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In this paper we report, for the first time, the observation of optical hole burning in a sohd, ruby. In
addition, we describe experimental results which show that optical saturation of the inhomogeneously
broadened R, line in ruby at 4.2'K occurs not only for ions in resonance with the saturating radiation
but also for ions at frequencies up to about 50 MHz away from the radiation frequency. This result
and others are consistent with a model in which cross relaxation occurs in the ground-state levels
between ions in resonance with the laser beam and nonresonant ions.

INTRODUCTION

In the past eight years, several new laser techniques have been developed which allow spectroscopy whose resolution is limited only by the homogeneous linewidth for gaseous and solid-state inhomogeneously broadened spectra. The techniques
parallel conventional types of spectroscopy in that
line-narrowing phenomena al"e observed both 1n
absorption and fluorescence. Absorption hole
burning was first observed in gases' using the
Lamb-dip effect and is presently giving unparalleled
resolution in gaseous spectroscopy. ' Fluorescence
line narrowing {FLN) in gases was firsts observed
via excited-state-coupled transitions in Ne and
later in I2 following excitation from the ground
state. FLN has also been extended to solids. '
In this paper we wouM like to report on a new technique of hole-burning spectroscopy and the application of this technique in the first direct observation
of optical hole burning in a solid (ruby). While
such an observation in ruby is not unexpected in
view of the FLN experiments, ' new effects appear
which are shown to be associated with ground-state
cross relaxation.

The radiation source used in the experiments
was a tunable single-frequency cw ruby laser. '6
By varying the temperature of the laser ruby, the
laser frequency could be tuned continuously over
a range of several 6Hz. The tuning capability is
illustrated in Fig, 1, which shows the ruby absorp')
tion spectrum in the vicinity of the E-4Aa(a —,
')]. The well-known isotope structure is
line [8(+ —,
shown with much higher resolution than previous
work~ and a precise demonstration of the Gaussian
line shape is given. In the hole-burning experiments, the laser frequency was adjusted to the
') line.
peak (+ 50 MHz) of the R(+ —,
Since the Lamb-dip effect used for hole-burning
spectroscopy in gases is, of course, not applicable to a solid, another approach is required. For
an inhomogeneously broadened line in a solid, two

laser sources are required for hole-burning spectroscopy: a fixed saturating beam to produce the
hole and a tunable low-power beam to probe the
absorption in the vicinity of the hole. A simple
way to produce such beams is to weakly amplitude
modulate a single-frequency laser. The sidebands
then serve as the probe while the carrier serves
as the saturating beam. Measurement of the
sideband beam transmission through the sample
'as a function of modulation frequency gives the
hole shape produced by the saturating carrier.
The experimental arrangement is shown in Fig.
2. The laser beam first passes through a Coherent
Associates model 3025 electro-optic modulator
which has a bandwidth of 25 MHz. The modulation
amplitude is adjusted so that the sideband power is
The
sufficiently low so as to be nonsaturating.
beam is then focused by a 10-cm lens into the ruby
sample which is cooled to -5 K. The transmitted
beam is detected by an RCA 31000 A photomultiplier; the output of which is processed by a Hewlett
Packard model 85538, 85528, 141T spectrum
analyzer. The sideband intensity i.s obtained by
superheterodyne detection with the transmitted
carrier beam serving as the local oscillator. The
system is calibrated versus modulation frequency
by removing the ruby sample and adjusting the

photomultiplier-local-oscillator

current (by at-

tenuating the beam) to be the same as with the
sample in position.
RESULTS AND DISCUSSION
Hole burning

The experimental dependence of the transmi. tted
sideband intensity on modulation frequency is
shown in Fig. 3. Two main features of these results are (i) the hole width for zero magnetic field
is much larger than when there is an applied field
(narrow central line) and (ii) for the applied field
case, there are two holes of half-widths -5 and
50 MHz.
The observed narrowing of the homogeneous
linewidth in a magnetic field agrees with photon
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results.
echo ' and fluorescence-line-narrowing
of photon
Magnetic-field-dependence
studies
echoes indicate an echo lifetime lengthening of
over an order of magnitude when the magnetic
field is turned on, which is consistent with a reduction of the homogeneous linewidth.
In FLN
studies a linewidth of 120 MHz has been observed
for a 0. 01% ruby in zero field and an instrumentlimited width of 9 MHz for an applied field.
The
reduction of the homogeneous linewidth with magnetic field may be understood in terms of a simple
classical picture. At zero applied field, an isotropic fluctuating magnetic field exists at the Cr
sites due to the Al nuclear spins. This magnetic
field produces a modulated splitting of the energy
levels giving rise to a linewidth. When a magnetic field, large compared with the Al field, is
applied along the g axis, the total field remains
mainly oriented along the c axis with a small

////

IO

shift from the saturating

intensity

carrier.

modulation of its amplitude present owing to the
Al spins. Since the Zeeman splitting of the 8&
(+ a) line is least when the field is along the c axis,
a reduction in linewidth occurs.
The observed linewidth of 5 MHz for an applied
magnetic field is mainly determined by the laser
linewidth, the latter being determined by pumppower fluctuations and vibrations.
The homogeneous linewidth is expected to be determined by
Al —Cr superhyperfine interactions. ' Calculations
based on recent' measurements of the superhyperfine interaction constants in the excited X states
') transitions of 0. 54 MHz.
give a linewidth for R(+ —,
Another calculation based on fluorescence-decay
considerations has predicted'~ linewidths in the
range 0. V-O. 9 MHz.
Cross relaxation

Of particular interest is the fact that two holes
appear for an applied magnetic field. At first sight,
this result seems to suggest that optical cross
relaxation leading to spectral diffusion occurs.
However, we argue that optical cross relaxation
is not the mechanism for spectral diffusion but
instead it is cross relaxation in the ground-state
levels. A simple and direct proof that optical
cross relaxation does not occur is that in FLN experiments, there is no evidence of abroadfluorescence line sitting under a narrow one.
Further evidence favoring ground-state cross
relaxation is given in Fig. 4, which shows the cw
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FIG. 4. Optical saturation behavior of 0. 03% ruby at
using a 10-cm focusing lens. On the horizontal
axis, zero corresponds to 1 mW of laser power. The
laser is tuned to the center of the R& (+ ~2) line and 400-G
field is applied along the c axis. The arrow shows power
at which Fig. 3 was obtained.

4. 2'K

saturation behavior of ruby. We have compared
experimental results with calculations described
in the Appendix. The saturation is observed to
agree well with the theory in which fast cross relaxation is assumed. The only adjustable parameter in Eq. (A4) is o„,the effective homogeneous
cross section which, in the present experiment,
is determined by the laser linewidth. The pump
photon density is determined by the input-beam
dia. meter of 2 mm and the 10-cm focusing lens.
Direct Fabry-Perot and superheterodyne measurements using two separate lasers place an upper
To shift
limit of 5 MHz on the la, ser linewidth.
the no-cross-relaxation curve onto the experimental results would require a laser linewidth of
about 100 MHE which is far from the actual value.
Hence we conclude that fast cross relaxation is

The experimental results of Fig. 3
suggest that only R and NR ions are involved in
the cross relaxation. If all ions were involved in
the cross relaxation, it is easy to show that very
little redistribution of ground-state population of
the unpumped ions would occur essentially because
the number of unpumped ions is so much greater
than the pumped ones (by a factor -400). In order
to get an appreciable redistribution of population
of the unpumped ions due to cross relaxation from
the pumped ones, it is necessary to restrict the
number of the former. It is interesting to note
that since cross relaxation occurs preferentially
amongst ions which are closest, the experiment
suggests that the frequency of the ions changes
gradually from site to site rather than suddenly,
in other words the strain responsible for the inhomogeneous broadening is of macroscopic size
compared with the ion spacing.
To make the problem tractable we simplify the
six-level ruby system (two optical, four microwave in a magnetic field) to three levels. For the
energy-level scheme shown in Fig. 5, levels 1
and 2 are ground-state levels with a microwavefrequency separation while 3 is an optical level.
The optical transitions 1 3, 2 3 are inhomogeneously broadened. A saturating single-frequency
laser beam interacts with transition 2-3. We
will assume ground-state cross relaxation can
occur only between R and NR ions.
The rate equation for R ions in level 1 may be
written

-

-

= —P(n, —n, ) + y n, —((u/N)(n, N, —n, N,

),

where
the spin-lattice relaxation rate
at 4 'K, y =250 sec ' is the E-level relaxation rate,
and =10 sec ' is the cross-relaxation rate for
pink ruby. ' The density of NR ions is denoted by
N and similarly n for R ions. The rate equation
for NR ions in level 2 is
= —p(N2

—Ni) —(&/N)

RESONANT

(niN2

—n~Ni).

NEAR

OFF

RESONANT

RESONANT

IL

present.
analysis of cross relaxation will
We divide the ions into three
classes, the R ions resonant with the laser, the
NR ions which are near resonance, and the OR
ions which are far off resonance. The analysis
and qualitative study of Fig. 5 show how cross relaxation to NR ions can lead to a reduction of optical absorption and hence the production of a hole

(I)

P=5 sec ' is

A rate-equation
now be presented.

OECREASED
ABSORPT ION

SATURATE

CROSS
RELAXATION

FIG. 5. Energy-level scheme for cross-relaxation
model.

(2)
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NR ions in the broad hole is given by A~ =g'&"2',
where o~ is a cross section determined by a,N
= o,N~, where N is the population density of NR
ions, cr& is the inhomogeneous cross section, and
N~ is the total density of Cr ions. Hence we obtain N~/N=lnA. ,/o, Nrl. The measurement in Fig.
1 gives o,. =2. 56xl0" cm' giving N, /N=0. 16 for
l =2 mm and a Cr density Nr —0. 96x 10~9/cm3.
From Eq. (5) we obtain x =50n/N = 5. 0 and therefore n/N =~. Taking a 5 MHE width for n (determined by the laser linewidth) gives a width of 50
MHz for N in good agreement with the experimental
broad-hole width. Thus we have shown that the
observed attenuation in the broad hole is consistent
with the hole width using a model in which cross
relaxation is restricted between resonant and near-
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M

resonant ions.
Further evidence for cross relaxation

SIDEBAND FREQUENCY

FIG. 6. Absorption hole shape as seen by the probe
sideband beam in the vicinity of the saturating line.
is the probe attenuation at the saturating line position
and A& is the probe attenuation extrapolated to the center
of the broad hole.

A„

Solving (1) and (2) under steady-state conditions
strong pumping (i. e. , nz —
-n~), we obtain
an equation for N~:

a.nd with

2IdpN, + [ Idp(N+2n)+6

p'N+ y (IIIn+ 2pN)]N,

—pN[Id(N+n)+ (3p+y)N] =0.

For n/N
(2) as

«1 and»&

2PN2~+ (NP+ yn)N,

which has for

N, /N=

,'[

p, y we may

approximate

—PN2 =0,

Eq.

Here we present further evidence that cross
relaxation occurs in the ground-state levels. The
evidence involves time-dependent absorption and
fluorescence processes. In Fig. 7 we show the
time dependence of the transmission after suddenly
turning the saturating light on and in Fig. 8 the
absorption recovery after suddenly reducing the
light from a high saturating level to a low monitoring level. While not of direct interest here, Fig.
7 shows rather nicely the effect of a magnetic field
on the saturation behavior via its effect on the
homogeneous linewidth [Eil. (A4) in the Appendix].
Much less saturation is observed for zero field be-,
cause of the larger homogeneous linewidth in zero
field. The absorption recovery in Fig. 8 is seen

(4)

its solution

(1+x)+(-9+-2x+x')"'],

(5)

where x = yn/pN = 50n/¹ We note that Id drops
out of the above equation, essentially because it
is much larger than the other relaxation rates.
Physically this means that the ground-state spin
temperature of the NR ions is locked to that of the
R ions. Measurement of N2/N then allows calculation of the ratio n/N and hence the holewidth of
N corresponding to the NR ions.
From Fig. 4, we obtain for the differential attenuation A„atthe operating point indicated A„
=1.3. This is the attenuation seen by the sideband
probe at the peak of the narrow line in Fig. 3. The
sideband attenuation A.~ produced by the broad line
extrapolated to the center of the broad line is, from
Fig. 3, about a factor of 2. 5 larger or A~ =3. 2.
The various attenuations are shown in Fig. 6. Referring to Fig. 5, the population N, in level 2 of

FIG. 7. Time dependence of transmission (transmission increasing upwards) for R(+~&) line when the saturating radiation is suddenly turned on. A magnetic field
of -400 G is applied parallel to the c axis for the largeamplitude trace. The field is zero for the small-amplitude trace, Time scale 1 msec/division.
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to occur predominately

at a fast msec rate followed
0. 2 sec rate, which corresponds to the ground-state relaxation time. If
there were no cross relaxation we would have expected to see a recovery mainly at a 0. 2 sec rate
because of optical-pumping effects in the ground
state. In Fig. 9 we show the time dependence of
the fluorescence following a sudden application of
a saturating pulse. The fluorescence of the
8, (+~) transition was observed using a FabryPerot interf erometer, which allowed discrimination against scattered laser light which excited the
', ) transition.
If there were no cross relaxaR&(+ —
tion we would expect a sudden increase in fluorescence corresponding to a sudden increase of population of ~N~ in E followed by a drop to a level corresponding to a population - (P/yl'Nr =~r in E, the
latter drop occurringbecause of opticalgumping in
the ground state. Experimentally less than a factor of 2 drop in fluorescence is observed, much
less than the factor+0 expected from the above
argument.
The fact that some drop occurs indicates some restriction in the population between
which cross relaxation occurs which is consistent
with earlier conclusions.
If fast cross relaxation
occurred to the entire population a slight rise
rather than a drop in fluorescence would be expected as the excited-state population increases
', N~ to 3 N~, the value reached
from its turn-onvalue —
w'hen the ground-state populations are constrained
to be equal because of cross relaxation.
by a smaller-amplitude

CONCLUSION

The main conclusions of this study are:
(i) Optical hole burning has been observed for the
first time in a solid.
(ii) A decrease in hole width corresponding to a

FIG. 9. Time dependence of R&(+ &) fluorescence on
turning on laser to excite R&(+ ~&) line. Time
scale 0. 1 sec/cm. Zero applied field.
suddenly

decrease in the homogeneous linewidth occurs
when a magnetic field is applied to the ruby sample. This is in agreement with fluorescence-linenarrowing' and photon-echo results.
(iii) In a magnetic field the narrow hole is superimposed on a much broader hole. The broad hole
arises from cross relaxation in the ground-state
levels between optically resonant ions and nearresonant ions.
(iv) The strain causing inhomogeneous broadening of the R zero-phonon line in ruby varies slowly
spatially compared with the ion spacing.
spectroscopy is expected
(v) Higher-resolution
for hole burning as compared with fluorescence
line narrowing since an interferometer with its
limited resolution is not required. The resolution
is determined only by the laser stability.
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APPENDIX: OPTICAL TRANSMISSION UNDER
SATURATION CONDITIONS

We consider transmission under saturation conditions for the three-level system shown in Fig. 5.
The population and photon rate equations are, ignoring cross relaxation,

A/i
dR3

FIG. 8. Recovery of absorption following saturation.
The bottom trace shows the final recovered value. Time
scale 2 msec/cm. 400-6 field applied along c axis.

dP
where

=P(n, —n, )+ yn, ,

(Al)

=o&P(n~-nq)+ yn~-P(nm-ni),

(A2)

= o~P(n~-

(A3)

0„is the

n~),

cross section corresponding to the
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homogeneous linevridth and P is the photon flux.
The solution of Egs. (Al)-(AS) under steady-state
conditions ls
SP +&

4P&

o„(P-S', )+ lnP/P,

=

j.
-ao,
v, f

voir of atoms much larger in number than the resonant atoms, it may be shown by considering crossrelaxation terms in Egs. (Al) and (A2) that Eg.
(A4) becomes approximately,

(A4)

is the inhomogeneous cross section, N& is
the total population, Po is the incident photon flux,
~

&&here o~

is

the sample length.
In the case of fast cross relaxation to a
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