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Configuration coordinate diagrams, which are normally used in a qualitative manner for the energy levels
of active centers in phosphors, are quantitatively obtained here for intervalence charge transfer (IVCT) states
of mixed valence pairs and metal-to-metal charge transfer (MMCT) states of heteronuclear pairs, in solid
hosts. The procedure relies on vibrational frequencies and excitation energies of single-ion active centers,
and on differences between ion-ligand distances of donor and acceptor, which are attainable empirically or
in ab initio calculations. The configuration coordinate diagrams of the Yb** /Yb®** mixed-valence pair in Yb-
doped YAG and the Ce®*"/Yb®" heteronuclear pair in Ce,Yb-codoped YAG, are obtained and described. They
are drawn from empirical data of the single-ions and their usefulness is discussed. The first diagram suggests
that IVCT states of Yb?"/Yb®* pairs may play an important role in the quenching of the Yb** emission and it
provides the details of the quenching mechanism. The second diagram supports the interpretation recently
given for the energy transfer from Ce>" to Yb®" in Ce,Yb-codoped YAG via a MMCT Ce*-Yb?" state and
it provides the details. The analyses of the two diagrams suggest the formation of Yb**/Yb®" pairs after
the Ce®*-to-Yb®" MMCT as responsible for the temperature quenching of the Yb** emission excited with

Ce** (4f — 5d) absorption in Ce,Yb-codoped YAG.
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I. INTRODUCTION

Electron transfer between two metal ions involved in a re-
dox process is an important phenomenon in biology, chem-
istry, and material science. It is often known as metal-to-
metal charge transfer (MMCT). When the two metal ions
differ only in oxidation state, the conventional name of this
process is intervalence charge transfer (IVCT).! [The term
IVCT is used sometimes for MMCT between non-equivalent
metal ions and also for electron transfer processes not in-
volving metals; here we will adopt the conventional mean-
ing and we will call IVCT only to the homonuclear, symmet-
ric MMCT.]

MMCT states are considered to have an important role
in energy transfer processes between optically active cen-
ters of doped solids and in non-radiative decays which can
drastically change the optical behavior of materials.? The
blue to near-infrared conversion in Ce**,Yb*-codoped YAG
(Ref. 3) and the ultaviolet to greenish-blue or to red conver-
sions in Pr®*-doped CaTiO, and CaZrO; (Ref. 4) are respec-
tive examples.

IVCT absorptions, which have been found in a large num-
ber of mixed-valence molecular compounds,>® have also
been reported in lanthanide activated phosphors like Ce®*-
doped LaPO, (Ref. 7), and lanthanide mixed-valence solids
like NasEu,Cl,, (Ref. 8). And IVCT luminescence has re-
cently been reported to exist as well, and to be responsi-
ble for the anomalous emissions of Ce®* in elpasolites’ and
Yb?* in fluorites.'? In fact, the IVCT states of mixed-valence
pairs in doped solids have a high potential for changing the
absorptions, emissions, and non-radiative decays of the ma-

terials when the pairs are formed, because these states are
intercalated between the regular states of single-ion active
centers.”!? Hence the importance of a detailed knowledge
of the IVCT states in materials where such mixed-valence
pairs are likely to form. Among others, this could be the
case of solids activated with Ce®>*, Pr®*, Eu®*, or Yb®*" lan-
thanide dopants, in which preventing the coexistence of
several valence states is difficult.!1-!2

It is common to address the participation of MMCT and
IVCT states in energy transfer, non-radiative decay, and ra-
diative processes with the help of schematic configuration
coordinate energy level diagrams**7 (cf. Fig. 4 in Ref. 7,
for instance). Here, we present an alternative to make
quantitative IVCT and MMCT configuration coordinate dia-
grams using structural and energetic data of the single-ion
active centers, which are attainable empirically or in ab ini-
tio calculations. We discuss their meaning and use as inter-
pretative tools for the issues mentioned above.

As bases for the elaboration of the IVCT and MMCT con-
figuration coordinate diagrams, we take the vibronic model
for the IVCT absorption of the two-state problem of a mixed-
valence pair of Piepho et al.!® and its extension to excited
states, which was used to analyze state-of-the-art ab ini-
tio calculations of the diabatic potential energy surfaces of
Ce®*/Ce*" and Yb?* /Yb3* pairs of dopant ions in solids.”!°
The latter revealed that, even though adiabatic potential
energy surfaces calculated with a full consideration of elec-
tronic couplings between electronic states of donor and ac-
ceptor centres are necessary for IVCT absorption and emis-
sion intensities and non-radiative decay rates, a great deal
of quantitative spectroscopic information on the pairs can
be attained at the diabatic level, i.e. without explicit consid-
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eration of donor-acceptor electronic couplings. Hence, we
focus here on the diabatic approximation to configuration
coordinate diagrams.

We discuss the definition of the configuration coordi-
nate of a single-ion active center and its corresponding en-
ergy level diagram in Sec. II. This serves as a basis for
the definition of the IVCT configuration coordinate of a
mixed-valence pair in Sec. III, where the corresponding en-
ergy level diagram is discussed. The same is done for the
MMCT states of a heteronuclear metalic pair in Sec. IV.
Detailed discussions of IVCT and MMCT sample cases are
given: Yb?" /Yb?* mixed-valence pair in YAG, Sec. I B, and
Ce3* /Yb*" heteronuclear pair in YAG, Sec. IVB.

II. CONFIGURATION COORDINATE OF A SINGLE ION
ACTIVE CENTER

Let us briefly discuss on the configuration coordinate of a
single ion active center and its corresponding configuration
coordinate diagram. This diagram is a very useful simplified
representation of the variation in energy of the electronic
levels of the active center with the nuclear displacements.
In this simplified description, only one vibrational coordi-
nate is used, which is called the configuration coordinate,
and the diagram is aimed at providing gross details of the
crossings and relative positions of the electronic levels. Fine
details, such as Jahn-Teller distortions, demand the use of
several vibrational coordinates.

Let us consider the energies of the electronic levels of an
optically active center with a single ion in the absence of
(Jahn-Teller) vibronic couplings between degenerate states.
The potential energy surface of the active center in its
ground state can be written as a function of its normal vi-
brational coordinates as:

NTS NNTS

1 1
EO(QI?QZ: o ) = 5 Zk’uOQi + E Z koni +... (1)
u v

In this expression, the ground state electronic energy at
equilibrium is taken as a reference for the energy scale and
the equilibrium structure is the reference for the vibrational
coordinates. In Eq. 1, the leading terms are quadratic and
diagonal, and, for convenience, we have divided the normal
modes into Nyg totally symmetric, {Q,}, and Nyrgs non-
totally symmetric, {Q,}. Then, the energy of an excited
electronic state, E;, can be written as:

Nrs

1
Ei(Q1,Qa ) =B+ 5 ;km(Qu —Qu)’

Nirs

+§ZkviQ2v+.... 2)

v

Here, E; , is the the mininum-to-minimum excitation energy
from the ground state (vertical offset), Qi is the vibrational
offset of the Q,, totally symmetric normal mode with the
ground state (horizontal offset), and it is clear that non-
totally symmetric normal modes have null offsets (because

J

symmetry makes all linear Q ,, terms of the electronic energy
to vanish). Eq. 2 implies that non-totally symmetric normal
modes only contribute to electronic energy difference if the
respective force constants are different, e.g. k,q # k,;. Usu-
ally, such contributions are much smaller than those due
to vibrational equilibrium offsets. So, the leading term of
E; — E, is due to the totally symmetric vibrational modes,

Ei(Ql; Q2, . ) - EO(QI’QZ’ .. ) = Ei,e
1 Nrs 1 Nrs
+E;km(Qu—Qm)Z_EZMIkMOQi+.... 3)

In some highly symmetric active centers, like O, octa-
hedral ML sites and cubic MLg sites, only the breathing
modes are totally symmetric. In these cases, if the vibration
of the first coordination shell is the only relevant, one single
breathing mode contributes in Eq. 3,

1

Qbreath = ﬁ (6Ll + 6L2 t+...+ 5Ln) ’ @

n being the number of breathing ligands and 6;, the incre-
ment of the M-L; distance with respect to its value in the
reference structure.

In a more general case, it is convenient to define a con-
figuration coordinate. In effect, we can make a rotation
(unitary transformation) of the N;g totally symmetric vi-
brational coordinates into a new set {Q,, }, such that one of
the transformed coordinates connects directly the minima
of the ground and excited states. Let us call this coordinate
Q.ss- (We represent in Fig. 1 the original and transformed
coordinates in the case of two totally symmetric coordinates
Q; and Q,.) Then, E; and E,, will have a horizontal offset in
this coordinate Q.g, but their offset in all other vibrational
coordinates will be zero. Accordingly, only the Q. vibra-
tional mode contributes to the leading term of the E; — E,
energy difference,

Ei(Ql’QZ’ .. .) _EO(Ql’QZ’ .. .) = Ei,e

1 1
*3 et i (Qetr — Qefr1)* — Ekeff,oQﬁff +.... (5)

Q. 18, then, the configuration coordinate of the single ion
active center, because it is the only one with horizontal off-
set and the only one that contributes to the leading term of
the electronic energy differences.

[We may remark that this configuration coordinate for
the potential energy surfaces of two states (ground and ex-
cited) is totally equivalent to the reaction coordinate de-
fined between two minima of the potential energy surface
of a chemical reaction (reactants and products). Accord-
ingly, for higher-order approximations to the state ener-
gies in Eq. 3, the configuration coordinate is not exactly
the straight line connecting the minima, but the curve that
connects the lowest energy crossing point between the two
surfaces with the two minima, with maximum descendent
slope. However, we will assume the quadratic approxima-
tion is valid for our purposes.]
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Q‘ 2 Q2

FIG. 1: Left: Definition of the configuration coordinate Q. of a single ion active center with two totally symmetric normal vibrational
modes Q; and Q,. The ground state E, and one excited state E; potential energy surfaces are shown. Right: Corresponding configuration

coordinate energy diagram.

We must bear in mind that, in general, the transformed
vibrational coordinates are not normal modes, i.e. there
are Q.Q,, off-diagonal quadratic terms contributing to the
electronic energies. If these terms are negligible, Eq. 5 holds
and Q. is a real vibrational coordinate that connects the
minima of E, and E;. Also, if all excited states have their
minima alligned with E;, and E; in the vibrational space, Q¢
is uniquely defined for all states. On the contrary, if Q.¢Q,,
off-diagonal terms are important or the electronic energy
minima of all states are far from being alligned, then, for
Eq. 5 to hold for all excited states, Q.4 must be some sort
of not well defined, effective vibrational coordinate. For
simplicity, Q¢ is often abbreviated by Q. The representa-
tion of the energies of the electronic states of the single ion
active center along Q is called the configuration coordinate
diagram.

III. IVCT CONFIGURATION COORDINATE DIAGRAM OF A
MIXED VALENCE PAIR

In this Section we describe the configuration coordinate
diagram of the intervalence charge transfer (IVCT) states of
donor-acceptor dopant pairs in a solid host. We will take an
Yb?* /Yb®* mixed valence pair in Yb-doped YAG (Y;Als0;,)
as a working example. We will assume both Yb ions substi-
tute for Y in a D, symmetry site with 8-fold Oxygen coordi-
nation (with long-range charge compensation in the case
of Yb*™) and we will focus on the 4f" manifold. Con-
sequenly, we are interested in the energy levels resulting
from the interplay between the 4f1* electronic configura-
tion of Yb?* and the 4112 electronic configuration of Yb>*.
The 4f1* closed-shell configuration of Yb?* has a single to-
tally symmetric A state. As it is shown in Table I, the 4f '3
open-shell configuration of Yb*" has seven I'y Kramers dou-

TABLE I: Level energies relative to their respective ground states
(E;,, in cm™!) and increments of the average Yb-O and Ce-O dis-
tances with respect to their values in the ground states of YAG:Yb**
and YAG:Ce®", respectively (Ad, in A).

Level E,* Ad° Level E;, b Ad ¢
YAG:Yb** YAG:Ce®*
4113 Jevels 411 levels
1T, (F,),) 0 0 1TL,(Fs)) 0 0
2T,(F,) 611 0.00 2T;(Fs;,) 289 0.00
3I;(PF;) 696  0.00 3TI;(Fs,) 770°¢  0.00
4T;(F,) 782 0.00 4T;(F,,) 2112 0.00
5T;(*Fs;) 10321 0.00 5T5(°F,;,) 2342 0.00
6 T;(*Fs;,) 10620 0.00 6T;(*F,;,) 2466  0.00
7T5(*Fs;,) 10674 0.00 7 T;(*F,;,) 3830  0.00
Lowest 5d! level
8T;(5d) 20450 -0.02
YAG:Yb** YAG:Ce**
A 0 0.14 A 0 -0.16

9Reference 14.
bReference 15.
‘Reference 16.

dReference 17.
¢See text.

blets which are grouped into four %F, /o related levels span-
ning about 800 cm™! and three 2Fs /2 related levels spanning
about 500 cm™! and lying at about 10000 cm™ above.!*
Let us label the two distinguishable Yb dopant atoms of
an Yb?" /Yb3* mixed valence pair as Yb; and Ybg. Starting
with an Yb?*-Yb}" ionic configuration of the pair, we have
seven levels with the same relative energies of the Yb3* lev-
els. Besides these states, we have those that result from
electron transfer from Yb*" to Yb®*. Such electron trans-
fer produces an YbiJr-Ybfz+ ionic configuration of the pair,
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which also has seven levels with the same relative energies
of the Yb®* levels. These are called the IVCT states (of the
original, reference Yb%*-Yb}?:r pair; obviously, the two sets of
seven states are each others’ IVCT states.) Altogether, the
4fN manifold of an Yb?* /Yb** mixed valence pair in YAG is
made of 14 energy levels. The energies of the seven levels
of the Yb?"-Yb3* ionic configuration vary with the displace-
ments of the oxygens around Yb; and Ybg, but their differ-
ences are very insensitive to these displacements because of
the 5s25p° shielding of the 4f shells. The same is true for
the seven levels of the Yb3*-Yb2" ionic configuration. On
the contrary, the energy differences between the two sets of
levels are very much dependent on the positions of the oxy-
gens because they involve an ionization in one site and an
electron attachement in the complementary site. Here we
describe this dependence.

A. IVCT model

In order to facilitate the extension to other mixed va-
lence pairs and to simplify the notation, we well call Yb?*
the donor D and Yb®* the acceptor A. More precisely, D
and A will not refer to the single Yb ions, but to the defect
centers they create in the solid; usually these are atomic
moieties containing the Yb ions and their first coordination
shells at least. Then the Yb?*-Yb}" ionic configuration of
the Yb?*/Yb3" mixed valence pair can be called D, A, or
simply DA, and the Yb>*-Yb2* ionic configuration A; Dy, or
simply AD.

Let us describe first the energy of the electronic ground
state of the Yb?"/Yb®* mixed valence pair as a function of
two normal modes Q; and Qp, which describe vibrations
around Yb; and Yby respectively. We will comment later
on the excited states. We may think of Q; and Qy as the
configuration coordinates (Sec. II) of the Yb; and Yby ac-
tive centers. In general, they can be any totally symmetric
normal vibrational coordinate of the centers.

The adiabatic ground state energy of the Yb>™ /Yb3* pair
at any value of Q; and Qg can be seen as the result of
the diagonalization of a 2 x 2 Hermitean matrix whose
diagonal elements are the energies of the Yb%Jr-Ybf;r and
Yb?*-Yb2* ionic configurations of the pair (diabatic ener-
gies Hyy = Ep 4, and Hy, = E, p ), and with the electronic
coupling between the two ionic configurations as the off-
diagonal element H;,. This diagonalization also gives the
adiabatic energy of a second, excited state at each Q; and
Qg- The consideration of the H;, electronic coupling is cen-
tral for the energy barrier of the thermal electron trans-
fer reaction Yb?"-Yb3* — Yb3*-Yb2" and for the radiative
and non-radiative transition probabilities. However, it is
of minor importance for the energy of the corresponding
optical electron transfer, which takes place at a fixed equi-
librium structure of Yb2*-Yb3* with a relatively long Yb-Yb
distance, and for the values of the vibrational coordinates
at which crossings between potential energy surfaces oc-
cur.”% In consequence, we will discuss the diabatic energies
of Yb2*-Yb3* and Yb?*-Yb%*, which correspond to null elec-

tronic coupling between the oxidized and reduced members
of the pair.

The diabatic energy of the ground state of the DA ionic
configuration, as a function of the positions of the ligands
that can be described with the coordinates Q; and Qp, can
be written as

1 1
EDOAO(QL:QR) = Ek(QL _QDO )2 + Ek(QR _QA0)2 ,  (6)

in a quadratic approximation with a common force constant
for D and A, k = uw?, u being the reduced mass of the vi-
bration and w the vibrational frequency common to both
vibrational coordinates. This equation establishes the min-
imum of Ej 4 as the reference energy. Qp and Q, are
the values of the vibrational coordinates at the equilibrium
structures of D and A respectively. Equivalently, if the donor
and acceptor sites are identical, the diabatic energy of the
ground state of the AD ionic configuration is

1 1
By, (Quy Qr) = Sk(Q, —Qu )+ Sk(Qx -Qp).

The diabatic potential energy surface E4 p (Q,Qg) is iden-
tical to Ep 4 (Qy,Qg) but shifted —(Qp, —Q,,) in the Q,, axis
and +(Qp, —Q,,) in the Qg axis. They are represented in
Fig 2.

The crossing point between Ep 4 and E, p with low-
est energy is the activated complex (ac) of the thermal
DA — AD electron transfer reaction at the diabatic level.
Within the adopted approximations of identical D and A
sites and a common force constant for both, this activated
complex is at the midpoint between their respective min-
ima: Qo = Qrac = Qac = (Qp, +Qu,)/2. The elec-
tron transfer reaction coordinate is the straight line in the
(Q1,Qg) plane that connects the Ej, , and E, , minima and
passes through the activated complex,

X, _ (8)
Qr—Q4,
Then, a normal electron transfer reaction coordinate Q,,
can be defined,

1
V2
which is null for the activated complex, Q,, ,.=0, and takes

opposite values for the DA and AD ionic configurations at
the equilibrium,

Q. = (Qr—Q1), C))

1
—Qet,ppa, = Qet D, = E(QDO —Qq,)» (10)

which gives

Quepy0, — Qet.noa, = V2(Qp, —Qa,) - (1D

Using the Q,, defined in Eq. 9, the parametric form of the
reaction coordinate is

1
V2

1
- =+ e to
QR Qac 3 Qe

QL_Qac:_ Qetb

(12)
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which makes it clear that an increment of Q,, means a si-
multaneous decrement of Q; and increment of Qg. This
reflects the fact that a thermal electron transfer from D; to

Apg, which converts D;Ap into A; Dy, is accompanied by a
contraction of the coordination shells around the donor D;
and a simultaneous expansion around the acceptor Ag.

J

dL - QL LI N I N I R I N N N I I N N BN I B B B N
u i E ]
C - DA, 2L~ _
| % ;
C B O ]
Gt Quot 3/
- i 1 ]
- 7 ]
dAO_’ E QA;’: E i EDvo EAODD
- i AD,
E : ) SN I S N P N N S I S N I B | : Qet’D$0 QEL%DU Qet
) T f —
QAO QDO QR \/Z(QDO-QAO)
I Y IT ) | TI ) | Id
v2vn(d, -d
dAo dDo R ( D, AO)

FIG. 2: Left: Ground state diabatic energy surfaces of the DA (red) and AD (blue) ionic configurations of the mixed valence pair. The black
line that connects the DA minimum (red dot) with the AD minimum (blue dot) and passes trhough the activated complex (black square) is
the electron transfer reaction coordinate, which is also the IVCT configuration coordinate. Right: IVCT configuration coordinate diagram

with the ground state energies of DA (red) and AD (blue).

Accordingly, the energies of the two ionic configurations
of the Yb?" /Yb®* mixed valence pair along the reaction co-
ordinate are:

1
EDOAO (Qer) = Ek(Qe[ - Qer,DOAO)2 5
1

EAODO (Qet) = Ek(Qet - Qet,AODO )2 > (13)

which are two identical parabolae with a horizontal offset

ﬁ(QDO - QAO)’
Epoa, (Qee — V2(Qp, —Qa,)) = Eap, Qo) - (14)

Since the coordinate orthogonal to Q,, does not have a hor-
izontal offset (Fig. 2), the reaction coordinate Q,, is the
IVCT configuration coordinate. The horizontal offset and
the force constant k are the only two degrees of freedom of
this model.

If Q; and Qy are the respective breathing modes of the
Yb; and Yby substitutional defects in YAG, which normaly
produce the maximum energy changes, they can be written
as

QL = (6OL1 + 6OL2 +... +5OL8) 5

Qr=—= (60, + 80, +---+560,) » (15)

Sl=al-

6,, being the increment of the Yb;-O;; distance with re-
spect to its value in a given reference structure, and equiva-
lently for the displacements of the other oxygens. The elec-
tron transfer reaction coordinate Q,, defined in Eq. 9 that
corresponds to these definitions of Q; and Qy are shown in
Fig. 3. Since all the Yb-O distances change equally during
the breathing, we can write

Q.= ‘/g(dL _dref) , Qp= ‘/g(dR_dref) ) (16)

where d,., d;, and dy are, respectively, the average Yb-O
distances in a reference structure, and around Yb; and Yby
at any moment. Then, for the donor and acceptor equilib-
rium structures we have

QDO = ‘/g(dDo _dref) > QAO = 1/g(dAo _dref) > (17)

dp, and d, being the average Yb-O distances around the

donor Yb?" and the acceptor Yb3" at equilibrium. In a more
general case with a coordination number n of equal ligands,

QD0 = \/ﬁ(dDo _dref) > QAO = ‘/ﬁ(dAO _dref) .

This leads to the centers of the two parabolae in the config-
uration coordinate diagram (Eq. 13),

—Qet,00a, = Qet,agp, = V n/2(dD0 - dAO)’

(18)

(19)
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FIG. 3: Electron transfer reaction coordinate Q,, of an Yb?"/Yb%*
pair in YAG.

and their offset
'\/E(QDO _QAO) = \/ﬁ(dDo —_ dAO) . (20)

Then, the horizontal offset (which is key to the model, to-
gether with the force constant) can be estimated from the
difference between the ionic radii of the donor and acceptor
ions, Yb?" and Yb®" in our working example.

The diabatic potential energy surfaces of other states of
the 4" manifold of the Yb?*/Yb*" mixed valence pair can
be written as

1
Epa(Qr,Qr)=Epa,. + Sk(Q, —Qp,)?

2
1
+ Ek(QR —Qy, )
1
Eyp(Qr,Qr)=Epa,. + Ek(QL —Q4,)°

1
+ Ek(QR—QDO)Z, (21)

assuming they have the same equilibrium structures and vi-
brational frequencies as the ground state. The vertical off-
sets Ep . are the sum of the minimum-to-minimum exci-
tation energies from the ground state to the i excited state
of D and from the ground state to the j excited state of A:
Epa,e= (EDi,e—EDO,E)+(EAJ,,6—EA0,€). Those of the two com-
plementary states D;A; and A;D; are identical: Then, their
energies in the IVCT configuration coordinate diagram are

1
Epa(Qet) =Epa e+ Ek(Qet —Qetnpa,)’ s

1
Eap(Qe) = Epaje + 5K(Qet =Qernp, ). (22)

In summary, Eq. 22, together with Eq. 19, or in a more
general case with Eq. 10, constitute an IVCT configuration
coordinate (diabatic) diagram of the D/A mixed valence
pair.

The model of the potential energy surfaces can be im-
proved by extending Eq. 21. Using different force con-
stants for D and A leads to a different electron transfer re-
action cooordinate but a configuration coordinate diagram
like Eq. 22 can still be used.’ In this case, the minima of

DA and AD are not alligned with the activated complex
and the reaction coordinate is made of two straight seg-
ments, one between DA and the activated complex and an-
other between the activated complex and AD. Also, us-
ing state-specific equilibrium structures, or state-specific
force constants, or including anharmonic terms, will pre-
vent from defining a unique reaction coordinate, because
there is a different one for each D;A;-A; D, combination. In
the case of excited states of a different configuration, like
4fN-15d, using state-specific equilibrium structures, or at
least configuration-specific equilibrium structures, might be
neccesary. If so, the one-dimension configuration coordi-
nate diagram will break in a strict sense and working with
the two-dimension energy surfaces is compulsory. However,
the reaction coordinates of several D;A;-A; D, combinations
can be similar enough so as to make the representation of
all states of the mixed valence pair along one of these reac-
tion coordinates meaningful.’

B. IVCT configuration coordinate diagram of Yb?" /Yb*' in
YAG

In Fig. 4 we show the IVCT configuration coordinate di-
agram of the 4f" levels of an Yb?*/Yb3" mixed valence
pair in YAG. It results from using Eqgs. 19 and 22 with n=8
and the following data: (1) The Ep, A are the experimen-

tal 4f — 4f excitation energies of Yb*>*, which are shown
in the second column of Table I (note that Yb?>" has only
one state of the 4f'* configuration). (2) For the dp —d,,
offset between donor and acceptor equilibrium distances,
which is dy2+_o — dy3+_o, We have taken 90% of the dif-
ference between the ionic radii of Yb?>* and Yb*' in co-
ordination 8 (1.14 A and 0.985 A respectively, Ref. 18),
which is dp —d, =0.14 A. The reduction factor has been
used to take into accound the host effect, which has been
found to make the equilibrium impurity-ligand distance in
a doped host to lie between the cation-ligand distance in
the undoped host and the distance that would correspond
to the ionic radii mismatch between the host cation and
the impurity.!? (3) The force constant is k = uw?, with
u=m(0)=15.999 amu. We are not aware of direct ex-
perimental determinations of the breathing mode vibra-
tional frequency of Yb*" defects in YAG; we have taken a
¥ = w/(2mc)=326 cm™! mode reported by Lupei et al.?°
after an analysis of resonant vibronic effects in YAG:Yb®*
and have scaled it 0.95% down to 310 cm™'. This corre-
sponds to a 90% scaling of the force constant k, which is
expected to be smaller in Yb?* than in Yb3*. Since

= 2
Kk =o.029660x(—“ )x( v ) ,

cm—1 A2 amu cm—!

we get k = 50434 cm™' A2,

In the IVCT configuration coordinate diagram (Fig. 4) we
observe the energies of the seven levels of the Yb?*-Yb3" (in
red) and the seven levels of the Yb3*-Yb2" (in blue) ionic
configurations of the pair. They are grouped in two sets of
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FIG. 4: Top: IVCT configuration coordiante diagram of a

Yb?" /Yb®" mixed valence pair in YAG. Bottom: Changes of the
Yb-O distance in the left Yb (d;, full line) and right Yb (dg,
dashed line) with respect to their value at the activated com-
plex, (dy2+_o+dys+ o0)/2, along the configuration coordinate
(or electron transfer reaction coordinate) Q,,.

four levels corresponding to Yb}"(*F,/,) and Yb3* (®F;,),
and two sets of three levels about 10000 cm™! above, cor-
responding to Yb* (*Fs,) and Yb> " (*Fs ). They have been
represented with full lines for configuration coordinate val-
ues around their respective minima. We used dashes lines
for their energies at configuration coordinate values cor-
responding to stressed structures. For instance, at Q,,=—
0.28 A we find Yb2*-Yb3* in equilibrium (full lines), with a
long Yb; -O distance and a short Ybg-O distance; on the con-
trary, an Yb%*-Ybf;r state is under strong stress in such struc-
ture (dashed lines) and it will relax towards a short Yb;-O
distance and a long Ybg-O distance, increasing Q,, and re-
leasing a large reorganization energy (about 7500 cm™!).
It is clear that structurally stressed IVCT states intercalate
between states of the pairs around their equilibrium. Verti-
cal (Frank-Condon) transitions between full lines take place
in Yb3*. Vertical transitions between full and dashed lines
are IVCT transitions; they end in structurally stressed states
and take place between states with large horizontal off-
sets, which produces very wide bands. IVCT absorptions in
mixed valence compounds are known long ago;>° they take
place without a corresponding emission. IVCT emissions
from higher excited states have been recently reported in

mixed valence dopant pairs in solids. They have been found
to be responsible for the anomalous emission of Ce3*-doped
elpasolites® and for the interplay between anomalous emis-
sions and 5d — 4f emissions in Yb-doped fluorite hosts.'°
The IVCT emissions have large Stokes shifts associated with
large reorganization energies.

It is interesting to observe in the IVCT configuration co-
ordinate diagram that IVCT crossings between the excited
Yb%+-%§+(2F5 /2) and the ground YbiJr(2F7/2)-Yb}2;r mani-
folds can occur with low energy barriers. Obviously, the
same is true for their symmetrical counterparts. With the
present data we obtain a 200 cm™! energy barrier from the
minimum of the YbiJr -Ybf;r (Fs /2) state (which is the emit-
ting state of the Yb3* 4f — 4f emission) to the crossing
between the lowest Yb?*-Yb3* (*F; ;) level and the highest
Yb2* (®F;/5)-Yb" level. This result suggests the considera-
tion of the nonradiative Yb** (4, ,) — Yb>* (4f5/,) electron
transfer in Yb?* /Yb®* pairs as a possible mechanism respon-
sible for quenchings of the Yb®* emission, which is shown
in violet in Fig. 4. This means that Yb?"/Yb®* pairs can
be the active quenchers in the concentration quenching of
the Yb3* emission.?! Also, they can explain the temperature
quenching of the Yb®* emission excited with Ce®** 4f — 5d
absorption in Ce,Yb-codoped YAG.?

The uncertainities of the empirical data used to build
the configuration coordinate diagram in Fig. 4 give only
a qualitative or semi-quantiative meaning to the energy
barrier just discussed. For instance, taking 95% or 85%
of the ionic radii difference for dy2+_o — dy3+_o instead
of 90%, leads to 75 cm™' and 400 cm™' energy barri-
ers instead of the 200 cm™! mentioned above. Simi-
larly, using a higher/lower vibrational frequency would de-
crease/increase the barrier value in this case. Besides, the
effective activation energies that are experimentally deter-
mined are smaller than the barrier energies calculated from
configuration coordinate diagrams because of the effec-
tive overlap between vibrational wavefunctions below the
crossing points.2? Nevertheless, it is clear that a configura-
tion coordinate diagram obtained with reasonable empiri-
cal data indicates that a crossing between a potentially emit-
ting level Yb?*-Yb3* (*F; ) and a structurally stressed IVCT
ground state level Yb3* (®F;,,)-Yb2" is likely to occur and it
would cause thermal quenching of the Yb3" 4f — 4f emis-
sion.

IV. MMCT CONFIGURATION COORDINATE DIAGRAM OF A
METAL-METAL PAIR

In this Section, we describe the configuration coordi-
nate diagram of the metal-to-metal charge transfer states
of a pair of ions of different elements in a solid host.
We will take a Ce*"-Yb3* pair in Ce,Yb-codoped YAG as
a working example. We assume Ce3" and Yb3" substi-
tute for Y in a D, symmetry site with 8-fold Oxygen co-
ordination. Regarding Ce®*, we will focus on its states
of the 4f! configuration and on its lowest 5d! state. As
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it is shown in Table I, the seven 4f! states are grouped
in three sets:'>® a first set with three levels spanning
about 800 cm™!, 1-3Ty; a second set starting at about
2100 cm™! above the ground sate with three levels span-
ning 350 cm ™!, 4-6 Iy; and a third set at about 3800 cm™*
above the ground state with one level, 7 I;. (This distri-
bution of levels differs from the extended assumption of
three 2Fs/, related levels and four *F,, related levels sep-
arated by about 2500 cm™'; a 4f crystal field splitting of
the same size of the 4f spin-orbit coupling splitting is re-
sponsible for the partial break of such assumption.'®) The
lowest 5d* state is 20450 cm™! above the ground state.!”
These levels will combine with the previously described four
2F7/2 related levels and three *Fj /2 related levels of Yb3*
(Sec. III). The result of this combination is four main sets of
levels. A first main set of 28 levels of Ce** (41 1)-Yb>* (*F; ,)
character lies between 0 and 4600 cm™! and is divided
in three subsets: 12 Ce®**(1-3 I5)-Yb** (*F;5), 12 Ce®* (4-
6 I5)-Yb** (*F,/,), and 4 Ce** (7 T5)-Yb*" (°F,/5). A second
main set of 21 levels of Ce®*(4f")-Yb**(*F5,) character
lies between 10300 cm ™! and 14500 cm™! and is divided in
three subsets: 9 Ce®*(1-3 T5)-Yb** (*F ), 9 Ce* (4-6 Ty)-
Yb** (*Fs5), and 3 Ce?* (7 I[5)-Yb>* (*Fs5). A third main set
of 4 levels of Ce®* (5d,)-Yb*>* (*F;,) character lies between
20450 cm™! and 21230 cm™!. Finally a fourth main set
of 4 levels of Ce®* (5d;)-Yb** (*Fs,) character lies between
30770 cm™! and 31120 cm™!. Between the third and the
fourth set, states of Ce?* (5d,)-Yb>* (*F, ;) character associ-
ated with the second 5d! excited state of Ce®>* may appear.
Here we will only pay attention to the three first sets.

Electron transfer from Ce®" to Yb®'" results into a
Ce*"-Yb** pair with a closed-shell ground state much more
stable than all its excited states. This level may lie between
the Ce3*-Yb3" states just discussed. Such a consideration
has led to propose its involvement in the mechanism of en-
ergy transfer from Ce®' to Yb®* in Ce,Yb-codoped YAG, as
well as in the quenching of the Ce>"-excited Yb*"-emission
of this material.> The question we tackle here is how to
represent the energies of the levels of the Ce"-Yb®" and
Ce*"-Yb?* pairs together in a simplified diagram, which is
called the MMCT configuration coordinate diagram.

A. MMCT model

In order to make the notation more general, we will call
Ce>* the donor D and Yb>* the acceptor A. After the elec-
tron transfer they result into Ce** and Yb?*, which will be
respectively called D™ and A~. As in the IVCT case, D, A,
D*, and A~ refer to the defect centers the respective ions
create in the solid, which will be atomic moieties contain-
ing at least their first coordination shells, rather than to the
single ions. Then, the pair Ce>"-Yb*" is DA and the pair
Ce*"-Yb%t is DTA™.

We aim at describing the energies of the states of the
Ce*.Yb®* and Ce*"-Yb?* pairs (DA and D*A™) as functions
of two vibrational coordinates Qj and Q4, which describe
vibrations of the moieties containing Ce (D and D*) and
|

Yb (A and A7) respectively. Note that in MMCT, contrary
to IVCT, D and D™ refer to a different element than A and
A~, so that there is no need to use the left and right atoms
to differentiate them; in other words, Ce is always the left
atom and Yb the right atom. This is why we use Q and
Q, here instead of Q; and Qg. As in IVCT, Qp and Q, can
be the configuration coordinate described in Sec. II of the
Ce and YD active centers, but they can also be other totally
symmetric vibrational coordinates of these centers.

The diabatic energy of the ground state of the DA pair,
as a function of the positions of the ligands that can be de-
scribed with the coordinates Qj, and Q,4, can be written as

1
EDOAO (QD’ QA) = EkD(QD - QDO)2

1
+-ka(Qa—Qu,)?, (23)

2

in a quadratic approximation. Qp, and Q4 are the values of
the vibrational coordinates of the donor and acceptor moi-
eties at the respective equilibrium structures of D and A.
kp = ppw? and k, = paw? are, respectively, the donor
and acceptor force constants, up and u, their vibrational
masses, and wp and w, their vibrational frequencies. As
in IVCT, with this equation we are establishing the ground
state energy of the DA pair at its minimum as the reference
energy.

The diabatic energy of the ground state of the D*A™ pair
that results after MMCT from DA can be written as

1
Epra-(Qp,Qa) = Epraz e + EkD(QD —Qp:)°

+%kA(QA —Qs). (24
Here, as in the IVCT model of Sec. III, we assume a com-
mon force constant kj, for D and D* on one side, and k, for
Aand A on the other; Q D; and Q 45 are the values of the vi-
brational coordinates of the donor and acceptor moieties at
the respective equilibrium structures of D* and A™. E Di AT e
is the vertical offset between the minima of the D¥A™ and
DA ground state potential energy surfaces. In an empirical
approach to the problem, it can be considered an empirical
parameter. Also, it might eventually be convinent to regard
it as the sum of: 1) the adiabatic ionization potential of D in
the host, IP}, (energy difference between the ground states
of D* and D at their relaxed structures), 2) the negative adi-
abatic electron affinity of A in the host, —EA, (energy differ-
ence between the ground states of A~ and A at their relaxed
structures), and 3) the interaction energy change due to the
creation of a hole in D and an electron in A; for long D-A
separations, this can be approximated by (g4 —qp—1)/dpa,
dp, being the distance between donor and acceptor, and q,
and g, their respective charges:

Epiase =IPp —EAs+(qa—qp —1)/dps- (25)
The Ep 4,(Qp,Q4) and Ep:a; (Qp,Q,) potential energy sur-
faces are represented in the left hand side of Fig. 5.
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FIG. 5: Left: Ground state diabatic energy surfaces of DA (red) and D*A~ (blue). The black line that connects the DA minimum (red
dot) with the activated complex (black square) and returns to the D*A~ minimum (blue dot) is the electron transfer reaction coordinate,
which is also the MMCT configuration coordinate. The minima of other two DA energy surfaces (not represented here) are indicated
with red dots. Right: MMCT configuration coordinate diagram with the ground state energies of DA (red) and D*A~ (blue).

Within these approximations, the activated complex of
the thermal DA — DA™ reaction is in the straight line that
connects their minima. Its exact position depends on the
value of the energy offset Epsas,.- In any case, as in the
IVCT case, the electron transfer reaction coordinate is the
straight line in the (Qp,Q,4) plane that passes through the
Ep,a, and Ep:a; minima,

Qp _QD0 QD(;r _QDO
—_—=m= (26)
Qu—Qa, Q. —Qa,

with a negative slope m. Then, a normal reaction coordi-
nate could be defined like in Eq. 9, which would be null in
the activated complex. However, since the position of the
activated complex can be very different for different pairs
of DA and DA™ states, it can be more convenient to define
here the normal reaction coordinate so that it is null for the
DA ground state at equlilbrium:

1
v1+m?2

Then, the parametric form of the reaction coordinate is

Qe = [(Qa—Qu)+m(Qp—Qp)]. @7

m
—zQet B)

W= = s

(28)
Qu— QA0 =

which, with a negative m, indicates that an increment of
Q.. means a simultaneous decrement of Q and increment

of Qy.

Being the only coordinate with horizontal offset, Q,, is
the MMCT configuration coordinate and the energies of the
ground states of the Ce3"-Yb®* and Ce*"-Yb?" pairs as func-
tions of it constitute the configuration coordinate diagram
for these states. Using Egs. 23, 24, and 28, they are:

1
EDOAO(Qet) = Eket(Qet_Qet,Dvo)z
1
EDgAa(Qet) = EDgAa,e—i_Eket(Qet_Qet,DarAg)za (29)
with
Qet,Dvo =0
Qeepias = 1/(Qp, —Qpz)* +(Qs: —Qa,)?,  (30)
and
1 2
kee = 1+m2(m kp +ks). (31)

The MMCT configuration coordinate diagram with
Ep,a,(Qec) and Ep:s-(Q,.) is represented in the right hand

side of Fig. 5. The three degrees of freedom of this MMCT
configuration coordinate diagram are the electron transfer
reaction coordinate curvature, k,,, the MMCT horizontal

offset \/ (Qp, —Qp;)? +(Qa; —Qu,)% and the vertical
offset Epia; e-

If Qp and Q, are the breathing modes of the donor and
acceptor, with nj, and n, equal ligands respectively, we have

Qp, _QDO+ = 1/’1_D(dD0 - dDg) )
Qa; —Qa, = VTaldy; —da,), (32)
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and a horizontal offset
Qet,DgAg = Qet,pya, = Qet,DgAg =
\/np(dD0 —dps ) +nu(da; —da )?.

For excited states of DA and D*A™, the diabatic energy
surfaces are

(33)

1

Epa,(Qp,Qa) =Epa, .+ EkD(QD —Qp)
1

+§kA(QA —Qy, 2,

1

EkD (Qp
1

+§kA(QA —Qa; ).

Epa(Qp,Qa) = Epta e + —Qp; )?

(34)

The energy offsets of DA are the sums of the minimum-to-
minimum excitation energies from the ground state to the i
excited state of D and from the ground state to the j excited
state of A: Epa,e (Ep,e — Ep,e) + (EAJ’e —E,, ). Corre-
spondingly, the energy offsets of DYA™ are the sums of the
minimum-to-minimum excitation energies from the ground
state to the k excited state of D" and from the ground state
to the £ excited state of A, plus the ground state energy off-
set Ep+a- ., which fulfils Eq. 25: Epiace = Eptase + (ED;’e -
EDg,e) + (EAZ’E - EAE,e). The D*A™ ground state energy off-
set Epsa- . is the only parameter of the model that depends
on the donor-acceptor distance dp,. This means that, when
two or more DA pairs made of the same elements coexist
in the same host with different D-A distances, dp, and d;,,
their MMCT manifolds E pya; are identical and shifted in en-
ergy with respect to one another. Eq. 25 gives 1/dp,—1/d;,
for the shift.

In general, there will be one reaction coordinate for each
D;A;-D/f A, combination. However, if the horizontal offsets
between different states of DA is much smaller than the
MMCT horizontal offset, it is not a bad approximation to
use the ground state reaction coordinate Eq. 27 for all the
states. In this case, we have

1
EDl-Al- (Qet) = EDiAj,e + Eket(Qet _Qet,DOAO )2

1
Epea(Qe) = Epea o+ Eke[(Qet —Qeepza )’ (35)

Summarizing, Eq. 35, together with Eq. 33, or in a more
general case with Eq. 30, constitute the MMCT configu-
ration coordinate (diabatic) diagram of the DA and D*A~
metal-metal pairs in a host.

Alternatively, if the horizontal offsets between different
states of either DA or DA™ are taken into account, then
the MMCT configuration coordinate diagram results from
evaluating Eq. 34 along the reaction coordinate of Egs. 26,
27, and 32. If the reaction coordinate of a set of excited
states DiAj-D,:r A, is taken as the configuration coordinate,
instead of the ground state combination DyA,-Dy Ay, then,
Egs. 26 and 27 are still valid to define such a coordinate,
as long as Qp,s Qa,» QD0+, and QAS’ are substituted by the
corresponding Qp, Qa;> Qs and Qa; -
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FIG. 6: MMCT configuration coordiante diagram of Ce®'/Yb%*
pairs in YAG. The following processes are indicated: Ce®* lowest
4f — 5d absorption (blue arrow); energy transfer to the *Fj /2 €X-
cited state of Yb®" and non-radiative decay to the ground states of
Ce®* and Yb®* trhough the Ce*"-Yb?>* MMCT state (dashed violet
line); and Yb** 4f — 4f emission (red arrows).

B. MMCT configuration coordinate diagram of Ce>" /Yb®" in
YAG

In Fig. 6 we show a MMCT configuration coordinate dia-
gram of Ce3* /Yb®" in YAG, which results from representing
Eq. 34 along the ground state electron transfer reaction co-
ordinate defined by Egs. 26, 27, and 32. The representation
along the Ce** (5d,)-Yb** (*F;/,) — Ce**-Yb*' reaction co-
ordinate in the same scale is hard to distinguish at sight.
We used the following data: (1) The Ep, Aj,ezEe(Ce?+-YbJ3.+)
energy offsets were obtained from the experimental ex-
citation energies of Ce*>* and Yb®", which are shown in
Table I. Since we do not have empirical data on the
minimum-to-minimum Ce3"-to-Yb®" charge transfer exci-
tation energy, we treat it here as an empirical parameter
such that it provides a diagram consistent with the ex-
periments; we used EDgAE,ezEe(Ce4+-Yb2+)=14000 cm L,
(2) We used dAg_dAodeb2+o—dYb3+o=0-14 A, as in Sec. III B,
and dp, —dp: =dcer+ o—dcet+0=0.16 A, using the same proce-
dure as in Yb?*/Yb®* (90% of the difference between the

ionic radii of Ce®* and Ce** in coordination 8, 1.143 A
and 0.97 A respectively.!®). We used the same Ce-O
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distance offset in all 4f' states of Ce®* and a -0.02 A
offset for the lowest 5d' state (Table I), slightly larger
than the -0.014 A found in ab initio calculations in
YAG:Ce3*, which has been considered to be underesti-
mated.?® (3) The donor and acceptor force constants are
szua)f‘) and kA:,uwf‘, with u=m(0)=15.999 amu. We
used Vp = wp/(2mc)=210 cm™!, which is 5% larger than
the 200 cm™! vibrational sequence found in Ref. 17 for
YAG:Ce®" (it corresponds to using a common force constant
for Ce®" and Ce** 10% larger than that of Ce®*; the force
constant is expected to be larger in Ce** than in Ce"). And
we used V,=w,/(2mc)=310 cm™!, which is the common
vibrational frequency for Yb*" and Yb*" that we used in
Sec. III B.

In the MMCT configuration coordinate diagram, we ob-
serve the states of the Ce®>*-Yb3" pair, which have been
discussed above, and, crossing them, the ground state
of the Ce**-Yb?** pair, with a horizontal offset of 0.60 A
(Eq. 33). This diagram is basically consistent with the ex-
periments and the interpretations given in Ref. 3. The low-
est Ce**(5d])-Yb** (°F,,) state can decay nonradiatively
to the Ce**-Yb?>* MMCT state with a small energy barrier.
This barrier is 73 cm™! and the crossing is produced on the
left side of the Ce®*(5d])-Yb** (°F;/,) minimum with the
above data; although the energy of the barrier can change
with the parameters of the model, the basic interpretation
is mantained for a relatively wide range around the present
data. Next, the Ce**-Yb?* MMCT state can decay directly to
the Ce3" (4f1)-Yb3* (2F5/2) manifold, which can yield Yb®*
*Fs5 —* Fy/, emission. This is consistent with the obser-
vations of energy transfer from Ce®' to Yb®*' in YAG:Ce,Yb,
with its temperature dependence, and with the Yb*" emis-
sion not showing rise time, so that it supports the given in-
terpretation as due to a thermally activated decay through
an intermediate Ce*"-Yb?" charge transfer state,® and com-
plements it with a more detailed description. A value of
E,(Ce*"-Yb®") around 2000 cm™' higher is also consistent
with the experiments: e.g. a value of 16000 cm™! gives a
30 cm ™! barrier and a crossing on the right side of the mini-
mum. Note that, according to Eq. 25, several E,(Ce**-Yb**)
values associated to different Ce-Yb distances can coexist in
the material.

An additional interesting feature was observed in the ex-
periments of Ref. 3: The intensity of the Yb®* 4f —4f emis-
sion as excited with the Ce®* 4f —5d absorption strongly
decreases above 110 K, after the initial increase with tem-
perature due to the thermally activated crossing to the Ce**-
Yb*" MMCT state. The crossing between the Ce*'-Yb*
MMCT state and the lowest Ce** (4f1)-Yb** (°F;/,) mani-
fold was suggested as a possible explanation. The present
MMCT configuration coordinate diagram does not rule out
such an explanation because the crossing exists, although
it has a relatively high barrier (590 cm™! with the present
data). However, the consideration of both the MMCT di-
agram of Ce®*'-Yb®" in YAG (Fig. 6) and the IVCT dia-
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gram of Yb?*-Yb®* in YAG (Fig. 4), suggests an alternative
explanation: The Ce3"-to-Yb3™ MMCT produced after the
Ce®*" 4f—5d absorption increases the probability of for-
mation of Yb?*-Yb®' pairs, hence, of quenching the Yb**
4f —4f emission via IVCT non-radiative decay, as discussed
in Sec. III B.

V. CONCLUSIONS

Quantitative configuration coordinate diagrams for in-
tervalence charge transfer states of mixed valence pairs
and metal-to-metal charge transfer states of heteronuclear
pairs of dopant ions in solid hosts, have been introduced
and discussed in detail. They are obtained with the use
of vibrational frequencies and excitation energies of single-
ion active centers, together with differences between ion-
ligand distances of the single-ion donor and acceptor cen-
ters. These data are attainable empirically, either from di-
rect measurements or from estimations, e.g. based on ionic
radii, and they can be calculated with ab initio methods.
The IVCT configuration coordinate diagram of Yb?*/Yb3*
mixed valence pair in Yb-doped YAG, and the MMCT con-
figuration coordinate diagram of Ce>"/Yb®' heteronuclear
pair in Ce,Yb-codoped YAG, have been obtained and dis-
cussed. Empirical data of the individual ions doped in YAG
have been used for this purpose.

The analysis of the Yb?" /Yb?* IVCT diagram suggest that
quenching of the Yb®* 4f — 4f emission takes place by
means of IVCT non-radiative decay in Yb?*/Yb®" pairs.

The analysis of the Ce>"/Yb*" MMCT diagram supports
a previous interpretation of energy transfer from Ce>" to
Yb3* in Ce,Yb-codoped YAG, after Ce®>* 4f — 5d excita-
tion, via a Ce**-Yb?* MMCT state. The diagram provides
the details of this process. The energy of the structurally
relaxed Ce**-Yb?' pair is estimated to lie at either about
14000 cm™! or 16000 cm™! above the structurally relaxed
Ce®*-Yb3* pair. According to the diagram, there is a higher
probability of nonradiative decay from the intermediate
Ce**-Yb*" pair to the excited Ce*" (4f1)-Yb>* (*Fs,) man-
ifold than to the ground Ce**(4f1)-Yb** (*F,/,) manifold
of the Ce3"-Yb®' pair. Altogether, the two diagrams sug-
gest that the temperature quenching of the Yb®" 4f — 4f
emission excited with Ce*>* 4f — 5d absorption is due to
the formation of Yb?*-Yb®* pairs after MMCT from Ce>*-to-
Yb3* in Ce3T-Yb3* pairs.
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