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The vacuum referred binding energy (VRBE) of the single electron in the lowest energy 3d level of Sc>+, V4*, Cro*, the lowest 4d
level of Y2+, Zr3*, Nb*+, Mot and the lowest 5d level of Ta**, and W>* in various compounds are determined by means of the
chemical shift model. They will be compared with the VRBE in the already established lowest 3d level of Ti>* and the lowest 5d
level of Eu>* and Ce3*. Clear trends with changing charge of the transition metal (TM) cation and with changing principle quantum
number n = 3, 4, or 5 of the nd level will be identified. This work will demonstrate that the trends correlate with the VRBE in the
free ion nd TM cation level. The acquired knowledge on the VRBE of the electron in the nd TM impurity levels but also on TM
based compounds with nd type of conduction band bottom provides new insight in the luminescence properties of TM activated

compounds.

© 2014 The Electrochemical Society. [DOI: 10.1149/2.0121410jss] All rights reserved.

Manuscript submitted May 23, 2014; revised manuscript received July 22, 2014. Published August 7, 2014.

We live in a world where energy and resource efficiencies are be-
coming more and more important. Optimized luminescent materials
are required for light emitting diodes of the correct hue,'™ to improve
the efficiency of solar cells,”” to make longer lasting and brighter
“glow in the dark” phosphors,® ' and for faster, brighter, more pro-
portional scintillators for particle and astro- physics, medical imaging
and homeland security,''"'# and this is all needed with resources that
may be limited by physical availability or global politics.'3'® It is
neccessary therefore to find improved and/or alternative luminescent
materials. The use of ab initio or semi-empirical models to predict
the optical properties and electronic structures of luminescent mate-
rials are important in aiding this work, see e.g. Refs. 19-22. Such
models may be used to identify areas of interest, for instance iden-
tifying a promising new combination of host compound and dopant
ion. They may also be used in a systematic study of whole families
of compounds in order to gain new understanding of the underlying
physics,?!"?3 or to better understand the performance of an existing
luminescent material.

The location of lanthanide impurity levels in inorganic compounds
has been a subject of interest for many years. In 2003 Dorenbos in-
troduced a semi-empirical model to determine the electron binding
energies in the 4f and 5d levels of lanthanides relative to the energy
at the top of the host valence band in inorganic compounds.”> More
recently a chemical shift model was introduced that models the elec-
tron binding energy in lanthanide doped compounds relative to the
vacuum level.”’ In a recent paper we showed that the same model
can be applied to Ti*" doped compounds by using the energy of the
0% to Ti** charge transfer transition.?® This allowed us to directly
compare the vacuum referred binding energy (VRBE) of an electron
in the lowest energy 3d; level of Ti** in a compound with the VRBE
of a lanthanide level in the same compound.

In this work we collected data on the 3d° transition metals (TM),
Sc3t, V3t Crot, the 4d° TM Zr**, Nb5t, Mo°t and the 5d° TM
Ta>*. These TM cations can be utilized as activators in luminescent
materials but also as constituents of host compounds activated with
lanthanides or other TMs. Excitation of an electron from the valence
band into the empty nd® orbital results in a nd' one-electron state.
Such a situation is similar to when a 4f electron is excited to the 5d
level of lanthanide ions such as Ce*, Tb3* and Eu**. One may then
compare the VRBE of an electron in the lowest energy 3d; level, the
lowest energy 4d; level and the lowest energy 5d,; level of transition
metal and lanthanide ions. The periodic table-like illustration of Fig. 1
already reflects the main results of this work. The number in the right
hand corner for each element in the table represents the VRBE of
an electron in the lowest energy nd; level as averaged over different
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compounds. One may notice clear trends with changing charge Q
= 24, 3+, 4+, or 5+ of the TM or lanthanide, and with changing
principle quantum number n=3, 4, or 5.

Methodology

Figure 2 summarizes the notation used to describe the optical tran-
sitions of relevance in this article. Ti** is used in Fig. 2 to represent
the transition metals while Ce3*, Eu’* and Pr** are used to repre-
sent the lanthanides. Energies are expressed relative to the vacuum
level (E,,.) which is the energy of an electron at rest in the vacuum.
Lanthanide spectroscopy, combined with the chemical shift model, is
used to place the energy of the top of the valence band relative to the
vacuum. In order to attain a clear and consistent labeling system for
the many different transitions and energies, the following notation is
used: E}.7 (n, Q), where n is the number of electrons in the 4f, 3d, 4d
or 5d shell and Q represents the valency of the lanthanide or transi-
tion metal. A superscript denotes the type of transition involved while
a subscript displays the type of levels involved. In order to create a
VRBE scheme we need two things, a reference point, that is a known
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Figure 1. Schematic of the properties of the transition metal (TM) and lan-
thanide impurities studied in this work. E, 4 in each right top corner is the
vacuum referred binding energy of the electron in the lowest nd; level for a
TM or lanthanide impurity as averaged over various compounds in eV, rg in
the left bottom corner is the Shannon ionic radius for VI coordinated ions>*
in pm, and IE in the right bottom corner is the 3", 4%, 5% or 6% ionization
energy of the free TM in eV. The 2" and 3™ ionization energies for the three
lanthanides were corrected for the 4f,-5d; energy difference to obtain the
binding energy of the excited 5d electron. Italic numbers are estimates.
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Figure 2. Examples of the different optical transitions employed to construct the energy level schemes and the notation used to indicate binding energies and

transitions in this work.

energy relative to the vacuum, and a way of placing the other levels
relative to this reference. When using the chemical shift model to
place the VRBE, E4(7, 2+), the energy of the Eu** 4f ground state,
will be used as the reference. In principle one might equally well use
the 4f ground state of any of the other lanthanides, thanks to the well
known and well defined binding energy relationship between them.

In order to determine the VRBE E4¢(7, 2+), the coulomb repulsion
energy U(6) is needed which is defined as

U(6) = E4p(7,2+) — E45(6, 34) (1]

that is, the difference between the binding energy of an electron in the
Eu?* and Eu®* ground state as shown in Fig. 2. U(6) can be estimated
to an accuracy of about £0.1 eV from the centroid shift €.(1, 34) of
the Ce** 5d levels using the empirical relationship?’

U(6) = 5.44 + 2.834¢~(13D/22, 2]

The Chemical shift model provides the relationship between U (6) and
Eq(7,24)
18.05 — U(6)

Eyr(7,24) = —24.92 .
4(7,24) t o777 = 0.0353U(6)

(3]

The charge transfer energy E€7+*/(6, 3+) can then be used to place
the valence band relative to E4;(7,2+). When this information

is unavailable, one may use the Pr’* (E'VCT4/(2,34)) or Tb**
(ETVET41(8, 3+)) intervalence charge transfer (IVCT) energy. An
electron is then transferred from the Ln** ground state to conduction
band related states. The transition is illustrated in the right side panel
of Fig. 2, and we will assume that the transition ends at an energy in
between Ex and E as in Ref. 28.

VRBE in the 3d, level of Sc?*, Ti*t, V4 and Cr*+

In Ref. 26 the Ti*t VRBE Ej3;(1, 3+) was determined in about
forty different host compounds. The average E;4(1,34) = —3.95
=+ 0.07 eV, and individual data points scatter about 1 eV around this
average, attributed mainly to the host dependent crystal field split-
ting of the 3d levels. A similar amount of scatter is observed for the
VRBE of the electron in the Ce?t 5d; level, see Ref. 26 and Fig. 10
further on in this article. In this section the 3d® TMs Sc**, V>* and
Cr* as dopants in compounds are studied in order to determine the
VRBE of the electron in the 3d; level of Sc**, V**, and Cr*. Sc3+
can be found as a constituent of the host crystal but also as a dopant
in compounds. Table I contains the data, together with the references,
used to create the stacked band scheme of Fig. 3. E“* is the en-
ergy needed to create the host exciton at low temperature (*~10 K).
ECT4 is the Eu’* ECT4/(6,3+) charge transfer energy. This in

Table I. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Sc2t 3d! Jevel. All

energies are in eV.

Host E ECTAS ECT3d U Ey Ec E3q,

GdAI3(BO3)4 7.55%9-31 4.930-34 6.09% 7.02 — 898 —0.83 —2.89
YAI3(BO3)s 7.6529:30:36,37 5.1536:38.39 740 7.03 —9.24 —0.97 —2.24
YBO3 7.554 5.5941 7.3242 6.85 —9.5841 —143 —226
c-LuBO3 8.1541 5.0841 6.89% 6.94 —9.124 —0.32 —2.23
AL O3 9% B.H* 8+ (7.06) —9.8% —0.08 —18

Y3Al5015 7.146 5.4246 6.674 6.77 —9.38% —-1.71 -271
YAIO; 7.96%1 5.0641 74148 6.81 —9.044 —0.44 —1.63
Lu3Als0p; (Lu site) 7.35% 5.6540 6.894950 6.66 —9.6% —1.66 -271
LuzAlsOy; (Al site) 7.35% 5.65% 7.34% 6.66 —9.6% —1.66 —2.26
Y,03 6.14 5.14 5.8451 6.47 —8.914 —-2.32 —3.07
ScPO4 7.4541 64! 7.4541 (7.06) —10.14 —2.05 —2.65
ScBO3 7.24 5.54 7.24 6.86 —9.54 —172 -23

Sc,03 6.3 5.2)4 6.3 6.51 —8.934 —2.13 —2.63
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combination with E4¢(7, 2+), derived from the U(6) values in col-
umn 35, is used to determine the VRBE at the top of the valence band
Ey (column 6). By adding the electron-hole binding energy E.*, of
the exciton to Ex = Ey + E¢, the VRBE E( at the bottom of
the conduction band is reached (column 7). For wide bandgap com-
pounds the estimated value E¢*, = 0.08 x E** was used. For small
bandgap compounds or compounds with high dielectric constants the
binding energy will be a smaller fraction of E“*. For most of the
compounds above data were already presented in previous work. For
other compounds an account on how data was obtained is provided
in Appendix A. New in this work is the compilation of the valence
band to Sc** charge transfer energy E€7-3¢ (column 4). Together
with Ey it provides the VRBE Es4(1,2+4) = Ey + E€73(1,34)
of the electron in the lowest 3d; level of Sc** (column 8). It is as-
sumed that, like for Eu®*, the energy of CT provides a good mea-
sure for the location of the Sc?t level above Ey. Table I also con-

Y2 3
ScPO;;

tains information on three Sc*-based compounds. For these com-
pounds, the VRBE Ey is considered to be equivalent to the VRBE
Eszqi(1, 24).

Figure 3 shows a stacked VRBE diagram of the different com-
pounds of Table I together with the VRBE of the electron in the
lowest energy Sc’>* 3d, level. The top of the valence band in
the oxide compounds is always near —9 to —10 eV. The average
E3q1(1,24) = —2.41 £ 0.11 eV, and the Sc** level energy spreads
about = 0.8 eV around this average which is mostly attributed to
compound to compound variations in the crystal field splitting of the
3d-levels. The bottom of the conduction band is found between 0 and
-2 eV. The relatively small binding energy in the Sc?* 3d, level means
that it is very difficult to stabilize the Sc>* valence in compounds and
very few reports can be found on Sc**. Nevertheless, knowledge on
Es4,(1,2+) is still important since Sc** may act as an electron trap
as long as E3, (1,2+) < Ec.

Table II. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the V4t 3d! level. All

energies are in eV.

Host E* ECTAS ECT.3d U Ey Ec E3q,
CaSOy4 8.455253 4775455 4.43% 7.19 —8.94 0.19 —451
GdPO, 8.05%1 5.1441 4.03%7 (7.15) —9.284 —0.59 —5.25
YPO, 8.5541 5.6541 4.4 7.09 —9.774 —0.54 —5.37
LuPO, 8.6 574 4.19% 7.08 —9.85% —0.56 —5.66
SiO, 8.7%6 (5.53)% 4200 (7.0 —9.6% -02 —54
GeO, 5.961 3.862 N/A —8.840.2 —24 -5
Sn0O, 3.5993 3.799 2.78% 6.8 —7.76% —3.88 —498
Mg, SiO4 7,865,600 4.8607:68 4.65% (6.8) —8.78 —0.36 —4.13
ZrSiOy4 7.170 4,637 3.977% 6.9) —86 —125 —4.63
Al O3 9 B.7)* 4,040 (7.06) —9.8% —0.08 —5.76
Gd3AlsOp, 6% 546 4.137 6.77 —8.96% —248 —4383
Y3Al501, 7.146 5.42% 4.3474 6.77 —9.38% —1.71 —5.04
CaYAIOy4 67 4,562 3.7676 6.7) —8.840.3 -232 —5.04
MgAlL Oy 6.9% 4.4% 3.9877 (6.80) —8.37% -0.92 —4.39
LiNbO3 4.7% (4.7)% 3.8178 (6.8) —8.67% —3.59 —4.86
LaNbOy 4.847° (4.49)80 40281 (6.8) —8.76 —3.47 —4.74
TiO, 3.459 3.863 2.89%2 (6.7) —7.729 —3.99 —4.83
SrTiO; 3.46%3 3.4263 2.5283 6.7) —7.34%3 -3.6 —4.82
CaTiO3 3.859 4,163 2.958 6.7 —8.029 —3.86 —5.07
Zr0, 5.35% 4.43% 3.3586 (6.6) —8.3% —2.52 —4.95
HfO, 5.85%3 4.438% 4.07% (6.6) —8.3% -2.01 —4.23
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The VRBE of an electron in the Ti** 3d; level is about 1.5 eV
more negative than that in Sc?>*. As a result Ti** is more stable
in compounds than Sc?*. Stability is increased even further for
V#*. Table 1I and Fig. 4 contain and display data on the VRBE
E341(1, 44) of an electron in the lowest V4* 3d, level. It is on average
—4.934+0.09 eV with a data spread of & 0.8 eV. Due to the much lower
VRBE than that for Sc>* information can be obtained on compounds
with much lower E. like TiO,, SnO, and CaTiOs.

Finally in Table III data on the highly charged Cr®* ion are col-
lected, which are required to construct Fig. 5. The largest energy for
the charge transfer to Cr®" is observed for the fluoride LiSrAlF.
Figure 5 shows that the large value is entirely caused by the low lying
Ey due to the strong binding of an electron in the fluorine ligand. The
VRBE of the electron in the 3d; level of Cr>* in LiSrAlF at -5.98 eV
ends up close to the average VRBE E3; (1, 5+) = —5.73 £ 0.14eV.
Like for the other 3d; levels the individual data spread £+ 0.7 eV
around the average. Comparing the results for Sc>*, Ti**, V4, and
Cr’*, we find that the VRBE of an electron in the 3d; impurity state
decreases continuously from —2.41 eV, —3.95 eV, —4.93 eV, and
—5.73 eV with higher charge of the TM.

VRBE in the 4d; level of Y?+, Zr3+, Nb*+ and Mot

In this section we will determine or estimate the VRBE of an elec-
tron in the lowest 4d; levels of Y2t, Zr>t, Nb**, and Mo’*. It will
turn out that on average the binding energies in the 4d, levels are less
than in the 3d, levels when comparing the 3d and 4d TMs of the same

©
Q
=
©
(&)

valence. The binding energy in the Y?>* 4d, level is therefore less than
in the Sc?* level which brings the Y?* ground state, in a vast majority
of compounds, inside the conduction band. This immediately explains
why Y3, the 4d° analog of Sc**, is rarely seen as a dopant in com-
pounds. It will be optically inactive, a CT band will not be observed
and it is also not capable of trapping an electron. Yet, to make an esti-
mate on E41(1, 24) we will utilize data on yttrium based compounds
where the bottom of the conduction band contains a large contribu-
tion from Y?* 4d orbitals. Figure 6 shows a stacked band diagram
from published VRBE data on Y>*-based host lattices in Refs. 26,
41, 46, and 114. Like for Sc**-based compounds the value for Ey
is used as estimate for the Y>* E,;;(1, 24+) VRBE. These data show
+ 1 eV spread around the average E4;(1,24) = —1.81 £0.15eV
which is indeed above the binding energy for the 3d; level in Sc**.
The E4d1(], 2+) for Yt in Y3A15012 and Y3Ga5012 lies well be-
low E441(1, 2+) and that for YAIO; lies well above. These deviations
are clearly related to the well known exceptionally large crystal field
splitting in garnet compounds and the relatively small splitting in the
yttrium perovskite.

The electron in the Zr3* 4d, level will be stronger bonded than that
in the Y?>* 4d, level and now one may find information on the energy of
charge transfer to Zr** dopants in compounds. Table IV contains such
data from 5 different compounds. In addition data are compiled on
Zr-based compounds where the conduction band bottom is composed
mainly from Zr 4d orbitals. The data are displayed as a stacked band
scheme in Fig. 7. The average E4q(1,3+) = —2.9940.12 eV witha
spread of about 0.7 eV. The average value is smaller than for Y>* but

Table III. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Cr5+ 3d! level. All
energies are in eV.

Host E¢* ECTAS ECT.3d U(6) Ev Ec E3q,

LiSrAlFg 11.288.89.90 7.99 6.352 7.69 —12.33 -023 —5.98
Li>B4O7 8.2 5.04%* 3.46% 7.2 -9.19 —0.33 —5.73
Si0, 8.7%6 (5.53)% 3.44% (7.0) —9.6% -02 —6.16
LiCaSiO4 7.55%7 4779899 3.26100 6.92 —8.80 —0.64 —554
Mg, SiOy 7.865:66 4860768 3.44101 (6.8) —8.78 —0.36 —534
Gd,SiOs 6.8102 4.9102 3.14103 6.8 —8.85 —1.51 —5.71
Y,SiOs 6.82102 481102 3.24103 (6.80) —8.78 —141 —5.54
AlLO3 o B.7)* 3.35104105 (7.06) —90.8% —0.08 —6.45
Y3Al501, 7.146 5.4246 3.1106 6.77 —9.3846 —1.71 —6.28
BaAl,0y4 7.15107.108,109 4.63110.111 341112 6.63 —8.60 —0.88 —5.19
MgAl,04 6.9%° 4.4% 3.34113 (6.8) —8.37% —0.92 —5.03
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Figure 5. Stacked VRBE schemes for Cr®+ doped
compounds. The top of the green bars indicate the
VRBE Ey at the top of the valence band while the
bottom of the gray bars indicate the VRBE E at the
bottom of the conduction band. Blue horizontal lines
denote the VRBE in the Cr>t Ez4(1, 5+) level.

Figure 6. Stacked VRBE schemes Y3+ based com-
pounds. The top of the green bars indicate the VRBE
Ey at the top of the valence band while the bottom
of the gray bars indicate the VRBE E¢ at the bottom
of the conduction band. Blue horizontal lines denote
the VRBE in the Y2* E44(1, 2+) level. Data are
from Refs. 26, 41, 46, and 114.

Table IV. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Zr>t 4d! level. All

energies are in eV.

Host E® ECT4f ECT4d U(6) Ey Ec Euq,

YPO, 8.5541 5.654 7.045115 7.09 —9.774 —0.54 —272
LuBO; 8.15% 5.08%! 5.61116 6.94 —9.124 —0.32 —3.51
Si0, 8.7%6 (5.53)% 5.98!17 (7.0) —9.6% —0.36 —3.62
Y3Al501, 7.146 5.424 6.2118 6.77 —9.38% —1.71 —3.18
HfO, 5.85%5 4.43% 5.17'19 (6.6) —83% —1.98 —3.13
ZrP, 07 6.970-120 564121122 6.970-120 (7.1) -9.7 —2.55 -238

MZry(POy)3 (M=Li, Na, K) 6.74123 5.96123 6.74123 7.1 —9.94 —2.84 —3.09
CaZr(POy), 6.6370:124 5.8512 6.6370:124 (7.1 —9.97 —281 —3.17
ZrSiOy 6.8970 (5.47)1% 6.897° 6.6) —86 —125 -15

710, 5.3585 44385 5.35% (6.6) —8.3% -26 —2.95
BaZrO3 5.48 478 5.485 6.55 —8.55% -238 —3.15
S1ZrO;3 5.885 4285 5.8% 6.55 —8.05% -19 —225
CaZrO3 6.05%° 4.5485 6.05% 6.55 —8.39% —1.99 —2.34
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larger than for the analogous 3d TM Ti**. For yet unknown reasons
the VRBE in the Zr*+ 4d, level in ZrSiO, appears much too weak;
more and better data is required on this compound to obtain a better
estimate.

The next element in the series is Nb>*. The luminescence of nio-
bates and niobium doped rare earth tantalates have been investigated
and upon excitation in the ultra-violet (UV) they emit in the blue or
near UV parts of the spectrum.'?® Table V compiles the obtained data
that was used to create the stacked band scheme of Fig. 8. The average
E;(1,44) = —3.92 +0.09 eV with approximately 0.7 eV spread.

The final TM of this series is Mo®" which is the 4d analog of the
3d TM Cr*. In Table VI the obtained data for Mo®* are compiled
and displayed as a stacked band scheme in Fig. 9. In the compounds
doped with Mot an average VRBE E4;(1,5+) = —4.78 £0.16 eV
is obtained with a spread of 0.7 eV. The alkaline earth molybdate
compounds at the right side of Fig. 8 suggest significantly less bonding
in the 4d; level. Most likely the 4d orbital hybridizes with the less
strongly bonded alkaline earth related orbitals and then the VRBE of
an electron at the bottom of the conduction band and Ex will also rise.

Reviewing the results of this section and comparing them with
those of the preceding section, again clear and similar trends emanate.
The VRBE of an electron in the lowest energy 4d; level of a TM
in different compounds is found at a fairly constant value. The aver-
age VRBE becomes stronger (more negative) with higher charge of
the TM, and the spread of data around that value, which is mainly
attributed to compound to compound variation in crystal field interac-

Figure 7. Stacked VRBE schemes for Zr** doped
compounds. The top of the green bars indicate the
VRBE Ey at the top of the valence band while the
bottom of the gray bars indicate the VRBE E¢ at the
bottom of the conduction band. Blue horizontal lines
denote the VRBE in the Zr3* E4q1(1, 3+) level.

tion, remains within £(0.7 to 1) eV. By comparing the VRBE in the
3d, and 4d, levels, as is done in Fig. 1, we observe that the VRBE
of a 4d TM is always higher (less negative) than the VRBE of the
equivalent 3d TM.

VRBE in the 5d,; level of La**/Eu*t, Ce**/Hf**+, Ta*t and W+

The 5d; ground state of La®>* and the lowest 5d; excited state
of Ce** are the 5d analogs of the 4d, states of Y>* and Zr** and
of the 3d, states of Sc** and Ti**, see Fig. 1. Following the trend
in Fig. 1, a progressively weaker bonding of the nd-electron is to
be expected, and indeed La*" is never encountered in compounds.
However there is an abundance of data on Ce** and Eu’*. In Ref. 27
data were collected on all possible five 4f— 5d transition energies for
Ce** in more than 150 host compounds. This provided the centroid
shifte.(1, 34) and then with Eq. (2) and Eq. (3), the crucial parameters
U(6) and E4#(7,2+) are available. Then automatically E4 (1, 34) and
the sought after Esq (1, 3+) for Ce>* in these hosts are known.?® To
estimate Esg (7, 2+) for Eu>* one may use the empirical relationship
between the energy E;;(7, 2+) of the first 4f-5d transition in Eu?t
with E_[dl(l, 3+) in Ce3+'43

422 — Eq1(7,24) = 0.64(6.12 — E;41(1,34)) — 0.233¢V.  [4]

The results on all 150 compounds are shown in Fig. 10 where the
VRBE Es; (1, 34) for Ce** and Esg (7, 2+) for Eu>* are given as
a function of the coulomb repulsion energy U (6). One observes that

Table V. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Nb*t 4d! level. All

energies are in eV.

Host E®* ECTAS ECT 4 U(6) Ey Ec Esa,

SiO, 8.7%¢ (5.53)% 4.96'7 (7.0 —9.6% —0.36 —4.64
CaTaOg 495127 4.22)1%7 435128 6.7) —8.14 —2.94 —4.24
YTaO4 5.828 5.1%8 5.17126 6.8 —9.02%8 -322 —3.85
LuTaOy4 5.828 5.1528 4.68'% 6.8 —9.07%8 —3.27 —4.39
ScTaOy 5.8130 5.2130 5.17128 6.8 —9.15%8 —3.35 —3.98
Zr0O, 5.35%3 4.438% 4.13131 (6.6) —8.3% -26 —4.17
HfO, 5.85%5 4.43% 4.61%7 (6.6) —8.3% —1.98 —3.69
LiNbO3 4.7% 4.7)% 4.7 (6.8) —8.67% —3.59 -3.97
CaNb, O 459132 (4.33)132 4.75 (6.9) —8.6% —347 —3.85
LaNbO4 4.847° (4.49)80 4.84 (6.8) —8.76%8 —3.47 -3.92
YNbO, 497 (4.35)%0 4.9 (6.8) —8.32%8 —3.02 —342
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the VRBE Es;i(1,34) for Ce*t scatters around a mean value of
—1.82 £0.02 eV with £1.0 eV of scatter. For Eu*" there seems
to be a tendency that the VRBE decreases with smaller value for
U(6) as indicated by the sloping line through the data. Data scatter
40.7 eV around the mean of Esy (7, 2+) = —0.99 £ 0.02 eV. Once
the VRBE for the Eu** electron in the 5d; level is known that for
all divalent lanthanides are also known by using the parameters in
Ref. 27. One obtains for La’t Es; (1,24+) = —0.54 eV.

The 5d; ground state of Hf** can like the 5d, excited state of
Ce* also be considered as the 5d analog of the 4d; state of Zr**
or the 3d; state of Ti**. To estimate Esy(1,3+) for Hf** we will
use data on Hf-based compounds from Ref. 85 that are shown in
Fig. 11. Like for the Sc-compounds in a preceding section we will
assume that the bottom of the conduction band is mainly built from
5d-orbitals. We estimate Esyi(1,34) & Ex and obtain Es; (1, 3+)
~ —23eV.

The next element in our series is the transition metal Ta**. Spec-
troscopic information on Ta’* as dopant in four different com-
pounds was found and in addition data on six pure tantalate com-
pounds were used. Data are compiled in Table VII and displayed
in Fig. 12. The average Es;i(1,4+) = —3.25 + 0.09 eV, and data
spread £ 0.5 eV around this mean. The final element in the 5d-
series is W>*. Spectroscopic information on W as a dopant in a
compound was not found and to estimate Es;i(1,5+4) we will use
VRBE data on the three pure alkaline earth tungstates from Ref. 28
shown in the right hand side of Fig. 11. It suggests Es;(1,54)
~ —3.25eV.

Discussion

The average VRBE values E, ;1 (1, Q) for the 3d, 4d, and 5d series
of TMs and lanthanides found in this work are displayed in the bottom
panel of Fig. 13 against the charge Q. It demonstrates very clear trends.
The VRBE becomes more negative within each series by about 1 eV
when Q increases by one, and for fixed Q it becomes more negative
by 0.5-0.7 eV when the principle quantum number » increaes from
3d to 4d to 5d. The data point for W appears somewhat off placed.
Probably, similar to what was observed for the pure alkaline earth
molybdates in Fig. 9, there is hybridization between the 5d orbital of
W and the less bonded alkaline earth related orbitals leading to an
underestimation of the VRBE. The top panel of Fig. 13 shows the
2nd 31 4t or 5% jonization potentials of the free TMs or lanthanides
from Refs. 145-147. The values can be found in the right bottom
corners of the elements in the table of Fig. 1 and are equivalent to
the —E,41(1, Q) values for the free ions. The trends for the free ions
are very similar to the trends in the bottom panel for the same ions as
dopants in compounds. However, the binding energies in the free ion
are, depending on the value for Q, 20 to 80 eV stronger. The difference
is by definition the chemical shift caused by the coulomb repulsion
from the negative ligands around the TM or lanthanide dopant in
compounds.

Within the framework of the chemical shift model developed for
the 4f-electron VRBE in the lanthanides, the chemical shift .5, (1, Q)
can be written as

—1440
—14400

ECS 1’ —
(1. Q) = —-

(3]

Table VI. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Mo®t 4d! level. All

energies are in eV.

Host E** ECTAf ECT.4d U(6) Ey Ec Eyq,

Si0, 8.720 (5.53)% 435133134 (7.0) —9.6% -02 —525
NaYSiOy4 (7.45) 5.191% 425136 (6.8) -9.16 —1.11 —491
Al O3 o* B 435137 (7.06) —9.8% —0.08 —5.45
PbWO, 43528 (4.4)%8 3.7138 7.1 —8.51%8 —3.91 —4.381
CaWO, 5.25%8 4.6828 44139 7.1 —8.8%8 -33 —44

LiNbO3 4.7% 4.7)% 3.68140 (6.8) —8.67% —3.59 —4.99
TiO, 3.4563 3.863 3.44141 (6.7) —7.7203 —3.99 —4.28
Zr0; 5.3585 4.43% 413142 (6.6) —8.3% —2.52 —4.17
BaMoO, 4928 4328 4.9 7 —8.378 —322 —3.47
SrMoO, 493 43528 49 7 —8.42%8 —3.37 —3.62
CaMoOy 4.6% 4428 4.6 7 —8.47% —3.62 —3.87
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binding energy (eV)

where Q is the charge of the TM or Ln and R, the so-called screening
distance. The idea is that the charge Q of the TM or Ln is screened
by an equal amount of negative charge from the surrounding anion
ligands. Eq. (5) then expresses the size of the coulomb repulsion in eV
between the nd electron and the screening charge located effectively
at a distance R, expressed in pm. For the 4f-electrons in the lan-
thanides, the screening distance appeared to be somewhat larger than
the Shannon radius of the lanthanide ion. The Shannon radii for the
TM cations are given in the left bottom corners of the table in Fig. 1.
The radius decreases with higher charge Q and the ratio Q/R, in
Eq. (5) and the chemical shift will increase accordingly. The results
of this work now demonstrate that the almost 70 eV differences in
the free ion VRBE values of the nd electron is almost fully compen-
sated by the chemical shift resulting in only 5 eV differences in the
E, ;1 (1, Q) values. Remarkably, the trends with changing Q and nd
present in the ionization potentials for the free ions remain present for
the ions as dopants in compounds.

N
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Figure 10. The VRBE Esg; (1, 34) for the 5d electron in Ce* (blue circles)
and the VRBE Esg;(1, 2+) for the 5d electron in Eu?t (red triangles) as a
function of the coulomb repulsion energy U (6). Dashed lines are at the average
value. The solid line is to guide the eye in order to indicate a correlation with
U(6).

Ec
4d Mo®*  Figure9. Stacked VRBE schemes for Mo®* doped
! compounds. The top of the green bars indicate the
VRBE Ey at the top of the valence band while the
bottom of the gray bars indicate the VRBE E¢ at the
bottom of the conduction band. Blue horizontal lines

denote the VRBE in the Mo®* Eu41(1, 5+) level.
E

This work has demonstrated that it makes sense to introduce the
average VRBE E, ; (1, Q) of a single electron in a nd impurity state.
It implies that as a first approximation the chemical shift of the bind-
ing energy from the free ion value to the in-compound value for a
particular TM is about the same in all compounds. The same con-
clusion was made for the VRBE of 4f electrons in the lanthanides.
However, individual data on E,;; (1, Q) scatter more strongly around
the average than what is observed for 4f-electron binding energies.
Partly this will be caused by errors in the values for Ey and E€T-"?
that may add up to an estimated 0.5 eV error in E, 4 (1, Q), and when
better data are available this error may be reduced. However we be-
lieve that the main reason is that the nd electron has a much stronger
interaction with the surrounding anion ligands than the well shielded
4 f electron. It leads to a 2-3 eV large crystal field splitting of the nd
level energies, see for example the compilation of data on crystal field
splitting in Refs. 148 and 149. The scatter of data in Es;(1, 3+) for
Ce?* as shown in Fig. 10 is for example almost entirely due to from
compound to compound variation in crystal field splitting. Covalence
between the nd-orbital and anion ligands leads to additional bond-
ing of the nd-electron and may thus lower E, (1, Q). This is most
likely the cause of the apparent reduction of Es; (1, 2+) for Eu*t in
Fig. 10 with smaller value of U(6) and is closely related to the
nephelauxetic effect. Although such detailed information is not avail-
able on the 4d and 3d ions in this work, it seems likely that covalency
or the nepehelauxetic effect has also its contribution to E, (1, Q).
A full analysis of these effects would require detailed computational
work that is currently beyond the scope of this investigation. Note that
in our methods we always assumed that the energy of electron transfer
from the valence band into the empty nd level of the TM? provides
a good measure for the level location of the lowest nd; level of the
TM2-! above the valence band. This is a well established method to
place the Eu* 4f ground state level above the valence band. However,
this is not yet established for the TMs studied in this work, and sys-
tematic error of yet unkown magnitude can or will be present in the
obtained E,;;(1, Q) values. For example, in the case of Ce** it was
found that the onset energy of electron transfer from the valence band
to the empty 4f-orbital provides a better measure for the location of
the Ce** 4f ground state level above Ey than the energy at the maxi-
mum of the CT-band.*' Independent methods are required to establish
the size of such systematic error for the TMs. With techniques like
thermoluminescence studies or photocurrent experiments one might
determine, for example, how deep an electron in the 7 M -1 pd, level
is below the conduction band.
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1 Figure 11. Stacked VRBE schemes for a) Hf** and b) W6+
based compounds. The top of the green bars indicate the VRBE
Ey at the top of the valence band while the bottom of the
gray bars indicate the VRBE E¢ at the bottom of the con-
duction band. Blue horizontal lines denote the VRBE in the
Hf* Esqi(1, 34) or W3t Esgi(1, 3+) level. Hf data are from
Ref. 85 and W data are from Ref. 28.

Table VIL. Experimental, and within brackets estimated or derived, data required for construction of VRBE schemes with the Ta’t 5d! level. All

energies are in eV.

Host E* ECTA4f ECT.4d U Evy Ec Esq,

Si0, 8.7%6 (5.53)% 5.34117 (7.0) —-96 —02 —443
LaTaOy 5.128 44128 5.1%8 6.7 — 8478 —-3.12 —3.37
GdTaO4 5.828 528 5.828 6.7 —8.92%8 —2.87 -3.12
YTaOy4 5.828 5.1%8 5.8%8 6.7 —9.02%8 —2.97 —-322
LuTaOy4 5.828 5.15%8 5.828 6.7 —9.07%8 —3.02 —3.27
ScTaO4 5.828 5.228 5.828 6.7 —9.15%8 -3.1 —3.35
CaTayOg 495127 (4.22)!%7 4.95'27 6.7 —8.14 —2.94 —3.19
Zr0, 5.35% 4.43% 5.17131 (6.6) —83 -26 —3.13
BaZrO3 5.485 478 477144 6.55 —8.55 -238 —3.78
HfO, 5.85% 4.43% 5.51%7 (6.6) —83 —1.98 —279

Despite unknown error margins, the value of this work is that
we have obtained a first indication on where to expect the electron
acceptor state of transition metals with empty nd-orbital or equiv-
alently the electron donor state of transition metals with a single
electron in the nd-orbital. When data are also available on Ec or

Ey of the host compound one may better understand or even predict
the luminescence, electron donating, or electron accepting properties
of TM doped compounds because often those properties are con-
nected with the relative positions of impurity states with respect to
the host band states. Since the VRBE of the lanthanide 4f levels are
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Figure 12. Stacked VRBE schemes for Ta>* doped com-
pounds. The top of the green bars indicate the VRBE Ey
at the top of the valence band while the bottom of the gray
bars indicate the VRBE E at the bottom of the conduc-
tion band. Blue horizontal lines denote the VRBE in the
Ta*" Esqi(1, 3+) level.
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Figure 13. Comparison of E,41(1, Q) for the free ion (top panel) with the
average E,41(1, Q) in compounds (bottom panel) for n=3 (black square), 4
(red circle) or 5 (blue triangle).

well established, similar knowledge on the nd-levels enables one to
much better understand the interplay between a TM and lanthanide
impurity. For example the VRBE of the 4f-electron in the ground
state of Eu?* is always near —4 eV. It implies that V>* will oxidize
Eu’* to form Eu** and V** with E34(1,44) &~ —5 eV. The find-
ing that the VRBE of an electron in the lowest 5d-level of Ce** is
on average above that of the lowest 5d-level of Hf** implies that
the emitting 5d-level of Ce*" tends to be located above Ey in Hf**
based compounds. Ce** 5d-4f emission cannot be observed under such
conditions.

Conclusions

Data were collected on the energy of electron transfer from the va-
lence band to the empty nd orbital of 3d, 4d, and 5d transition metal
and lanthanide impurities in compounds. The chemical shift model
developed for lanthanide doped compounds was used to determine
the VRBE at the top of the valence band, and combined this gives
the VRBE of the electron in the lowest nd,; level of the TM or Ln
impurity. The VRBE in the lowest nd; state of a TM or Ln remains
fairly constant from compound to compound and it made sense to
define the average VRBE E, ;i (1, Q) as compiled in Fig. 1 and dis-
played in Fig. 13. It increases (becomes more negative) with higher
charge of the TM or Ln. Bonding is strongest in the 3d-orbital and
weakens for 4d and further for 5d-orbitals. These trends follow the
known trends for the free ion ionization potentials. The compound to
compound spread in E, 4 (1, Q) around the mean value is for all TM
and lanthanides of the order of £(0.7-1) eV and is mainly atributed to
compound to compound variation in the crystal field splitting of the nd
levels.

Appendix A

Below an account is given on how data of some of the compounds in the tables of this
work were obtained. One may estimate the value for U(6) for a compound by comparison
with known values for other related compounds, and then the VRBE of the electron in the
ground state of Eu* can be calculated with the chemical shift model. £0.1 eV error in
U (6) creates about £ 0.05 eV error in E4(7, 24) which is good enough for the purpose
of this work. If available the energy of the CT band of Eu** will be used to obtain Ey .
For some compounds Pr** or Tb** IVCT data are known that can be used to place the
bottom of the conduction band at E¢. Knowledge on E¢*, that will always be specified
for temperature around 10K, then provides either E¢ or Ey.

LiSrAlFg For U(6) a value of 7.69 eV was used. It is based on U(6) = 7.64 eV in
Ref. 27 for the related compound LiCaAlFs. The value is estimated 0.05 eV larger because,
when other properties remain the same, U tends to increase with larger site size. E*(LT)
= 11.2 eV is from Refs. 88-90. Ref. 91 observes the Eu’>* CT-band at 7.9 eV.

CaSO0y4 U(6) = 7.19 eV is estimated from the centroid shift of the Ce>t 5d-levels?’
and E®*(LT) = 8.45 eV is derived from Refs. 52, 53. ET for Eu?* is at 4.77 eV from
Refs. 54 and 55.

ZrP,07 For U(6) a value of 7.1 eV will be used that is typical for pyrosilicate
compounds. The host excitation maximum is not yet well established. E“*(RT) is at
7.0eV in Ref. 70 but E“*(8K) = 6.71 eV in Ref. 120. Our best estimate is then Eex(LT)
= 6.9 4 0.2 eV. The charge transfer band is at 5.6 eV or higher energy'?> which yields
Ey ~ —9.7 eV or even lower.

MZr,(POy4); (M=Li, Na, K) All three compounds have very similar spectroscopic
properties so their related electronic structures are similar too. For U(6) a value of
7.1 eV will be used. The room temperature host excitation maximum is at 6.74 eV in
Ref. 123 from which E¢*(LT) of 6.85 eV is estimated. The Eu** CT-band is at 213 nm
(5.82 eV)'?? which then yields Ey = —9.94 eV.

CaZr(POy); Similar to other phosphate compounds U(6) is estimated to be near
7.1 eV. The room temperature host excitation maximum is observed at 184 nm and
187 nm in Ref. 124 from which E®*(LT) of 6.80 eV is estimated. The Eu** CT band is
at 212 nm (5.85 eV) which then yields Ey = —9.97 eV.

Li;B407 Ccondensed borates like SrB4O7 and CalLaB;0,3 have values for U (6) near
7.2 eV,? so the same value was used for Li;B4O;. E¢*(LT) = 8.2 eV is obtained from
studies in Ref. 93 on a pure sample. Eu?* onamuch smaller Li* site in crystalline Li; B4O7
will create a large lattice distortion and furthermore requires charge compensation. Data
on the CT energy was not found and here we will use for E€7 a value of 5.04 eV from
Ref. 94 that was observed for glassy Li; B4O7.

GdAL3;(BO3)s U(6) = 7.02 eV is estimated from the centroid shift of the Ce3* 5d
levels in Ref. 27. The room temperature exciton creation peak is consistently reported at
7.45 eV?73! and we will assume for E<(LT) a value of 7.55 eV. The maximum of the
Eu** CT band is reported in several papers to be between 249 nm and 256 nm**>* and
here we will adopt E€T = 4.90 eV.

YAL;(BO3)s U(6) = 7.03 eV is estimated from the centroid shift of the Ce3* 5d
levelsin.2” From Refs. 29, 30, 36, and 37 the low temperature exciton creation peak is at
E*(LT) = 7.65 eV . The maximum of the Eu>* CT band is near 241 nm (5.15 eV) as
reported in Refs. 36, 38, and 39.

GeO; An E“*(LT) of about 5.9 eV is derived from the fundamental absorption
threshold near 5.6 eV in Ref. 61, the first reflection peak at 5.82 eV in Ref. 150, the
bandgap at 5.74/—0.1 eV in Ref. 151 and at 5.81 eV in Ref. 152. There are no lanthanide
spectroscopic data available to apply the chemical shift model. Instead we will use in-
formation on the valence band offset at the interface between a thin film of GeO, and
Ge. A value of 4.0 eV is reported in Ref. 151 and 4.5 eV in Ref. 152. In Ref. 152
uses a band bending of 0.6 eV at the Ge-GeO, interface and then by using that
Ey(Ge) = —4.8 eV from the photoelectron threshold in Ref. 153 one obtains Ey (GeO)
= —8.7eV.

ZxSiOy4 For U(6) a value of 6.9 eV, similar to Li,CaSiOy4 (see below), was used.
E““(LT) = 7.1 eV is estimated from Ref. 70. The energy of the Eu** CT-band is
uncertain because it is reported at 268 nm (4.63 eV) in Ref. 71 and at 304 nm (4.08 eV)
in Ref. 154. It leads to Ey = —8.65 eV or —8.05 eV. The first value agrees well with Ey
= —8.55 eV proposed by Ref. 155.

Li;CaSiO4 From the centroid shift of the Ce3* 5d levels U (6) = 6.92 eV is estimated
inRef. 27, E<*(LT) = 7.55 eV is from Ref. 97. The CT-band energy for Eu’* is reported
at 4.77 eV in Ref. 98 and 99 for 0.5% and 10% Eu** doping concentration.

Mg, Si04 For Mg, SiO4 a value of U (6) of 6.8 eV has been used. We will use E“*(LT)
= 7.8 eV which is based on the fundamental absorption onset at 7.56 eV in Ref. 65 and the
excitation maximum of intrinsic luminescence near 7.8 eV in Ref. 66. Excitation spectra
shows the Eu3* CT band at 254nm in Ref. 67 and at 256 nm in Ref. 68 corresponding to
ECT =486eV.

NaYSiOy4 Like for other orthosilicates U(6) = 6.8 eV is estimated. Information on
E** was not found and we will use 7.45 eV which is the same value as for LiYSiO4
in Ref. 156 and 135 reports the CT-band at 239 nm (5.19 eV) but Ref. 136 reports
275 nm (4.51 eV) for a sample containing 30% Eu>t. We will tentatively adopt the value of
5.19 eV which then yields Ey = —9.16 eV.

Gd,SiOs The electronic properties of Gd>SiOs are expected to be quite similar to
those of Lu,SiOs where U(6) = 6.8 eV.?” E¢*(LT) has a well established value of
6.80 eV from Refs. 157 and 158 and is practically same as in Y,SiOs and Lu,SiOs.
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The maximum of the Eu3t CT-band is reliably established at 252 nm (4.90 eV) from
Refs. 157 and 158.

X2-Y,Si05 The electronic properties of Y»SiOs are quite similar to those of Lu, SiOs
where U(6) = 6.8 eV.7 E“*(LT) = 6.82 eV from Refs. 159 and 160. For the X2
crystallographic phase E€7 is near 4.8 €V as reported in Refs. 161-163. For the X1
crystallographic phase the CT energy is reported near 5.1 eV in Refs. 164 and 165.
Photocurrent studies in Ref. 166 show that the first two 5d bands of Ce>* are below the
conduction band bottom.

CaYAIQy From the centroid shift in Ref. 27 a value of 6.7 eV is estimated which will
be used in this work. From E“*(RT) at 210 nm (5.9 eV) in Ref. 75 E“*(LT) is estimated
at 6.0 eV. The Eu** charge transfer band is at 272 nm (4.56 eV) in Ref. 167 and 240 nm
(5.17 eV) in Ref. 75 yielding a still uncertain value of —8.6 & 0.3 eV for Ey.

BaAl, 04 U(6) is estimated to be similar to other aluminates like YA1O; and Y3 Al50,,
and a value of 6.8 eV is adopted. From Refs. 107-109 E“*(LT) is estimated at 7.15 eV.
The Eu* charge transfer band is at 263 nm (4.71 eV) in Ref. 110 and at 273 nm
(4.54 eV) in Ref. 111. An average value of ECT of 4.63 eV was used, leading to a value
of —8.6 eV for Ey.

CaTa;Og. As for other tantalate compounds in Ref. 28 we will use U(6) = 6.7 eV.
The excitation spectrum for Pr’* luminescence in Ref. 127 shows an excitation band
at 256 nm that was attributed to the host excitation from which E¢*(LT) of 4.95 eV is
estimated. A shoulder band near 298 nm (4.16 eV) was attributed to the Pr>* IVCT band
from which Ey = —8.14 eV is obtained. Upon excitation both blue emissions from the
3 Py and red emissions from the ! D level are observed; the blue emission is brightest.
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