
Publisher’s version  /   Version de l'éditeur: 

Physical Review Letters, 25, 14, pp. 924-926, 1970-10

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 

pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 

first page of the publication for their contact information. 

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 

La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 

acceptée du manuscrit ou la version de l’éditeur.

For the publisher’s version, please access the DOI link below./ Pour consulter la version de l’éditeur, utilisez le lien 

DOI ci-dessous.

https://doi.org/10.1103/PhysRevLett.25.924

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Laser-induced fluorescence-line narrowing in ruby
Szabo, A.

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=ffa76e98-8e5e-4c54-be5f-ecaa08a94a21

https://publications-cnrc.canada.ca/fra/voir/objet/?id=ffa76e98-8e5e-4c54-be5f-ecaa08a94a21



VOLUME 25, NUMBER 14 PHYSICAL REVIEW LETTERS 5 OCTOBER 1970

and E(-+) is in fact a doublet, since one excites

with (+ -) polarizations both 2p»(I", + I', ) states,

which are split in a magnetic field into 2P»I'

and 2p, l' [I' =2 '
(F +iI' ), I"=2 ' '(I',

-il', )]. Because of the resonance denominator

in second-order perturbation theory, which de-

scribes two-photon absorption, with (+ -) polar-

izations one excites mainly the 2P, I' state

(relative oscillator strength 1) and to a lesser
extent the 2P I' state (relative oscillator

strength about —,'). For (-+) light it is just the

other way around. The difference in oscillator

strengths between the E(+ -),E(-+) and the

E(++),E(--) bands can be explained by a two-

band model" for the two-photon process. Taking

the appropriate 1sI', exciton as the intermediate

state, one derives a factor of about 2 for the

ratio of the different oscillator strengths [f(--)/
f(+ -)-2], which is well confirmed by the experi-

ments.

In this Letter we have shown that two-photon

magnetoabsorption is a powerful method to de-

termine band parameters which could not yet

be obtained by other experimental techniques.

The accuracy of the results reported will be im-

proved by detailed measurements of the field

dependence, which should also yield information

on diamagnetic shifts.
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Using resonance ruby-laser excitation, narrowing of the ruby R~ Quorescence line to

width 0.002 cm at 4.2'K is observed. Absence of spectral diffusion indicates that a

short-range interaction rather than earlier postulated multipolar 1nteractions is respon-

sible for energy transfer in concentrated ruby.

A limiting factor in the resolution of sharp op-

tical lines in gases and solids by conventional

spectroscopy is inhomogeneous broadening. In

gases, Doppler inhomogeneous broadening has

recently been overcome by laser-saturated ab-

sorption' and Quorescent-line narrowing' result-

ing in the demonstration of ultrahigh-resolution

spectroscopy at optical'4 and microwave frequen-

cies. ' For sharp zero-phonon lines in solids at

low temperatures, - the principal contribution to

the linewidth arises from the inhomogeneous

broadening effects of random strains caused by

point defects or dislocations. ' In this Letter we

report, for the first time, the use of a laser
technique to overcome inhomogeneous broadening

in a solid. Cr' ions in a narrow frequency range

are resonantly excited to the 'E(E) level in ruby

by a liquid-nitrogen-cooled ruby laser. ' If the

laser line is sufficiently sharp and spectral dif-

fusion does not occur, the resulting Quorescence
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FIG. 1. Schematic of apparatus used for line-narrowing experiments.

linewidth is expected to be determined only by

homogeneous broadening effects.
A schematic diagram of the apparatus is shown

in Fig. 1. The laser ruby was immersed in liq-

uid nitrogen and was flash-lamp pumped at an

energy less than 0.5% above threshold. to mini-

mize sweeping of the laser frequency due to

flash-lamp heating. The sample temperature

could be varied over the range 4.2 to 300'K. A

narrow-band filter was used to eliminate R, and

phonon-assisted fluorescence. Following excita-
tion of the transition 'A, (+2) -E by the 4A, (+&)

-& laser line, the fluorescence spectrum was

analyzed by the interferometer using a scan rate
of 2 to 4 msec per order.

A high-resolution Fabry-Perot analysis of the

R, fluorescence line using lamp excitation is
shown in Fig. 2. The line shape is very closely

a Gaussian indicating that the perturbations which

broaden the line are random. The narrowest

lines (2.2 GHz full width at half-maximum) were

observed in a Czochralski ruby sample. For
Verneuil rubies, inhomogeneous widths &a& were

broader, typically in the range 3.6 to 4.5 GHz at
4.2'K. The laser-induced fluorescent linewidth

was independent of &v;.
A laser-excited fluorescent spectrum is shown

in Fig. 3. The laser, which oscillates in two

modes separated by 685 MHz, resonantly ex-
cites two groups of Cr'+ ions to the E level which

then fluoresce to the doublet '&, levels to give

the observed four-line spectrum. The measured'

linewidth of one component is 210 MHz which

gives an intrinsic linewidth of 60 MHz if Lorentz-

ian instrument (=150-MHz width) and fluorescent

line shapes are assumed. The amount of frequen-

cy drift in the laser is unknown; however, it may

be noted that the observed linewidth is approach-

ing the homogeneous linewidth of =10 MHz im-

plied from photon-echo studies in zero magnetic

+II.5GHz+

Cr +Cr

FIG. 2. Fabry-Perot analysis of tungsten-lamp-
excited R& fluorescent spectrum of Czochralski ruby
(0.05 wt jp Cr20~ at 4.2 K. Interorder separation of
11.5 GHz equals the R& splitting. The instrument line-
midth is 0.2 GHz.
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Sweep speed is 1 msec/cm.

P oi-C /b vz (2)

for resonant energy transfer between ions with a
homogeneous linewidth &v„. For 0.05% ruby at

4.2'K, we calculate P =10' sec ', where bv„
=10' sec ' at 4.2'K and &v„=1.5X10' sec ' at
77 K, the latter linewidth arising from phonon

processes in 'E. Such a fast transfer time in

0.05% ruby would clearly broaden the line ap-

preciably over a time of 10 msec. .In the latter

calculation, we have assumed a macroscopic
strain broadening in the sense that the ion reso-
nant frequencies vary slowly with position in the

field. '
An interesting aspect of the line-narrowing ob-

servations is that no spectral diffusion occurs
over times of 10 msec which implies that single-

ion-single-ion energy transfer is absent. As

shown below, this observation is in conflict with

the multipolar-interaction transfer mechanism

recently proposed by Imbusch. " The probability

per unit time for resonant energy transfer is
given by

P = 5 '(1, 2*
1
H tm I 1*,2)'fg,(v)g,(v)dv,

where Ii) and I i*) are ground and excited states

of atom i and g(v) is the normalized line-shape

function. For 1/z ruby at 77'K, the experimental

value' of 1 msec for single ion-pair transfer

time gives P =10' sec ' for single-ion-single-

ion energy transfer. " If Hq„, is due to a quad-

rupole-quadrupole interaction, then the depen-

dence of P on concentration C is given by

crystal. If the other extreme of complete site-
to-site randomness is assumed, then the transfer
time increases by several orders of magnitude

since adjacent ions are no longer "on speaking

terms. " A simple technique to overcome this is
to raise the sample temperature until &v„=&v;

giving P = 10' sec. Experimentally no spectral
diffusion was observed for temperatures up to
80'K. These results support Birgeneau's" cal-
culations which show that multipolar interactions
do not primarily determine energy transfer in

1 ' ruby but rather that the interaction must be

of a short-range type such as direct exchange or
super exchange.

In summary, it appears that the present tech-
nique could be applied to the high-resolution

spectroscopy of zero-phonon lines in other solids

using tunable dye lasers or parametric oscilla-
tors. Also applications are envisaged in studies
of energy transfer, spectral diffusion, and elu-

cidation of inhomogeneous broadening mecha-

nisms in solids.
The author wishes to acknowledge the help of

L. E. Erickson in the construction of the appara-
tus. E. L. Dimock provided valuable technical
assistance.
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