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5d electron delocalization of C&* and Pr3* in Y ,SiOs and Lu,SiOsg
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The energies of thedsexcited states of C& and P?* impurities relative to the conduction band of the
insulators %SiOs and LuSiOg were investigated through a temperature and spectrally resolved photoconduc-
tivity study. The effective ionization barrier of rfrom the & state to the conduction band is found to be
0.15 eV smaller than that of &in both Y,SiOs and LwSiOs. The difference is explained by a model,
represented by rate equations, that takes into account interconfiguratiaal-4f? relaxation for P¥*, a
process that is absent for €e
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[. INTRODUCTION corresponding divalent lanthanide is obtained. XPS and UPS
information on trivalent lanthanides is sparsely available but

The energies of the ground and excited states of lanthere exists a huge amount of spectroscopic information on
thanide impurities in insulators relative to the intrinsic bandsCT energies. By collecting and analyzing these CT data, a
of the crystalline host can greatly influence the efficiency ofsimilar empirical three parameter model was developed for
luminescent materials such as lasers, phosphors, artivalent lanthanides. It was found, for example, that the low-
scintillators2 A reliable model predicting the absolute loca- est 5 state of YB* relative to the bottom of the conduction
tions of these levels will be extremely useful but does notband is always about 0.5 eV higher than that of'EBy
exist at the moment. As a starting point the relative positionsneans of extrapolation, thed3evel position of Cé&" to EL?*
of lanthanide 4 and 4 states within the bandgap has re- was found to be almost constamiithin 0.1 e\). By analogy
cently been established. On the basis of ultraviolet photowith the divalent lanthanides, a method was proposed to con-
electron spectroscopfUPS Thiel et al®* determined the struct the energy levels of the trivalent lanthanides
ground state location of trivalent lanthanides in various comalso. Once the location of the lowest Sstate of Cé*
pounds and proposed a two parameter empirical model thas been determined together with the energy difference be-
describe it. One parameter represents the binding energween 4 and 5, the levels of all trivalent lanthanides can
shift experienced by all lanthanides and another parametdre constructed. Although the method of construction was
represents an ion size dependent shift. Combining this modehade plausible, there has not yet been direct experimental
with an empirical model on #~15d* transition energies by verification for the predicted almost constant value of the
Dorenbos, Thiel et al. proposed a simple three parameterlowest T level positions for the trivalent lanthanides from
model that describes both thef"4ground state and the Ce to Eu.
4f"-15d! excited state. An application to#l0;, revealed In order to observe small differences between different
that the energy of the lowestd5Sstate decreases by about lanthanide ions in the same host, energy level placement
1 eV in going through the lanthanide series from®Ct®  should have a precision of typically better than 0.1 eV.
Lu®*. In addition it was found that thedsstate of Pt is  In some casé&® such precision can be achieved by explor-
about 0.7 eV farther below the conduction bai@B) than ing the temperature dependence of photocurréR€
the & state of C&". A major drawback of using UPS or XPS excitation spectra. The thermally stimulated ionization
is the possible presence of a large systematic error in thefficiency from the 8 states to the CB can be used to mea-
determination of binding energies and the need to study higkure the ionization energy barriéand therewith derive a
doping concentrations. value for the lowest energyddlevel position) with a preci-

A different approach was followed by Dorent§obto de-  sion considerably better than 0.1 eV. In this work we have
termine the level locations for the divalent lanthanides. Byused this method to detect differences between the loveest 5
using the energy of charge transf@T) from the valence level positions of C& and P?* in Lu,SiO; (LSO) and
band to a trivalent lanthanide, the ground state location of th& ,SiOs (YSO).
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FIG. 1. Photocurrent excitation spectra ofSiOg: Pr** between FIG. 2. Photocurrent excitation spectra of ,BiOs:Pr* be-
110 and 370 K with incremental steps of 20 K. tween 150 and 330 K with incremental steps of 20 K.

be the result of a subsequent delocalization process after
Il EXPERIMENT AND CRYSTALS optical excitation. Because of the strong temperature depen-
The experimental method used to record the temperatur@ence, and in analogy with previous PC stutfiés on
dependence of photocurrent excitation spectra was describd$O:C€”, the delocalization is ascribed to a thermally
beforel®12 The crystal growth method used to obtain theStimulated ionization process of optically excited*Pr
0.8% P?* doped Y%,SiOs (YSO) and LwSiOs (LSO) single  ions from the lowest energydSstate to the conduction
crystals, was described earlier by one of'#ighe crystal band. The intensity of this band continues to rise exponen-
structures of LSO and YSO are the same. The interionidially with temperature. At about 290 K, a second feature at
distances for YSO are slightly larger compared to those ofonger wavelengtt{360 nm appears that is assigned to the
LSO due to the few % larger ionic radius ofYcompared to  4f—5d transition on the C¥ ions that are present
Lu3*. From optical and luminescence data on th& pped  unintentionally in the crystal. The assignment @ éxcited
crystals, it could be concluded that Ceenters are uninten- States of C& and P#* is based on previously published lu-

tionally present in our crystals. minescence excitation and absorption data on these ions in
In LSO (or YSO) PP* and Cé&" ions occupy both the two Y 2SiOs.**71° _ |
crystallographically different Lor Y) sites called Ly and Figure 2 contains the same type of experimental data as

Lu,.15 In an earlier PC study of LSO:@e(Ref. 10 it was  Shown in Fig. 1, but now for LSO:Ptinstead of YSO: F¥.

concluded that G¥ ions occupying both the two Lu sites Also, in LSO a strong temperature-dependent photocurrent
undergo ionization and are involved in the photocurrent pro€Xxcitation band can be observed at around 260 nm. The
cess. Recent PC studies by one of us, on LSG*€rystals  energy of this band matches the energy of the transition
with different optical densities, have revealed however thato the lowest energy f&d state of P¥*, as observed by
the doublet structure of the lowest energysate of C&*as US in luminescence excitation spectraunpublished
observed in PC spectt,is the result of a saturation effect Also, in this crystal unintentional G impurities cause a
(that will not be discussed in this workrather than due to Photocurrent excitation band. At 363 nm the 3Céowest

the presence of G&ions on two different crystallographical energy @ state is detected in the photocurrent excitation
sites. The experimental photocurrent data that will be prespectra.

sented in this work show no doublet structure in the lowest By determining the temperature-dependent intensity of
energy 8 band of C&" or PB*. Given these contradicting the photocurrent associated with the lowest energy 5
experimental results, the assignment of the photocurrent tétates of C& and P#*, as observed in the PC spectra pre-

both sites or to either of the two particular sites remainssented in Figs. 1 and 2, an Arrhenius diagram can be
uncertain. constructed. Figure 3 contains such intensity data fé¥ Pr

(open symbols and Cé&* (filled symbols in both LSO
Ill. EXPERIMENTAL RESULTS (squaresand YSO(circles. The straight line fits show that,
in each compound, the temperature dependence is dominated
Figure 1 shows the temperature dependence of thby a single energy barrier. If we interpret this energy
photocurrent excitation spectra of*Pdoped YSO between barrier as the energy separation between the lowest 5
150 and 370 K and 210 and 425 nm. At temperaturestate and the bottom of the CB, then we find energy separa-
below 200 K, a structureless photocurrent background signalons of 0.44 eV and 0.41 eV for &gin YSO and LSO,
is observed that becomes increasingly intense towards highegspectively. For PF, the energies are smaller: 0.29 eV and
energy and starts to rise strongly towards the band t@.25 eV for YSO and LSO, respectively. From this it is
band transition of YSO. At about 250 K, a weak featuretempting to conclude that the lowest energysiates of P¥*
becomes visible at 260 nm that is assigned to the lowesire about 0.15 eV closer to the CB than the lowest enedgy 5
energy 42— 4f5d transition on the P ion. Since this states of C& in these materials. In the next section we show
is a localized transition, the observed photocurrent can onlyhat, in the case of the Prions, the Arrhenius plot of pho-
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FIG. 3. Arrhenius plot of the photocurrent intensity of*Pr z +F 1 F
(open symbolsand Cé* (filled symbolg in both LSO (square} § xiotr 1L
and YSO(circles upon excitation into the lowest energy Ceor E x107[ \ 1L
. . . = r N 1L
Pr3* 5d states. Solid lines represent fits to the data. g [ calculated data\ 1 [ measured data
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tocurrent against temperature does not admit such a simple gmo.ﬂ Pt N poPt
interpretation, and that the effective ionization barrier ob- 16 35 5 75 95 15 35 85 75 9
tained from the Arrhenius plot is smaller than the energy /KT [eV'] VKT V]

separation between the lowest States of P¥* and the bot-

tom of the CB. FIG. 5. (a) Energy level diagram of the lowest energy §ate of

Cce* (left) and P?* (right) below the CB. Solid arrows indicate
thermal ionization. The dotted arrows indicati 4» 4f5d pumping
IV. ANALYSIS OF MEASUREMENTS and 45d— 4f2 emission. The #— 4f2 transition is also indicated
(dashedl (b) and (c) Calculated photocurrer{proportional to the
In this section we analyze the 0.15 eV difference betweemumber of electrons in the GBf Ce** (solid lines and P#* (dot-

the ionization barriers of G& and P?#*, as derived from the ted lines, upon excitation into the lowest energy State, repre-
photoconductivity measurements. We consider how th&ented in an Arrhenius diagram for bothSO5 (b) and Ly,SiOs
photoconductivity measurements, in the case of,Pare  (c). The symbols are the measured photocurrent data that was pre-
affected by a possible temperature-dependent energy transfeented in Fig. 3 multiplied by a constant.

from the lowest energy f&d state to the®P and !l states ) ) ) )
of the 42 configuration. Such an intersystem crossingSyStem will relax via lattice relaxation to the lowest energy

is commonly observed for Prin compounds for which p(_)int b. ‘From this point three processes are _possible.
the 4f5d configuration is not located at too high energy First. emission can take place to states of tiecbnfigura-
above levels of the # configuration. Indeed, in LSO and tion. Second, thermal ionization to the bottom of the
in YSO, emission from théP, , states can be observed when conduction band is possible with an energy barrier of
the lowest energy #d state is excited. This intersystem AE;. Third, nonradiative relaxation via the crossover point
crossing can be represented by the configuration coordinaf@tween the two parabolagpoint c) is possible. The
diagram shown in Fig. 4. After optical excitation from 1aSt process has an energy barrier equalAé®, and will
the 4fz[3H4] ground state of Bt into point a on the affect the population of excited Prions. As a result it

parabola corresponding to the lowest energ§distate, the Iowers_ the ionizatipn e_fficiency and consequently the
slope in the Arrhenius diagram that no longer represents

the position of the P 5d position relative to the conduction
band.

- In the following, the efficiency and the temperature
dependence of the thermal ionization process of*Ce
and P?* is calculated by solving the rate equations
corresponding to the level schemes shown in Fin).5
In case of C& (left picture the calculations involve
excitation and emission involving the lowest energy
5d state as well as thermal ionization into the conduction
band and C¥+electron nonradiative recombination
(not shown. For PP* (the right picture in Fig. &)) also

FIG. 4. Higher energy part of the single coordinate configurationthe thermally stimulated transfer from thé5d state to the
diagram of P¥ with the parabolas representing thé?4nd the ~ 4f2 state and the subsequent?#P, ]— 4f? emission is
4f5d configurations AE, is the thermal ionization energy barrier. considered.

AE, is the energy barrier for #&d— 4f? interconfigurational The rate equations for the Prdoped system are as

relaxation. follows:

conduction band
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I —
Ny == Cy2Ny + Co3Ny + CaNz + Ca1Ny, Ci2 Co4

ng=ng - 2
(Ca1+ Ca3+ Coy) Cag
— —
N2 = Ciay = (1 + Cog+ Coay, Since the experimental pumping rd®,) is very small,
only a negligible fraction of the Pt ions are raised to the
N3 = Coaz ~ Ca1Ns, excited state and; can be considered as constant. Further-
more, using the values fdi,, AE; and AE,, obtained from
N} = = CaaNy + Cogy, (1)  the numerical analysis above, we find tieat is small com-

pared withc,; for the whole temperature region of interest.
in which n, is the fraction of Pt ions in the ground state Hence,c,, can be ignored in the denominator. The tempera-
andn, throughn, are the fractions of Bf ions in the states ture dependence ofn, is contained in the terms
indicated in the right part of Fig(8), in order of icreasing Cy3="foe 25T and c,,=f,e 25T only. ¢, and c,; are con-
energy.n’=dn/dt. The constant coefficients;; (s are stants that can be ignored when considering temperature de-
given by ¢;,=10"° (Pr* excitation ratg c,;=10% (P*  pendence, so that the temperature dependenng isfgiven
4f5d— 4f2 decay ratg c;,=10° (Pr** 4f[3P, ;] —»4f2decay by the factorc,s/(cy;+Cy9).
rate); c,3=foe 2E2XT (thermally stimulated intersystem cross-  Below about 150 K¢,, is sufficiently greater than,; so
ing rate; C,,=f,e*EYKT (thermally stimulated ionization thatc,s can be ignored. The temperature dependence is then
rate); c,;=10% (electron- P+ recombination rate;=0.1 n3.  given by ¢y, only, which varies ag™E/KT, Indeed, as ob-
fo andk are the frequency factor or attempt frequency andserved in Figs. &) and §b), the photocurrent of Bt is
Bolzmann’s constant, respectivellE;, and AE, are indi- controlled by an activation energy equal to the separation
cated in Fig. 8a). ¢;, is equal to the product of the photon between the lowest energyd $tate and the bottom of the
flux (=102s'cm™? and the absorption cross section conduction band(AE;). From 250 K upwardsc,; is the
(=108 cnP). ¢y, is determined by the lifetime of the elec- larger term in the denominator ang; can be ignored. In that
trons in the CB that can only be estimated. Note, howevergase the temperature dependence,ds given by the factor
that while c,; and ¢, strongly affect the magnitude of the
photocurrent intensity, they do not affect the temperature de- Coq
pendence. Possible errors in their values, therefore, have no o -
consequences for the discussion below. Steady state thermal

ionization rates as a fqnctio_n of temperature were CaICUIateplence the measured ionization barrier no longer represents
from these rate equations in the same way as was done {}o senaration between the lowest energyskate and the
Ref. 9. In Figs. ®) and Sc) the calculated steady state qom of the conduction ban\E,) but is lowered to an

photocurrent, which is proportional to the number of elec-gqtive ionization barriefAE,~AE,) b
) Mo n .1 1 ,) by an amount equal
trons in the CB, for C& (solid line) and P#* (dotted ling in to the barrier for intersystem CrossinAE,).

both YSO(Fig. Sb)) and LSO(Fig. 5(c)) are compared with In the analysis above we have used, for simplicity, the

experimental datgsymbol3 from Fig. 3'. same pre-exponential fact6f,) for ionization and intercon-
The temperature dependence offCes controlled by a ; . . o
figurational relaxation. Since the two processes are quite dif-

single exponential withAE; equal to the energy separation f ti ture th ding f fact defined
between the C& 5d state and the CB bottom. Only at high ere{w n mzi ure the corresponding frequency tactors, detine
s f; and fy respectively, may differ considerably. Below it

temperature the photocurrent starts to saturate when the io Il be sh that th vsis d tat all d d on th
ization rate becomes equal to the optical excitation rate. Thi§!"" b€ shown that the analysis does not at all depend on the

interpretation of the calculated &edata is the same as that pre-exponential factors being equal, and is not very sensitive
for GdAIO; described in Ref. 9. The experimental data fort© tlpe valute ch;)s?n fdrol. 2 and drop thew t the f
Cée* match well with the calculations when the earlier ob- we return to formula 2, and drop tigy; term, the for-

tainedAE; values of 0.44 and 0.41 eV are used for YSO andeIa can be applled' to the C_e dgta. As longass smaller
LSO, respectively. than c,;, the Arrhenius plot is linear, but turns over to a

The calculations for Bt (dotted line$ are less straight- constant value when,, becomes much bigger thap,, as

forward. At low temperature the calculatedPphotocurrent the calc;]ulated Eurvez n F|g.§[lﬂ and t‘U‘C)b shhow. Th? tu_rn-th
appears to have the same temperature dependence®as C?:‘ver, w terec21~.c24, fotis not seem ct) (_arh.app;]enllr:jg Iﬂ €
when the same@E; values are chosen. Above about 225 K emperature region ot the experiments. This should aflow a

the slope in the Arrhenius diagram decreases and matches th@'tat'on to be estimated fof since the value ot is
experimental data when a value bE,=0.15 and 0.16 eV is reaso.nably well Known. Let us assume that the turnover hap-
chosen for YSO and LSO, respectively. The measured slop n-s.Just at the highest temperat_ure that was rea@sfik)
(0.29 and 0.25 eV for YSO and LSO, respectivedppear to (|m|t|ng ourself to the YSO dajait can be expected that at
be equal taAE; - AE,. Below we show that this is not merely this temperaturey; =~ C,, 0
a numerical coincidence but that there is a clear reason. L "

Since all experimental data were obtained under steady fo = cpeFVKT. (4)
state conditions, for whickn/dt=0, the following formula
for n, (proportional to the PC intensitgan be derived from  Taking c,;=1C°, AE;=0.44 eV, andT=390 K, this gives
the rate equation f~5X 10, This puts an upper limit to the value .

o (AE;-AE)/KT (3)
Co3
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In case of the Pr data the measured slope of 0.29 eV 10, Y,Si0,
(AE;—-AE,) was explained successfully by formula 2 foy || conduction band |

8
with the provision that,,< c,3. Looking at the denominator ~ gL T mmmm————TT
in the equation fom,, one can see that if,3~cCy, in the 3
temperature range of the experiments, then the Arrhenius 3 4
plot will show a deviation from a straight line. Taking :cj 2
1/kT=35 (around the middle of the experimental tempera- 0
ture rangg Cy3=~Cy, gives 2
fog 48/KT = flgmakT ®) AT 284567 801011121314
number of 4f electrons
or
1 FIG. 6. Schematic of the energy level positions of the trivalent
f_O ~ AEmABKT 1 f, (6) lanthanide ions in ¥SiOg based on the temperature and spectrally
fS resolved photocurrent excitation study presented in this work and

. . . the construction method described in Ref. 6.
Although the method used to obtain this number is rather

crude, it seems that the requirement that the pre-exponentig{rough the lathanide seri¢€e*, PR, N, ..., Y) the
factors have the same value is not necessary, only matlishanide contraction induces lattice relaxation that raises
ematically convenient. All that is needed to get a linear slopqhe Madelung energy term. As a result thet énergy levels

(of 0.29 eV} is thatcys be larger tharc,, (and larger than iy move to higher energy with respect to the host bands.
Cz1), and this only requires tha be no more than about four \ypen 5 simple point charge electrostatic model is t8ék
orders of magnitude greater théf) _ difference in ionization energy betweenand P?* as a
_Looking once more at the Pr data, a kink between the tWQggit of Madelung energy only can be calculated to be about
linear regions shows up in the calculated curf®se Figs. (5 ey, This value comes close to the experimentally mea-
S(b) and Sc)]. If one assumes that the process is faster g o gifference of 0.15 elthis workl. There are, however,
than thecy, processreasonable in view of the above argu- ey terms besides the Madelung energy term that cause the
rgenD then the kink occurs whegy;~Cyg, that is, when —iqhization energy to change along the lanthanide series.
fo=Ca1(AE,/KT). All we know from the measurement is that b, enpo8 discussed the effect of the Coulomb and spin ex-
the kink occurs at a lower temperature than that of the €Xzhange interaction between thd Blectron and the felec-
periments. For YSO it could have occurred just below theygns on the ionization energy of divalent lathanide ions. He
lowest measured temperature for2 Wh'CrlkI_#_“?’- Taking  proposed, based on experimental data, that for the lighter
C1=10%, andAE,=0.18, this givesg~10", giving a lower  |anthanide iongn<7) the Madelung energy term and the

limit for 5. two exchange terms contribute equally but with an opposite
sign to the ionization energy. As a result the lowest eneryy 5
V. DISCUSSION AND CONCLUSIONS states of the lighter lanthanide ions are predicted to be lo-
cated at the same position relative to the CB.
The 0.41 eV found for LSO:Cé in this work is smaller It has to be noted that we have not established the precise

than the value of 0.45+0.02 eV found in Ref. 10. In that|ocation of the lowest energydsstate of P like we did for
respect we wish to note that the error in the*Cdata found ~ Ce*, since more than one combination/®E, - AE, is equal
in this work is larger(+0.03-0.04 eV due to the poorly to 0.29 eV or 0.25 eV for YSO and LSO, respectively. The
defined background and the low concentration of‘Gbat  analysis of the experimental results, however, convincingly
was present unintentionally in our samples. Although the valshow that a #5d— 4f? intersystem crossing lowers the ef-
ues remain within the error margins it remains to be investifective ionization barrier so that the lowest energlystate of
gated how concentration affects the measured energy barrig?r®* can still be positioned at the same energy below the CB
The 0.44 eV found for YSO:C& in this work is smaller as Cé*. To pinpoint the lowest energydsstate of P, the
than the value of 0.49 eV found by Chetial1* In that work,  intersystem-crossing activation energyE, should be de-
however, the PC spectra were interpreted in a different wayduced, in a separate experiment, from the temperature depen-
The onset at low temperature of the PC spectrum was intedence of the ##— 4f2 and 45d— 42 luminescence lifetime
preted as the energy separation from thé*@eound state to  and intensity.
the CB. Itis in our opinion more likely that this onset should  Figure 6 summarizes the data fo,MO; in a schematic
be interpreted as the onset of excitation into the second lowenergy level scheméa similar picture can be drawn for
est energy 8 state of Pt* located in the CB that is followed LSO). The scheme was constructed using the construction
by delocalization of the & electron. method as described in Ref. 6 with the photocurrent excita-
The physical origin of the position of energy levels of tion data of C&" as the point of reference to place the 5
lanthanide ions along the lanthanide series relative to the CBtate relative to the CB bottom. The energy of the bottom of
was first discussed by Pedriet all” He related differences the CB was taken 0.6 eV higher than the 6.8 eV energy for
in ionization energy between different lanthanide iéinsthe  exciton creation measured in Ref. 16f # 5d center of
same compoundto the variation in electrostatic energy gravity transition energies for Prand Cé" used to place the
(Madelung energy at the lanthanide site. When moving ground states within the gap were taken from Refs. 13-16.
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This schematic shows that thel States of C& and P?*  other Lr?* ions as well as storage, thermoluminescence or
have about the same distance from the CB bottom but thdbng persistent afterglow properties in these hosts.

the ground state of Ptis located 1.5 eV deeper in the for-
bidden gap. When going through the lanthanide series the 4
ground state positions follow the free ion ionization energy.
The & excited states remain at a constant position unti®Gd ~ This research was supported by a grant from (b&)

and then move up into the CB. Figure 6 can be used as Bational Science Foundation and the Dutch Technology
guideline to predict ionization- or charge transfer energies ofFoundation(STW).
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