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Spectral-line-broadening study of the trivalent lanthanide-ion series.
II. The variation of the electron-phonon coupling strength through the series

A. Ellens,* H. Andres,† M. L. H. ter Heerdt,‡ R. T. Wegh, A. Meijerink, and G. Blasse
Debye Institute, Utrecht University, P.O. Box 80000, NL 3508 TA Utrecht, The Netherlands

~Received 15 May 1996!

The variation of an electron-phonon coupling strength of lanthanide ions is evaluated by measuring the
temperature-dependent line broadening of a large number of 4f transitions of nine lanthanide ions. The results
show that the electron-phonon coupling strength derived from these line-broadening experiments is large in the
beginning~Ce31,Pr31,Nd31! and the end~Er31,Tm31,Yb31! of the trivalent lanthanide-ion series, but small at
the center~Eu31,Gd31,Tb31!. This trend can qualitatively be explained by the lanthanide contraction and the
shielding of the 4f electrons.@S0163-1829~97!00201-4#
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I. INTRODUCTION

The shielding of the 4f electrons of trivalent lanthanid
ions by the outer 5s2 and 5p6 electrons give the lumines
cence spectra of lanthanide ions their characteristic app
ance: sharp line spectra which resemble the atomic~gas!
spectra. The interaction of the 4f electrons with their sur-
roundings is well known to be weak due to the shieldin
Still, electron-phonon coupling is present and this interact
is responsible for important phenomena like multiphonon
laxation, vibronic transitions, line broadening, and~phonon-
assisted! energy-transfer processes.48 These phenomena hav
been the subject of study for decades. However, the ques
whether there is a systematic variation of an electron-pho
coupling strength through the lanthanide series, is fascina
and not fully answered yet.

In a few studies answers to this question can be fou
For example, the energy-gap law for multiphonon relaxat
assumes that the multiphonon relaxation transition proba
ties depend only on the required number of phonons and
the energy gap between the two levels between which
radiationless relaxation occurs.1,2 This means that in the
energy-gap law it is assumed that there is no difference
electron-phonon coupling strength for the difference la
thanide ions.3 In more recent models for multiphonon rela
ation ~see for example Refs. 3 and 4! parameters dependin
on the lanthanide ions are introduced. However, up till no
this has not led to a further understanding of a possible va
tion of the electron-phonon strength through the trival
lanthanide-ion series.

Next to multiphonon relaxation, the electron-phonon co
pling manifests itself also in vibronic transitions. From me
surements on vibronic transitions of Pr31 and Gd31, it was
derived that the vibronic transition probability~AVib! for the
former is more than one order of magnitude larger than
the latter. This was explained by the lanthanide contrac
and the difference in admixture of the 4f n215d1 states.
Hence, it was predicted that an increase in vibronic coup
strength from Gd31 to Tm31 is unlikely.5,6 Based on the
lanthanide contraction, one would expect a gradual decre
of the electron-phonon coupling strength through
lanthanide-ion series.
550163-1829/97/55~1!/180~7!/$10.00
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However, in contrast to these results, recent meas
ments on the vibronic transitions of Tm31 in LiYF4 show
that the vibronic transition probabilities of Tm31 are of a
magnitude comparable to those of Pr31.7 This indicates that
the electron-phonon coupling strength through the trival
lanthanide-ion series shows a symmetric behavior: stron
the beginning and the end of the series, and weak in
middle. It has been suggested that this behavior of
electron-phonon coupling strength could be explained
considering the shielding~s2! of the 4f electrons. A disad-
vantage of the method of using vibronic transition probab
ties to evaluate an electron-phonon coupling strength is
reliable values of the vibronic transition probabilities are d
ficult to determine for many trivalent lanthanide ions.7

The symmetric behavior of the electron-phonon coupl
strength of trivalent lanthanide ions was suggested earlie
Hellwege8,9 and Krupke.10,11 Hellwege derived this in 1941
from linewidth measurements at 80 K, the relative intens
of vibronic lines, the luminescence output, and the me
crystal-field splitting of the energy levels. He performe
measurements onL2~SO4!3•8H2O salts~L5Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, and Tm!, and found a strong electron
phonon coupling in the beginning of the series~Pr31 and
Nd31!, a weak coupling in the middle~Eu31,Gd31! and a
strong coupling, but weaker than in the beginning, at the
of the series~Er31 and Tm31!. He suggested to explain thi
peculiar symmetry through the lanthanide series by the s
metry in the total spin quantum numberS of the ions.

The data Hellwege presented are limited, but the sa
variation was also found by Krupke in 1966.10,11 He based
his conclusion on the intense vibronic transitions he o
served for Pr31~4 f 2! and Tm31~4 f 12!, weaker vibronic tran-
sitions for Nd31~4 f 31! and Er31~4 f 11! and the absence o
these for Eu31~4 f 6!. The host lattice in this case was Y2O3
~C2 site!. Unfortunately, he did not show spectra, nor did
calculate vibronic transition probabilities. Krupke ascrib
the variation of the electron-phonon coupling to the behav
of the experimental Judd-Ofelt parametersV2, V4, andV6.

Summarizing, the electron-phonon coupling does eit
not depend on the lanthanide ion~simple energy-gap law for
multiphonon relaxation!, or it decreases through the lan
thanide series~Ref. 5!, or it shows a symmetric behavio
around the half-filled shell configuration~according to Hell-
180 © 1997 The American Physical Society
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55 181SPECTRAL-LINE-BROADENING . . . . II. . . .
wege and Krupke8–11!. Next to these three possibilities,
might also be proposed that there is no variation at all
cause there are too many parameters influencing the elec
phonon coupling.

It is clear that these conflicting results and ideas on
variation of the electron-phonon coupling strength in t
lanthanide-ion series are a good reason to study this phen
enon in more detail. To study the variation of an electro
phonon coupling strength the linewidth was measured a
function of temperature for many intraconfigurational 4f n

transitions of nine trivalent lanthanide ions in LiYF4.
This line-broadening study is divided into two parts.

the first part ~the previous paper! it was shown that the
method of line-broadening measurements is a reliable
relatively easy method to probe an electron-phonon coup
strength of different lanthanide ions. This method is used
this paper~part II! to investigate the electron-phonon co
pling strength for nine lanthanide ions~Ce31, Pr31, Nd31,
Eu31, Gd31, Tb31, Er31, Tm31, and Yb31!. The aim of our
research is to derive from these linewidth measurement
answer to the question whether or not there is a trend of
electron-phonon coupling strength through the trival
lanthanide-ion series. Part of the results obtained by
method were presented earlier at the DPC’95.12 Now a more
elaborate overview and discussion of the results is given
recently obtained data are included.

II. EXPERIMENT

Single crystals of LiYF4 were grown, using the Bridgma
method, with Ce31, Pr31, Er31, Tm31, and Yb31 as dopant
ions. The crystal growth melt contained 0.05 at. % of dop
ion. The crystals were transparent. Pieces of some 1.5
thick were used for the measurements. Crystalline powd
of LiYF4 with the dopant ions Nd31, Eu31, Gd31, and Tb31

were prepared according to the procedure described in R
13 and 14. The samples were checked by x-ray powd
diffraction analysis and found to be single phase. Transm
sion spectroscopy showed that the samples did not con
optical impurities.

High-resolution excitation and emission measureme
were done with an excimer-laser-pumped dye laser an
Nd:YAG laser setup.12 The IR absorption spectra of the 4f

FIG. 1. Absorption spectrum at 100 K of single crystallin
LiYF4:Ce
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transitions of the Ce31-containing crystal were measured b
tween 100 and 303 K in transmission with a Perkin-Elm
1720-X infrared Fourier-transform spectrometer; the reso
tion of this setup is better than 2 cm21. The data manipula-
tion was done with PE Grams Research Galactic Softwa

III. RESULTS AND DISCUSSION

In this section the results of the line-broadening study
nine different lanthanide ions are presented. T
temperature-dependent linewidth~full width at medium
height! data are fitted according to the following equation

DE~T!5EInh1ER~T!5EInh1āS TTDD 7E
0

TD /T x6ex

~ex21!2
dx.

~1!

Here,EInh is the inhomogeneous linewidth andER(T) the
contribution to the linewidth of the Raman two-phonon pr
cess.ā is the electron-phonon coupling parameter for t
Raman process,TD is the effective Debye temperature an
x5\v/kT. In the previous paper~part I! it has been shown
that this formula presents a satisfying approximation of
temperature dependence of the linewidth and that it can
used to estimate the electron-phonon coupling strength
intraconfigurational 4f n transitions of lanthanide ions. Equa
tion ~1! is applied to describe the temperature-depend
linewidth of both Kramers and non-Kramers ions, althou
the matrix elements hidden inā are different for these ions

A. ā values

1. Ce31 (4f1)

Most spectroscopic research on Ce31 ~see, for example,
Refs. 15–19! has been performed on the 4f -5d transitions of
this ion. Here the transition2F5/2⇐2F7/2 within the 4f

1 con-
figuration of Ce31 in LiYF4 is measured~see Fig. 1!. Unfor-
tunately, our spectroscopic study was hampered by sev
problems. It was not possible to measure with polarized li
and the temperature could only be varied between 100
303 K. This means that it is impossible to assign the o

TABLE I. ā values obtained for the transitions studied of Ce31

in LiYF4. s5(i ufit valuei2yi u/( i yi .

Transition Energy~cm21! ā ~cm21! s

2F5/2⇐2F7/2 2216 300 0.05
2F5/2⇐2F7/2 3160 145 0.06

TABLE II. ā values obtained for the transitions studied of Pr31

in LiYF4. The transitions are assigned according to Ref. 23.

Transition Energy~cm21! ā ~cm21! s

3P0A⇒3H6B 16 549 153 0.15
3P0A⇒3H6C 16 472 111 0.05
3P0A⇒3H4C 20 787 88 0.05
3P0A⇐3H4B 20 871 63 0.06
1D2B⇒3H4C 16 667 161 0.06
3P0A⇒3F2B 15 640 30 0.09
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182 55A. ELLENS et al.
served transitions. Next to these instrumental problems,
IR transmission spectrum is obscured by CO2 absorption and
extra lines in the 2800–2900 cm21 region. Those lines were
also present in the IR absorption spectra of other LiYF4:L

31

crystals and are of an unknown origin. When the transm
sion spectrum is compared to those of other LiYF4:L

31 crys-
tals, it can be concluded that two intense lines in Fig. 1
characteristic for the Ce31-doped crystal and that they can b
attributed to the intraconfigurational 4f 1 transitions of Ce31.
These lines~at 2216 and 3160 cm21! are well separated from
the other absorptions and can be utilized for temperat
dependent linewidth measurements. Theā values, derived
from a fit of the line-broadening data of these two transitio
to Eq. ~1!, are presented in Table I.

2. Pr31 (4f2)

The linewidth data on LiYF4:Pr
31 were presented in the

previous paper~part I!: they are summarized in Table II. Th
linewidth behavior and the obtainedā values are in line with
the line-broadening measurements performed on Pr31 in
other crystalline materials like LaF3 and LiLuF4.

20–22

3. Nd31 (4f3)

Only two transitions were studied on Nd31 in LiYF4: the
2P3/2(G7,8)⇒4I 9/2(G7,8) transition at 26 295 cm21 and the
2P3/2(G7,8)⇒4I 11/2(G7,8) transition at 24 297 cm21. The ā
values for these transitions are some 51 and 48 cm21, respec-
tively ~see Table III!. These values are lower than most
the ā values for Pr31 and Ce31. A smaller line broadening
with temperature for Nd31 than for Pr31 is in line with re-
sults of line-broadening studies on these ions in LaF3 ~Refs.
24 and 20, respectively!.

4. Eu31 (4f6)

The line-broadening results of LiYF4:Eu
31 were pre-

sented in part I of these papers; in Table IV theā values for
several transitions are tabulated. It is clear that the elect

TABLE III. ā values obtained for the transitions studied
Nd31 in LiYF4. The transitions are assigned according to Ref.

Transition Energy~cm21! ā ~cm21! s

2P3/2(G7/8)⇒4I 9/2(G7,8) 26 295 51 0.232
2P3/2(G7,8)⇒4I 11/2(G7,8) 24 297 48 0.226

TABLE IV. ā values obtained for the transitions studied
Eu31 in LiYF4. The transitions are assigned according to Ref. 2

Transition
Energy
~cm21! ā ~cm21! s

5D1(G1)⇐7F0(G1) 19 048 4.8 0.06
5D1(G3,4)⇐7F0(G1) 19 025 4.2 0.11
5D0(G1)⇒7F1(G1) 16 847 17.2 0.11
5D0(G1)⇒7F2(G 2

a) 16 385 23 0.10
5D0(G1)⇒7F2(G3,4) 16 313 27 0.08
5D0⇒7F3,4 4–40
5D1⇒7F2,3 4–40
e

-

e

e-

s

n-

phonon coupling strength of Eu31 in LiYF4, as derived from
these line-broadening experiments, is much smaller t
those of the lighter lanthanide ions Ce31, Pr31, and Nd31.
Next to the transitions studied in the temperature dom
between 4.2 and 300 K~Table IV!, we have measured th
linewidth at 4.2 and 300 K of several5D1⇒7F2,3 and
5D0⇒7F3,4 transitions. Although noā values can be derived
from data measured at only two temperatures, it could
estimated that theā values vary between 4 and 40 cm21.

5. Gd31 (4f7)

For LiYF4:Gd
31 only one transition was studied

6P7/2⇒8S7/2. The ā value obtained for this transition is ver
small, viz. 3.5 cm21 ~see Table V!. The presence of a mini
mum in the electron-phonon coupling strength in the cen
of the series is confirmed by linewidth measurements on
6PJ ,

6I J⇒8S7/2 transitions at 300 K. The linewidth of thes
transitions at 300 K is less than 7 cm21, which is much
smaller than for the transitions of Pr31, which are at 300 K
between 20 and 50 cm21. The ā values, estimated from the
linewidths of all6PJ ,

6I J⇒8S7/2 transitions at room tempera
ture, are between 3 and 20 cm21.

6. Tb31 (4f8)

The line broadening of a large number of transitions
LiYF4:Tb

31 have been studied. However, the study of t
temperature-dependent line broadening is complicated by
fact that a large number of terms of the Tb31 ion have many
closely spaced crystal-field components. At low temperatu
this does not hamper a reliable fit of the line width data b
at elevated temperatures, when also energetically hig

.

.

TABLE V. ā values obtained for the transitions studied of Gd31

in LiYF4.

Transition Energy~cm21! ā ~cm21! s

6P7/2⇒3S 32 118 3.5 0.04
6PJ ,

6I J⇒8S 3–20

TABLE VI. ā values obtained for the transitions studied
Tb31 in LiYF4. The transitions are assigned according to Refs.
and 27.

Transition Energy~cm21! ā ~cm21! s

5D4⇒7F3 16 142 20 0.11
16 175 21 0.14
16 233 28 0.15

5D4⇐7F6 20 572 96 0.06
20 638 108 0.05

5D3⇒7F4 22 936 38 0.12
22 985 44 0.08
23 010 51 0.16
23 017 43 0.10
23 043 49 0.08

5D3⇒7F5 24 170 70 0.09
24 242 65 0.09

5LJ⇐7F6 27 913 86 0.08
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crystal-field components are thermally occupied, too ma
transitions are found in a small region to obtain reliable
of the data. This spectroscopic drawback is compensate
measuring a large number of transitions. Theā values ob-
tained from the temperature-dependent line-broadening m
surements are given in Table VI. In view of the availab
literature data,25,27 a more detailed assignment of the tran
tions than given in Table VI was not possible. It is clear th
the ā values for the transitions on Tb31 are larger than those
for Eu31, but they are smaller than those for Pr31.

7. Er31 (4f11)

The ā values obtained for the studied transitions
LiYF4:Er

31 are given in Table VII. The assignment of th
transitions is according to Refs. 25 and 28–30. The tra
tions in which the4F5/2 and

2P3/2 states are involved canno
be assigned unambigiously. The electron-phonon coup
strengthā of Er31 is small, although larger than for Gd31.

8. Tm31 (4f12)

The ā values derived from the line-broadening expe
ments on LiYF4:Tm

31 are summarized in Table VIII. The
assignment of the transitions is according to Refs. 25,
and 32. There is also a rather large variation ofā values for
different transitions. This fact stresses the necessity to m
sure a large number of transitions to obtain a reliable m
sure of the electron-phonon coupling strength of an in
vidual ion.

TABLE VII. ā values obtained for the transitions studied
Er31 in LiYF4. The transitions are assigned according to Refs.
and 28–30.

Transition Energy~cm21! ā ~cm21! s

4I 11/2(1)⇒4I 15/2(1) 10 218 37 0.03
4I 11/2(1)⇒4I 15/2(2) 10 201 27 0.04
4I 11/2(5)⇐4I 15/2(1) 10 321 31 0.19
4I 9/2(1)⇐4I 15/2(1) 12 361 36 0.09
4S3/2(1)⇒4I 15/2(4) 18 378 47 0.12
2P3/2(1)⇒4I 11/2(?) 21 288 16 0.08
4F5/2(?)⇐4I 15/2(1) 22 287 39 0.06
4F5/2(?)⇐4I 15/2(1) 22 297 46 0.09
4F5/2(?)⇐4I 15/2(1) 22 311 38 0.06

TABLE VIII. ā values obtained for the transitions studied
Tm31 in LiYF4. The transitions are assigned according to Refs.
31, and 32.

Transition Energy~cm21! ā ~cm21! s

1D2(1)⇒3F4(2) 22 210 82 0.13
1D2(1)⇒3F4(1) 22 370 149 0.07
1D2(2)⇒3F4(1) 22 404 63 0.15
1G4(1)⇒3H6(2) 20 953 119 0.08
1G4(2)⇒3H6(3) 21 143 196 0.09
1G4(2)⇒3H6(2) 21 166 146 0.02
1G4(1)⇒3H6(1) 21 196 327 0.03
y
s
by
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9. Yb31 (4f13)

The last ion which we have investigated in the scope
this electron-phonon coupling study is Yb31. The ā values
for the three transitions between crystal-field components
the two 4f 13 states~2F5/2 and

2F7/2! of Yb
31 that were stud-

ied are given in Table IX. The assignment of the transitio
is according to Ref. 25. From theā values it can be derived
that Yb31 has a relatively strong electron-phonon couplin
A strong electron-phonon coupling strength has also b
observed in other samples reported in the literature~see for
example Refs. 33 and 34!.

B. General discussion

A compilation of allā values found in the Tables I–IX is
shown in Fig. 2. Although it is well known that the electro
phonon coupling strength of the trivalent lanthanide ions
weak, the data show clearly that within this range of sm
electron-phonon coupling strength values, there is a sign
cant variation. For both Kramers and non-Kramers ions
plies: the electron-phonon coupling is strong in the beg
ning and at the end of the series, and weak in the middl

This leaves us with the question how to explain this tre
in the electron-phonon coupling strengthā. In the introduc-
tion it was mentioned that Hellwege8,9 and Krupke10,11found
a similar variation of the electron-phonon coupling streng
through the trivalent lanthanide ion series. Their conclus
was based on a relatively small number of data on differ
spectroscopic phenomena~luminescence intensity, crysta
field splitting, vibronic sidebands, linewidth at 80 K!. Here
this variation of the electron-phonon coupling strength is o
tained with a rather large number of data, and is proved w
another method than theirs: temperature-dependent
broadening measurements. A large number of data for

5

,

TABLE IX. ā values obtained for the transitions studied
Yb31 in LiYF4. The transitions are assigned according to Ref. 2

Transition Energy~cm21! ā ~cm21! s

2F5/2(1)⇒2F7/2(3) 10 046 355 0.12
2F5/2(1)⇐2F7/2(1) 10 289 247 0.05
2F5/2(2)⇐2F7/2(1) 10 412 278 0.02

FIG. 2. ā values of the intraconfigurational 4f transitions of
trivalent lanthanide ions in LiYF4. This figure is a compilation of
the ā values for all the measured transitions~see Tables I–IX!.
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TABLE X. Experimental Judd-OfeltVl parameters of Pr
31, Gd31, and Tm31 in LiYF4.

System V2 ~10220 cm2! V4 ~10220 cm2! V6 ~10220 cm2! Reference

LiYF4:Pr
31 0 8.07 7.32 23

LiYF4:Gd
31 0.32 1.8 35–37

LiYF4:Tm
31 2.43 1.08 0.67 32
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ion is important, since the electron-phonon coupling stren
for different transitions on one ion can vary considerab
Conclusions on the electron-phonon coupling strength ba
on a limited number of data might give a wrong idea of t
variation of the electron-phonon coupling strength throu
the lanthanide-ion series.

Hellwege tried to explain the symmetric behavior of t
electron-phonon coupling strength by the symmetry of
total spin quantum numberS, but he did not give a physica
model on how the variation of the total spin quantum num
S would influence the electron-phonon coupling strength

Krupke explained the variation of the electron-phon
coupling strength~as derived from vibronic sidebands!, by
the behavior of the experimental Judd-Ofelt parametersV2,
V4, andV6. He found that theV4 andV6 parameters of the
lanthanide ions in Y2O3 ~C2 site! are large in the beginning
and at the end of the series and smaller in the middle. Th
fore, it might be worthwhile to compare these parameters
different lanthanide ions in LiYF4 in order to investigate if
there is a correlation too. In literature only data f
LiYF4:Pr

31 ~Ref. 23! and LiYF4:Tm
31 ~Ref. 32! were

found; from the data given by Sytsma and co-workers
Refs. 35–37 the values ofV2 andV6 for LiYF4:Gd

31 can be
derived~see Table X!. It is clear from this table that theVl

values of Pr31 and Gd31 and Tm31 in LiYF4 do not follow
the same variation as in Y2O3. This suggests that the varia
tion of theVl parameters does not follow the variation of t
electron-phonon coupling strength. In Refs. 38–40 theVl

parameters for trivalent lanthanide ions in other host latti
@like YAlO3, LaF3, and NaLa~MoO4!2# are reported. Also in
these lattices the variation in theVl parameters as obtaine
in Y2O3 has not been found, although we predict finding t
same trend in the electron-phonon coupling strength
other host lattices.7

To explain the observed trend of the electron-phonon c
pling strengthā qualitatively, we suggest the following tw
parameters:~a! lanthanide contraction and~b! shielding of
the 4f electrons.

~a! Due to the lanthanide contraction the average electr
nucleus distancêr 2&4 f n will decrease through the series.41

Since this will cause a decrease of the overlap of thef
orbitals with the orbitals of the ligands, it is supposed th
the lanthanide contraction induces a decrease of the elec
phonon coupling strength through the lanthanide-ion ser

~b! The shielding parameters2 describes the shielding o
screening of the 4f electrons by the 5s and 5p electrons.42,43

The most complete overview of shielding parameters
trivalent lanthanide ions is given by Blok and Shirley.44 Ac-
cording to their data, there is a gradual decrease of
shielding from Ce31 ~s251.1! to Yb31 ~s250.6!. This means
that the 4f electrons in the beginning of the lanthanide-i
series are better screened from the crystal field than thef
electrons at the end of the series: this implies an increas
th
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the electron-phonon coupling strength through the ser
The lanthanide contraction on the one hand, and the shi
ing of the 4f electrons on the other hand might result in th
symmetric behavior of the electron-phonon coupli
strength, since they have opposite effect.

The data given by Blok and Shirley are not uncontrov
sial. Newman and Price45 suggest a much higher shieldin
for Gd31 ~s250.9, instead of 0.61!. Others46,47 have calcu-
lateds2 parameters of Pr

31 and Tm31 differently from those
given by Blok and Shirley, but both Refs. 46 and 47 calc
late a higher shielding for the 4f electrons of Pr31 than for
Tm31. Fortunately, all these different values fors2 fit into
our qualitative model that is based on a smaller shielding
the end of the series to explain the increase of the elect
phonon coupling strength beyond Gd31. A much higher
value of the shielding of the 4f electrons of Gd31, suggested
in Ref. 45, is also in agreement with the weak electro
phonon coupling of this ion.

Lanthanide contraction and shielding were also used
explain the variation of the vibronic transition probabili
~Avib! through the lanthanide-ion series.7,42 However, to ex-
plain the variation ofAvib through the series, also the influ
ence of the opposite parity admixing is important.5,7,42,49–51

The lower the energy of the opposite parity states, the m
these states will be admixed in the 4f n states, which gives an
increase in the electron-phonon coupling strength. One m
also expect to find an influence of the position of the opp
site parity states on theā values. At the center of the lan
thanide series an influence of the energetic position of
opposite parity states is found indeed: Gd31 has a very weak
electron-phonon coupling, Tb31 has a relatively strong cou
pling, and Eu31 has an intermediate coupling. This behavi
reflects the position of the opposite parity states of these
since these states are situated at relatively high energy
Gd31 ~91 000 cm21!, at very low energy for Tb31 ~54 900
cm21! and intermediate for Eu31 ~81 800 cm21!.52

To study the variation of the electron-phonon coupli
strength for different lanthanide ions in more covalent h
lattices, we have performed several line-broadening exp
ments on trivalent lanthanide ions in La2O3. These experi-
ments show the same variation of the electron-phonon c
pling strength through the trivalent lanthanide-ion seri
small ā values were found for Gd31 and largerā values for
Pr31, Nd31, and Er31.53 However, one has also to take int
account that the variation due to the position of the oppo
parity states in more covalent lattices will be different fro
the one in LiYF4, since the lowest opposite parity states
the former lattices are often charge-transfer states wh
have a different variation through the series than
4 f n215d1 states.54,55

Although the selection rules for the Raman two-phon
process, vibronic transitions and multiphonon relaxation
different, both from line-broadening experiments and
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bronic transition probabilities the same symmetric trend
the parameter for the electron-phonon coupling strength~ā
and AVib , respectively! is found when a large number o
transitions is considered. This leaves us with the questi
why is this variation in the electron-phonon couplin
strength not observed in the multiphonon relaxation da
although it is derived from two other manifestations
electron-phonon coupling? This is probably due to the fa
that the variation of the electron-phonon coupling strength
not easily found on a logarithmic scale of multiphonon r
laxation transition probabilities. Although inclusion of th
individual coupling strength is possible, it makes the mod
for multiphonon relaxation even more complex.

IV. CONCLUSIONS

In conclusion, a variation has been found in the electro
phonon coupling strength through the trivalent lanthanid
ion series. This variation is explained by two effects, la
thanide contraction and the decrease of 4f electron shielding,
which influence the electron-phonon coupling streng
in

n:

a,
f
ct
is
-

ls

n-
e-
-

h

through the lanthanide series in an opposite way. The re
of these effects is a variation of the electron-phonon coup
strength of the trivalent lanthanide-ion series: strong in
beginning and the end of the series and weak in the mid
In the middle of the series also the influence of the posit
of the 4f n215d1 states is found: a relatively low position o
the 4f n215d1 states enhances the electron-phonon coupl
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