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Determination of homogeneous spectral widths by fluorescence line narrowing in
Ca(POs)2:Ku +

Takashi Kushida and Eisei Takushi*
The Institute for Solid State Physics, The University of Tokyo, Roppongi, Minato-ku, Tokyo 106, Japan

(Received 26 December 1974)

Homogeneous spectral widths are determined for inhomogeneously broadened transitions of the Eu'+ ion in

Ca(PO, ), glass by observing resonance fluorescence lines under monochromatic dye-laser excitation. A
Lorentzian profile of the emission line measured is consistent with the existing theory. Effects of spectral

diffusion and strain broadening on the fluorescence narrowing are discussed.

We wish to report measurements of the spectral
shape and width of the fluorescence line of the Eu3'

ion fn Ca(POS)3 whose frequency coincides with that
of the monochromatic exciting light. This experi-
ment makes it possible, for the first time in a
solid, to determine directly the homogeneous spec-
tral widths of inhomogeneously broadened transi-
tions. The narrow width of 3 cm ' thus obtained
for the Eo-'Do transition at room temperature
gives evidence for the weakness of the interaction
between the Eu ' ion and this amorphous host lat-
tice. Relaxation mechanisms are inferred from
the temperatuxe dependence of the resonance fluo-
rescence linewidths. Contribution of inhomoge-
neous broadening in a narrowed nonresonant emis-
sion line is also verified.

In recent years, laser-induced Quorescence line-
narrowing experiments have been performed on

various solids containing magnetic ions. In

these experiments, monochromatic-light excitation
is made into an excited level resonantly and nar-
rowed fluorescence lines are observed. As is well

known, the ligand-field potential acting on magnetic
ions in solids usually has several components, so
that the effects of microscopic strains on the level
energies are complicated and different among vari-
ous levels. Therefore, great care is indispensable
in the interpretation of the narrowed fluorescence
linewidths in the nonresonant case where at least
three energy levels are concerned with the absorp-
tion-fluorescence cycle. On the contra, ry, in the
resonant case where the fluorescence line coincides
in frequency with the exciting light, the emission
linewidth manifests the homogeneous width of the

transition, provided that the spectral diffusion is
negligible and that the exciting light is sufficiently
monochromatic and weak. Szabo observed reso-
nance fluorescence line narrowing in xuby, but in

his experiment the monochromaticity of the exciting
. laser light or the instrumental resolution was not
sufficient to determine the homogeneous linewidth.

Further, as will be discussed later, the spectxal
diffusion is not considered to be negligible in his
case. In the present paper, we report an observa-

tion of narrowed resonance Quorescence lines whose
widths are determined solely by homogeneousbroad-
ening mechanisms and accordingly give the (homoge-
neous) transverse relaxation times.

Let us consider an inhomogeneously broadened
absorption line in a solid whose spectral shape is
written

&(v) =) g(v, )J'(v„v) dv,

where f (v„p) is the homogeneous line shape,
statistical distribution of the center frequency p&

being described by the function g(v,.). Under mono-
chromatic-light excitation at the frequency p, within

the absorption line, we expect narrowed resonance
Quorescence line because only the centers having
the same energy (within the homogeneous width) as
the exciting photon are selectively excited. When

the spectral diffusion is absent, the spectral shape
of this resonance fluorescence line is expressed as

&(u) = I g(v)f (u;, v)f (v;, v) &v, .

Here, we have assumed that the excitation intensity
is weak enough so that the saturation of the absorp-
tion is negligibly small. At high temperatures such
as 300 K, the homogeneous width of a zero-phonon
line is usually dominated by one-phonon direct pro-
cess and two-phonon Haman scattering. 7 The latter
causes I orentzian-shape line broadening, while the
former gives asymmetric I orentzian, the asym-
metry being reduced with the decrease of the line-
width. If we assume that f (p„p) is a Lorentzian
with the width &p much narrower than the inhomo-

geneous breadth, E(v) reduces to a Lorentzian with

the width 2~p. Thus, it is possible to determine
homogeneous width in an inhomogeneously broadened
line fx'om the breadth of the resonance line under
monochromatic-light excitation.

Spectral diffusion due to radiative- and nonradia, -
tive-energy transfers among centers gives an im-
poxtant effect on this type of experiment. Namely,
resonance transfers that occur via the spectral
overlap between the absorption and the narrowed
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PIG. 1. Experimental setup for the measurement of
fluorescence spectra under monochromatic-light excita-
tiona

resonance fluorescence are considered to increase
the width of the narrowed resonance line by 26v in
a time t = 8'~', where 8'~ is the rate of the energy
transfer. Similarly, radiation trapping due to
self-absorption of the x esonance fluorescence may
broaden the line by 2bI in a time f =a'v'/(7' —I ),
where 7' and v are the fluorescent-decay times with
and without self-absorption, respectively. It is
well known that the decay time of the 8& emission
in ruby is prolonged very much on account of the
trapping at low temperatures. Consequently, the
spectral diff usion due to this effect is considered
to be significant in the fluorescence line narrowing
in ruby. In the experiment of Szabo, ' however,
this was not observed, probably because of insuffi-
cient instrumental resolution.

'

Energy tx"ansfer
and radiation trapping may be negligi. ble for sys-
tems with low center concentrations and small ab-
sorption coefficients,

%'e performed expex'iments on a calcium meta-
phosphate glRss doped wltll 1 mol/g of Ell loIIS.
A glassy host was chosen for the reason of large
inhomogeneity of the crystal field. From the low
Eus' concentration, large strain bx oadening and
small oscillator strength of the transition, the
spectxal diffusion is considered to be negligibly
small in this system. This is supported by the
studies of energy migration among Eu ' ions in this
material made by Motegi. and Shionoya with sam-
ples containing a much higher Eus' concentration.
Figure 1 shows the arrangement of the experimental
apparatus employed in our measurement. The ex-
citation source was a cw dye laser (Spectra Physics
model 3VO) with rhodamine 6G pumped by an Ar-
ion laser, Two glass plates of 1.4 mm thickness
were inserted in the dye-laser cavity to obtain fre-
quency tunable output of a single spectral line with
'the full wid'tll Rt half-maximum (FWHM) of about
0. 016 nm ( 0. 5 cm ') in the 560-630 nm wavelength
range. The ~F0, 2-SBO transition energies of Eu3'
lie within this tunable range (cf. Fig. 2). Using a
double chopper rotated by a single motor, measure-
ments were made on fluorescence at various delay
times after the cutoff of the exciting beam. By this

PIG. 2. Energy-level
diagram of the Eu3' ion.
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method, it was also possible to prevent the laser
light from entering the spectrometer. The fluo-
rescence was analysed with a, 1-m grating spec-
trometer (Chromatix model CT-103) and detected
with an S-20 type photomultiplier (EM19558). Then,
the signal was processed in a lock-in amplifier
(PAR model 121) and recorded,

Under the excitation by a Hg lamp, as shown in
Fig. 3(a), three groups of emission bands appear
in the 570-630 nm spectral range at room tempera-
ture. These emissions correspond to the transi-
tions from the Do state, whose lifetime is -0.9
msec at 300 K. The Do-~J'0 transition, which is
slightly allowed via the mixing of other states, has
a half-intensity width of about 70 cm '. The Bo-
7I', emission band at -590 nm consists of three
Stark-split lines overlapped with each other, while
the five Stark components are not resolved for the
Do- I'~ band at -612 nm. In contrast with the case

of crystal hosts, the spectral widths of the above
emission lines are not so much reduced when the
temperature is lowered. This fact suggests that
tile breadths of tile ellllssioll lllles ill Flg. 3(R) Rl'6
de'tel mined chiefly by the site-to-site var1ation of
the cxystal field acting on the Eus' ions.

Fluorescence spectrum under the dye-laser ex-
citation at 578 nm is shown in Fig. 3(b), where the
resonance fluox'escence line is extremely nax r owed
as expected. A high-resolution measurement r e-
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FEG. 3. Emission spectra of Ca(PO3)2 . Eu ' (1 mol%)
at room temperature: (a) under ultr aviolet excitation by
a Hg lamp and (b) under monochromatic-light excitation
at 578 nm by a cw dye laser. The latter spectrum eras
measured at 0.6 msec after the excitation.

vealed that the width (FWHM) of this line of 0. 20
+ 0. 02 nm (6.0+ 0. 6 cm ') is independent of the ex-
citing laser intensity. Further, by varying the ro-
tational speed of the double chopper, this width was
found to be constant between 0.6 and 2 msec after
the excitation. Therefore, the spectral diffusion
is negligible in our case, and we conclude that the
above linewidth is determined solely by homoge-
neous broadening mechanisms. As shown in Fig.
4, the spectral shape of the narrowed resonance
line is described quite well by a Lorentzian. Thus,
the homogeneous width (FWHM) of this transition
at room temperature is obtained as 3 cm ', which
corresponds to the transverse relaxation time Ta
of 3.5 psec. This width is very narrow, for
example, compared with the typical 1inewidths of
Nd ' ions in various host crystals at room temper-
ature. ' This fact implies that the 'Eo and 'Do lev-
els of Eu' are coupled very weakly with this amor-
phous host lattice.

Measurements of the luminescence spectra were
also made at room temperature under the mono-
chromatic-light excitation in the 'E, -'Do and 'E,-
D0 absorption bands. In this case, a marked nar-

rowing of the resonance fluorescence line was ob-
served only when the excitation was made in the
highest-energy region in each band. This result
indicates that only the lowest-Stark levels have
narrow homogeneous widths at room temperature
in the E, and E~ manifolds. The widths of the
narrowed resonance lines measured are 44 cm '
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FIG. 4. Spectral shape of the narrowed resonance
fluorescence line at 578 nm against the normalized
Lo rentzian shape,

at 58V. 5 nm and 25 cm ' at 609 nm. As for the
nonresonant emissions in Fig. 3(b), appreciable
narrowing is observed only for the 58V. 5-nm line.
If this linewidth (-70 cm-') results from homoge-
neous broadening, it should be the average of the
widths of the resonance fluorescence lines at 5V8
and 58V. 5 nm. Because this is not the case, it is
conc1uded that the contribution of the inhomo-
geneous broadening mechanism is not negligi-
ble in the case of the nonresonant 58V. 5-nm
line of Fig. 3(h). This result means thRt two
ions with the same Eo- Do energy separation can
have different energies between the 'Do and the
lowest-Stark level &0 of the ~E, manifold. This
cannot be explained unless we take into account the
fluctuations of two or more crystal-field compo-
nents.

When the temperature was lowered, the widths
of all the resonance lines measured under the dye-
laser excitation decreased. At VV K, the spectrum
of the 'DD-'E, fluorescence line was almost the
same as that of the exciting light, while the width
of the 58V. 5-nm line was much broader than that
of the laser light. This low-temperature emission
linewidth of - 5 cm ' is ascribed to the go Eo one-
phonon relaxation. That the inverse 'Eo- ~~ transi-
tion, in addition to the two-phonon Raman scatter-
ing, takes part in the broadening of the 'Eo state
was verified by analysing the temperature depen-
dence of the resonance linewidth at 5V8 nm between
2VO and 430 K. The observed Lorentzian profile
of the resonance fluorescence line is consistent
with these relaxation mechanisms, since the fo- Eo
energy separation is much larger than the Iine-
width. 8

The authors are very grateful to Professor S.
Shionoya for helpful discussions and critical read-
ing of the manuscript.
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