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Four-wave mixing in alexandrite crystals
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Degenerate four-wave mixing was observed in alexandrite crystals (BeA1204..Cr +), and the signal
beam efficiency and decay rate were measured as functions of pump beam-crossing angle, wave-

length, and power. The results are consistent with scattering from excited-state population gratings
related to the difference in dispersion of the Cr'+ ions in the ground and metastable states. These
gratings can be selectively established with Cr + ions in the inversion or mirror sites depending on
the excitation wavelength. Strong scattering occurs only for pump beams polarized parallel to the b

direction of the crystal.

I. INTRODUCTION

The most successful type of tunable solid-state laser
developed to date is based on alexandrite crystals
(BeA1204.Cr +).' Because of this, there has been a signifi-
cant amount of work done in studying the properties of
alexandrite. One area that has not yet been thoroughly
investigated is the nonlinear optical characteristics of this
material. Such characteristics can be important in deter-
mining device properties for high-power laser operation.
One manifestation of nonlinear interactions of laser beams
in a solid is four-wave mixing (FWM) which occurs
through the third-order component of the susceptibility
tensor. FWM can arise from several different types of
physical processes including thermal, excited-state popula-
tion, and charge-migration effects. It has practical appli-
cations in optical information processing and phase conju-
gation, ' as well as being a useful spectroscopic tool for
studying properties of solids which are difficult to investi-
gate by other methods. "We report here the first measure-
ments of four-wave mixing in alexandrite crystals and
show that the results are consistent with a model based on
excited-state population gratings of Cr + ions in different
types of sites.

The sample investigated was an oriented cube of
BeA1204 with each edge measuring about 5 mm. It con-
tained 0.0897 at. % Cr + ions with about 78% of these
being in mirror sites and the rest in inversion sites. The
experimental setup used for degenerate four-wave mixing
measurements was described previously" and is shown
schematically in Fig. 1. The work discussed here was
done at room temperature using either an argon-ion laser
or a ring dye laser w'ith R6G dye as a source. The powers
of the write beams (PI,P2) and the read beam (P, ) are
controlled by the variable beam splitter and neutral-
density filter (VBS,VND). The write beams cross in the
sample at an angle 0 and their interference forms a sine-
wave patt;em which acts as an index of refraction grating.
A chopper (CH) is used to turn off the write beams. The
read beam enters the sample in a direction phase conju-

gate to the write beam Pi and is partially diffracted by
the grating. The Bragg diffraction condition results in the
signal beam leaving the sample in a direction phase conju-
gate to write beam P2. The intensity and decay time of
the signal beam are related to the modulation depth and
relaxation of the grating.

II. SUMMARY OF RESULTS

Attempts were made to perform the experiments with
all combinations of crystal orientations and laser polariza-
tions. Strong FWM signals were only observed with laser
beams polarized parallel to the b axis with propagation
occurring along either of the other two crystallographic
directions as shown in Fig. 2. Much weaker signals were
obtained for light polarized parallel to the c axis and no
FWM signal could be detected for light polarized parallel
to the a axis. Figures 3 and 4 summarize the observed
FWM characteristics obtained with the strong signal
geometry shown in Fig. 2.

Degenerate FWM measurements were made for three
laser wavelengths, 488.0, 514.5, and 579.1 nm. The signal
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FIG. 1. Block diagram of experimental apparatus used for
four-wave mixing.
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FIG. 2. Geometry of the laser-beam directions and polariza-
tions with respect to the crystallographic axes for obtaining a
strong FWM signal in alexandrite crystals. 60- 0+ ~ CID gg
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beam decay rate E and scattering efficiency g, were deter-
mined at various write-beam crossing angles between 1.75'
and 26.5' with various laser powers between about 2 and
400 mW for each write beam. The signal decay was pure-
ly exponential for all measurements in the time regime in-
vestigated. The decay rate was found to be independent
of pump beam crossing angle 8 for all three wavelengths
as shown in Fig. 3(a). The magnitude of the decay rate
was significantly different for long wavelength pumping
compared to pumping with the two shorter wavelengths.
For each case it was approximately equal to twice the
fluorescence decay rate shown as solid points at t9=0.
The grating decay rates were also found to be independent
of the power in the write beams as shown in Fig. 3(b).

For the long-wavelength dye laser pumping the relative
fraction of the probe beam converted to the signal beam
varied quadratically with laser power for all conditions in-
vestigated. Pumping with the higher power argon-ion
laser at shorter wavelengths also produced quadratic
dependences of FWM signal efficiencies at high write-
beam crossing angles, but saturation effects were observed
for small crossing angles as seen in Fig. 4. If the write
beams are oriented to cross near the surface of the sample,
significant deviations from quadratic behavior and satura-
tion effects are observed.

III. DISCUSSION AND CONCLUSIONS

These results can be interpreted in terms of the model
of FWM (Refs. 12 and 13) based on scattering from a
laser-induced, transient population grating. The interfer-
ence of the Gaussian wave fronts of the write beams in
the region of their crossing forms a sinusoidal pattern re-
sulting in a similar spatial distribution of Cr + ions in the
excited state. Because of the difference in the absolute
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FIG. 3. (a) FWM signal decay rate versus pump beam cross-
ing angle: A,„=579.1 nm (4); 488.0 nm (o); and 514.5 nm ( ).
The solid points represent twice the fluorescence decay rates. (b)
FWM signal-decay rate versus total pump beam power. Upper
scale for k„=579.1 nm: 0=3.5' (o); 0=11.5 (D ); 0=17.3
(U). Lower scale for A,„=488.0 nm: 0=1.75 (4); 0=6.0' (0);
0=26.5' (~ ); and for A,„=514.5 nm: 0=1.75' (4); 0=6.0'
( ); 0=26.5' (o ).

value of the complex dielectric constant of the material
when the Cr + ions are in the ground or excited states,
this sinusoidal excited-state population distribution acts as
a diffraction grating which scatters the read beam. When
the Bragg condition is satisfied, this becomes the FWM
signal beam which can be theoretically expressed as~

g(t) cc [hN(I)] =g~e (1)

where bN is the difference in the concentration of excited
Cr + ions between the peak and valley regions of the grat-
ing and I is the power of the laser write beams. The de-
cay rate X contains terms describing all physical processes
contributing to the grating relaxation. The term related to
the fluorescence decay of the excited ions is 2/w, where r
is the fluorescence decay time of the ions 'in the excited
state. Other terms depend on 8 (such as long-range ener-

gy migration) or on laser power (such as stimulated emis-
sion). The fact that the results obtained here exhibit ex-
ponential decays with %=2/z independent of 0 and I
shows that the gratings created are excited-state-
population gratings and that no effects of long-range ener-
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FIG. 4. Fraction of probe beam converted to F%'M signal
beam as a function of the product of the powers of the laser

pump beams. Bulk: X=488.0 nm, 0=6'(0); A, =514.5 nm,
8=6 (Q); A, =488.0 nm, 8=26.5' (C3); A, =514.5 nm, 8=26.5

(0 ). Surface: 2.=488.0 nm, 0=26.5' (~ ); A, =514.5 nm,
8=26.5' (~).

gy transfer or stimulated emission are contributing to the
grating decay.

The fact that the decay rates are significantly different
for the two different types of laser excitation can be un-

derstood from the absorption and fluorescence spectra
shown in Fig. 5. The dye laser excitation at 579.1 nm ef-
ficiently excites Cr + ions in the mirror sites as demon-
strated by the dominance of the two R~ lines in the
fluorescenc spectrum. The measured fluorescence decay
rate is consistent with that of the coupled emission from
the E and T2 levels of Cr + ions in this type of site.
On the other hand, the 488.0- and 514.5-nm excitation
wavelengths of the argon laser excite a significant number
of Cr + ions in the inversion sites as seen by the enhance-
ment of the R; lines from these sites in the fluorescence
spectrum. The smaller fluorescenc decay rate is con-
sistent with the weaker transition strengths of ions in this
type of site. Excitation spectra for the ions in the two
types of sites verify the existence of different absorption
bands associated with these ions which result- in the selec-
tive excitation for the three different wavelengths used. '"

The strength of the F%'M signal depends on the differ-
ence of the concentration of ions in the excited state be-
tween the peak and valley regions of the grating bN and
on the difference in the complex dielectric constant of the
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FIG. 5. Absorption and fluorescence spectra of
BeA120 Cr'+

g=e "[sinh (hal /2)+sin (m.hnI /A, )], (2)

where I =d/cosO with d being the sample thickness and
a is the average absorption coefficient at the laser wave-
length A, . Absorption gratings are associated with differ-
ences in the absorption cross sections of ions in the
ground and excited states. The peak-to-valley difference
in the absorption coefficient grating is'

2l&oloo i(a2 —ai) l25a =
2Iocr)+ (h v)rp)'

where Xo is the total concentration of active ions, Io is
the energy density of the laser pump beams with photon

material when the ions are- in the excited state and when

they are in the ground state. The former depends on the
cross section of the A2- Tq transition which is seen in

Fig. 5(a) to be large for E~~b, medium for E~~ c, and
small for E~~a. This is consistent with the fact that a
strong FWM signal is only observed with the first of these
polarization orientations, a weak signal with the second,
and no signal with third.

The complex dielectric constant is e=e, +is;. The
change in e can be associated with either a difference in
the absorption coefficient, ha= ,' (2n/A, )he; /(e—;)'., or a
difference in the refractive index, hn = —,Ae„/(e„)' . In
a simple two-level model, the expression for FWM
scattering efficiency is given by
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Nzz 2IONoo &/——[2Iocr &+ (hc/A r2& )] . (5)

Taking the two transitions originating from the ground
and metastable states closest to resonance with the in-
cident laser frequency, Eqs. (4) and (5) predict values of
b,n three orders of magnitude smaller than those listed in
Table I. The required values of An can be obtained from
this simple model only if the high oscillator strength
charge-transfer transitions in the near uv spectral region
are included. This latter conclusion is important in
developing a general understanding of the FWM signal in
materials such as transition-metal and rare-earth-doped
crystals.

The fact that saturation of the scattering efficiency
versus power occurs at small pump beam crossing angles
and not at large angles may be due to the efficiency of
coupling the light laser power level in Fig. 4, the effective

energy (hv), and i&~ is the fluorescence decay time of the
excited state.

Under optimum conditions, the scattering efficiency is
measured to be approximately 10 . Using Eq. (3) and
the excited-state absorption results reported in Ref. 8, the
numerator in Eq. (2), which represents the contribution to
the scattering due to an absorption grating, can be calcu-
lated. Then using this result and the measured value for g
in Eq. (2), the denominator, which represents the contri-
bution to the scattering due to a dispersion grating, can be
estimated. For the three laser pump wavelengths used in
this work, the ratios of the absorption grating term to the
dispersion grating term are 3.0)&10 (488.0 nm), 0.0
(514.5 nm), and 3.0X 10 (579.1 nm). These results indi-
cate that for these excitation wavelengths the FWM signal
is due mainly to scattering from a dispersion grating. The
parameters obtained from this work are summarized in
Table I.

It is difficult to theoretically calculate the contribution
to the FWM signal due to dispersion changes since this
involves the sum over all possible transitions of the Cr +
ions in both the ground and metastable states. Using a
simple two-oscillator model for dispersion, the change in
the index of refraction between the peak and valley re-
gions of the grating can be approximated as'6

2bn =(N2~/no) [f'~ (1 co/co~—)/[4(co~ co) +y—~]

+f2(1—ro/co2)/[4(co2 —co) +yp]] . (4)

Here f is the effective oscillator strength of the ith tran-
sition, y; is the width of the transition, and co; —ro is the
detuning from the center of the transition. no is the index
of refraction of the unperturbed sample. Nzz represents
the number of ions in the excited state in the peak region
of the grating which is given by

TABLE I. Summary of results of FWM measurements on
alexandrite.

Parameter
FL

Excitation wavelength (nm)
488.0 - 514.5 579.1

Yl

I, (Wycm')
A, z~ (ms)
cz (cm-')

(cm ')
Ao, (cm ')

b,n

—10
60
49.1
0.36
8.74&& 10"
2.62 X 10-'
6.74~ 10-'

-10
60
50.3
0.54
1 31~10~8
0.00
7.78 &&

10-'

-10
12
0.30
2.80
5.3 F10"

—8.70~ 10-4
2.72 ~ 10-4
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power inside the sample is significantly greater for the
8=6' data than for the 8=26.5 data. The values of N2&
listed in Table I for the three excitation wavelengths
represent 13% (488.0 nm), 19% (514.5 nrn), and 0.22%
(579.1 nm) of the ions available. Thus a significant num-
ber of Cr + ions are in the E level in these experiments
but the total saturation level of 50% is not reached. Note
that Eq. (5) shows that N2~ depends on the absorption
cross section, the laser power, and the metastable-state
lifetime. For Cr + ions in the inversion sites the first of
these factors is small but the latter two are large com-
pared to the ions in the mirror sites. This explains why
Nzz can be large for pumping with argon laser wave-
lengths which fall in the valley between the two major ab-
sorption bands shown in Fig. 5.

The FWM signal efficiency for alexandrite is approxi-
mately the same as that of a similar sample of ruby.
FWM in ruby has been investigated by several work-
ers' ' ' ' and the signa1 has been attributed to a Cr3+
population grating as proposed here. There is some
disagreement as to whether scattering is due to an absorp-
tion or dispersion grating. Thermal gratings with shorter,
angle-dependent decay rates were also observed in ruby'
and will be the subject of a future investigation of alexan-
drite. For both ruby and alexandrite crystals the laser-
induced changes in the dielectric constant are significantly
greater for the population gratings created through pump-
ing the Cr + ions than for intrinsic host-crystal properties
investigated by off-resonance pumping. The nonlinear
properties of the type investigated here are known to af-
fect laser operational properties in ruby ' and thus may
also be important in alexandrite laser operation.
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