in the C2-C2 pairs. 
Using fcr = 10 for the intense charge transfer (or perhaps 
f-d)i4 absorption edge of Yb2C>3 at 40,000 cm"1, we obtain 
J[C2-C2) = 0.65 cm-1 and J(C2-C3,) = 0.75 cm"1. 

Studies of Other Yb(HI) Systems. In order to determine 
the effects of bridging ligands and geometries on the SPE 

absorption process, spectral studies were also done on 
pressed pellets of YbOF, YbF3, Yb(OH)3, and LaYbO3. 
The structural details of these solids have been described 
(vide supra). Of these materials, detectable absorptions in 
the SPE region were observed only for YbOF. In compari­
son to Yb203, the SPE absorptions of YbOF were broader, 
with less structure, and qualitatively weaker. The broadness 
must in part be due to the presence of both rhombohedral 
and tetragonal YbOF (see Structural Details). The SPE 
spectra of YbOF corresponded in energy to summations of 
the prominent single ion excitations, and were not analyzed 
further. 

The nonobservance of SPE absorptions in pressed disks 
of YbF3, Yb(OH)3, and LaYb03 is a significant finding. 
By increasing the thickness of the pressed disks to the limit 
set by light scattering losses, we estimate that the strength 
of the SPE absorptions of these latter compounds must be 
at least an order of magnitude weaker than those of Yb203. 
In order to observe such spectra above background noise, 
crystals of at least several centimeters thickness would be 
required. 

As all of the compounds studied were ground into fine 
powders before being pressed into disks, the above results 
are not attributable to gross differences in particle size. An­
other factor that requires comment is the range over which 
the Yb pair concentration varies in the compounds studied. 
Ignoring for the moment the different types of Yb pairs, 
their concentrations are determined by the densities of the 
solids, the number of Yb ions per formula weight unit, and 
the number of nearest neighbor interactions that a given Yb 
experiences. The relative concentrations of Yb pairs are: 
Yb2O3(LO), rhomb. YbOF (0.95), tetragonal YbOF 
(0.91), YbF3 (0.76), Yb(OH)3 (0.41), and LaYbO3 (0.25). 
Therefore, the observed greater than tenfold decrease of 
SPE band intensities in the latter three materials cannot be 
attributed solely to a reduction in the number of pair inter­
actions. 

We consider next the specific geometrical features of 
these pairwise interactions. Both LaYbO3 and Yb2O3 (half 
of the pairs) contain Yb ions linked in a similar manner by 
single bent oxide bridges (Figure 1). The average Yb-O 
lengths in both materials are similar. The Yb-Yb separa­
tions and Yb-O-Yb bridging angles are ~4.2 and ~4.0 A, 
and ~140 and M 20°, respectively. With the removal of 
factors such as particle size and pair concentration effects, 
and the apparent unimportance of low temperature magnet­
ic ordering (next section), we conclude that SPE absorp­
tions in LaYbO3 are intrinsically weaker than those in 
Yb2O3. Because of the similarity of the single oxide bridges 
in both materials, we further conclude that the Yb pairs 
linked by double oxide bridges in Yb2O3 must account for 
most of the observed SPE spectral intensity. The double 
oxide bridges differ from the single bridges in that the for­
mer are associated with more acute Yb-O-Yb bridging an­
gles (~100°) and shorter Yb-Yb separations (~3.5 A). 

Common to the remaining systems studied is the feature 
of Yb ions linked by double ligand bridges, the Yb-ligand-
Yb, bridging angles being 105 ± 10°. The only other mate­
rial that exhibited SPE absorptions was YbOF, which con­
tains three types of Yb ions linked by double ligand bridges. 
Based on the results obtained for Yb203 and LaYbO3, 
those Yb ions linked by double oxide bridges in YbOF are a 
likely origin of the SPE absorptions. The broad SPE spectra 
(not shown) of YbOF appear to be somewhat weaker than 
those of Yb2O3. This result may be attributed to the fact 
that the number of neighbors joined by double oxide bridges 
per Yb in YbOF is four as compared to six in Yb2O3. Also, 
the corresponding Yb-O separations in YbOF (2.44 A) are 
0.16 A greater than those in Yb2O3 (2.28 A). The nonob-
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servance of SPE absorptions in YbF3 allows us to conclude 
that Yb ions linked by double F - bridges are relatively less 
amenable to pair excitation. Each Yb in YbF3 is linked by 
double F - bridges to 12 neighbors; the resulting pair sepa­
rations are : 3.60 A (2X), 3.85 (2X), 4.17 (2X), 4.33 (4X), 
and 4.39 (2X). Based on our above conclusion that Yb ions 
separated by 4.11 A and linked by double oxide bridges in 
YbOF give rise to observable SPE spectra, it follows that 
those in YbF3 which are separated by 3.60, 3.85, and 4.17 
A are serious candidates for pair excitation. Even though 
each Yb has six sufficiently close neighbors, no SPE ab­
sorptions were observed. 

Double hydroxide bridging is similarly ineffectual in pro­
moting SPE absorptions. Each Yb in the Yb(OH)3 struc­
ture interacts with neighbors that are located at distances of 
3.53 (2X) and 4.01 A (6X). The nonobservance of SPE ab­
sorptions in Yb(OH)3 must be due to the nature of OH - . In 
summary, the intensity of SPE absorptions in the above Yb 
compounds depends strongly on the nature of the ligand 
bridges and is relatively insensitive to the Yb-Yb distance. 
Double oxide bridges are clearly superior in this respect to 
double F - , double OH - , and single oxide bridges. Further 
implications of these findings are considered in the fol­
lowing sections. 

Nature of SPE Absorption in Yb(III) Systems. The studies 
reported here bear on the nature of SPE absorptions in cou­
pled lanthanide systems in two ways. First, the intensity of 
the SPE absorptions does not correlate with the known 
Yb-Yb separations in the compounds studied. This obser­
vation indicates that the mechanism of pair excitation does 
not depend on multipole type interactions or direct metal-
metal overlap, both of which would lead to an increase in 
intensity with decreasing Yb-Yb distance. Second, the pro­
nounced superiority of double oxide bridging over geometri­
cally similar double F - or double O H - bridging indicates a 
superexchange type interaction. The contribution of a sup-
erexchange mechanism to the intensity of the SPE absorp­
tions will depend on the extent to which the nearest neigh­
bor Yb ions are coupled via the bridging ligands. The rela­
tive degree of Yb-ligand overlap should be related to the 
known covalency effects of the ligands. Such data are avail­
able from studies of lanthanide spectra in which the relative 
reduction of the free ion electron repulsion parameters by 
various ligands was found to be S 2 - > O 2 - > I - > Br - > 
Cl - > H2O > F - . 3 4 Hydroxide should be similar to H2O 
and F - in this respect. Our spectral results with Yb2O3, 
YbOF, Yb(OH)3, and YbF3 can therefore be rationalized 
by the covalency effects of the ligands. 

Thus an increase in covalency of the metal-ligand bond 
contributes to the pair intensity by increasing the exchange 
integral, J, between the two Yb(III) ions. Covalency also 
contributes to the intensity by lowering the energy of the li­
gand to metal charge transfer band, which reduces the ener­
gy denominator in the second-order exchange induced in­
tensity mechanism 

/ SPE = / C T ' ^ / " - E C T ) 

The above alone would indicate that LaYbO3 should ex­
hibit relatively intense SPE absorptions, although we were 
unable to observe any. Taking into account the types and 
densities of the pairs in Yb2O3 and LaYbO3, the SPE tran­
sitions of the double oxide bridged pair are at least four 
times as intense as those of the single bridged pair. This 
must be due to an increase in the total effective Yb-Yb ex­
change integral, / , due to the presence of the two bridges. 
Each exchange interaction is proportional to a product of 
the metal overlaps with a given ligand orbital; the intensity 
of the SPE transition is then enhanced by the square of the 

total effective metal-metal exchange. 
The effectiveness of the double oxide bridge in inducing 

pair transitions of Yb(III) is different from that found for 
transition metal pairs. In the former case the transitions are 
spin allowed, while the SPE absorptions studied in transi­
tion metals involved combinations of spin-forbidden transi­
tions. Single, ~180° bridges were necessary in the latter 
case to induce strong antiferromagnetic coupling which 
overcame the spin-forbiddenness of the pair transition. 
Transition metal ion SPE intensities correlate with the de­
gree of magnetic ordering; both decrease with increasing 
temperature. Although Yb2O3 undergoes magnetic or­
dering at 2.3 K,19 the SPE spectra of Yb2O3 did not signifi­
cantly change over the range 2-80 K and were easily ob­
servable at temperatures (300 K) where the extent of spin-
spin correlation should be essentially zero. 

In addition to the above considerations, there are also 
general differences between the SPE transitions of rare 
earth and transition metals due to the localized nature of 
the 4f as compared to the 3d wave functions. The J's must 
be smaller for the rare earths leading to much less SPE in­
tensity. Also, the single ion energies are closely additive for 
SPE transitions of rare earth pairs, while there can be large 
interaction energies for SPE of transition metals.36 The 
larger pair interactions of the transition metals can also 
eliminate the simple relationship between the shapes of the 
single ion and SPE absorptions we have observed for 
Y6203. 

SPE Absorptions in Coupled Cu(II) Systems. In analogy 
to Yb(III) compounds, those of Cu(II) exhibit a relatively 
simple spin-allowed single ion spectra attributable to a sin­
gle valence shell vacancy. Because the three d electrons are 
not shielded by higher filled valence shells, the Cu(II)-
Cu(II) interactions in numerous dimeric, cluster, and lat­
tice compounds are quite large relative to those in coupled 
Yb(III) systems. Furthermore, the oxidative character of 
Cu(II) results in fairly intense low energy (40,000 cm -1 or 
less) ligand —• Cu(II) charge transfer excitations. Accord­
ingly, the Dexter mechanism of SPE absorption4 would in­
dicate that such phenomena in coupled Cu(II) systems 
should be intense relative to those observed in the above 
Yb(III) systems. The presence of SPE absorptions in cou­
pled Cu(II) systems has been suggested but not yet proven. 

A variety of Cu(II) systems are known to exhibit antifer­
romagnetic or small ferromagnetic interactions. However, 
unlike the SPE processes involving the spin forbidden ab­
sorptions of other transition metal ions (Mn2+, Cr3+, etc.), 
antiferromagnetic ordering is not intrinsically required for 
SPE processes involving the ligand field bands of Cu(II). 
These magnetic interactions do, however, indicate the pres­
ence of metal-metal interactions necessary for the pair 
transitions. 

In addition to the ligand field and charge transfer ab­
sorptions, a number of coupled Cu(II) systems exhibit, rela­
tive to reference monomeric magnetically dilute Cu(II) sys­
tems, additional absorption at somewhat less than twice the 
ligand field band energies. The most widely studied of such 
systems are the dimeric Cu(II) carboxylates, which have a 
characteristic absorption band at ~28,000 cm -1 not present 
in magnetically dilute Cu(II) carboxylates. The various as­
signments37 of this absorption band include the suggestion 
of SPE absorption advanced by Hansen and Ballhausen,38 

which is supported by our results for Yb(III) systems. Rela­
tive to the Yb(III) systems, the large exchange and vibra­
tional interactions between Cu(II) pairs should result in 
more intense SPE absorptions whose energies are less than 
those calculated from summations of single ion ligand Field 
energies. A similar nonadditivity effect has been observed 
for the 4Ti8(I) + 4T18(I) pair transitions of Mn(II) pairs in 
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RbMnF3 ,3 6 and should be larger for the dimeric Cu(II) car-
boxylates. 

Other workers have observed absorptions at about twice 
the energy of the single ion transitions in other coupled 
Cu(II) systems. These include dimeric species such as 

TMED-Cu' 

.OH. 

-OH' 
Xu-TMED 

where TMED = (CH3)2NCH2CH2N(CH3)2,39 and con­
densed Cu(II) fluorides such as KCUF3.40 In contrast to the 
dimeric Cu(II) carboxylates, the extra electronic absorption 
in these systems is less amenable to assignments which de­
pend on the presence of either direct Cu(II)-Cu(II) overlap 
or symmetry restricted low energy charge transfer absorp­
tion. Of particular interest is an electronic spectral study of 
Cu(II) fluoride systems,40 all of which exhibit ligand field 
absorptions centered at ~ 10,000 cm - 1 . Systems such as 
CuF2 , KCuF3 , and heavily doped (>50%) C u " / Z n F 2 and 
C u " / M g F 2 show an addition absorption at ~20,000 cm - 1 . 
Although this absorption band warrants further investiga­
tion, it is not easily attributable to an impurity absorption. 
Such an assignment is not supported by the doping experi­
ments or by the observation that the 20,000-cirT1 absorp­
tion band of NaCuF3 , KCuF3 , and RbCuF3 is either absent 
or weak in Na 2 CuF^ K2CuF4, and Rb 2CuF^ Such behav­
ior is consistent with the fact that the Cu(II) ions in a 
Na 2CuF 4 type lattice are essentially magnetically dilute 
whereas those in the NaCuF 3 type lattice show strong anti-
ferromagnetic coupling.41 
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Appendix 

Vibrational Band Shape of SPE Transitions. Described 
below is an extension of the Dexter model of the SPE pro­
cess4 to include vibronic Franck-Condon factors. Consider 
noninteracting ions A and B. The Born-Oppenheimer vi­
bronic wave functions for the ground state, single ion excit­
ed states, and for the SPE state are given by equations 
la-c , respectively: 

U> S 

I ground/ 

single ion/ 

* S P E > 

l*Lt> 

IWx, 0 0 ) 
= |*A* * B ° X , e ° > j 

> 

i * A ° * B e X u ° e ) ) 

= l*A6 *B'XV"> E1 

= 0 (la) 

EA
e, £ E

e 

S P E £ A
e + £ B 

(lb) 

e 

'(Ic) 

and 

= l*A *B°X„10> 

IWx*0 ' ) 

I V ' V X . ' V 
I ^ A ^ B ' X / 1 } 

^ i n t 1 - E1 

(Id) 

-£int = E1 + EAiB
e 

The vibrational functions, XuQe, Xtee etc-> ^ a v e quantum 
numbers u, v, etc., appropriate to the potential surfaces 
constructed from the various ^ A ̂ B states. In the Dexter 
treatment, the two-electron SPE transition is made electric 
dipole allowed (a one electron operator) by mixing the SPE 
and ground state at the first-order level, with an intermedi­
ate state [^imtd)] through electron-electron interactions, 
i.e. 

1* y - * „ ground/ 1 ^ ground-' 

Zxooielv*BeXxy
u|xs

00>!x;e> + 
Z ^ o o e i l ^ B ' X x / ' l x ^ l x / 1 ) (2a) 

* S P E )' = l*SPE> + 

where 

^-0OiO = 

VX . J * ' * 0S(1V 10Iv "SI v 10S 4-Z^ eeiO I * A * B A X ui \X.v I \ Xw I + 

w 

I > e e O i I V ^ B 1 X x , - 0 1 I X 1 T ) I x x " ) (2b) 
x 

S^A T B | g / ^H? I ^ A * B / _ 
Et*1 + E* -

[ 2 ( * A ' ( D * B C ( 2 ) I e 2 / r l 2 \*A°(1)*B°(2)> -

<*A
i(l)*B°(2) |e 2 / r 1 2 1 *A°(2)*B°(l)>l/(£ i l l t

1 1 + E') (2c) 

etc. In expression 2c the first term is the direct term which 
is employed by Dexter using a multipole expansion for 1/ 
r\ 2, and the second is the electron exchange term necessary 
for spin forbidden mixing. 

The electric dipole transition moment for a SPE vibronic 
transition is given by 

M-SPE = X^groundUfiil ' I 'sPE)1 = 

*..io<*A°*B°|e*A I ^ A 1 V ) E ( X . 0 0 Xw I vCw j X i > + 

*eeOi<*A°*B° \e * B I * A ° * B ^ Z ( X s 0 0 | x / ' X X * 0 ' |x ,"> + 
X 

W V * B
e \e -RA!*Ae *Be>Bx,°Ve><X,le |x/e> + 

W ^ B ' M B K ^ B ^ B X ^ I X / V 

<x/ e) (3) 

Based on the real system under consideration (Yb2O3), 
further simplification of eq 3 is possible. Since the interme­
diate state is well separated from the SPE transition, we can 
assume closure over the intermediate vibrational states, i.e. 

2ZU^10Xx-10I = Z l x , i e X x , i e l = • • • = i 
W y 

This would seem to be generally satisfied in that SPE tran­
sitions are found to be reasonably well separated to lower 
energies from the electric dipole allowed [f = 1) transitions. 
For Yb2O3 in particular, the SPE spectra at ~20,000 c m - 1 

are well removed from the absorption edge at ~40,000 
cm - 1 . Additional simplifications can be made when the in­
teractions between the ions are small. The vibrational func­
tions Xvee, etc., can be regarded as harmonic oscillators hav­
ing force constants appropriate to each of the noninteract­
ing ions i.e. 

v oo _ o v o 
Xs — X A , X B „ , 

(4) 
Xv XB, 
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The approximation used in eq 4 requires that the single 
ion excitations do not cause large lattice distortions. This 
condition is best satisfied by the highly localized f-f transi­
tions of the lanthanide ions. The approximation is less ap­
propriate for systems such as MnF2 in which the single ion 
transitions are more strongly coupled to the lattice. Because 
of M n 2 + - M n 2 + interactions via the F - lattice, discrepan­
cies of up to 400 c m - 1 were observed between the energies 
of SPE bands and summations of contributing single ion ex­
citations.36 

The intensity of the SPE process is related to the square 
of the transition moment. 

^ SPE a I MsPE I = 

[electronic pa r t ] 2 < x A / I X A / ^ X B / ! x B / > 2 (5) 

Equation 5 simply represents the SPE electronic intensity 
as given by Dexter4 modified by a product of the Franck-
Condon factors of the contributing single ion transitions. 
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als as oxidized benzoquinones (Ia), fully reduced catechol-
ates (Ic), or as semiquinones (Ib). The 9,10-phenanthrene-
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Abstract: The photochemical addition of 9,10-phenanthrenequinone (PQ) to Mo(CO)6 in methylene chloride yields the dia-
magnetic complex Mo205(PQ)2. Crystals of the complex are triclinic, space group P~\ with a = 13.024 (3) A, b = 10.134 
(3) A, c = 10.389 (3) A, a = 84.95 (4)°, 8 = 94.93 (4)°, and y = 98.64 (4)°. Crystals form with one methylene chloride 
molecule per molecule of complex as solvent of crystallization. The structure was solved by conventional Patterson, Fourier, 
and least-squares procedures using X-ray data complete to 28 = 50° (Mo Ka radiation). Refinement of the structure con­
verged with final discrepancy indices of R = 0.045 and /?w = 0.054 for 3319 observed, independent reflections. Bonded to 
each Mo are two terminal oxo ligands with one oxygen bridging the two metals. Quinone ligands bond terminally to each 
metal through one oxygen with the second bridging the metals unsymmetrically. The complex molecule possesses approxi­
mate Ci symmetry. Short Mo-O distances (1.68 A) for the terminal cis oxo ligands are consistent with a complex of 
Mo(VI). Thus the quinones bond as magnetically coupled radical anions. 
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