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Spectral-line-broadening study of the trivalent lanthanide-ion series.
I. Line broadening as a probe of the electron-phonon coupling strength

A. Ellens,* H. Andres,† A. Meijerink, and G. Blasse
Debye Institute, Utrecht University, P.O. Box 80000, NL 3508 TA Utrecht, The Netherlands

~Received 15 May 1996!

Line broadening is evaluated as a method to probe an electron-phonon coupling strength of lanthanide ions.
Various problems which complicate the analysis of line broadening, like a contribution of different relaxation
processes and the difference in behavior for different transitions in the same system are discussed, using
LiYF4:Eu

31 and LiYF4:Pr
31 as examples. The results show that the electron-phonon coupling parameterā,

derived from a fit to the Raman two-phonon process for different transitions, provides a good estimate of an
electron-phonon coupling strength. In a second paper this line-broadening method is used to probe the variation
of the electron-phonon coupling strength through the trivalent lanthanide-ion series.@S0163-1829~97!00101-X#
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I. INTRODUCTION

The electron-phonon coupling of trivalent lanthanide io
has been a subject of study for several decades. Not
from a fundamental point of view is there interest in th
subject, but also from an applied one. In the application
lanthanide ions in, for example, laser materials, fiber am
fiers for telecommunication, or luminescent materia
electron-phonon coupling can play an important role. T
electron-phonon coupling manifests itself in several wa
viz. multiphonon relaxation, vibronic sidebands, and li
broadening, and line shift with increasing temperature.1,2

Part of the research in our group is concentrated on
electron-phonon coupling. We are especially interested in
answer to the question whether there is a trend in
electron-phonon coupling strength through the trivalent l
thanide ion series. The reason for this interest is that
though phenomena like multiphonon relaxation,3 vibronic
sidebands,4 and line broadening5,6 have been studied thor
oughly for many individual trivalent lanthanide ions, the r
ports on a systematicvariation of the electron-phonon cou
pling strength through the lanthanide series are ra
scarce.7–9 This lack of knowledge is the motivation of ou
research of the electron-phonon coupling strength of l
thanide ions in several host lattices like LiYF4 and La2O3.

In the past, the research in our group on the electr
phonon coupling strength was concentrated on the vibro
transitions of Pr31~4 f 2!, Gd31~4 f 7!, and recently also
Tm31~4 f 12!.4,10–13The vibronic transition probabilities~Avib!
of several transitions of these ions were obtained and c
pared for several host lattices. The results of this work on
vibronic transition probabilities, seem to indicate that t
electron-phonon coupling strength is large in the beginn
and the end of the series, but small in the middle. This
havior of the electron-phonon coupling strength can be
plained by considering the energetic position of the oppo
parity states, the lanthanide contraction and the shieldin
the 4f electrons by the 5s2 and 5p6 electrons.

However, as shown in Ref. 13, the vibronic transiti
probabilities are in some cases hard to obtain. To ob
more evidence whether or not there is a variation in
550163-1829/97/55~1!/173~7!/$10.00
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electron-phonon coupling strength, we have chosen ano
way to evaluate the electron-phonon coupling strength
different lanthanide ions. In this series of two papers
report linewidth measurements as a function of tempera
on several transitions of nine trivalent lanthanide ions~Ce31,
Pr31, Nd31, Eu31, Gd31, Tb31, Er31, Tm31, and Yb31! in
LiYF4. In comparison to the measurements of the vibro
transition probabilities, the linewidth measurements are
relatively easy method to evaluate an electron-phonon c
pling strength of lanthanide ions.

In the past, many linewidth broadening studies have b
performed on lanthanide ions and transition-metal ions
various crystalline systems. Examples are given in Refs. 5
and 14–21. The aim of most of those studies was to elucid
the mechanism responsible for the line broadening. In
first paper the method of temperature-dependent line bro
ening to study the variation of an electron-phonon coupl
strength is evaluated. Several problems will be discuss
~A! the influence of the choice of the Debye temperature
the electron-phonon coupling parameters,~B! the importance
of the contributions to the total linewidth of the direct pr
cess and the Raman process, and~C! the variation of
electron-phonon coupling parameters for different transitio
of one lanthanide ion. These problems are discussed us
the line broadening for several transitions of Eu31 and Pr31

in the host lattice LiYF4 as examples. It is shown that lin
broadening is a reliable and relatively easy method to st
an electron-phonon coupling strength through the trival
lanthanide ion series.

In the subsequent paper~part II! an overview of the line-
broadening results of nine lanthanide ions is given. In t
paper the variation in the electron-phonon coupling stren
as derived from line-broadening experiments is dealt w
Also parameters that can qualitatively explain the variat
are suggested.

II. THEORY

The summary of the theory on linewidth broadening giv
below, is mainly derived from Refs. 1, 2, 5, and 6. T
linewidth of a zero-phonon line is determined by the lifetim
of the starting and final level. The total linewidth [DE(T)]
173 © 1997 The American Physical Society
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174 55A. ELLENS, H. ANDRES, A. MEIJERINK, AND G. BLASSE
depends on the temperature (T) and is a summation of sev
eral contributions.DE(T) is given by

DE~T!5EInh1ED~T!1ER~T!1EOrb~T!1EMR~T!1ERad.
~1!

In this equation most of the possible contributions to
linewidth are given; in reality however, only a few of the
contribute significantly. The contributions in Eq.~1! are due
to the inhomogeneous broadening~EInh!, the direct process
~or one-phonon process,ED!, the Raman~two-phonon! pro-
cess (ER), the Orbach~two-phonon! process~EOrb!, mul-
tiphonon relaxation~EMR!, and radiative relaxation~ERad!,
respectively. These different contributions will be explain
below.

The inhomogeneous contribution to the linewidth is d
to random crystal-strain inhomogeneities. This temperatu
independent contribution gives a Gaussian line shape
depends on the disorder in the host lattice. Typically, at
K the inhomogeneous linewidth for transitions of lanthan
ions varies from 0.1 cm21 in a high-quality single crystal to
some 100 cm21 in a glass.5,6,22,23

ED(T) is the contribution due to the direct or one-phon
process: one phonon is emitted or absorbed. This contr
tion is described by

ED~T!5Eem
D ~T!1Eabs

D ~T!5(
j, i

b i j ~n11!1(
j. i

b i j ~n!.

~2!

In this equation, n is the phonon occupation numbe
@exp(DEi j /kT)21#21, and i and j are two levels, for ex-
ample, crystal-field components of one term, at a dista
DEi j from each other. The energy differenceDEi j is within
the range of phonon energies of the system.bi j is the
electron-phonon coupling coefficient for the direct proce
The direct process gives a Lorentzian line shape. From
formula it can be derived that at low temperatures the c
tribution of one-phonon absorption vanishes, whereas
contribution of the one-phonon emission does not~(j, ib i j !.

Next to the one-phonon process, two-phonon relaxa
processes also exist: the Raman two-phonon pro
[ER(T)] and the Orbach two-phonon process@EOrb(T)#. In
the Raman two-phonon relaxation, a certain leveli absorbs a
phonon that bridges the gap to an intermediate levelj 8; the
system relaxes with a higher energetic phonon to levelj . The
Raman two-phonon process is a nonresonant process, an
energy differencesDEi j 8 andDEj 8 j are assumed to be muc
larger than the range of phonon energies in the system. T
is also an intrinsic Raman two-phonon process: the phon
that are absorbed and emitted are of the same energy.1

Using the Debye approximation of phonon energies
can be derived that the temperature-dependent contribu
to the linewidth by the Raman process is described by

ER~T!5āS TTDD 7E
0

TD /T x6ex

~ex21!2
dx. ~3!

In this equationā is the electron-phonon coupling parame
for the Raman process,TD is the effective Debye tempera
ture andx5\v/kT. In the Debye approximation the densi
of phonon statesr~v! scales withv2, the square of the pho
non frequency. Although the Debye model is rather rough
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practice the thermal behavior of the linewidth is describ
quite well by a single characteristic temperature. This eff
tive Debye temperatureTD can differ from the one derived
from the phonon cutoff energy~vD! or calculated from, e.g.
specific-heat data~see Sec. IV A!.24

The contribution of the Orbach process arises from a re
nant two-phonon process: the energy differences betw
levels i , j , and j 8 arewithin the range of phonon energies o
the system. In most linewidth studies the contribution of t
Orbach process is neglected. It is supposed to be only ef
tive in the case of relaxation between the Zeeman split lev
of a Kramers ion; in that case the contribution of the dire
and Raman process are of minor importance.1,25,26

Multiphonon relaxation, the simultaneous emission
more than one phonon to bridge the energy difference t
lower lying level, enters Eq.~1! via EMR(T). The contribu-
tion of this process is also assumed to be negligible in m
cases.6

The last term,ERad is the contribution due to the radiativ
relaxation of a state. Since the radiative relaxation times
intra 4f n transitions of trivalent lanthanide ions are of th
order of somems to ms, this contribution can be neglecte
Lifetimes like these give, according to the Heisenberg pr
ciple, contributions of less than 531026 cm21 to the total
width.6

Since the contributions to the total linewidth of the O
bach process, multiphonon relaxation and the radiative re
ation can be neglected, the formula for the total linewid
contains only the contributions from the inhomogeneo
linewidth, the direct process and the Raman two-phonon p
cess. Many papers neglect also the direct process~see, for
example, Refs. 5, 16, 21, and 27!. Its contribution can be
relatively large at lower temperatures, but at higher tempe
tures the Raman process becomes dominant. When the d
process is neglected, Eq.~1! simplifies to

DE~T!5EInh1ER~T!5EInh1āS TTDD 7E
0

TD /T x6ex

~ex21!2
dx.

~4!

Although this simplification will introduce an error in the fi
values~TD andā!, it seems satisfying in many cases. In Se
IV it will be shown that Eq.~4! is also appropriate in this
study.

III. EXPERIMENT

A single crystal of LiYF4 with Pr31 as dopant ion was
grown using the Bridgman method. The crystal growth m
contained 0.05 mole % of dopant ion. The crystal was tra
parent and of a good quality. Pieces of some 1.5 mm th
were used for the measurements. A crystalline powder
LiYF4 with dopant Eu31 was prepared according to the pr
cedure described in Ref. 28. The samples were checke
x-ray powder-diffraction analysis and found to be sing
phase. LiYF4 has the inverse scheelite structure, space gr
I41/a. The site symmetry for the lanthanide ion isS4.

29

Transmission spectroscopy showed that the samples did
contain optical impurities.

High-resolution measurements were carried out using
excimer-laser-pumped dye laser setup. The excimer la
setup consists of a Lambda Physik LPD3002 tunable
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55 175SPECTRAL-LINE-BROADENING . . . . I. . . .
laser which is pumped by a Lambda Physik LPX100 excim
~XeCl! laser. The typical linewidth of the dye laser output
0.18 cm21. The sample is mounted in an Oxford Instrumen
liquid-helium bath cryostat. Emission spectra were recor
with a 1 m focal length Spex 1704 monochromator with
resolution of some 0.2 cm21. The temperature of the sample
in the cryostat could be varied between 2 K and room tem-
perature. Above room temperature use was made of a ho
made high-temperature cell~see Ref. 30!.

The linewidths of the transitions were either derived
fitting the line shape, or from the spectra~width at half
height!.

IV. RESULTS AND DISCUSSION

In this section three important aspects of the line bro
ening for lanthanide ions will be discussed, using results
Eu31 and Pr31 in LiYF4 as examples. First the choice of th
Debye temperature (TD) is dealt with~Sec. IV A!, and sec-
ond, the contribution of the direct process to the linewid
~next to the dominant Raman process! is discussed~Sec.
IV B !. Finally, the variation of the line broadening as a fun
tion of temperature for different transitions on the same
in the same host lattice will be discussed~Sec. IV C!.

A. The Debye temperature„TD…

The theoretical models for the temperature-dependent
broadening by Raman two-phonon relaxation processes
sume a Debye distribution of the phonon density of sta
i.e.,r~v! scales withv2. Above the phonon cutoff frequenc
~vD! the density of states drops to zero. This phonon cu
frequency is related to the Debye temperature
TD5\vD/k. The assumption of a Debye distribution of th
phonon density of states is necessary to derive the analy
expression for the Raman two-phonon process@Eq. ~3!#. In
practice, however, it is found that a Debye temperature
is lower than the Debye temperature determined from
phonon cutoff frequency, gives a better fit of the experim
tally observed temperature dependence of the linewidth
Eq. ~3!, see also Refs. 5, 16, and 24. The fact that a low
Debye temperature gives a better fit can be explained by
fact that the real density of phonon states does not fit
Debye model exactly: the density of phonon states for low
energetic phonons is considerably higher than predicte
the Debye model. In the case of LiYF4 an extra argument fo
the choice of a lower Debye temperature will play a ro
Since the lanthanide ion substitutes for the Y31 ion, the main
ion-phonon interaction will involve vibrations with th
F2 ligands. These are relatively lower in energy than
Li-F vibrations which determine the phonon cuto
frequency.31

An effective Debye temperature can, for example, be
timated from elastic constants, the distribution of the phon
density of states~from neutron-diffraction data or vibronic
sidebands! or from the Debye temperature that gives the b
fit to the experimental data. In the literature the value ofTD
for LiYF4, based on elastic constants of the crystal is 4
K.32 The value that can be derived from the phonon cut
frequency~570 cm21, Refs. 31 and 33! is 780 K. We have
chosen to derive the value ofTD from fits to the experimen-
tal data. In Table I, an example is shown of fits to the lin
r
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width of the 5D0(G1)⇒7F2(G3,4) transition of LiYF4:Eu
31

with six different Debye temperatures~TD5150, 200, 250,
300, 400, and 500 K!. It is clear thatā increases when a
higherTD is chosen. With decreasing Debye temperature
error decreases also, although temperatures below 250 K
not improve the fits considerably. Since the choice of aTD of
200 K ~or lower! would give an unrealistic Debye temper
ture in view of the data from the literature, we have chos
for TD5250 K. Also for other transitions this relatively low
value ofTD gives a good fit of the experimentally observe
temperature dependence of the linewidth. The choice of
K for TD is somewhat arbitrary, but in this comparativ
study the exact value ofTD is not of major importance since
another choice ofTD would change the absoluteā values,
but not their relation.

By using the same value ofTD for LiYF4 for all fits, theā
values for different transitions of different lanthanide io
can be compared. Therefore, a possible variation in
electron-phonon coupling strength of trivalent lanthan
ions can be derived from the variation of the Raman tw
phonon coefficientā.

B. The contribution of the direct process

The general expression for the temperature-dependent
broadening@Eq. ~1!# contains several contributions. As dis
cussed in Sec. II, the two important temperature-depend
phonon relaxation processes that contribute to the line bro
ening are the Raman two-phonon process and the o
phonon absorption and emission processes~direct process!.
In many papers the direct process is neglected, althoug
has been shown several times, that the contribution of o
phonon relaxation processes to the linewidth can
significant.6,14,19,20,34The evaluation of the contribution o
the direct process to the total linewidth is not an easy ta
since one has to take into account one-phonon emissions
absorptions to a number of crystal-field components of
starting and final levels. Especially when many crystal-fie
components are present, the calculation of the unknowb
parameters can be quite difficult.20 Only for transitions
where a few closely spaced crystal-field components are
volved in the direct process, the evaluation of theb param-
eters can be straightforward. Otherwise, one has eithe
take into account only a limited number of all the~by one
phonon! accessible levels,6,19,20or, as is done in Ref. 14, on
has to assume that theb’s scale with the cube of the resona
phonon energy~b;v3!.

Thus, there are two approximations: one considering o
the Raman process and one considering both the direct

TABLE I. ā values for different Debye temperatures. The e
ror is defined ass5(i u fit value i2yi u/(i yi .

TD ~K! ā ~cm21! s

150 4.4 0.066
200 7.9 0.067
250 13 0.068
300 19 0.069
400 35 0.073
500 60 0.077
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176 55A. ELLENS, H. ANDRES, A. MEIJERINK, AND G. BLASSE
the Raman process as temperature-dependent
broadening mechanisms. In this study the contribution of
direct process to the total linewidth is evaluated for seve
transition on Eu31 and Pr31 in LiYF4. The assignment and
position of the energy levels of LiYF4:Eu

31 are derived from
Ref. 35, and of LiYF4:Pr

31 from Ref. 36.

FIG. 1. Fits and simulations to the temperature-depend
linewidths of LiYF4:Eu

31. ~a! 5D0(G1)⇒7F2(G3,4); ~b!
5D0(G1)⇒7F2(G 2

a); ~c! 5D0(G1)⇒7F1(G1); ~d! 5D1(G3,4)
⇐7F0(G1); ~e! 5D1(G1)⇐7F0(G1). The full lines are the fits ac-
cording to the Raman process only@Eq. ~4!#; the dashed lines are
the fits/simulations including both Raman and direct processes
e-
e
l

1. LiYF4:Eu
31

For Eu31 the temperature dependence of the line bro
ening was studied for five transitions. The linewidth data
shown in Figs. 1~a!–1~e!. These data were fitted with onl
the Raman process as a temperature-dependent
broadening contribution, according to Eq.~4! ~full line!, and
simulated including both the direct and the Raman proces
~dashed line!.

Fits to the Raman process. The parameters of the fit
without the direct process are found in Table II, column
the ā values are found as the coefficients of the termER(T)
@see Eq. ~3!#; the values forEInh are the experimenta
linewidths at 4.2 K~see Fig. 1!; both values depend on th
transition studied.

Simulations including both direct and Raman proce.
The parameters for the simulations including both the dir
~one-phonon! and the Raman~two-phonon! processes are
found in Table II column 2. The levels which are accessi
by one phonon from either the starting or the final levels,
included in the simulations. The energy differences betw
the levels between which one-phonon processes play a
are derived from Ref. 35. These energy differences are i
cated in Table II, column 2 as numbers between parenthe
The ā values of these fits/simulations including both the
rect and the Raman process are found as the coefficien
the termER(T) in Table II, column 2.

The first value that will be evaluated is the inhomog
neous linewidth. Following Yen, Scott, and Schawlow,6 we
suppose that the inhomogeneous linewidth is the same fo
transitions. This assumption is not necessarily true, bu
introduces only a relatively small error. From the transitio
with the smallest linewidth at 4.2 K, the5D1⇐7F0 transi-
tions, we have estimatedEInh to be 0.3 cm21.

The next values that have to be evaluated are theb’s, the
electron-phonon coupling parameters for the direct proc
The procedure to derive these parameters is the same a
plied in Refs. 6, 19, 20, and 34: from the linewidths at 4.2
and the temperature-dependent linewidths theseb’s can be
calculated. Since not allb parameters can be calculated fro
the linewidth data at 4.2 K, the unknownb parameters have
to be included in the fit. Due to the large number of fittin
parameters~theb parameters andā!, fitting can become im-

nt
s
are
TABLE II. Fits of the transitions studied for LiYF4:Eu
31 including the direct process~column 2!, and omitting the direct proces

~column 4!. The assignment of the transitions and the energy differences~$number%! between the levels involved in the direct processes
derived from Ref. 35. n5@exp(DEi j /kT)21#21, n stands for the one-phonon absorption;~n11! for the one-phonon emission,$number%
5the difference in energy (DEi j ) between the two levels between which the direct process occurs,ER(T)5the formula for the Raman
process, its coefficient isā @see Eq.~3!#.

Transition Fit equation, including the direct and the Raman processes s

Fit equation including
only the

Raman process s

5D1(G1)⇐7F0(G1) 0.310.5$334%n10.5$430%n14.1ER(T) 0.05 0.314.8ER(T) 0.06
5D1(G3,4)⇐7F0(G1) 0.310.5$334%n10.5$430%n13.6ER(T) 0.12 0.314.2ER(T) 0.11
5D0(G1)⇒7F1(G1) 0.310.5$96%(n11)10.5$(n11)10.5$461%n115ER(T) 0.09 1.2117.2ER(T) 0.11
5D0(G1)⇒7F2(G 2

a) 0.310.5$461%(n11)11$557%(n11)10.7$85%n11.5$259%n114ER(T) 0.10 1.8123ER(T) 0.10
5D0(G1)⇒7F2(G3,4) 0.311.5$546%(n11)10.7$85%(n11)11.4$174%n11.4$196%n113ER(T) 0.07 2.6127ER(T) 0.08
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possible. Therefore, we have performed simulations of
linewidth data in the case where we could not achieve r
able fit data. Although the error in theb values might now
become large~some 50%!, there is not much freedom t
change them too much, since the linewidth data at 4.2 K
not permit this. Consider the following example: the hom
geneous linewidth of the5D0(G0)⇒7F2(G 2

a) transition at
4.2 K is 1.5 cm21. Although the exactb values belonging to
the one-phonon emissions from level7F2(G 2

a) might differ
from the found fit values,EInh1S j, ib i j ~in which i5G 2

a!
must be 1.5 cm21. This means that, although we do not kno
the b values exactly, we can derive from the spectra at
4.2 K limit values for theseb’s.

Comparison of the two approximations. By including the
direct process, the error becomes smaller and the linew
data are described better than including the Raman pro
only. This can also be seen from Figs. 1~a!–1~e!, although in
some cases the two lines are similar.

It is clear from Table II that by including the direct pro
cess, theā values can be up to 50% smaller. With Gourley19

we conclude that neglecting the direct process introduce
considerable error in theā value. This error in theā value
will be larger when more levels accessible by one phonon
nearby. However, another conclusion from Table II is th
although by incorporation of the direct process theā values
change, the same order of magnitude of the electron-pho
coupling strength is still found. This seems to imply that
we want to compare different transitions, or even differe
transitions of different lanthanide ions, we do, in most cas
not need to take into account the contribution of the dir
process.

2. LiYF4:Pr
31

To support the conclusion from the previous sectio
some linewidth measurements have been performed o
system with an early lanthanide ion: LiYF4:Pr

31. Six transi-
tions were studied of which six were fitted to the Ram
process only, and three were simulated including both
Raman and the direct processes. The data and
simulations are shown in Figs. 2~a!–2~f! and in Table III.
The procedure followed was the same as for LiYF4:Eu

31.
From Table III it can be derived that the direct proce

has a significant contribution to the total linewidth, ev
more than in the case of Eu31. The reason for this is mos
probably that the levels that are involved in the studied tr
sitions have a large number of crystal-field compone
(3H6 ,

3H4). Although the direct process has a significa
contribution, it is clear that the Raman process is still dom
nant. This is in line with the observations for LaF3:Pr

31 ~Ref.
6!. Another conclusion from Table III is that with or withou
including the direct process, theā values change but th
same order of magnitude of the electron-phonon coup
strength is found. This was also the case for Eu31. This con-
firms the conclusion~of Sec. IV B 1! that if we want to com-
pare different transitions, or different transitions of differe
lanthanide ions, we do not need to take into account
contribution of the direct process.

C. Variation of the ā values of one ion

The results in Tables II and III show that theā values
derived from the temperature dependence of the linewid
e
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vary considerably for different transitions on one ion. For t
five transitions studied for Eu31 the ā values range from 4.2
to 27 cm21, and for the transitions on Pr31 from 30 to 161
cm21. This large variation ofā values for different transi-
tions is in agreement with previous observations. For
ample, it has also been found for the systems YAG:Nd31

~Ref. 5!, LaF3:Pr
31 ~Ref. 6!, and Al2O3:Cr

31 ~Ref. 14!. This
variation of ā values can be ascribed to a difference
electron-phonon coupling strength for the different leve
The results in Table II show that for Eu31 the 7F1 and

7F2
levels have a relatively strong coupling~resulting in largeā
values for transitions involving one of these levels!, while
the 5D0,

5D1, and
7F0 levels have a weaker coupling. Sinc

there is such a large variation ofā values for different tran-
sitions on the same ion, it is important to measure a la
number of transitions for one ion to get an idea of the ran
of ā parameters. By comparing the range ofā parameters
for different lanthanide ions, one can compare the electr
phonon coupling strengths of different ions. For examp
comparison of our results on theā values of Pr31 ~ranging
from 30 to 161 cm21! and Eu31 ~ranging from 4.2 to 27
cm21! shows that the electron-phonon coupling for the R
man two-phonon process for Eu31 is weaker than for Pr31.

V. CONCLUSIONS

In this paper the line broadening for transitions within t
4 f n configuration of trivalent lanthanide ions is evaluated

FIG. 2. Fits and simulations to the temperature-depend
linewidths of LiYF4:Pr

31. ~a! 3P0A⇒3H6C; ~b! 3P0A⇒3H6B; ~c!
3P0A⇒3H4C; ~d! 3P0A⇐3H4B; ~e! 3P0A⇒3F2B; ~f! 1D2B⇒3H4C.
The full lines are the fits according to the Raman process only@Eq.
~4!#; the dashed lines are the fits/simulations including both Ram
and direct processes.~d!–~f! are only fitted to Eq.~4!.



ived

178 55A. ELLENS, H. ANDRES, A. MEIJERINK, AND G. BLASSE
TABLE III. Fits of the transitions studied for LiYF4:Pr
31 including the direct process~column 2!, and without the direct process~column

4!. The assignment of the transitions and the energy differences~$number%! between the levels involved in the direct processes are der
from Ref. 36.

Transition Fit equation, including the direct and the Raman processes s
Fit equation including only the

Raman process s

3P0A⇒3H6B 0.2513.25$81%n15$140%n18$161%n19$249%182ER(T) 0.07 0.251153ER(T) 0.15
3P0A⇒3H6C 0.2513.25$81%(n11)10.05$59%n10.7$80%n13$168%n173ER(T) 0.07 3.51111ER(T) 0.05
3P0A⇒3H4C 0.2511.5$79%(n11)10.2$134%n12$412%n169ER(T) 0.05 1.85188ER(T) 0.05
3P0A⇐3H4B 0.3163ER(T) 0.06
1D2B⇒3H4C 1.31161ER(T) 0.06
3P0A⇒3F2B 8.3130ER(T) 0.09
th

lin
in
a

m

er

a

re

ge
e of
re-
ible
ng

e
r
up-
rch
n

a method to study the electron-phonon coupling streng
Some transitions on LiYF4:Eu

31 and LiYF4:Pr
31 were stud-

ied as examples.
The results show that the temperature-dependent

broadening can, in good approximation, be described by
cluding only the Raman two-phonon process as the deph
ing mechanism. The direct~one-phonon! process contributes
as well: however, it is not necessary to include it for a co
parative study of the electron-phonon coupling strength.

The choice of the Debye temperature (TD) for the Raman
two-phonon process is somewhat arbitrary. Reliable fits w
obtained for aTD of 250 K for LiYF4, which is lower than
theTD derived from the phonon cutoff energy of 570 cm21.

The values found for the electron-phonon coupling p
rameterā ~from fits to the Raman two-phonon process! vary
for different transitions on the same ion. To compa
.

e
-
s-

-

e

-

electron-phonon coupling strength for different ions, a lar
number of transitions has to be measured to obtain a rang
ā values. Summarizing, it is shown that temperatu
dependent linewidth measurements provide a feas
method to study the relative electron-phonon coupli
strength for lanthanide ions.
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