
5d electron delocalization of Ce3+ and Pr3+ in Y 2SiO5 and Lu2SiO5

E. van der Kolk, P. Dorenbos, and C. W. E. van Eijk
Faculty of Applied Sciences, Delft University of Technology, Mekelweg 15, 2629 JB Delft, The Netherlands

S. A. Basun
A.F. Ioffe Physico-Technical Institute, St. Petersburg, Russia

G. F. Imbusch
Department of Physics, National University of Ireland, Galway, Ireland

W. M. Yen
Department of Physics and Astronomy, University of Georgia, Athens Georgia 30602, USA

sReceived 24 December 2004; published 29 April 2005d

The energies of the 5d excited states of Ce3+ and Pr3+ impurities relative to the conduction band of the
insulators Y2SiO5 and Lu2SiO5 were investigated through a temperature and spectrally resolved photoconduc-
tivity study. The effective ionization barrier of Pr3+ from the 5d state to the conduction band is found to be
0.15 eV smaller than that of Ce3+ in both Y2SiO5 and Lu2SiO5. The difference is explained by a model,
represented by rate equations, that takes into account interconfigurational 4f5d→4f2 relaxation for Pr3+, a
process that is absent for Ce3+.
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I. INTRODUCTION

The energies of the ground and excited states of lan-
thanide impurities in insulators relative to the intrinsic bands
of the crystalline host can greatly influence the efficiency of
luminescent materials such as lasers, phosphors, and
scintillators.1,2 A reliable model predicting the absolute loca-
tions of these levels will be extremely useful but does not
exist at the moment. As a starting point the relative positions
of lanthanide 4f and 5d states within the bandgap has re-
cently been established. On the basis of ultraviolet photo-
electron spectroscopysUPSd Thiel et al.3,4 determined the
ground state location of trivalent lanthanides in various com-
pounds and proposed a two parameter empirical model to
describe it. One parameter represents the binding energy
shift experienced by all lanthanides and another parameter
represents an ion size dependent shift. Combining this model
with an empirical model on 4fn−15d1 transition energies by
Dorenbos,5 Thiel et al. proposed a simple three parameter
model that describes both the 4fn ground state and the
4fn−15d1 excited state. An application to Y3Al5O12 revealed
that the energy of the lowest 5d state decreases by about
1 eV in going through the lanthanide series from Ce3+ to
Lu3+. In addition it was found that the 5d state of Pr3+ is
about 0.7 eV farther below the conduction bandsCBd than
the 5d state of Ce3+. A major drawback of using UPS or XPS
is the possible presence of a large systematic error in the
determination of binding energies and the need to study high
doping concentrations.

A different approach was followed by Dorenbos6–8 to de-
termine the level locations for the divalent lanthanides. By
using the energy of charge transfersCTd from the valence
band to a trivalent lanthanide, the ground state location of the

corresponding divalent lanthanide is obtained. XPS and UPS
information on trivalent lanthanides is sparsely available but
there exists a huge amount of spectroscopic information on
CT energies. By collecting and analyzing these CT data, a
similar empirical three parameter model was developed for
divalent lanthanides. It was found, for example, that the low-
est 5d state of Yb2+ relative to the bottom of the conduction
band is always about 0.5 eV higher than that of Eu2+. By
means of extrapolation, the 5d level position of Ce2+ to Eu2+

was found to be almost constantswithin 0.1 eVd. By analogy
with the divalent lanthanides, a method was proposed to con-
struct the energy levels of the trivalent lanthanides
also. Once the location of the lowest 5d state of Ce3+

has been determined together with the energy difference be-
tween 4f and 5d, the levels of all trivalent lanthanides can
be constructed. Although the method of construction was
made plausible, there has not yet been direct experimental
verification for the predicted almost constant value of the
lowest 5d level positions for the trivalent lanthanides from
Ce to Eu.

In order to observe small differences between different
lanthanide ions in the same host, energy level placement
should have a precision of typically better than 0.1 eV.
In some cases10,9 such precision can be achieved by explor-
ing the temperature dependence of photocurrentsPCd
excitation spectra. The thermally stimulated ionization
efficiency from the 5d states to the CB can be used to mea-
sure the ionization energy barriersand therewith derive a
value for the lowest energy 5d level positiond with a preci-
sion considerably better than 0.1 eV. In this work we have
used this method to detect differences between the lowest 5d
level positions of Ce3+ and Pr3+ in Lu2SiO5 sLSOd and
Y2SiO5 sYSOd.
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II. EXPERIMENT AND CRYSTALS

The experimental method used to record the temperature
dependence of photocurrent excitation spectra was described
before.10,12 The crystal growth method used to obtain the
0.8% Pr3+ doped Y2SiO5 sYSOd and Lu2SiO5 sLSOd single
crystals, was described earlier by one of us.13 The crystal
structures of LSO and YSO are the same. The interionic
distances for YSO are slightly larger compared to those of
LSO due to the few % larger ionic radius of Y3+ compared to
Lu3+. From optical and luminescence data on the Pr3+ doped
crystals, it could be concluded that Ce3+ centers are uninten-
tionally present in our crystals.

In LSO sor YSOd Pr3+ and Ce3+ ions occupy both the two
crystallographically different Lusor Yd sites called Lu1 and
Lu2.

15 In an earlier PC study of LSO:Ce3+ sRef. 10d it was
concluded that Ce3+ ions occupying both the two Lu sites
undergo ionization and are involved in the photocurrent pro-
cess. Recent PC studies by one of us, on LSO:Ce3+ crystals
with different optical densities, have revealed however that
the doublet structure of the lowest energy 5d state of Ce3+ as
observed in PC spectra,10 is the result of a saturation effect
sthat will not be discussed in this workd, rather than due to
the presence of Ce3+ ions on two different crystallographical
sites. The experimental photocurrent data that will be pre-
sented in this work show no doublet structure in the lowest
energy 5d band of Ce3+ or Pr3+. Given these contradicting
experimental results, the assignment of the photocurrent to
both sites or to either of the two particular sites remains
uncertain.

III. EXPERIMENTAL RESULTS

Figure 1 shows the temperature dependence of the
photocurrent excitation spectra of Pr3+ doped YSO between
150 and 370 K and 210 and 425 nm. At temperatures
below 200 K, a structureless photocurrent background signal
is observed that becomes increasingly intense towards higher
energy and starts to rise strongly towards the band to
band transition of YSO. At about 250 K, a weak feature
becomes visible at 260 nm that is assigned to the lowest
energy 4f2→4f5d transition on the Pr3+ ion. Since this
is a localized transition, the observed photocurrent can only

be the result of a subsequent delocalization process after
optical excitation. Because of the strong temperature depen-
dence, and in analogy with previous PC studies10,11 on
LSO:Ce3+, the delocalization is ascribed to a thermally
stimulated ionization process of optically excited Pr3+

ions from the lowest energy 5d state to the conduction
band. The intensity of this band continues to rise exponen-
tially with temperature. At about 290 K, a second feature at
longer wavelengths360 nmd appears that is assigned to the
4f →5d transition on the Ce3+ ions that are present
unintentionally in the crystal. The assignment to 5d excited
states of Ce3+ and Pr3+ is based on previously published lu-
minescence excitation and absorption data on these ions in
Y2SiO5.

13–16

Figure 2 contains the same type of experimental data as
shown in Fig. 1, but now for LSO:Pr3+ instead of YSO:Pr3+.
Also, in LSO a strong temperature-dependent photocurrent
excitation band can be observed at around 260 nm. The
energy of this band matches the energy of the transition
to the lowest energy 4f5d state of Pr3+, as observed by
us in luminescence excitation spectrasunpublishedd.
Also, in this crystal unintentional Ce3+ impurities cause a
photocurrent excitation band. At 363 nm the Ce3+ lowest
energy 5d state is detected in the photocurrent excitation
spectra.

By determining the temperature-dependent intensity of
the photocurrent associated with the lowest energy 5d
states of Ce3+ and Pr3+, as observed in the PC spectra pre-
sented in Figs. 1 and 2, an Arrhenius diagram can be
constructed. Figure 3 contains such intensity data for Pr3+

sopen symbolsd and Ce3+ sfilled symbolsd in both LSO
ssquaresd and YSOscirclesd. The straight line fits show that,
in each compound, the temperature dependence is dominated
by a single energy barrier. If we interpret this energy
barrier as the energy separation between the lowest 5d
state and the bottom of the CB, then we find energy separa-
tions of 0.44 eV and 0.41 eV for Ce3+ in YSO and LSO,
respectively. For Pr3+, the energies are smaller: 0.29 eV and
0.25 eV for YSO and LSO, respectively. From this it is
tempting to conclude that the lowest energy 5d states of Pr3+

are about 0.15 eV closer to the CB than the lowest energy 5d
states of Ce3+ in these materials. In the next section we show
that, in the case of the Pr3+ ions, the Arrhenius plot of pho-

FIG. 1. Photocurrent excitation spectra of Y2SiO5:Pr3+ between
110 and 370 K with incremental steps of 20 K.

FIG. 2. Photocurrent excitation spectra of Lu2SiO5:Pr3+ be-
tween 150 and 330 K with incremental steps of 20 K.
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tocurrent against temperature does not admit such a simple
interpretation, and that the effective ionization barrier ob-
tained from the Arrhenius plot is smaller than the energy
separation between the lowest 5d states of Pr3+ and the bot-
tom of the CB.

IV. ANALYSIS OF MEASUREMENTS

In this section we analyze the 0.15 eV difference between
the ionization barriers of Ce3+ and Pr3+, as derived from the
photoconductivity measurements. We consider how the
photoconductivity measurements, in the case of Pr3+, are
affected by a possible temperature-dependent energy transfer
from the lowest energy 4f5d state to the3P and 1I states
of the 4f2 configuration. Such an intersystem crossing
is commonly observed for Pr3+ in compounds for which
the 4f5d configuration is not located at too high energy
above levels of the 4f2 configuration. Indeed, in LSO and
in YSO, emission from the3P0,1 states can be observed when
the lowest energy 4f5d state is excited. This intersystem
crossing can be represented by the configuration coordinate
diagram shown in Fig. 4. After optical excitation from
the 4f2f3H4g ground state of Pr3+ into point a on the
parabola corresponding to the lowest energy 4f5d state, the

system will relax via lattice relaxation to the lowest energy
point b. From this point three processes are possible.
First, emission can take place to states of the 4f2 configura-
tion. Second, thermal ionization to the bottom of the
conduction band is possible with an energy barrier of
DE1. Third, nonradiative relaxation via the crossover point
between the two parabolasspoint cd is possible. The
last process has an energy barrier equal toDE2 and will
affect the population of excited Pr3+ ions. As a result it
lowers the ionization efficiency and consequently the
slope in the Arrhenius diagram that no longer represents
the position of the Pr3+ 5d position relative to the conduction
band.

In the following, the efficiency and the temperature
dependence of the thermal ionization process of Ce3+

and Pr3+ is calculated by solving the rate equations
corresponding to the level schemes shown in Fig. 5sad.
In case of Ce3+ sleft pictured the calculations involve
excitation and emission involving the lowest energy
5d state as well as thermal ionization into the conduction
band and Ce4++electron nonradiative recombination
snot shownd. For Pr3+ sthe right picture in Fig. 5sadd also
the thermally stimulated transfer from the 4f5d state to the
4f2 state and the subsequent 4f2f3P0,1g→4f2 emission is
considered.

The rate equations for the Pr3+ doped system are as
follows:

FIG. 3. Arrhenius plot of the photocurrent intensity of Pr3+

sopen symbolsd and Ce3+ sfilled symbolsd in both LSO ssquaresd
and YSOscirclesd upon excitation into the lowest energy Ce3+ or
Pr3+ 5d states. Solid lines represent fits to the data.

FIG. 4. Higher energy part of the single coordinate configuration
diagram of Pr3+ with the parabolas representing the 4f2 and the
4f5d configurations.DE1 is the thermal ionization energy barrier.
DE2 is the energy barrier for 4f5d→4f2 interconfigurational
relaxation.

FIG. 5. sad Energy level diagram of the lowest energy 5d state of
Ce3+ sleftd and Pr3+ srightd below the CB. Solid arrows indicate
thermal ionization. The dotted arrows indicate 4f2→4f5d pumping
and 4f5d→4f2 emission. The 4f2→4f2 transition is also indicated
sdashedd. sbd and scd Calculated photocurrentsproportional to the
number of electrons in the CBd of Ce3+ ssolid linesd and Pr3+ sdot-
ted linesd, upon excitation into the lowest energy 5d state, repre-
sented in an Arrhenius diagram for both Y2SiO5 sbd and Lu2SiO5

scd. The symbols are the measured photocurrent data that was pre-
sented in Fig. 3 multiplied by a constant.
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n18 = − c12n1 + c21n2 + c31n3 + c41n4,

n28 = c12n1 − sc21 + c23 + c24dn2,

n38 = c23n2 − c31n3,

n48 = − c41n4 + c24n2, s1d

in which n1 is the fraction of Pr3+ ions in the ground state
andn2 throughn4 are the fractions of Pr3+ ions in the states
indicated in the right part of Fig 5sad, in order of icreasing
energy. n8;dn/dt. The constant coefficientscij ss−1d are
given by c12=10−5 sPr3+ excitation rated; c21=108 sPr3+

4f5d→4f2 decay rated; c31=105 sPr3+ 4f2f3P0.1g→4f2 decay
rated; c23= f0e

−DE2/kT sthermally stimulated intersystem cross-
ing rated; c24= f0e

−DE1/kT sthermally stimulated ionization
rated; c41=1010 selectron- Pr4+ recombination rate,t=0.1 nsd.
f0 and k are the frequency factor or attempt frequency and
Bolzmann’s constant, respectively.DE1 and DE2 are indi-
cated in Fig. 5sad. c12 is equal to the product of the photon
flux s<1012 s−1 cm−2d and the absorption cross section
s<10−16 cm2d. c41 is determined by the lifetime of the elec-
trons in the CB that can only be estimated. Note, however,
that while c41 and c12 strongly affect the magnitude of the
photocurrent intensity, they do not affect the temperature de-
pendence. Possible errors in their values, therefore, have no
consequences for the discussion below. Steady state thermal
ionization rates as a function of temperature were calculated
from these rate equations in the same way as was done in
Ref. 9. In Figs. 5sbd and 5scd the calculated steady state
photocurrent, which is proportional to the number of elec-
trons in the CB, for Ce3+ ssolid lined and Pr3+ sdotted lined in
both YSOsFig. 5sbdd and LSOsFig. 5scdd are compared with
experimental datassymbolsd from Fig. 3.

The temperature dependence of Ce3+ is controlled by a
single exponential withDE1 equal to the energy separation
between the Ce3+ 5d state and the CB bottom. Only at high
temperature the photocurrent starts to saturate when the ion-
ization rate becomes equal to the optical excitation rate. This
interpretation of the calculated Ce3+ data is the same as that
for GdAlO3 described in Ref. 9. The experimental data for
Ce3+ match well with the calculations when the earlier ob-
tainedDE1 values of 0.44 and 0.41 eV are used for YSO and
LSO, respectively.

The calculations for Pr3+ sdotted linesd are less straight-
forward. At low temperature the calculated Pr3+ photocurrent
appears to have the same temperature dependence as Ce3+

when the sameDE1 values are chosen. Above about 225 K
the slope in the Arrhenius diagram decreases and matches the
experimental data when a value ofDE2=0.15 and 0.16 eV is
chosen for YSO and LSO, respectively. The measured slopes
s0.29 and 0.25 eV for YSO and LSO, respectivelyd appear to
be equal toDE1−DE2. Below we show that this is not merely
a numerical coincidence but that there is a clear reason.

Since all experimental data were obtained under steady
state conditions, for whichdn/dt;0, the following formula
for n4 sproportional to the PC intensityd can be derived from
the rate equation

n4 = n1
c12

sc21 + c23 + c24d
c24

c41
. s2d

Since the experimental pumping ratesc12d is very small,
only a negligible fraction of the Pr3+ ions are raised to the
excited state andn1 can be considered as constant. Further-
more, using the values forf0, DE1 and DE2, obtained from
the numerical analysis above, we find thatc24 is small com-
pared withc23 for the whole temperature region of interest.
Hence,c24 can be ignored in the denominator. The tempera-
ture dependence ofn4 is contained in the terms
c23= f0e

−DE2/kT and c24= f0e
−DE1/kT only. c12 and c41 are con-

stants that can be ignored when considering temperature de-
pendence, so that the temperature dependence ofn4 is given
by the factorc24/ sc21+c23d.

Below about 150 K,c21 is sufficiently greater thanc23 so
that c23 can be ignored. The temperature dependence is then
given by c24 only, which varies ase−DE1/kT. Indeed, as ob-
served in Figs. 5sad and 5sbd, the photocurrent of Pr3+ is
controlled by an activation energy equal to the separation
between the lowest energy 5d state and the bottom of the
conduction bandsDE1d. From 250 K upwardsc23 is the
larger term in the denominator andc21 can be ignored. In that
case the temperature dependence ofn4 is given by the factor

c24

c23
= e−sDE1−DE2d/kT. s3d

Hence the measured ionization barrier no longer represents
the separation between the lowest energy 5d state and the
bottom of the conduction bandsDE1d but is lowered to an
effective ionization barriersDE1−DE2d by an amount equal
to the barrier for intersystem crossingsDE2d.

In the analysis above we have used, for simplicity, the
same pre-exponential factorsf0d for ionization and intercon-
figurational relaxation. Since the two processes are quite dif-
ferent in nature the corresponding frequency factors, defined
as f0

1 and f0
2 respectively, may differ considerably. Below it

will be shown that the analysis does not at all depend on the
pre-exponential factors being equal, and is not very sensitive
to the value chosen forf0.

If we return to formula 2, and drop thec23 term, the for-
mula can be applied to the Ce data. As long asc24 is smaller
than c21, the Arrhenius plot is linear, but turns over to a
constant value whenc24 becomes much bigger thanc21, as
the calculated curves in Fig. 5sbd and 5scd show. The turn-
over, wherec21<c24, does not seem to be happening in the
temperature region of the experiments. This should allow a
limitation to be estimated forf0

1 since the value ofc21 is
reasonably well known. Let us assume that the turnover hap-
pens just at the highest temperature that was reacheds390 Kd
slimiting ourself to the YSO datad; it can be expected that at
this temperaturec21<c24, or

f0
1 < c21e

DE1/kT. s4d

Taking c21=108, DE1=0.44 eV, andT=390 K, this gives
f0
1<531013. This puts an upper limit to the value off0

1.
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In case of the Pr data the measured slope of 0.29 eV
sDE1−DE2d was explained successfully by formula 2 forn4

with the provision thatc24,c23. Looking at the denominator
in the equation forn4, one can see that ifc23<c24 in the
temperature range of the experiments, then the Arrhenius
plot will show a deviation from a straight line. Taking
1/kT=35 saround the middle of the experimental tempera-
ture ranged, c23<c24 gives

f0
1e−DE1/kT < f0

2e−DE2/kT s5d

or

f0
1

f0
2 < esDE1−DE2d/kT < 104. s6d

Although the method used to obtain this number is rather
crude, it seems that the requirement that the pre-exponential
factors have the same value is not necessary, only math-
ematically convenient. All that is needed to get a linear slope
sof 0.29 eVd is that c23 be larger thanc24 sand larger than
c21d, and this only requires thatf0

1 be no more than about four
orders of magnitude greater thanf0

2.
Looking once more at the Pr data, a kink between the two

linear regions shows up in the calculated curvesfsee Figs.
5sbd and 5scdg. If one assumes that thec23 process is faster
than thec24 processsreasonable in view of the above argu-
mentd then the kink occurs whenc21<c23, that is, when
f0
2=c21sDE2/kTd. All we know from the measurement is that

the kink occurs at a lower temperature than that of the ex-
periments. For YSO it could have occurred just below the
lowest measured temperature for which 1/kT<43. Taking
c21=108, andDE2=0.18, this givesf0

2<1011, giving a lower
limit for f0

2.

V. DISCUSSION AND CONCLUSIONS

The 0.41 eV found for LSO:Ce3+ in this work is smaller
than the value of 0.45±0.02 eV found in Ref. 10. In that
respect we wish to note that the error in the Ce3+ data found
in this work is largers±0.03–0.04 eVd due to the poorly
defined background and the low concentration of Ce3+ that
was present unintentionally in our samples. Although the val-
ues remain within the error margins it remains to be investi-
gated how concentration affects the measured energy barrier.
The 0.44 eV found for YSO:Ce3+ in this work is smaller
than the value of 0.49 eV found by Choiet al.14 In that work,
however, the PC spectra were interpreted in a different way.
The onset at low temperature of the PC spectrum was inter-
preted as the energy separation from the Ce3+ ground state to
the CB. It is in our opinion more likely that this onset should
be interpreted as the onset of excitation into the second low-
est energy 5d state of Pr3+ located in the CB that is followed
by delocalization of the 5d electron.

The physical origin of the position of energy levels of
lanthanide ions along the lanthanide series relative to the CB
was first discussed by Pedriniet al.17 He related differences
in ionization energy between different lanthanide ionssin the
same compoundd to the variation in electrostatic energy
sMadelung energyd at the lanthanide site. When moving

through the lathanide seriessCe3+,Pr3+,Nd3+, . . . ,Yb3+d the
lanthanide contraction induces lattice relaxation that raises
the Madelung energy term. As a result the 5d energy levels
will move to higher energy with respect to the host bands.
When a simple point charge electrostatic model is used1,6 the
difference in ionization energy between Ce3+ and Pr3+ as a
result of Madelung energy only can be calculated to be about
0.2 eV. This value comes close to the experimentally mea-
sured difference of 0.15 eVsthis workd. There are, however,
other terms besides the Madelung energy term that cause the
ionization energy to change along the lanthanide series.
Dorenbos6 discussed the effect of the Coulomb and spin ex-
change interaction between the 5d electron and the 4f elec-
trons on the ionization energy of divalent lathanide ions. He
proposed, based on experimental data, that for the lighter
lanthanide ionssn,7d the Madelung energy term and the
two exchange terms contribute equally but with an opposite
sign to the ionization energy. As a result the lowest energy 5d
states of the lighter lanthanide ions are predicted to be lo-
cated at the same position relative to the CB.

It has to be noted that we have not established the precise
location of the lowest energy 5d state of Pr3+ like we did for
Ce3+, since more than one combination ofDE1−DE2 is equal
to 0.29 eV or 0.25 eV for YSO and LSO, respectively. The
analysis of the experimental results, however, convincingly
show that a 4f5d→4f2 intersystem crossing lowers the ef-
fective ionization barrier so that the lowest energy 5d state of
Pr3+ can still be positioned at the same energy below the CB
as Ce3+. To pinpoint the lowest energy 5d state of Pr3+, the
intersystem-crossing activation energyDE2 should be de-
duced, in a separate experiment, from the temperature depen-
dence of the 4f2→4f2 and 4f5d→4f2 luminescence lifetime
and intensity.

Figure 6 summarizes the data for Y2SiO5 in a schematic
energy level schemesa similar picture can be drawn for
LSOd. The scheme was constructed using the construction
method as described in Ref. 6 with the photocurrent excita-
tion data of Ce3+ as the point of reference to place the 5d
state relative to the CB bottom. The energy of the bottom of
the CB was taken 0.6 eV higher than the 6.8 eV energy for
exciton creation measured in Ref. 16. 4f to 5d center of
gravity transition energies for Pr3+ and Ce3+ used to place the
ground states within the gap were taken from Refs. 13–16.

FIG. 6. Schematic of the energy level positions of the trivalent
lanthanide ions in Y2SiO5 based on the temperature and spectrally
resolved photocurrent excitation study presented in this work and
the construction method described in Ref. 6.
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This schematic shows that the 5d states of Ce3+ and Pr3+

have about the same distance from the CB bottom but that
the ground state of Pr3+ is located 1.5 eV deeper in the for-
bidden gap. When going through the lanthanide series the 4f
ground state positions follow the free ion ionization energy.
The 5d excited states remain at a constant position until Gd3+

and then move up into the CB. Figure 6 can be used as a
guideline to predict ionization- or charge transfer energies of

other Ln3+ ions as well as storage, thermoluminescence or
long persistent afterglow properties in these hosts.
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