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New methods are available to position the energy levels of divalent lanthanide impurities in wide
band gap inorganic compounds (halides, chalcogenides) relative to the conduction and valence bands.
These methods are used to determine the energy differé&pgebétween the 4f ground state of the
lanthanide and the Fermi energy assumed to be located midway between the top of the filled valence
band and the bottom of the empty conduction band. It is demonstrateBighatovides a measure for
the stability of the divalent lanthanide against oxidation to the trivalent state and the stability of the
trivalent one against reduction. The relation betw&gnand the lanthanide valence state and Haw
depends on type of lanthanide ion and type of inorganic compound is addressed.

Introduction compound. The aim is to provide an overview that covers

EW* Yb2* St and Tni* are the most studied divalent  M&Y differ_ent types of compoun_ds (fluorides, chlorides,
Ianthar’1ides i’n soliéis of which Stand Tr#* are the most oxides, sulfides). A phenomenological approach was chosen

difficult to stabilize. In oxide compounds a reducing agent to identify the main trends regardmg the _changlng stability
with parameters like the type of anions in the compound,
(H>—N; or H, atmosphere, carbon or CO, or rare earth metal o X
; : ’ . : the site size, and the band gap of the compound. It is expected

vapor) is required to stabilize the divalent state, but in some . . e

: " " that knowledge of these trends and their relationship with
oxides Ed" and Y™ and to lesser extent also $mand ! . )

ot . o " the location of the lanthanide energy levels relative to the
Tm?* can be obtained even under oxidizing conditions. A

study of this phenomenon was pioneered by Su &Tkey host levels will initiate more refined studies.
showed that Eu in SI‘B)LZ SI’B@Olo,?’ BaBgol:g,l SrAl 14025,4
and BaMgSiQ@ can be obtained in the divalent state by
synthesis in air at high temperature. The energy E©T) needed to transfer an electron from the

The valence stability and valence change has attractedvalence band of an inorganic wide band gap compound to a
attention from an applied physics point of viéw,but there trivalent lanthanide impurity provides information on the
is also fundamental interest. However, models to predict theselocation of the ground state of the corresponding divalent
properties are not available yet. In this work, the valence lanthanide iort%!* This statement has been known for a long
stability of lanthanides is related to the location of the time, but until recently it was not utilized to systematically
lanthanide ground-state energy relative to the Fermi energydetermine energy level locations of divalent lanthanide ions.
in the un-doped inorganic compound. This latter energy is From an analysis of the literature on®Euuminescence and
assumed located midway between the top of the valence bandts excitation, the energye(“") of charge transfer to Etiin
and the bottom of the conduction band. Recently developeda wide collection of compounds (fluorides, chlorides, bro-
methods are used to position the lanthanide ground statemides, oxides, sulfides) was derived. For the same collection
relative to this Fermi energy. Finally, relationships between of compounds also information on the energy needed to
valence stability and absolute level energies are demon-excite the host lattice (i.e., the ener@F* to create a bound
strated. electror-hole pair (exciton)) was gathered. The dateEdil

The paper does not aim to provide an in depth explanation andE ® together with all the references can be found in ref
of valence stability of lanthanide ions in one specific 12.
As demonstration of how to ud€e® andE °7, Figure 1

Results and Discussion

1* E-Sma"i Pﬁorenbﬁsgﬁnﬁtuﬁ'f;nt v Lin T Allovs Combd200 shows the energy level scheme of Ca&aThe top of the

) 3431’ %’2_'6‘"9’ B Hu, T Tao, ¥.; Lin, 0. Alloys Compd2002 fully occupied valence band is defined as zero energy. The
(2) Pei, Z.; Su, Q.; Zhang, J. Alloys Compd1993 198 51. bottom of the empty conduction band is at energycj. As

(3) Zeng, Q.; Pei, Z.; Wang, S. Alloys Compd1998 275-277, 238. i — ex ay

(4) Peng, M.; Pei, Z.; Hong, G.; Su, @hem. Phys. Let2003 371, 1. a ru',e of thumb \,Ne will assume thé,c = 1.06 . 4.9

(5) Peng, M.; Pei, Z.; Hong, G.; Su, Q. Mater. Chem2003 13, 1202. eV (i.e., the binding energy of the electrehole pair in the

(6) Atone, M. S.; Dhoble, S. J.; Moharil, S. V.; Dhopte, S. M.; Muthal,  exciton is about 8% of the exciton creation energy). A
P. L.; Kondawar, V. K.Radiat. Eff. Defects Solids993 127, 225.

(7) Dhopte, S. M.; Muthal, P. L.; Kondawar, V. K.; Moharil, S. V.

Lumin. 1991 50, 187. (10) Wong, W. C.; McClure, D. S.; Basun, S. A.; Kokta, M. Rhys.
(8) Zych, E.; Goetz, W.; Harrit, N.; Spanggaard, H.Alloys Compd. Rev. 1995 B51, 5682.

2004 380, 113. (11) Dorenbos, PJ. Phys. Condens. MatteR003 15, 8417.
(9) Howe, B.; Diaz, A. L.J. Lumin.2004 109, 51. (12) Dorenbos, PJ. Lumin.2005 111, 89.
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Figure 1. Position of the lowest 4f state of divalent lanthanide ions in
CaGaSs. mis the number of electrons in the™tonfiguration of the 25 T T T T
divalent lanthanide ion.
ULaZOZBOB ¢
motivation can be found in ref 12. Midway between the S L ]
bottom of the conduction band and the top of the valence a7 Vs v m
band, the Fermi energy levetd) is drawn. When we assume sl % oo, " v OO i
that the Fermi level does not change much when compoundss 12,050 o At v
are doped with small (say0.3 mol %) concentrations of %L Lazsa‘z’nos 22128050, 4 .
lanthanide impurities, then at thermal equilibrium and at low- W 1.0 Javo, o M .
temperature levels belo®: should be occupied and levels . so 1S Qeowoy MR "
above should be unoccupied. o5l ¢ L weo, /2, oLePO, i
The length of the arrows numbered 1 through 6 indicate M éd BaLB,O, TaMgB,0,,
experimentally observed energies of charge transfer from S ° la
to Nc®* (arrow 1), Smi* (arrow 2), Dy" (arrow 3), HG" 00 . - . . o

(arrow 4), EF* (arrow 5), and Trii" (arrow 6)* Experi-
mental data indicate that they start at the top of the valence
band and end at the ground state of the correspondingFigure 3. Eg for Ew" onlLa, Gd, Y, Lu, and Sc sites in rare earth based
divalent lanthanide ioft On the basis of many observations °Xde compounds against the band gap of the material.

covering many different compounds, a universal behavior
was found that can be used to draw the ground states for all
divalent lanthanides when that of only one of them (usually
Ew?) is known!! In Figure 1, these ground-state energies
are connected by the curve denotedEgs The universal
curve has a minimum when the 4f shell is half-filled €7

for EL?), completely filled (n =14 for YI?"), and maxima
whenm=1 (L&") andm = 8 (Gd"). It reflects the strength

of electron binding within the 4f shell as described by the
Jargensens spin-pairing theoty.

In this work, the information presented in ref 12 is used
to determine the energy differencés(= E T — 0.54E ®)
between the electron in the Euground state and the Fermi
energy. It will be demonstrated that this energy difference
is an important parameter that determines the preferred
valence of Eu in compounds. Theoretically, Eu should prefer
the divalent state yvhe_Epf <0 a_nd the triv_alent state when apart from LaROs, the La-based compounds have the
Er > 0. This S|tu_at|on is f_urther |Ilus_trated in Figure 2a vyher_e smallesEx that decreases with larger band gap. Why 4P
level 1 belowE is occupied, denoting that the lanthanide is deviates from the general trends is not clear; it may indicate

!n_thg dlvaleqt state, and level 2 is unc_)ccup|ed, Qenotlpg thatthat that data is wrong. BecauBe; is always positive, the
it is in the trivalent state. The situation for Euis easily

E(A) (V)

generalized to the other divalent lanthanides. The level
scheme for CaG8&, shows, for example, thd < O for
Eu and Yb and that these lanthanides should enter the
compound in the divalent state while all other lanthanides
haveEr > 0 and prefer the trivalent state. This is precisely
what is observed experimentaf/6

Figure 3 shows the values f& of Eu located on either
a La¥, Gd**, Y3, Ludt, or SE* site in oxide compounds.
Only the data on the La-based compounds are labeled with
the names in Figure 3. The trivalent rare earth compounds
were selected because of the many data available on these
materials, which enables us to study trend&dn Three clear
trends are observed: (E} is always positive. (2l tends
to increase with smaller size of the occupied rare earth site
(i.e., inthe sequence La, Gd, Y, Lu, and Sc).E3)decreases
when the band gap increases. Figure 3 shows clearly that,

(15) Garcia, A.; Guillen, F.; Fouassier, @.Lumin.1985 33, 15.

(13) Bessiere, A.; Dorenbos, P.; van Eijk, C. W. E.; Yamagishi, E.; Hidaka, (16) Benalloul, P.; Barthou, C.; Fouassier, C.; Georgobiani, A. N.; Lepnev,
C.; Takizawa, TJ. Electrochem. So2004 151, H254. L. S.; Emirov, Y. N.; Grutzintsev, A. N.; Tagiev, B. G.; Tagiev, O.

(14) Jagensen, C. KMol. Phys.1962 5, 271. B.; Jabbarov, R. BJ. Electrochem. SoQ003 150, G62.
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Figure 4. Eg for EW?" in oxide, chloride, and sulfide compounds. The
solid triangle symbols pertain to Eu on Ba S, Ca&t, or Mg?" sites

and in addition to Eu in RbCl and KCI. The other data are the same data
as in Figure 3 and pertain to Eu in trivalent rare earth oxide compounds.
The box around data witByc > 8 eV andErs < 0.7 eV contains alkaline
earth compounds in which Bl can be obtained even under oxidizing
conditions.

trivalent state of Eu is the preferred one on trivalent rare
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Figure 5. Energy level position of the lowest 4f and lowest 5d state of
divalent lanthanide ions in SiB-.
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compounds with tetrahedral phosphate, silicate, and alumi-
nate group$.Indeed E&" can be reduced to Bl in M-
(PQy)2 (M = Sr, Ba¥®?*and MBPQ (M = Ca, Sr, Ba).1824

earth sites in oxide compounds. Indeed there are very few SrB«O; deserves special attention. Besides a unique

reports about E&I on trivalent rare earth sites in oxide
compounds even when prepared under reducing condifions.
The situation can also be analyzed for Eu on divalent Ca,
Sr, or Ba sites in oxide compounds. Figure 4 shows the
values forEg in these compounds. Like in Figure Bg; is

stabilization of E&", this compound also shows a unique
stabilization of Sri*.?> The excitation spectrum of El
emission in SrBO; reveals that the fundamental absorption
of the host lattice starts around 14050 nm (8.3-8.9 eV)?2¢
The excitation spectra of Prand C&" luminescence have

positive indicating that the trivalent state is preferred even @ common feature. They both reveal a sharp drop in

on the divalent cation sites. Nevertheless in most of theseefficiency near 10 eV¥"#*This drop can be attributed to the

compounds divalent Eu can be introduced without difficulty Creation of free electrons in the conduction band and free

when the compound is synthesized in a reducing atmosphere.hdes in the valence band. The bottom of the conduction band
For some Ca-, Sr-, and Ba-based compounds, it is possiblen SrB«Or is therefore estimated at 16 0.3 eV, which is

to obtain E&" even when the compound is prepared under Very large for an oxide compound. These values are used in

oxidizing conditions at high temperature. Well-known ex-
amples are SrR;, SrB:Oi, and Ba(PQy), where Edh,
Yb3*, and even Sit and Tn¥" can be reduced to the
divalent state by heating in dirfEu can also be reduced to
the divalent state in Baf®.3, but less E&" is obtained than
for SrB,07.8 Also MSQO, and MBPQ (M = Ca, Sr, Ba)?
BaMgSiQ,,® Si(PQy),,2° and SpBsO4Cl are known to show
reduction in air atmosphere. Bit140,5 was the first alumi-
nate compound found to show this phenomeh@n the
other hand in S(BOs), and SgB,0s, Eu cannot be reduced
to EW* in airl

Various explanations were given for these reduction phe-
nomena. Pei et & and Machida et &? suggested a rela-
tionship with the existence of B@roups in the borate net-
work. The rigid tetrahedron structure of anions prevents the
attack of oxygen from air on Eu during synthesis relation

Figure 5 to draw the bottom of the conduction band and the
Fermi energy. The energy needed for charge transfer from
the valence band to Etiis also not yet well-established.
Values of 5.4, 4.9, and 4.5 eV were reportée’-3°Differ-
ences may arise from different charge compensating defects.
Arrow 1 in Figure 5 shows the charge transfer to>Eu
assuming about 5.0 eV energy. Arrows-£2 show the
observed transitions to the first 5d state of’SpEw?*, and
Yb?*; arrows 5-7 show the observed emissions in2Eu
Tm?t, and YB*.3 The information on charge-transfer energy
and energy differences between 4f and 5d is sufficient to
construct the first 4f and 5d levels for all 14 lanthanides in
the scheme of Figure B.

(23) Tale, I.; Kulis, P.; Kronghauz, \d. Lumin.1979 20, 343.
(24) Liang, H. B.; Tao, Y.; Zeng, Q.; He, H.; Wang, S.; Hou, X.; Wang,
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Phys. Chem. Solidg002 63, 719.

(19) Liang, H. B.; Su, Q.; Tao, Y.; Hu, T.-D.; Lin, ™. Alloys Compd.
2002 334, 293.

(20) Liang, H. B.; Tao, Y.; Su, Q.; Wang, 8. Solid State Chen2002
167, 435.

(21) Pei, Z.; Zeng, Q.; Su, Q. Phys. Chem. Solid&0Q 61, 9.
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With the now known values foEg in Figure 4 and

schemes such as Figure 1 and Figure 5, we may interpret

the ability to reduce lanthanides to the divalent state with a
quantitative approach (i.e., the magnitudéegfcontrols the
valence stability) Er values are known for CaSOBaSQ,
SrB,O;, BaBPQ, CaBPQ, and Ba(PQy), (see Figure 4).

The data on all these compounds are found within the borders3

Ers < 0.7 eV andEyc > 8 eV, suggesting a correlation be-
tween the ease of reduction and a small valuesfarThese
borders are shown with dashed lines in Figure 4. The uncer-
tainties in the location of the bottom of the conduction band
and the value foE ©T in SrB,Oy; results in errors irEgr. The
skewed box drawn around the data symbols for ;6¢B
indicates the possible range Bf; and Eyc values. Further

dedicated studies are required to obtain more accurate values.

The observed trend thBt: decreases with increasing value
for the band gap can be applied to the-Borate sequence
Si(BO;3)2, SKB2Os, SrB,04, SrByO;, and SrBO,o of com-

pounds. In that order, the boron content increases leading to

increasingly stronger binding of the oxygen ligands in the
borate networks. Although, accurate data on the band gap

are not available, it is expected that the band gap tends to

increase anétx; to decrease in that sequence. The observation
that Eu cannot be reduced in air to%un Srs(BO3), and
Sr,B,Os whereas it does occur in Si87, SrBsO, fits within
this scheme. Figure 4 shows that 3tB has the largest band
gap and probably the smallest value Egf, and we conclude
that that this is the cause for its unique property regarding
stabilization of E&" and also SiT.

When we proceed to Ca- and Sr-based oxides with larger
positive values foEg, like CaO and SrO, B is predicted
to be less stable. Eu in CaO synthesized under neutel (N
atmosphere enters as Euogether with a small concentra-
tion of EW?". Under reducing atmosphere fHthe E&"
concentration increases significantly, but stilPEis present.
A complete conversion could not be obtained. Similar
observations apply to SrO:E&%3 These two compounds in
Figure 4 haveEs at 1.2 and 1.5 eV, and we conclude that
with these high values a complete reduction té'Eis not
possible anymore.

Returning to the rare earth based oxide compounds, Figure

3 shows that LaMgBO,o, LaPQ, and LaBOs fall within

the boundarie&rs < 0.7 eV andEyc > 8 eV. Analogous to
the Ca-, Sr-, and Ba-based oxides, one might expect to find
divalent Ed" in these wide band gap La-based compounds;
especially when prepared in a reducing atmosphere. How-
ever, no such finding was reported. It suggests that beside
the value forEg; also the charge of the replaced cation effects
the valence stability of the lanthanide impurity. LaRi0ped
with Ce** and Ed" does however show the phenomenon of
electron transfer from Ce to E3° This indicates that the
ground states of Cé and Ed" are close to the Fermi level,
and they can easily be converted into*Cand Ed*. The
same applies to La@®s co-doped with C& and Ed+.36
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(33) Yamashita, NJ. Lumin.1994 59, 195.
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Figure 6. Erfor EL?" in oxide, chloride, sulfide, and fluoride compounds.
The solid diamond symbols are for Eu in fluoride compounds. Data on the
oxide, chloride, and sulfide compounds are the same as in Figure 4.

Figure 4 shows data dfg in BaFCl, KCI, and RbCl and
several sulfides. For these compouriglsis negative or very
close to zero. Eu in BaFCl behaves similar as in compounds
such as BaBP£and BaSQtreated above. Bl is obtained
when prepared in reducing atmosphere (CO), and Kl
obtained when prepared in open (air) atmosphEfbe EG*
state is not very stable since it can change it valence # Eu
in air at high temperaturéThese observations agree with a
value for Egs close to zeroEgs of EW?' is negative in KCI
and RDCI, and Eu prefers the divalent charge state. Only
after several treatments in air at 500, part of the E&"
could be oxidized to Ef.38%°

Figure 4 shows thaEg for SrS, CasS, and MgS is close to
zero, which suggests that one should be able to prepare the
materials with E&" as well as with E&". CaS:Eu is a
thoroughly investigated compound because of its use in
luminescence applications. Indeed when prepared in a neutral
atmosphere of i Eu enters CaS in both valenci®s.
Depending on the synthetic conditions, samples can be
prepared with predominantly Buor with predominantly
Ew'.41420n the basis of the position of the data in Figure
4, similar behavior is expected for SrS and MgS. Figure 4
shows thatErs becomes increasingly more negative in the
sequence BaG8a,, SrGaS,, to CaGaS,. It agrees with the
observation that Eu is only known to exist as?Eun
CaGaS, (see Figure 1).

In Figure 6, information orkg in fluoride compounds is
shown together with the same data as in Figuite-dappears

ﬁarger than 1.5 eV. Despite the large positive value?"Eu

can be stabilized on divalent alkaline earth sites (Ca, Sr, Ba),
but reducing conditions are required like synthesis in hydro-
gen or HF. Information on whether it can also be synthesized

(37) Jagannathan, R.; Kannan, K. Rater. Res. Bull1992 27, 767.

(38) Kang, J.-G.; Hong, J.-P.; Won, S.-J.; Kim, C.JOPhys. Chem. Solids
2003 64, 631.
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200Q 12, L199.
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Phys.1993 32, 3135.

(41) Cho, A.; Kim, S. Y.; Lee, M.; Kim, S.-J.; Kim, C.-H.; Pyun, C.-H.
J. Lumin.200Q 91, 215.

(42) Pham-Tie, M.; Ruelle, N.; Tronc, E.; Simons, D.; Vivien,Ipn. J.
Appl. Phys.1994 33, 1876.
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under oxidizing atmosphere was not found, but from Figure lanthanides relative to the Fermi energy in wide band gap
6 one concludes that the trivalent state is preferred. inorganic compounds. In this work, the relationship between
The foregoing discussion of data shows tBatdetermines Err and the ability to reduce Etito the divalent state or to
whether a lanthanide ion prefers the divalent or the trivalent oxidize E#" to the trivalent state was studied. Information
charge state. It also indicates the susceptibility of a lanthanideavailable on the redox properties of Eu agree with the trends
ion to reduction or oxidation. At this stage, two effects of a observed irEr.. EWPT is the preferred charge state when
reducing or oxidizing treatment are envisaged. Generally, a> 0 and when synthesis is under neutral atmosphere. This
reducing atmosphere during synthesis adds electrons to ds the usual situation for Eu on a trivalent rare earth or
compound, and B is converted to Bi. We may illustrate divalent alkaline earth sites in oxide compounds. Under
this by a rising of the Fermi energy above level 2 as shown reducing conditions, Ei can be stable on alkaline earth
in Figure 2b. On the other hand, an oxidizing atmosphere sites but is not found to be stable enough on a trivalent rare
may lower the Fermi energy to below level 1, and the earth site in oxide compounds. The charge of the replaced
divalent charge state is converted to the trivalent one ascation (2+ or 3+) is believed to play a role in this. In an
illustrated in Figure 2c. However, there is more. When an interesting group of oxide compounds with alkaline earth
electron is added to Et by reducing treatments, negative sites, Eu can be reduced to Ewnder synthesis in air at
charge must be removed at other places in the compound inhigh temperature. A clear correlation with a small value
order to maintain charge neutrality. This can be by means (<0.7 eV) for Eix was found. In chloride, bromide, and
of a point defect like an anion vacancy. If it is near Eu, it sulfide compoundsix < 0 and Ed* is predicted and also
will further stabilize the divalent state. We may envisage observed to be the preferred charge state.
such stabilization by a lowering of levels 1 and 2 to below  The findings for the valence stability of Eu can easily be
the Fermi energy as illustrated in Figure 2d. Again level 2 transferred to predict the valence stability of other lanthanides
is belowEr and Ed' is converted to Eif. becauséd=g; for each lanthanide ion is a fixed amount larger
The effect of point defects is evidenced from an observed thanEg for EL?™. For example, the situation for Sm doped
increase of the BU/EW®" ratio in SpBsOoCl prepared in air ~ compounds is obtained by simply shifting all data points in
when co-dopants Na St (= no co-dopant), L&, or Zr** Figure 6 upward by 1.2 eV. Un upward shift by 2.2.4 eV
are used, respectively. Adding K* to SrBOio sharply gives the situation for Er. Clearly it is more difficult to

decreases the EUEW?" concentration ratio because' Kon stabilize Sm" in oxide compounds than Bl and it will
a SP' site acts as a charge compensation fot"EwPossibly be impossible for Br.
the effect of a charge compensating ionkmis largest in At this stage, there are still substantial errors in the values

poorly polarizable compounds with small anions such as in for Eg either because of uncertainties in the energy for charge
fluorides and oxides. In strongly polarizable lattices with transfer to E&" or uncertainties in the location of the bottom
large anions such as in bromides, iodides, and sulfides, theof the conduction band. Also the effects of point defects on
effect is probably smaller due to screening of the Coulomb |evel locations are not yet well-known. They will undoubt-
potential of the charge compensating defect. edly influenceEg and the stability of the charge state of
At this point of research, it is not known how much the lanthanides. NeverthelesEy; provides one of the few or
Fermi level can be raised or lowered by means of reducing perhaps even the only quantitative parameter to describe
or oxidizing treatments. Also how much the level locations valence stability of lanthanide ions in wide band gap
of the lanthanide ions themselves are shifted by nearby pointinorganic compounds. Its value has been determined in this
defects is not precisely known. Probably under reducing work for many different compounds. A phenomenological
conditions both (as illustrated in Figure 2b and d, respec- approach was chosen to identify the main trends. They appear
tively), occur simultaneously. Despite these unknown aspects,to agree with observation and experience. Quantifying
the size ofEr as determined with the method described in valence stability by means of a measurable param&tgr (
this work does give an indication on the valence stability provides deeper insight in the underlying physics, and it is
and clear trends witlers are observed. hoped that this new approach will initiate more refined

studies.

Summary and Conclusions
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From level schemes as in Figure 1 and 5, information is
available on the location of the ground state of divalent (43) Pei, Z.; Zeng, Q.; Su, Al. Solid State Chen1999 145 212,




