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Multiphonon relaxation in YVO 4 single crystals
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Multiphonon relaxation rates were measured for 13 different energy levels of various rare-earth ions in
YVO4 single crystals at 77 K. Dependence of the multiphonon relaxation rate on the energy gap that separates
each emitting multiplet from the one lying just below it was investigated over the range from 980 to 5200
cm21. A significant change in gap dependence was observed for energy gaps smaller than about 2500 cm21, in
agreement with previous observations and with theoretical investigations. An extreme nonradiative transition
rate of 1.131011 s21 (t59 ps), corresponding to a 980 cm21 energy gap, was deduced from homogeneous
absorption linewidth measurements at 1.5 K.
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I. INTRODUCTION

Multiphonon relaxation~MR! of rare-earth ions in glasse
and crystals following optical excitation was extensively e
plored in the 1960s and 1970s as illustrated in Refs. 1
The high level of recent interest may be attributed both to
role of MR in analyzing the efficiency of recently develop
solid-state laser systems and to new developments, inclu
observation of saturation of the phonon modes at strong
citation densities with consequent improvement of the fl
rescence quantum efficiency of some rare earth ene
levels,5,6 the availability of tunable short pulse laser sourc
at infrared wavelengths for direct measurement of very sh
relaxation times,7,8 and the appearance of more complete t
oretical models.9–11

Our attention has been concentrated recently on
growth and the optical properties of Nd31-doped YVO4
single crystals,12,13which have proved to be among the mo
important diode-pumped laser materials in terms of la
threshold and laser efficiency.14 The optical properties o
YVO4 doped with Er31 ~Refs. 15 and 16! and Tm31 ~Refs.
17 and 18! also have been studied to gain more insight in
the electron-phonon coupling in this host matrix and
evaluate their laser potential at various wavelengths.
general characterization of MR in YVO4 is the focus of the
present paper.
PRB 610163-1829/2000/61~6!/3915~7!/$15.00
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Aspects of MR for a number of energy levels in YVO4
had been studied in the past;19,20 however, dispersion of the
data points obtained for energy gaps ranging between 2
and 3500 cm21 was too great to obtain a clear exponent
dependence of the measured MR rates using the well-kn
energy gap law. The temperature dependence of the
rates of various rare earth levels in YVO4, however, was
fitted well by existing models.

To analyze these MR rates both more precisely and fo
wider range of energy gaps in YVO4, new fluorescence life-
time measurements were performed at low temperature~77
K! on a variety of Nd31-, Er31-, Ho31-, Eu31-, or
Tm31-doped YVO4 samples. The MR rates were determin
either directly from the measured lifetimes in the case
small energy gaps or, when necessary, in the case of in
mediate and large energy gaps, by subtracting out the ra
tive transition rates obtained from analysis of absorption d
with the Judd-Ofelt formalism.21,22

A brief review of MR theories is presented in Sec.
Section III is dedicated to description of the spectrosco
and lifetime measurements. The deduced MR rates are
lyzed in Sec. IV, and conclusions stated in Sec. V.

II. THEORETICAL BACKGROUND

Different expressions for the MR probability and its tem
perature dependence can be found in the literature. The
3915 ©2000 The American Physical Society
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of this section is to present the main approaches and
expressions which we have considered to analyze our
data.

Within the crystal-field approximation, the Hamiltonia
of the system consisting of a rare earth dopant ion and
crystal environment can be written as

H5He1HL1HeL , ~1!

whereHe , HL , andHeL stand for the Hamiltonian terms fo
the isolated impurity ion, the host lattice vibrations, and
electron-phonon interaction, respectively. Assuming sm
displacementsu of the lattice ions about their equilibrium
positions,HeL can be expanded in a Taylor series, and
rare-earth ions with weak coupling to the lattice, it is reas
able to use the scalar form:23

HeL5V~0!1V~1!u1V~2!u21¯1V~n!un1¯ , ~2!

whereV(0) andV(n)5@(]HeL /]r n) r 5R /n! # only depend on
the electron coordinates.

There exist then several methods to account for MR
n-phonon nonradiative transitions.

The first approach23–27shows that the linear termV(1)u in
HeL can generate ann-phonon nonradiative transition. Thi
linear mechanism of MR occurs when there is a non-z
Huang-Rhys electron-phonon coupling factor28 and when
first-order perturbation theory is used. With this approa
the dependence of the MR rate on the energy gap obeys
classic exponential energy-gap law:4

Wnr5C exp@2aDE#, ~3!

whereDE is the energy gap to the next lower level,C anda
are constants which are characteristic of the particular h
The parametera depends on the Huang-Rhys factorS, the
phonon occupation numbern̄ at temperatureT, and the num-
ber of phononsN involved to bridge the energy gapDE. It
has to be noted that several authors prefer to use the mod
expression

Wnr5C exp@2a~DE2«!# ~4!

in which theC electronic factor does not depend so stron
on the nature of the host as in the previous expression an
which the energy gap has been reduced by some ener«
52\vm ~Ref. 29! or 2.6\vm ,24 \vm being the energy of
the promoting phonon mode.

In the second approach9–11 using the nonlinear mecha
nism, a zero electron-phonon Huang-Rhys coupling facto
assumed, and the first nonvanishing contribution to
n-phonon process arises from theVnun term of Eq.~2!.

Within the framework of this second approach, treati
the nth order nonlinear term of Eq.~2! directly as a pertur-
bation, one can derive again the classical energy-gap la19

However, the experimentally measured MR rates do not
ways follow this law in a very wide range ofDE values.
Moreover, thea parameter only depends on the host ma
rial, no distinction can be made between the different ty
of active ions and no information concerning the nature~se-
lection rules between multiplets! of the MR transitions is
appearing.

So, a more elaborate treatment of thisn-phonon nonlinear
relaxation mechanism based on the crystal-field point cha
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model approximation and including metal-ligands covalen
effects as a correction was proposed recently9–11and resulted
in a MR probability of the form:

W5 (
k52,4,6

Wk
pc~11C̄!, ~5!

with

Wk
pc5

1

137~2J11!~2J811!
Ek~n!^LSJiU ~k!iL8S8J8&2.

~6!

In these expressions,C̄ is the correction for the covalenc
effects, ‘‘pc’’ stands for ‘‘point charge’’ and theEk(n),
which can be expressed in terms of crystal field and dyna
lattice parameters, are the intensity parameters for
n-phonon transitions. These intensity parameters are sim
to the V t parameters of the Judd-Ofelt formalism. The r
duced matrix elements of the unit tensor operatorsU (k) of
rank ~k! are the same as the ones used for the calculatio
the radiative spontaneous emission probabilities. Accord
to this theory, the dependence of the MR rate on the ene
gap is not a single exponential. On a logarithmic scale
change of slope is found when the number of phonons
volved exceeds 4, and such an effect is even more p
nounced when the covalency between the 4f electrons and
the ligands is considered.10

When considering the temperature dependence of the
rates, a more complicated expression is obtained by con
ering the linear rather than the nonlinear mechanism;4,19,23

however, both cases reduce to the same expression for s
values ofSand for temperatures that are not too high. Wh
the transition is made by phonons of different energies

(
i

pi\v i5DE ~7!

the temperature dependence of the MR rate takes the fo

W~p!5W~T50!)
i

~ni11!pi, with (
i

pi5p, ~8!

where p is the total number of emitted phonons,pi is the
number of phonons emitted with the energy\v i , andni is
the Bose-Einstein occupation probability

ni5FexpS \v i

kBTD21G21

. ~9!

This model is known as the stimulated phonon emiss
model.4

This temperature dependence has been verified in m
systems, such as those previously reported in Refs. 2, 4
and 20, and the results all showed good agreement when
model used a sum of phonons of different energies and
energy of each phonon was that of a peak in the pho
density of states.

III. SPECTROSCOPIC AND LIFETIME MEASUREMENTS

Analysis of lifetime measurements depends on the re
tive importance of the radiative and nonradiative transit
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rates. For the case of small energy gaps, whereWnr
@(t r)

21 and thusWnr'(t f)
21, the MR transition rates

could be directly determined from the measured fluoresce
lifetimes. In other cases, the MR transition rates were de
mined by subtracting the calculated radiative transition ra
(t r)

21 derived by analyzing the absorption data using the
formalism from the experimental (t f)

21 values:

Wnr5~t f !
212~t r !

21. ~10!

The energy-gap law given by Eq.~5! only applies in prin-
ciple at low temperature, but it is well known that lifetime
do not vary much below about 100 K. In the followin
analysis, we shall use fluorescence lifetime data obtaine
77 K; when only room temperature~RT! data are available
we shall extrapolate the MR rates to low temperature fr
those obtained at room temperature by using the stimul
phonon emission model mentioned above, by writing:

Wnr~LT!5
Wnr~RT!

) i~ni11!pi
, with

Wnr~RT!5@t f~RT!#212~t r !
21, ~11!

where RT denotes room temperature. For this extrapolat
the minimum number of phonons necessary to bridge
energy gap was used, and the energy of each phonon
chosen to be that of a major peak in the phonon density
states. The low-temperature fluorescence lifetime then co
be directly deduced from the low-temperature nonradia
rate

t f~LT!5@Wnr~LT!1~t r
21!#21, ~12!

where LT denotes low temperature. The somewhat arbit
choice of phonon energies could lead to uncertainty in
calculation of the low temperature MR rates. We foun
however, that this uncertainty was negligibly small.

We also used a very lightly Nd31-doped sample~0.05%!
to make a very precise absorption linewidth measuremen
very low temperature for the particular optical transiti
4I 9/2(Z1)-4F5/2(S1). The measured homogeneous linewid
of this transition reflects the very short relaxation time a
very high nonradiative rate of the transition. This measu
ment allowed adding a further data point for the very sm
energy gaps.

A. Radiative lifetime estimations

As mentioned previously, the radiative lifetimes of th
energy levels of interest were calculated, when necess
using the Judd-OfeltV2 , V4 , and V6 parameters derived
either from polarized absorption spectra recorded at ro
temperature in the visible or in the infrared or from literatu
data. This procedure was performed for the cases of 3
Er31:YVO4,

15 0.87% Tm31:YVO4,
17 and 0.58%

Nd31:YVO4 ~Ref. 30! single crystals, and the results are r
ported in Table 1. The absorption spectra were polariza
averaged before analysis by using an average refractive
dex n52/3ns11/3np with the valuesns51.94 and np

52.14.
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B. Fluorescence lifetimes

Measurements were performed on samples with less
1 at. % doping and atT577 K as well as at room tempera
ture to complete or confirm the data of the literature. We th
studied the fluorescence decays of several energy leve
crystals doped by 0.58% Nd31, 0.1% Er31, 0.4% Tm31,
,1% Ho31, and,1% Eu31 ions. These crystals were grow
as previously described.12,15,17

The samples were excited with a pulsed Raman-shi
Quantel dye laser~10 Hz repetition rate, 10 ns pulse dur
tion!. The specific fluorescence was selected using a Jo
Yvon HRS1 monochromator equipped with a 60
groove/mm grating blazed at 1500 nm for investigations
the infrared domain and a 1200 groove/mm grating blaze
500 nm for investigations in the visible. The fluorescen
signals were detected either by a fast~0.5 ms! nitrogen
cooled North Coast germanium photodiode for the infra
or by a Hamamatsu R1477 photomultiplier for the visib
and the signals were analyzed using a Lecroy 9400 dig
oscilloscope coupled to a PC computer.

Special attention was addressed for avoiding energy tra
fer and reabsorption~or radiative trapping! problems, not
only by working with low concentrated samples but also,
example, by selectively imaging the fluorescence spot p
duced by the laser onto the entrance slit of the monoch
mator. However, as we shall see, some uncertainties
remained, arising from experimental errors, radiative tr
ping but also from the Judd-Ofelt~JO! formalism in the case
of the fluorescences coming from the Er31 4I 13/2, and
Nd31 4F3/2 energy levels more particularly, but also from th
Tm31 3F4 . We report in Table I the lifetimes of severa
excited states for YVO4 doped with a series of lanthanid
ions.

Erbium

The 4I 13/2, 4I 11/2, 4F9/2, and 4S3/2 fluorescence lifetimes
of Er31 in YVO4 were measured at room temperature as w
as atT577 K by directly exciting each of the emitting leve
~except for 4S3/2 for which we excited the2H11/2 level lo-
cated just above it! and by recording the fluorescence atl
51550, 1000, 1140, and 858 nm associated with the4I 13/2
→4I 15/2, 4I 11/2→4I 15/2, 4F9/2→4I 13/2 and 4S3/2→4I 13/2 tran-
sitions, respectively.

The 77 K value of the4I 13/2 lifetime with a value of 2.5
ms was found to be slightly longer than the calculated rad
tive lifetime of 2.45 ms.

Holmium

The 5F5 , 5S2-
5F4 , and 5F3 fluorescence lifetimes of the

Ho31 ion in YVO4 were measured again at room temperat
and 77 K. The5F3 and 5S2-

5F4 lifetimes were obtained by
exciting the 5F3 level and by recording the fluorescence
l5840 nm andl5544 nm associated with the5F3→5I 6
and 5S2-

5F4→5I 8 transitions, respectively. The5F5 fluores-
cence lifetime was obtained after direct excitation and
recording the fluorescence associated with the5F5→5I 8
transition atl5660 nm. The5F3 lifetime was too short (t
,0.05ms) to be measured accurately.
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TABLE I. Fluorescence decay times and radiative lifetimes for various rare earth dopants and
levels in YVO4. RT denotes room temperature.

Dopant
Energy
level

Radiative
lifetime
~Ref.!
~ms!

Measured
lifetime

~RT!
~ms!

Measured
lifetime
~77 K!
~ms!

Previous
measurements

~Ref.!
~ms!

DE
~Ref.!
~cm21!

Nd31 4I 11/2 RT:0.731023 ~Ref. 7!
77 K:0.7531023 @calc#

1530 ~Ref. 40!

4F3/2 90 ~Ref. 30! 100 5050
4F5/2 931026 @1.5 K# 980.0
2P3/2 4 0.10 0.13 2400

Er31 4I 13/2 2450 ~Ref. 15! 2350 2500 6500~Ref. 15!
4I 11/2 1720 27 30 3600
4F9/2 220 0.4 0.3 2620
4S3/2 205 10 16 77 K:16~Ref. 19! 3100

Tm31 3F4 1320 ~Ref. 17! 1030 1050@calc# 5218 ~Ref. 34!
3H4 200 135 120 4032

Ho31 5F5 0.8 1 77 K:0.7~Ref. 18! 2020 ~Ref. 41!
5S225F4 1.7 3.5 4.2 K:17~Ref. 19! 2854

5F3 ,0.05 ,0.05 1950
Eu31 5D1 8.0 8.0 77 K:7~Ref. 18! 1750 ~Ref. 34!

5D2 0.25 0.3 2420
5D3 2.6 2.9@calc# 77 K:4 2910
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Europium

The 5D1 and 5D2 lifetimes of Eu31 in YVO4 were mea-
sured by directly exciting each of the levels at room tempe
ture and 77 K and by recording the fluorescence associ
with the 5D1→7F2 and 5D2→7F3 emission transitions a
l5586 nm andl5490 nm. The5D3 lifetime was only mea-
sured at room temperature after 355 nm excitation. The E31

ions could not be excited efficiently at such a wavelength
77 K because of narrowing of the absorption lines, so
low temperature value had to be extrapolated using
method described above.

Thulium

In the case of Tm31-doped YVO4, the 3H4 fluorescence
lifetime was measured at room temperature and 77 K a
3F2 excitation, the3F2→3H4 nonradiative relaxation being
very fast, and by monitoring the3H4→3F4 emission atl
51475 nm. The3F4 lifetime was measured after direct e
citation only at room temperature.

Neodymium

The 4F3/2 fluorescence lifetime of Nd31 in YVO4 is sub-
ject not only to strong radiative trapping but also to stim
lated emission and concentration quenching effects.13 Our
100 ms fluorescence decay time measurement needs t
carefully interpreted. Additionally, we observed a fluore
cence decay time that is slightly larger than the calcula
Judd-Ofelt radiative lifetime, and we thus concluded that
perimental artifacts such as radiative trapping were too
portant to deduce a correct MR rate.

We also give in Table I the room temperature lifetime
the 4I 11/2 level recently reported7 and that we could not mea
sure with our equipment. The low temperature value for
-
ed
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e

4I 11/2 energy level was extrapolated from these room te
perature data using the procedure described above.

The Nd31 2P3/2 lifetime was measured after 355 nm e
citation, at room temperature and 77 K, by monitoring t
2P3/2→4I 11/2 emission at 476 nm.

C. Absorption linewidth measurements

In a preliminary study, we were able to show that, atT
512 K, the Nd31 4I 9/2(Z1)-4F5/2(S1) absorption line
around l5809 nm was substantially broader than t
4I 9/2(Z1)-4F3/2(R1) absorption line aroundl5880 nm.13

We thus assumed that the former could be homogeneo
broadened whereas the latter would be inhomogeneo
broadened as is normal at such a low temperature. To ch
further this assumption we used a 0.05% Nd31-doped sample
and recorded these two absorption lines at even lower t
perature, i.e., atT51.5 K and by using a 1 MHz linewidth
single mode Ti:sapphire laser. We thus confirmed that
4I 9/2(Z1)-4F3/2(S1) absorption line was inhomogeneous
broadened with a Gaussian shape and a linewidth of abo
GHz @full width at half maximum~FWHM!# whereas the
4I 9/2(Z1)-4F5/2(S1) absorption line was Lorentzian with
width of 18 GHz, which is much broader.

Stimulated direct one phonon processes within the fi
Stark levels of the4F5/2 and 4I 9/2 multiplets could give some
contribution to the homogeneous broadening of
4I 9/2(Z1)→4F5/2(S1) transition even at such a low temper
ture ~1.5 K!;31 however, the positions of the second Sta
levels of both the4I 9/2 and 4F5/2 multiplets are high enough
~40 cm21 for 4F5/2 and 110 cm21 for 4I 9/2) and the density
of available phonons sufficiently low to eliminate this pos
bility. The Raman contribution to the broadening is also
sumed to be negligible at such a low temperature so that
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observed Lorentzian broadening of the4I 9/2(Z1)-4F5/2(S1)
absorption line is assigned to lifetime broadening. Con
quently, the4F5/2 lifetime can be directly deduced from th
homogeneous linewidth and the result is

t~1.5 K!5
1

2pDy
59 ps. ~13!

This very short value means an MR rate of about
31011s21.

IV. DISCUSSION OF THE RESULTS

Figure 1 shows on a semilog scale all of the MR ratesWnr
that we were able to derive from our fluorescence and ra
tive lifetime data@using Eqs.~10!–~12!# as a function of the
energy gapDE between the lowest Stark level of each em
ting multiplet and the highest Stark level of the multipl
lying just below it.

Because of different artifacts due to radiative trapping a
stimulated emission effects13 we did not try to report in the
figure the point corresponding to the4F3/2 emission of Nd31.
Concerning the4I 13/2 and 3F4 emissions of the Er31 and
Tm31 ions, respectively, we could consider that the discr
ancies between the fluorescence and radiative lifetimes w
also due to radiative trapping or to combined uncertaintie
the fluorescence lifetimes, absorption spectra and rare-e
concentration measurements, as was concluded for exa
in Ref. 32. However, according to Ref. 33, such discrep
cies could also come from the inadequacy of the JO form
ism in the calculation of the radiative lifetime between tw
multiplets experiencing large crystal-field splittings. Follow
ing the same procedure as in Ref. 33 and using
4I 13/2↔4I 15/2 and 3F4↔3H6 absorption and emission da
for Er31 ~Refs. 15 and 34! and Tm31,34,35effective statistical
weight ratios of about 1.2 and 0.8 were estimated, resp

FIG. 1. Multiphonon relaxation rates of various rare earth em
ting levels in YVO4 as a function of the energy gaps between th
levels and those lying just below.
-

1

a-

d

-
re
f

rth
ple
-
l-

e

c-

tively, giving corrected radiative lifetimestR52.35
3(1.2/0.87)53.25 ms for Er31 and tR51.323(0.8/0.69)
51.53 ms for Tm31. The value obtained for Er31 would in-
dicate a nonradiative probability of about 90 s21 for an en-
ergy gap of 6500 cm21. This point would not be aligned with
the other points corresponding to the largest energy g
Moreover, this value would suggest a4I 13/2 fluorescence
quantum efficiency of less than 80%, which is rather surp
ing but might be possible. On the other hand, the value
tained for Tm31 would result in a nonradiative probability o
about 320 s21, which is only slightly higher than the valu
reported in Fig. 1 and still within the limits of the exper
mental errors. So, we chose not to report any of these po
in Fig. 1.

According to Fig. 1, in agreement with the predictions
the n-phonon nonlinear relaxation theory, the dependence
the nonradiative rates on the energy gaps is not a sin
exponential. There is a change of slope forDE
'3000 cm21, which corresponds to about 3 phonons in t
case of YVO4. If the classical energy gap law was still valid
theWnr values could be fitted with two exponentials depen
ing on theDE values. ForDE,3000 cm21, the C and a
parameters involved in the expression~3! would be given by

C54.831013s21 and a56.631023 cm

and forDE.3000 cm21:

C543108 s21 and a52.631023 cm.

It is to be noted first that the highest MR rate of 1
31011 s21 deduced from the low temperature absorpti
linewidth measurement reported above is associated with
energy gap between levels4F5/2 and 4F3/2 of about 980
cm21, a value that is slightly larger than the highest phon
energy 950 cm21 ~Ref. 19! found in the phonon and the
vibronic spectra of rare-earth-doped YVO4.

On the other hand, we also note that most of the points
nicely with the above defined exponentials. Two data poin
however, seem to be completely inconsistent. First, the5D1
(Eu31) MR rate is more than three orders of magnitu
smaller than it should be. This behavior has been obser
before;36,37 it is directly related to the Judd-Ofelt-based s
lection rules which state that for rare earth ions with ev
numbers of electrons, the radiative transition betweenJ50
andJ51,3,5 should be weak~Ref. 22!. According to Eq.~6!,
the MR probability depends on the reduced matrix eleme
^LSJiU (k)iL8S8J8&. The nonradiative transitions betwee
multiplets are thus influenced by the same Judd-Ofelt se
tion rules as the radiative transitions. This is also the rea
why the 3P1 level of Pr31 can be found to be an emittin
multiplet at low temperature: the fluorescence lifetime of t
3P1 energy level in Pr31:YVO4 measured atT52 K was
found to be 250ms. The 3P1 level is only 600 cm21 above
the 3P0 metastable level and its lifetime is thus far long
than would be expected in the case of a single- or m
tiphonon nonradiative transition.38

The more than one order of magnitude too weak M
probability for Ho31:5F5 could not be explained.

At small energy gaps~980–3000 cm21!, two other rea-
sons for slight variations from the energy gap law can

-
e
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3920 PRB 61F. S. ERMENEUXet al.
pointed out. First, it has been shown20 that for less than
2-phonon transitions, the existence of vibronic peaks
have a significant influence on the MR, and a small diff
ence of 8 cm21 between two gaps can lead to a factor
more than fivefold difference between the two associa
MR rates. However, this effect seems to be inefficient
more than 2-phonon transitions. Second, deviations from
energy gap law are directly associated with Eq.~6!, which
shows that, considering the corrected point charge model
MR probability depends on the reduced matrix elem
^LSJiU (k)iL8S8J8& of the unit tensor operatorU(k) of rank
~k! for the transition within the 4f electronic configuration.
This directly implies more or less important deviations
MR rates from a single exponential law from one transiti
to another.

At higher energy gaps (DE.3000 cm21! we can see tha
the influence of radiative lifetimes on the calculation of M
becomes important. The Nd31 4F3/2, Tm31 3F4 , and
Er31 4I 13/2 levels have a lifetime close to the radiative on
and the uncertainties associated with both the Judd-O
theory and the lifetime measurements may lead to very
nificant uncertainties on the MR rate calculations when
energy gap is larger than 4500 cm21. Thus, the data for
Nd31 4F3/2, Tm31 3F4, and Er31 4I 13/2 need to be carefully
interpreted.

The strong change in slope observed for energy g
around 3000 cm21 is in good agreement with the observ
.,
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tions reported in Refs. 9, 10, and 39 and can be interpre
according to the point charge theory by including a corr
tion taking into account the covalency effects on the bond
of 4f electrons and the lattice ions~Sec. II!.

V. CONCLUSIONS

MR rates were studied for a series of rare-earth ion ene
levels, and fits to theoretical expressions resulted in an ex
nential functional form. A strong reduction of slope was o
served around 3000 cm21, which can be interpreted on th
basis of a corrected point charge model. A new approach
used to measure the ultrafast MR rates of the4F5/2(S1) en-
ergy level of Nd31, and an extremely short relaxation time
9 ps has been determined for the lifetime. This confirms
order of magnitude of the Nd31 4I 11/2 lifetime measured pre-
viously in YVO4.

7

Further studies on rare-earth-doped oxide crystals suc
YAG, YVO4, or Y2O3 will show that a few rare earth energ
levels have energy gaps slightly larger than the maxim
phonon energy of the matrix and have lifetime limited h
mogeneous absorption linewidths. For example, a lifetime
3.4 ps has already been measured at 1.5 K for the4F5/2 level
of a 0.0013% Nd31:YAG crystal. To use this approach, ver
lightly doped crystals are necessary to limit the inhomo
neous linewidth of the absorption transitions.
ol-
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