PHYSICAL REVIEW B VOLUME 61, NUMBER 6 1 FEBRUARY 2000-I1

Multiphonon relaxation in YVO , single crystals
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Multiphonon relaxation rates were measured for 13 different energy levels of various rare-earth ions in
YVO, 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
cm™L. A significant change in gap dependence was observed for energy gaps smaller than about 2500 cm
agreement with previous observations and with theoretical investigations. An extreme nonradiative transition
rate of 1.2x10"*s™* (7=9 ps), corresponding to a 980 chenergy gap, was deduced from homogeneous
absorption linewidth measurements at 1.5 K.

[. INTRODUCTION Aspects of MR for a number of energy levels in YYO
had been studied in the pdStZ® however, dispersion of the
Multiphonon relaxatioMR) of rare-earth ions in glasses data points obtained for energy gaps ranging between 2200
and crystals following optical excitation was extensively ex-and 3500 cm* was too great to obtain a clear exponential
plored in the 1960s and 1970s as illustrated in Refs. 1—4dependence of the measured MR rates using the well-known
The high level of recent interest may be attributed both to th&n€rgdy gap law. The temperature dependence of the MR
role of MR in analyzing the efficiency of recently developed fates of various rare earth levels in YyOhowever, was
solid-state laser systems and to new developments, includirigted Well by existing models. ,
observation of saturation of the phonon modes at strong ex-. 10 analyze these MR rates both more precisely and for a

citation densities with consequent improvement of the quo-V_VIder range of energy gaps in Y\;Onew fluorescence life-

rescence quantum efficiency of some rare earth energi/'® Mmeasurements were performed at low temperafire

; + + 3+ +
levels®® the availability of tunable short pulse laser sources ) Bfn a variety of Nd™-, EF’-, Ho™-, EU', or
at infrared wavelengths for direct measurement of very shor m*"-doped YVQ samples. The MR rates were determined

relaxation time<:® and the appearance of more complete the£ither directly from the measured lifetimes in the case of

oretical model€-11 small energy gaps or, when necessary, in the case of inter-

Our attention has been concentrated recently on thg'ediate and large energy gaps, by subtracting out the radia-

growth and the optical properties of Riddoped YVQ tive transition rates obtained from analysis of absorption data
: ; 1,22

single crystald23which have proved to be among the most Wit tge_ \:udd-_OfeItgormahrs]rﬁ. L di
important diode-pumped laser materials in terms of laser. A Prief review of MR theories is presented in Sec. Il.
threshold and laser efficiendy. The optical properties of Section Il is dedicated to description of the spectroscopic
YVO, doped with E?* (Refs. 15 and 16and Tni* (Refs. and lifetime measurements. The deduced MR rates are ana-
17 and 18 also have been studied to gain more insight intolY2€d in Sec. 1V, and conclusions stated in Sec. V.
the electron-phonon coupling in this host matrix and to
evaluate their laser potential at various wavelengths. The
general characterization of MR in Y\/Os the focus of the Different expressions for the MR probability and its tem-
present paper. perature dependence can be found in the literature. The aim

Il. THEORETICAL BACKGROUND
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of this section is to present the main approaches and theodel approximation and including metal-ligands covalency
expressions which we have considered to analyze our owaeffects as a correction was proposed recénthand resulted
data. in a MR probability of the form:

Within the crystal-field approximation, the Hamiltonian
of the system consisting of a rare earth dopant ion and its

= pC C)
crystal environment can be written as w k:;% Wi(1+C), ®)

H:He+HL+HeLv (1) W|th

whereH., H, , andH. stand for the Hamiltonian terms for 1
the isolated impurity ion, the host lattice vibrations, and the W{°= Y ; E(n){(LSJUW|L’'S'3")2.
. . . . (23+1)(23'+1)

electron-phonon interaction, respectively. Assuming small ©6)
displacements of the lattice ions about their equilibrium o
positions,H can be expanded in a Taylor series, and forin these expression€; is the correction for the covalency
rare-earth ions with weak coupling to the lattice, it is reasoneffects, “pc” stands for “point charge” and thé&,(n),
able to use the scalar forff: which can be expressed in terms of crystal field and dynamic
lattice parameters, are the intensity parameters for the

He =VO+VBUu+ VU4 b VO () n-phonopn transitions. These intensity)[/)atr)ameters are similar
whereV(©® and V(M =[(dH, /dr"),_gr/n!] only depend on to the Q. parameters of the Judd-Ofelt formalism. The re-

the electron coordinates. duced matrix elements of the unit tensor operatdf§ of
There exist then several methods to account for MR byank (k) are the same as the ones used for the calculation of
n-phonon nonradiative transitions. the radiative spontaneous emission probabilities. According

The first approacii-’shows that the linear terMMu in  to this theory, the dependence of the MR rate on the energy
H. can generate an-phonon nonradiative transition. This 9ap is not a single exponential. On a logarithmic scale, a
linear mechanism of MR occurs when there is a non-zer¢hange of slope is found when the number of phonons in-
Huang_RhyS e|ectron_phonon Coup”ng fa&foand when volved exceeds 4, and such an effect is even more prO-
first-order perturbation theory is used. With this approachnounced when the covalency between tfeefectrons and
the dependence of the MR rate on the energy gap obeys ti{ge ligands is considered.

classic exponential energy-gap l4w: When considering the temperature dependence of the MR
rates, a more complicated expression is obtained by consid-
W, =Cexd — «AE], (3)  ering the linear rather than the nonlinear mecharfisht>

however, both cases reduce to the same expression for small
alues ofSand for temperatures that are not too high. When
he transition is made by phonons of different energies

whereAE is the energy gap to the next lower lev€land «

are constants which are characteristic of the particular hos
The parameter depends on the Huang-Rhys fac@rthe
phonon occupation numbarat temperaturd, and the num-

ber of phononsN involved to bridge the energy gapE. It 2 pifwi=AE (7)

has to be noted that several authors prefer to use the modified :

expression the temperature dependence of the MR rate takes the form:
W,,=Cexd —a(AE—¢)] (4

W(p)=W(T=0 n;+1)Pi, with i=p, (8
in which theC electronic factor does not depend so strongly (P) ( )H (ni+1) 2.: Pi=p. @

on the nature of the host as in the previous expression and in

which the ener ap has been reduced by some ener wherep is the total number of emitted phonons, is the
_ dy gap 24 °d by 9 number of phonons emitted with the eneryy;, andn; is
=2how, (Ref. 29 or 2.6iw,,”” ho,, being the energy of ! : : Y

. the Bose-Einstein occupation probability
the promoting phonon mode.

In the second approatit! using the nonlinear mecha- ho .
PkeT)

nism, a zero electron-phonon Huang-Rhys coupling factor is n;=
assumed, and the first nonvanishing contribution to the

n-phonon process arises from th€u" term of Eq.(2). This model is known as the stimulated phonon emission

Within the framework of this second approach, treatingmodel*

the nth order nonlinear term of Ed2) directly as a pertur- This temperature dependence has been verified in many
bation, one can derive again the classical energy-gapgiaw.systems, such as those previously reported in Refs. 2, 4, 19,
However, the experimentally measured MR rates do not aland 20, and the results all showed good agreement when the
ways follow this law in a very wide range afE values. model used a sum of phonons of different energies and the

Moreover, thea parameter only depends on the host mateenergy of each phonon was that of a peak in the phonon
rial, no distinction can be made between the different typesgjensity of states.

of active ions and no information concerning the nat(se
lection rules between multipletof the MR transitions is
appearing.

So, a more elaborate treatment of thiphonon nonlinear Analysis of lifetime measurements depends on the rela-
relaxation mechanism based on the crystal-field point charggve importance of the radiative and nonradiative transition

-1

€)

Ill. SPECTROSCOPIC AND LIFETIME MEASUREMENTS
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rates. For the case of small energy gaps, wh@/g B. Fluorescence lifetimes

_1 ~ _1 . .
>(7) * and thusWy,~(7y) °, the MR transition ratés 155 rements were performed on samples with less than
could be directly determined from the measured quorescean at. % doping and af =77 K as well as at room tempera-

lifetimes. In other cases, the MR transition rates were ther'Eure to complete or confirm the data of the literature. We thus

mined by subtracting the calculated radiative transition rates died the fl d f | levels of
(7,) ! derived by analyzing the absorption data using the J tudied the fluorescence decays of several energy Jevels o
' crystals doped by 0.58% N&, 0.1% EF*, 0.4% Tni',

formalism from the experimentalr{) ~* values: .
P 0 <1% HJ**", and<1% EU" ions. These crystals were grown
: ; 15,17
Woom (7)1 ()L 10  as previously describeld: . _ _
= () 7= () (10 The samples were excited with a pulsed Raman-shifted
The energy-gap law given by E¢F) only applies in prin- Quantel dye Ia;c_a(lO Hz repetition rate, 10 ns pglse dura-_
ciple at low temperature, but it is well known that lifetimes tion). The specific fluorescence was ;elected using a Jobin-
do not vary much below about 100 K. In the following Yven HRS1 monochromator equipped with a 600
analysis, we shall use fluorescence lifetime data obtained &©0ve/mm grating blazed at 1500 nm for investigations in
77 K; when only room temperatuf®T) data are available, the infrared domain and a 1200 groove/mm grating blazed at
we shall extrapolate the MR rates to low temperature fronP00 nm for investigations in the visible. The fluorescence
those obtained at room temperature by using the stimulategignals were detected either by a fa8t5 us) nitrogen

phonon emission model mentioned above, by writing: cooled North Coast germanium photodiode for the infrared
or by a Hamamatsu R1477 photomultiplier for the visible,
W, (RT) . and the signals were analyzed using a Lecroy 9400 digital
Wie(LT)= m(n+1)P° with oscilloscope coupled to a PC computer.
o Special attention was addressed for avoiding energy trans-
W, (RT)=[7(RT)] 1= (7,) "%, (11) fer and reabsorptiorfor radiative trapping problems, not

only by working with low concentrated samples but also, for

where RT denotes room temperature. For this extrapolatiorexample, by selectively imaging the fluorescence spot pro-
the minimum number of phonons necessary to bridge th@uced by the laser onto the entrance slit of the monochro-
energy gap was used, and the energy of each phonon wagator. However, as we shall see, some uncertainties still
chosen to be that of a major peak in the phonon density ofemained, arising from experimental errors, radiative trap-
states. The low-temperature fluorescence lifetime then coulging but also from the Judd-OfeldO) formalism in the case
be directly deduced from the low-temperature nonradiativedf the fluorescences coming from the *Erl,5,, and
rate Nd®* 4F g, energy levels more particularly, but also from the
Tm®* 3F,. We report in Table | the lifetimes of several
7(LT)=[W, (LT)+ (7, Y], (120  excited states for YV@Qdoped with a series of lanthanide
ions.
where LT denotes low temperature. The somewhat arbitrary
choice of phonon energies could lead to uncertainty in the
calculation of the low temperature MR rates. We found,
however, that this uncertainty was negligibly small. The “l1g5, *111/2, *Fop, and*Sg, fluorescence lifetimes
We also used a very lightly Nd-doped samplg0.05%  of Er** in YVO, were measured at room temperature as well
to make a very precise absorption linewidth measurement d&s atT =77 K by directly exciting each of the emitting levels
very low temperature for the particular optical transition (except for Sy, for which we excited the’H,;, level lo-
#¢(Z1)-*Fg(S1). The measured homogeneous linewidthcated just above )itand by recording the fluorescence)at
of this transition reflects the very short relaxation time and= 1550, 1000, 1140, and 858 nm associated with thg,
very high nonradiative rate of the transition. This measure— 1152, *l117—* 1512, *Fojo—*l 135, and *Sg,— 1135 tran-
ment allowed adding a further data point for the very smallsitions, respectively.
energy gaps. The 77 K value of the®l 1, lifetime with a value of 2.5
ms was found to be slightly longer than the calculated radia-
tive lifetime of 2.45 ms.

Erbium

A. Radiative lifetime estimations

As mentioned previously, the radiative lifetimes of the
energy levels of interest were calculated, when necessary,
using the Judd-Ofelf),, Q,, and Qg parameters derived  The °Fg, °S,-°F,, and °F; fluorescence lifetimes of the
either from polarized absorption spectra recorded at roonko®" ion in YVO, were measured again at room temperature
temperature in the visible or in the infrared or from literatureand 77 K. The®F5 and °S,-°F, lifetimes were obtained by
data. This procedure was performed for the cases of 3.4%xciting the °F5 level and by recording the fluorescence at
EFPT:YVO,® 087% Tni":YVO,* and 058% A=840nm and\=544nm associated with théF;—°I
Nd®**:YVO, (Ref. 30 single crystals, and the results are re-and °S,-°F ,— 14 transitions, respectively. Th&F; fluores-
ported in Table 1. The absorption spectra were polarizatiomence lifetime was obtained after direct excitation and by
averaged before analysis by using an average refractive imecording the fluorescence associated with fifg—°lg
dex n=2/3n,+1/3n, with the valuesn,=1.94 andn, transition at\ =660 nm. The’F; lifetime was too short £
=2.14. <0.05us) to be measured accurately.

Holmium
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TABLE I. Fluorescence decay times and radiative lifetimes for various rare earth dopants and energy
levels in YVO,. RT denotes room temperature.

Radiative = Measured Measured Previous
lifetime lifetime lifetime measurements AE
Energy (Ref) (RT) (77 K) (Ref) (Ref)
Dopant level (us) (us) (us) (us) (cm™h
Nd®* 11/ RT:0.7<10 2 (Ref. 7 1530(Ref. 40
77 K:0.75< 10" 3[cald]
4Fg, 90 (Ref. 30 100 5050
“Fepn 9%x10 ®[1.5K] 980.0
Py 4 0.10 0.13 2400
Er* “l13,  2450(Ref. 15 2350 2500 650QRef. 15
11/ 1720 27 30 3600
“Fop 220 0.4 0.3 2620
4Sy0 205 10 16 77 K:16Ref. 19 3100
Tms* SF,  1320(Ref.17 1030 1050 calc] 5218 (Ref. 39
°H, 200 135 120 4032
Ho®* 5Fg 0.8 1 77 K:0.7(Ref. 1§  2020(Ref. 41
5S,—5F, 1.7 35 4.2 K:17(Ref. 19 2854
5F,q <0.05 <0.05 1950
Eut D, 8.0 8.0 77 K:7(Ref. 18 1750 (Ref. 34
D, 0.25 0.3 2420
5D, 2.6 2.9[cald] 77 K:4 2910
Europium 41,1 energy level was extrapolated from these room tem-

The 5D, and °D, lifetimes of EG* in YVO, were mea- perature dEJlrtE; using the procedure described above.
sured by directly exciting each of the levels at room tempera-_ 1 "€ N&* 2Py, lifetime was measured after 355 nm ex-
ture and 77 K and by recording the fluorescence associat tat|on,4 at room temperature and 77 K, by monitoring the
with the 5D,—7F, and 5D,—F5 emission transitions at 32~ 112 @Mission at 476 nm.
\ =586 nm anch =490 nm. The’Dj lifetime was only mea-
sured at room temperature after 355 nm excitation. ThE Eu
ions could not be excited efficiently at such a wavelength at
77 K because of narrowing of the absorption lines, so the In a preliminary study, we were able to show that,Tat
low temperature value had to be extrapolated using the=12K, the Nd&* *14,(Z1)-*Fg,(S1) absorption line

C. Absorption linewidth measurements

method described above. around A=809nm was substantially broader than the
4 ¢(Z1)-*F35(R1) absorption line around =880 nm3
Thulium We thus assumed that the former could be homogeneously

broadened whereas the latter would be inhomogeneously
e?roadened as is normal at such a low temperature. To check
urther this assumption we used a 0.05%Ndoped sample
and recorded these two absorption lines at even lower tem-
perature, i.e., aT=1.5K and by usig a 1 MHz linewidth
single mode Ti:sapphire laser. We thus confirmed that the
H192(Z1)-*F45(S1) absorption line was inhomogeneously
) broadened with a Gaussian shape and a linewidth of about 1
Neodymium GHz [full width at half maximum(FWHM)] whereas the
The *F 4, fluorescence lifetime of N in YVO, is sub-  *lq(Z1)-*F5,(S1) absorption line was Lorentzian with a
ject not only to strong radiative trapping but also to stimu-width of 18 GHz, which is much broader.
lated emission and concentration quenching effec®ur Stimulated direct one phonon processes within the first
100 us fluorescence decay time measurement needs to I&tark levels of thé'F s, and #l 5, multiplets could give some
carefully interpreted. Additionally, we observed a fluores-contribution to the homogeneous broadening of the
cence decay time that is slightly larger than the calculated|q,(Z1)—*Fg(S1) transition even at such a low tempera-
Judd-Ofelt radiative lifetime, and we thus concluded that exture (1.5 K):** however, the positions of the second Stark
perimental artifacts such as radiative trapping were too imievels of both the*l o/, and *F s, multiplets are high enough
portant to deduce a correct MR rate. (40 cm ! for “F5, and 110 cm? for “lg,) and the density
We also give in Table | the room temperature lifetime of of available phonons sufficiently low to eliminate this possi-
the 1,4, level recently reportedand that we could not mea- bility. The Raman contribution to the broadening is also as-
sure with our equipment. The low temperature value for thesumed to be negligible at such a low temperature so that the

In the case of Tri"-doped YVQ, the 3H, fluorescence
lifetime was measured at room temperature and 77 K aft
SF, excitation, the®F,—3H, nonradiative relaxation being
very fast, and by monitoring théH,—3F, emission at\
=1475nm. The’F, lifetime was measured after direct ex-
citation only at room temperature.
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E tively, giving corrected radiative lifetimestr=2.35
3 X (1.2/0.87)=3.25ms for E¥" and 7gr=1.32x(0.8/0.69)
3 =1.53ms for Tm'. The value obtained for Ef would in-
dicate a nonradiative probability of about 90sfor an en-

1011
1010 k

109F \ou g ergy gap of 6500 cm'. This point would not be aligned with
108k the other points corresponding to the largest energy gaps.
g Moreover, this value would suggest 4,3, fluorescence
. 107E quantum efficiency of less than 80%, which is rather surpris-
E,J/ 106 k ing but might be possible. On the other hand, the value ob-
= F tained for Tni* would result in a nonradiative probability of
z 105 about 320 s, which is only slightly higher than the value
104 reported in Fig. 1 and still within the limits of the experi-
3 mental errors. So, we chose not to report any of these points
103 E in Fig. 1.
102 : According to Fig. 1, in agreement with the predictions of
F F, V3 the n-phonon nonlinear relaxation theory, the dependence of
101 3 the nonradiative rates on the energy gaps is not a single

1 L 1 A 1 . 1 . i
1000 2000 3000 4000 5000
Energy difference between the emitting multiplet

and the one just below (cnrl)

exponential. There is a change of slope f&E
~3000 cm, which corresponds to about 3 phonons in the
case of YVQ. If the classical energy gap law was still valid,
theW,,, values could be fitted with two exponentials depend-

FIG. 1. Multiphonon relaxation rates of various rare earth emit-ing on the AE values. FOrAE<3000cm %, the C and «
ting levels in YVQ, as a function of the energy gaps between theseparameters involved in the expressi@ would be given by
levels and those lying just below.

C=4.8x108s! and «=6.6x10 3cm

observed Lorentzian broadening of thly,(Z1)-*Fs(S1)
absorption line is assigned to lifetime broadening. Conseand for AE>3000cm*
quently, the*Fs, lifetime can be directly deduced from the
homogeneous linewidth and the result is C=4x10°s" and a=2.6x10"°cm

1 It is to be noted first that the highest MR rate of 1.1
7(1.5K) =53 =9ps. (13)  x10" s ! deduced from the low temperature absorption
linewidth measurement reported above is associated with an
This very short value means an MR rate of about 1.1€nergy gap between levef5, and *F5, of about 980
x 10t s, cm 1, a value that is slightly larger than the highest phonon
energy 950 cm! (Ref. 19 found in the phonon and the
vibronic spectra of rare-earth-doped YY.O
On the other hand, we also note that most of the points fit
Figure 1 shows on a semilog scale all of the MR ratés nicely with the above defined exponentials. Two data points,
that we were able to derive from our fluorescence and radidiowever, seem to be completely inconsistent. First,’De
tive lifetime data[using Eqs(10—(12)] as a function of the (EU*") MR rate is more than three orders of magnitude
energy gap\ E between the lowest Stark level of each emit- smaller than it should be. This behavior has been observed
ting multiplet and the highest Stark level of the multiplet before?®®’it is directly related to the Judd-Ofelt-based se-
lying just below it. lection rules which state that for rare earth ions with even
Because of different artifacts due to radiative trapping anchumbers of electrons, the radiative transition betwaer®
stimulated emission effedtswe did not try to report in the andJ=1,3,5 should be wealRef. 22. According to Eq(6),
figure the point corresponding to tH& 5, emission of Nd*.  the MR probability depends on the reduced matrix element:
Concerning the*l 5, and 3F, emissions of the Bf and (LSJJU®|L’S'J’). The nonradiative transitions between
Tm®" ions, respectively, we could consider that the discrepmultiplets are thus influenced by the same Judd-Ofelt selec-
ancies between the fluorescence and radiative lifetimes wetn rules as the radiative transitions. This is also the reason
also due to radiative trapping or to combined uncertainties owhy the *P, level of PE"™ can be found to be an emitting
the fluorescence lifetimes, absorption spectra and rare-earthultiplet at low temperature: the fluorescence lifetime of this
concentration measurements, as was concluded for exampf®, energy level in P¥":YVO, measured af=2 K was
in Ref. 32. However, according to Ref. 33, such discrepanfound to be 25Qus. The ®P, level is only 600 cm' above
cies could also come from the inadequacy of the JO formalthe 3P, metastable level and its lifetime is thus far longer
ism in the calculation of the radiative lifetime between twothan would be expected in the case of a single- or mul-
multiplets experiencing large crystal-field splittings. Follow- tiphonon nonradiative transitiofs.
ing the same procedure as in Ref. 33 and using the The more than one order of magnitude too weak MR
4 13/2~* 15, and 3F ;—3H¢ absorption and emission data probability for HZ":°F5 could not be explained.
for EF' (Refs. 15 and 3dand Tm+, 34 effective statistical At small energy gap$980—3000 cm?), two other rea-
weight ratios of about 1.2 and 0.8 were estimated, respecons for slight variations from the energy gap law can be

IV. DISCUSSION OF THE RESULTS
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pointed out. First, it has been shoffirthat for less than tions reported in Refs. 9, 10, and 39 and can be interpreted
2-phonon transitions, the existence of vibronic peaks camccording to the point charge theory by including a correc-
have a significant influence on the MR, and a small differ-tion taking into account the covalency effects on the bonding
ence of 8 cm! between two gaps can lead to a factor of of 4f electrons and the lattice ioriSec. 1).
more than fivefold difference between the two associated
MR rates. However, this effect seems to be inefficient for
more than 2-phonon transitions. Second, deviations from the
energy gap law are directly associated with B8, which
shows that, considering the corrected point charge model, the MR rates were studied for a series of rare-earth ion energy
MR probability depends on the reduced matrix elementevels, and fits to theoretical expressions resulted in an expo-
(LSJUM|IL"S'3") of the unit tensor operatdy (k) of rank  nential functional form. A strong reduction of slope was ob-
(k) for the transition within the # electronic configuration. served around 3000 cm, which can be interpreted on the
This directly implies more or less important deviations of basis of a corrected point charge model. A new approach was
MR rates from a single exponential law from one transitionused to measure the ultrafast MR rates of tre ,(S1) en-
to another. ergy level of Nd*, and an extremely short relaxation time of
At higher energy gapsAE>3000cm?) we can see that 9 ps has been determined for the lifetime. This confirms the
the influence of radiative lifetimes on the calculation of MR order of magnitude of the Nd 1,4, lifetime measured pre-
becomes important. The Rt “Fz,, Tm** 3F,, and viously in YVO,.’
Er* 41,3, levels have a lifetime close to the radiative one, Further studies on rare-earth-doped oxide crystals such as
and the uncertainties associated with both the Judd-OfefAG, YVO, or Y,0; will show that a few rare earth energy
theory and the lifetime measurements may lead to very siglevels have energy gaps slightly larger than the maximum
nificant uncertainties on the MR rate calculations when thephonon energy of the matrix and have lifetime limited ho-
energy gap is larger than 4500 cfn Thus, the data for mogeneous absorption linewidths. For example, a lifetime of
Nd®* 4F,, Tm®* SF,, and EF* “1,3, need to be carefully 3.4 ps has already been measured at 1.5 K forthg; level
interpreted. of a 0.0013% N&":YAG crystal. To use this approach, very
The strong change in slope observed for energy gapbghtly doped crystals are necessary to limit the inhomoge-
around 3000 cm' is in good agreement with the observa- neous linewidth of the absorption transitions.

V. CONCLUSIONS
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