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We have measured the degenerate four-wave-mixing signals from several Cr®*-doped oxide and
fluoride laser crystals. The signals are predominantly generated by scattering of the input beams
from a refractive index grating that is due to a spatially modulated excited-state population. From
the measured reflectivity, the change in polarizability between the ground and excited states of Cr**
is calculated. The polarizability change in the oxide hosts is accounted for by large-oscillator-
strength charge-transfer transitions in the energy region of 50000 cm™!. The fluoride hosts, howev-
er, did not give measurable signal levels, and this is attributed to the lack of high-oscillator-strength
transitions in this energy range. The polarizability changes in the oxide hosts are observed to de-
pend on the relative thermal population of the *T, and the 2E excited states. The polarizability
change between the *T, excited state and the * 4, ground state is found to be greater than that be-

tween the 2E and the * 4,.

I. INTRODUCTION

There is currently a growing interest in the nonlinear
properties of impurity ions in ionic solids. In particular,
phase-conjugation experiments by four-wave-mixing
techniques are used to study these properties. This ex-
periment can be viewed as the creation of a grating in the
material by absorption of light by the impurity ions from
two interfering laser beams. A third laser beam diffracts
off this grating to generate the signal wave. For the case
of counterpropagating pump beams, the phase-matching
conditions require that the generated signal exactly re-
traces the path of the probe beam; thus, the signal wave is
the phase conjugate of the probe wave. A widely used
material for phase conjugation in device applications is
BaTiO;. The nonlinearity in BaTiOj; arises from the pho-
torefractive effect, which is due to the local refractive in-
dex change arising from charge migration. It is believed
that the mobile charge in this material is provided by iron
impurities and that the gratings result from the periodic
spatial modulation of the 2+ and 3+ valence states of
iron.! The grating that is generated in a given material
may arise from numerous sources other than the pho-
torefractive effect. Other possibilities include gratings of
thermal, absorptive, and dispersive origin. Four-wave-
mixing (FWM) experiments have been done on gratings
that arise from Nd,2~7 Eu,®7 ! Mn,!! and Cr-doped!?~2¢
systems. The main purpose of this paper is to explore the
nature of the grating formed in Cr’*-doped ionic sys-
tems.

The most extensively studied Cr-doped crystal is ruby,
AlL,O;:Cr**. Early experiments investigated diffraction
of light from population gratings in ruby laser rods®”2®
and were interpreted using thick hologram theory.?
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There was some discrepancy as to whether the grating
was predominantly absorptive or phase in nature;!>!”2®
however, no conclusive measurements were made. Fur-
ther experiments included a measurement of the relative-
ly small thermal grating contribution®® and an upper lim-
it of the diffusion constant for energy transfer was es-
timated.3! Ruby was then investigated using degenerate
four-wave mixing (DFWM) by Liao and Bloom.'? They
interpreted their results with the theory of Abrams and
Lind*? on DFWM in absorbing media and concluded that
dispersion was probably the dominant contribution to the
grating. Hamilton et al. measured spatial diffusion in
ruby and Nd**-doped glass by DFWM.!* They inter-
preted their results in terms of a phase grating and es-
timated the change in polarizability of the Nd*t and
Cr3" ions. Additional FWM experiments in ruby studied
the effects of spatial energy migration for different con-
centrations of chromium,'* the temporal development of
the phase-conjugate signal,’® and the use of a phase-
modulated probe beam wave.!®

Other Cr3*-doped samples that have been studied in
addition to ruby are BeAl,O, (alexandrite),!” "
YA10;,%%2!  GdAIlO,;, 2B Gd;Gas0,, (GGG),
Gd;Sc,Ga;0,, (GSGG),** emerald,” and a ceramic with
the composition of codierite.? Furthermore, the isoelect-
ronic Mn** jon has been investigated in Li,GesO,,.!!
Various aspects of the gratings were studied including en-
ergy migration and the temporal properties associated
with the Cr’™" excited-state population.

We are especially interested in a recent quantitative
measurement of the nonlinear refractive coefficient in
ruby and GdA1O;:Cr’*t which was obtained using inter-
ferometry.?? With their experimental values for the non-
linear refractive index, An, we can calculate the relative
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contribution to the scattered signal beam that arises from
the different types of gratings (see Sec. II for more de-
tails).3> The relative signals produced by the phase, ab-
sorptive, and thermal gratings are approximately
1:107%107° for GdA1O;:Cr’**. We see that the absorp-
tive and thermal grating contribution is quite small as
suggested by Catunda et al.?? In a separate experiment,
they showed that the phase-conjugate signal measured for
ruby and GdAlO;:Cr*" by DFWM agreed reasonably
well with the magnitude calculated from their indepen-
dent measurement of An by interferometry.?* These re-
sults are particularly important since they are the first to
conclusively show the dispersive origin of phase conjuga-
tion in these materials.

In this article we consider whether the phase grating
predominates for other chromium-doped systems. In the
present work we use the method of DFWM to study a
series of Cr’*-doped oxide and fluoride crystals. Our aim
is to understand the origin of the change in refractive in-
dex of the Cr’" ion that arises with the population of the
excited state. We attempt to do this by comparing the
four-wave-mixing signals from different host crystals.
For example, by comparing the FWM signals of oxides
and fluorides, we can determine if the refractive index
change arises solely from the electronic structure of
Cr**, or if the nature of the ligand is also of importance.
Another comparison of interest is the effect of the
strength of the crystal field (CF) the Cr*" ion experi-
ences. Strong CF compounds will have most of the
excited-state population in the 2E state, while weak CF
compounds will have more population in the *T, state.
One objective of our study is to determine if the change
in polarizability is different for the 2E and the *T, states
relative to the * 4, ground state of Cr3™".

In this paper, we present theoretical descriptions for
the possible mechanisms producing the grating; further-
more, we show that the phase grating contribution is
dominant for Cr-doped oxides. We then discuss the ori-
gin of the polarizability change in terms of the electronic
structure of the impurity host system.

II. THEORY

A. Background

The geometry for DFWM is shown in Fig. 1. This
configuration involves the counterpropagating forward
and backward pump beams, E, and E,, and a weak
probe beam E,. The three incident beams of the same
frequency, o, interact via the nonlinearity of the medium
to generate a fourth wave E;.

A physical interpretation of how the E; field is pro-
duced is shown in Fig. 2. The probe beam interferes with
each of the pump beams in the medium, resulting in two
gratings having wave vectors of k,=k,—k, and
ko =k, —k,. Absorption of the modulated light intensity
by the Cr’" ions results in a spatial distribution of Cr*”"
excited states having this same grating pattern. For
wavelength A and angle 6 between E, and E,, we find
that A, =A/[2sin(6/2)] is the period of the grating pro-
duced by E; and E,, and A,,=A/[2co0s(6/2)] is the
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FIG. 1. Degenerate four-wave-mixing (DFWM) geometry.
The probe beam E, propagates at an angle 6, to the counterpro-
pagating forward and backward pump beams, E, and E,. Their
interaction in the nonlinear medium generates the signal beam
E,. All beams have the same frequency.

period of the grating produced by E, and E,. Typically
in this arrangement, € is a small angle and A, >>A,,,.

A more complete description of the FWM process con-
siders how the incident electric fields couple through the
nonlinear susceptibility of the material to generate the
signal wave. In the following, we summarize the results
given by Caro and Gower** on DFWM in absorbing
media. In their terms, we are operating in the low
reflectivity regime, all beams are assumed linearly polar-
ized in the same direction, and the pump beams are as-
sumed to be unmodified by the FWM interaction, al-
though their linear absorption is taken into account. The
result from their work,** 3 using the standard methods
of the ¥'* formalism, is expressed as the reflectivity R,

2 2

E (0)
[1—exp(—aL)]? (1)

E,(0)

a
where a is the absorption coefficient, L is the sample
length, and Q is a factor that depends on the nature of
the grating. Here, it has been assumed that we are in the
low reflectivity regime, E; <<E,, and that a*>>>Q?.

From this expression for R we can compare different
mechanisms responsible for producing the grating by us-
ing the appropriate form of Q, the coupling constant.

A gp=1/251n(6/2) / E,
/

(a)

App=M2c0s(8/2)

(b)

FIG. 2. The two gratings produced by DFWM. In (a) the
forward pump E; and probe E, beams interfere to produce the
large spaced grating, with period A, =A/[2sin(6/2)], and
similarly in (b) the backward pump E, and probe produce the
small spaced grating, with period A,, =A/[2cos(6/2)]. The
phase-conjugate signal beam E; is generated as the other pump
beams are scattered from the gratings.
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The types of gratings that are potentially of importance
to us include those of absorptive, thermal, and dispersive
origin. Below, we discuss the nature of each of the grat-
ings in turn.

B. Absorptive grating

An absorptive grating results from a difference in the
absorption cross sections of the ions in their ground and
excited states. This type of grating was postulated by
Hill*® to be responsible for the phase-conjugating proper-
ties of ruby. Phase conjugation by DFWM in absorbing
media was treated by Abrams and Lind.?? They used the
susceptibility expression for a homogeneously broadened
two level system in their coupling parameter and ob-
tained an expression  for the reflectivity. For the
geometry shown in Fig. 1, where I,(0)=1,(L)=1I, the Q
can be expressed as>2 3437

—a
Qabs—u exp(—alL /2) (2)

S

where I, is the saturation intensity and is equal to
hv/ot, o is the ground-state cross section, 7 is the emis-
sion lifetime, and A v is the incident photon energy. Note
that we take I <<I;. The experiments give signal power
to input power, and we therefore integrate over area as-
suming Gaussian beam profiles to get the reflectivity for
an absorptive grating,

P 4 Aot
== PP
R 465 P, 377_20)3 hv bl f
Xexp(—aL)[1—exp(—aL)]? . (3)

Here P; is the cw power in the ith beam, and w, is the
1/e? point in the intensity profile of the input beams. We
have replaced o with Ao =0,—0, to account for the
difference in cross section between the ground (g) and ex-
cited (e) states. Equation (2) can also be derived on the
basis of Kogelnik’s hologram theory.?® The factor of 2 in
the denominator arises due to our consideration of only
one of the two possible gratings. This assumption is dis-
cussed in Sec. IV C.

C. Thermal grating

A thermal grating arises from a change in refractive in-
dex due to heating by absorption of energy from the in-
cident fields. This case was treated by Martin and
Hellwarth?® and also by Eichler et al.>® Their results are
equivalent if one includes the grating diffusion time in the
formulas given by Martin and Hellwarth and the fraction
of energy absorbed that is converted to heat @ in the
treatment by Eichler et al. The change in refractive in-
dex, An, is related to the temperature variations by

adIA?
4k

dn

A:
" dt ’

(4)

where « is the thermal conductivity and A is the grating
spacing. Using the relation between Q and An:>*
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wlAn
c

Q= exp(—aL /2) (5)

and integrating over the area of the beams gives the
reflectivity expected for a thermal grating,

2
4 | oPA* dn
R, = — | PP
" 30208 | 4nPck T | TP
Xexp(—aL)[1—exp(—aL)]?. (6)

The diffusion time of the grating is given by
t,h=A2pCp /4m’k where p is the density and C, is the
specific heat at constant pressure. For the types of crys-
tals we are studying, the diffusion time is calculated to be
on the order of a microsecond which is much less than
the lifetime of Cr®* in these materials.

D. Phase grating

A (nonthermal) phase grating originates from a
difference in the polarizability of the Cr’" ions in their
ground state and excited states. A polarizability
difference was estimated for ruby and Nd**-doped glass
by Hamilton et al. using FWM experiments.!> More de-
tailed work including the actual measurement of the non-
linear refractive coefficient ¥ was done by Catunda
et al.*»? on ruby and GdA1O,:Cr’". The nonlinear re-
fractive coefficient for an optical material is defined by
An =yIL* The change in polarizability Ac,, can be re-
lated to An starting with the Clausius-Mossotti equation

n2—1=41rfLNap , (7

where f; =(n?+2)/3 is the Lorentz field correction and
N is the number density contributing to the polarizabili-
ty. By taking the derivative of both sides, we see that An
is proportional to Aa,=a,—a,, and the excited-state
population N,

27
An =_n~f2Neanp . . (8)

From the rate equations for a three level system and the
assumption that I <<I, the steady-state fraction of ions
in the excited state is given by Ia7/hv. To find the
reflectivity in terms of Aa,, we use Eq. (5) and integrate
over the beam area. This yields the relation for the

reflectivity from a phase grating,

2
4 |47fiT
R,= ———=— | Aa’P.P
ph 3772‘08 cnh Cp Ll
Xexp(—aL)[1—exp(—aL)]?. 9)

As discussed in the Introduction, the relative values for
the phase, absorptive, and thermal gratings as described
by Egs. (9), (3), and (6), respectively, are approximately in
the ratio of 1:107%10~° for GAA1O;:Cr®*; see Ref. 33 for
a listing of the parameters utilized. We will assume for
now that the phase grating is the predominant contribu-
tor to the generated signal for the crystals used in the
present experiments and then revisit this issue again at
the end of Sec. IV.
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III. EXPERIMENT

The experimental setup utilized for the DFWM mea-
surements is shown in Fig. 3. A Coherent Radiation
model Innova 90-6 argon ion laser was prism tuned to the
different lasing lines to provide the pump and probe
beams. The four lines used in this experiment were 457.9,
476.5, 488, and 514.5 nm, which excite the low-energy
side of the *4,—*T(a) band of the Cr>" ions in the ma-
terials studied. About 5% of the linearly polarized light
beam is split off for the probe beam; the remaining light is
split into two parts for the pump beams. The total inten-
sity can be continuously varied by a graded neutral-
density filter (NDF) at the laser output, and the back-
ward pump-beam intensity can similarly be matched to
the forward pump-beam intensity using an additional
NDF. The difference in the path lengths of the three
beams is less than the coherence length of the laser. The
two pump beams are focused into the sample such that
they are counterpropagating to each other, and the probe
beam enters at about a 2° angle with respect to the for-
ward pump beam. The scattered phase-conjugate signal
beam is expected to retrace the path of the probe beam
and therefore a beam splitter is used to reflect a portion
of this signal to a Si photodiode detector. All beams are
chopped to eliminate thermal effects on the signal level.
For the transient signal studies, the chopper was replaced
with a Vincent Associates Uniblitz shutter so that pulses
varying from 2 to 150 ms could be conveniently generat-
ed. The detector output is then amplified 100 times prior
to being monitored by a boxcar and an oscilloscope, or
for the time dependence studies, being fed directly into a
transient digitizer. The beam waist and the overlap
length were measured using the knife edge technique, giv-
ing an o, of about 70 um (the radius at which the intensi-
ty profile drops to 1/e? of its peak value). Taking the
internal angle of the beams in the samples into account,

Shutter Chopper
50% BS 5% BS
° i< 2 }}0#0 Ar* laser
NDF
PD
I
-8
~I-Iris O
NDF R N .h
T V ¢
0~ 2° Transient|
Sample ;

Boxcar
Chart
recorder

FIG. 3. Experimental setup used for the DFWM measure-
ments. NDF, graded neutral-density filter; PD, photodiode; BS,
beam splitter.
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we calculated that all three beams are overlapped for
more than 5 mm. Since our longest samples were of this
order, no path length corrections are required. The beam
power was monitored with a photodiode-scatter plate as-
sembly that was carefully calibrated with a thermopile.
Typical pump beam energies were 1 mJ in chopped pulses
of 2.5 ms; the probe beam energy was approximately
15% of the pump-beam energy.

The signals from different crystals are compared by
measuring them relative to a single sample; we choose
GSGG:Cr’" as our standard crystal in these experi-
ments. This way any variation in the laser intensities or
the alignment are likely to be cancelled. In comparing
relative signals, however, one must take the surface
reflectivity R into account by dividing the measured re-
sult by (1—R)*. From Eq. (9) we see that an absorption
correction of exp(—aL)[1—exp(—aL)]* must be includ-
ed to appropriately compare crystals having different Cr
concentrations and cross sections. The optical densities
for each crystal were obtained from absorption spectra
taken on a computer controlled Cary-17 spectrophotome-
ter. The FWM experiments required that the crystals be
polished to high quality to reduce the scattered light
background, and to minimize the realignment for
different samples. A system of shutters was used to deter-
mine the residual scattered light level by blocking one or
more of the three input beams. Each set of measure-
ments was made several times and alternated with a mea-
surement of the standard crystal. The reproducibility of
the relative signals measured this way was within 20%.
The absolute reflectivity was measured for GSGG:Cr®™
in a separate experiment. To obtain the polarizability
change, quantitative measurements including the beam
power, beam waist, sample absorption, and the emission
lifetime were made. Finally, the optical system itself was
calibrated by replacing the GSGG:Cr®" sample with a
mirror to determine the absolute reflectivity arising from
the phase-conjugation process.

IV. RESULTS

A. Background of the Cr** ijon

The visible absorption spectrum of octahedrally coor-
dinated Cr’* is due to d-d transitions between crystal-
field states. The room-temperature absorption spectrum
of Cr’*-doped Gd;Sc,Ga;0,, is shown in Fig. 4. The
general features shown in this spectrum are representa-
tive of nearly all Cr’*-doped materials. The bands cen-
tered at about 640 and 460 nm are the vibronically
broadened spin-allowed *A4,—*T,, and *T,(a) transi-
tions, respectively. These states have a different electron-
ic configuration than the ground state and are associated
with the #3 —t3e transition. For the case where the *T),
is the lowest state, a broad emission band arising from
the *T, —*4, transition is observed in the near infrared.
Characteristic lifetimes of the *T, state vary from 10 to
300 us depending on the host crystal. The *4,—2E and
2T, transitions are seen as negative features superim-
posed on the *T, band around 690 and 670 nm, respec-
tively. These are spin-forbidden transitions and have the
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FIG. 4. Absorption spectrum of Gd,;Sc,Ga;0,,:Cr**. The
Ar™ laser lines used in this experiment are indicated. The actu-
al peak optical density of the *T',(a) band is 0.94, and the sam-
ple length is 0.178 cm. The main features observed in this spec-
trum are representative of most Cr’*-doped materials.

same 3 electronic configuration as the ground state. For
some systems, the host interactions are much stronger
and as a result, the *T, state is shifted to higher energy,
and the 2E becomes the lowest excited state. Here a
sharp line is observed in the emission spectrum and is
characterized by an emission lifetime that is in the rage of
1-50 ms. In crystals where the *T, and the ’E state are
both thermally populated, the lifetime of Cr®% is, of
course, intermediate between the values for either state.
The argon laser lines used for the FWM experiments
are indicated on the absorption spectrum. Their posi-
tions relative to the absorption spectrum are similar for
all the materials studied; that is, they are on the low-
energy side of the *T';(a) peak. For the fluoride host, this
band is shifted to slightly higher energy so that only the
476.5- and 457.9-nm lines have substantial absorption.
While the absorption between the two bands falls to near-
ly zero for many materials, the hosts with multiple sites
tend to have a higher level of absorption in this region.
For example, BeAl,O, and LaMgAl;;0,, (LMA) have
more than one octahedral site and the absorption be-
tween the two major bands is probably from Cr*" ions in
these different sites. In BeAl,0,:Cr’" (alexandrite) there
are two distinct sites known as the mirror site and the in-
version site. Approximately 75% of the Cr** ions occu-
py the mirror sites, while the remaining Cr>" ions occupy
the inversion site and have been shown to absorb in the
region between the major absorption bands of the mirror
sites.*1”* As it turns out, the mirror sites exhibit
stronger oscillator strength and therefore dominate most
of the observed optical properties. The inversion site is
characterized solely by *E emission and has a lifetime of
nearly 50 ms, in contrast to the 240-us lifetime of the
mirror site, which exhibits mixed *T, and 2E emission
properties. In the LMA host, there are three octahedral-
ly coordinated aluminum sites where the Cr®" may sub-
stitute. The lifetimes of these sites have been measured as
0.28, 1.0, and 2.7 ms.** All of the other materials studied
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in this work have a single type of octahedral site available
for Cr®" substitution. In the next section, we will
demonstrate the validity of the phase-conjugate
reflectivity expression derived earlier, Eq. (9), by experi-
mentally verifying that the Cr3* ions in GSGG form a
phase grating which is due to the polarizability difference
between the ground and excited states.

B. Experimental validation of theory

We previously showed with an order of magnitude cal-
culation of GdAIO;:Cr>* that the observed FWM signal
is likely to be from a grating of dispersive origin. We also
derived a detailed expression for the FWM signal in
terms of the change in polarizability of the Cr** ions:

2

242
_ 4 47T fLT 2
PS_ 317-2608 cnh AaprPpr
Xexp(—aL)[1—exp(—aL)]?, 9')

where P, /P, has been substituted for R ;. All the vari-
ables in this equation are measurable except for Aa,, the
difference in polarizability between the ground and excit-
ed states of Cr*". In this section, we demonstrate the va-
lidity of this expression by showing the intensity, lifetime,
and wavelength dependences of the FWM signals.

To begin with, the intensity dependence was measured
by translating a graded neutral-density filter at the laser
output. In this manner, the total laser power could be
smoothly varied, and the signal variation was measured
against the total input power. A log-log plot of the FWM
signal versus the input intensity in GSGG:Cr*" is shown
in Fig. 5. The measured data have a best fit slope of 2.7

100 T T T T T
90 |
80- FWM signal vs -
70{- laser intensity ofe
601 of Gd3Sc,Gaz0q 2:Cl’3+

atA=488 nm. .
50 |
40
)
s 30 -
g
S
= 20} i
c
2
7]
=
=
[T
10| 4
9 -
81 A
7 4
6 |
51 i ﬁ

1 L ! L1 1

6 78910 20
Intensity (arb. units)
FIG. 5. Measured DFWM signal of Gd;Sc,Ga;0,,:Cr®*, at
A =488 nm, plotted on a logarithmic scale as a function of the
total incident laser intensity. The best fit slope of 2.7 is in agree-
ment with the I® dependence predicted by Eq. (9').
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which is close to the cubic dependence predicted by Eq.
(9’). Although the intensity scale is labeled as arbitrary,
it is proportional to W/cm?. This result verifies that, for
the pump and probe intensities used in these experiments,
the undepleted beam approximation used in deriving Eq.
(9’) is valid. Additionally, we confirmed that the FWM
signal disappeared when any of the three input beams
was blocked. Any residual scattered light arising solely
from the pump or probe beams was subtracted from the
total signal. Similar measurements obtained for the alex-
andrite sample gave a best fit slope of 2.8.

The temporal response of the FWM signals was studied
by varying the lifetime of the Cr’" ions in GSGG. For
all the crystals where the lifetime of Cr’' is much less
than the laser pulsewidth, the excited-state population is
in a steady-state regime. Thus in order to study the time
dependence of the FWM signal in these crystals, we
varied the lifetime by changing the crystal temperature.
For the case of GSGG:Cr**, we found that by increasing
the crystal temperature the Cr’% lifetime steadily de-
creases from 115 us at room temperature to 77 us at 400
K. This change was significant enough that the FWM
signal lifetime dependence was readily observable. A
log-log plot of the signal versus the lifetime in
GSGG:Cr®" is shown in Fig. 6. The optical transmission
of this crystal at 488 nm was also measured as the tem-

40 T T T
FWM signal vs
lifetime

350 of Gd3gScyGaz0Oq2:Cr3* .
ati =488 nm. :

W
(=
T

N
(3
T

Slope = 1.9

FWM signal [(arb. units) corrected for absorption changes]
& 3
T T

1 1

70 80

L 1
90 100 150
Lifetime (ps)

FIG. 6. Measured DFWM signal of Gd;Sc,Ga;0,,:Cr’", at
A =488 nm, plotted on a logarithmic scale as a function of the
emission lifetime. The lifetimes were varied by increasing the
crystal temperature from 300 to 400 K; the FWM signals were
also corrected for absorption changes at the different tempera-
tures. The best fit slope of 1.9 is in agreement with the 7* depen-
dence predicted in Eq. (9).
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perature was raised. Since the transmission was observed
to decrease slightly with rising temperature, an absorp-
tion correction was necessary to isolate the effect of the
Cr’% lifetime. Thus the signals were corrected for ab-
sorption using the expression, exp( —aL)[1—exp(—aL)]?
as derived in Eq. (9'). With the absorption taken into ac-
count, the time dependence data gives a best fit slope of
1.9 which is close to the 7> dependence expected from the
form of Eq. (9').

In Fig. 7 the time dependences at 488 nm for all the ox-
ide crystals studied are shown. For the hosts GSGG
(r=115 ps), Gd;Sc,Al;0;, (GSAG, 7=150 us), Ga,0;
(7=185 us), and ScBO; (=115 us), the FWM signal
was constant as the laser pulses were varied from 0.3 to
5.2 ms as they are in the steady-state regime. These re-
sults are plotted in Fig. 7(a). For crystals with lifetimes
comparable to or longer than the laser pulsewidth, the
time dependence was studied by determining the func-
tional form of the rise time of the FWM signal. A simple
rate equation approach for a three level system*’ shows

- ; - - -
(a) Time dependence of
FWM signal at A =488 nm

° °
0O wmoo mO .8 o

0 Gd,Sc,Ga,0,, :Cr
- O Gd;Sc,A2,0,,: Cr* 7
® Ga,0,:Cr*, Ella

® ScBO, :ICr:“, Ellc ]
| . :

T T N
(b) LaMgA2, O, : Cr3+ ,E lc

Experiment

(1 - exp(-v1)*
using t=3.0ms

Four-wave-mixing signal (arb. units)

Fit using |
1 =35ms

1

Ll Ll
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FIG. 7. Time dependence of the FWM signals for all the ox-
ide crystals at A=488 nm. (a) For crystals with emission life-
times short compared to the laser pulsewidth, a steady-state re-
gime is reached and the signal is constant with time. For
LaMgAl;;0,5:Cr** (b) and BeAl,0,:Cr*" (c), the Cr’™" lifetime
is longer than the laser pulsewidths and therefore the FWM sig-
nal rises as [1—exp(—t/7)]%
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that the excited-state population N, should rise as
1—exp(—t/7), where ¢ is time and 7 is the emission life-
time. The FWM signal is dependent on N2, and there-
fore the signal should be proportional to the expression
[1—exp(—t/7)]%. For the other two crystals shown in
Fig. 7, alexandrite and LMA:Cr3™, the signal follows this
dependence when the laser pulsewidths are similar to the
Cr3* lifetime. The FWM signal in LMA:Cr®" versus
time is shown in Fig. 7(b). The data (points) were fit to
the above time dependence (solid line) with a best fit giv-
ing 7=3.0 ms. This is in accordance with the emission
lifetime measurements of the different sites in
LMA:Cr3t. The 3.0-ms time constant also suggests that
the site with the longest lifetime is the dominant contri-
butor to the FWM signal. Similarly, excitation at 488 nm
in alexandrite leads to an excited-state population mainly
in the inversion sites. The temporal response of this sys-
tem was studied using pulsewidths of up to 150 ms. The
FWM signal in alexandrite as a function of time is shown
in Fig. 7(c). Again, the data were fit to the above time
dependence using 7=35 ms. This time constant is close
to previous measurements of the inversion site lifetime of
44 ms suggesting this site gives the dominant contribu-
tion to the FWM signal at 488 nm. We also note here
that the lowest possible laser intensities were used to
avoid saturating the signal, as was observed in Ref. 19.
In summary, the results reported in Figs. 6 and 7 show
that the time dependence of the FWM signal is given by
7[1—exp(—t/7)]* and that when ¢ /7 is large this ex-
pression reduces to a simple 7 dependence.

A final aspect of the FWM process characterizing the
Cr’" impurities is illustrated through the wavelength
dependence. In Fig. 8 the FWM signal of GSGG:Cr3 ™" at
four different wavelengths is displayed. In these measure-
ments, the total laser intensity was kept constant for each
of the wavelengths, and additionally the signal was
corrected for the I,I,I, product since its value changed
slightly due to the wavelength dependence of the beam
splitters. The FWM signals were corrected for absorp-
tion and also for the changing Si detector response at
different wavelengths. As indicated in Fig. 8, the correct-
ed FWM signal is constant for different excitation ener-
gies within experimental error. The significance of this
result is found by considering the pumped difference ab-
sorption spectrum.*® Using the experimental apparatus
described in Ref. 47, the difference in the absorption
cross section between the ground and excited states of
GSGG:Cr’" has been obtained and is reproduced in Fig.
8. The change in absorption cross section goes through a
maximum and a minimum within the wavelength range
used for the FWM measurements. If the grating were of
absorptive origin, the FWM wavelength dependence
should be strongly correlated with the difference spec-
trum. Since it is not, this confirms our earlier calcula-
tions that an absorptive grating is unlikely to play an im-
portant role in generating the FWM signal. In fact, the
data in Fig. 8 provide evidence that the grating is of
dispersive origin. Since the FWM signal is constant over
the wavelength range studied, however, we must con-
clude that the polarizability difference between the
ground and excited states is not influenced by the d-d
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FIG. 8. Upper frame: Wavelength dependence of

Gd;Sc,Ga;0,,:Cr’t FWM signal. Signals were corrected for
laser intensity, absorption, and detector response at each wave-
length, and within experimental error, they are constant. Lower
frame: Pumped difference absorption spectrum. This spectrum
was obtained by pumping the Cr** ions to the excited state, and
then interrogating the change in absorption that results; the
positive signal is excited-state absorption, the negative signal is
ground-state bleaching. Since this spectrum does not correlate
with the FWM spectrum, we conclude that an absorptive grat-
ing is not important.

transition depicted in the lower frame of Fig. 8, but that
it must result from higher lying, although stronger transi-
tions. This point will be addressed in greater detail in
Sec. V.

The wavelength dependence of alexandrite also shows
an interesting effect. Now, since the absorption features
of alexandrite primarily arise from the mirror site, we
would expect the FWM excitation spectrum to have a
constant value (as it did for GSGQG), only if the mirror
sites also gave rise to the FWM signal. This is not the
case, however, as is seen from Fig. 9. As mentioned ear-
lier, the laser lines in this experiment excite in between
the main absorption bands in alexandrite and are prob-
ably absorbed primarily by mirror site ions, although the
FWM signal from the inversion sites is nevertheless likely
to dominate, since its lifetime is much longer (44 versus
0.24 ms). This was demonstrated by the long time depen-
dence of 35 ms at 488 nm as shown in Fig. 7(c). A fur-
ther confirmation of the importance of the inversion site
is shown in Fig. 9 where the emission excitation spectrum
of the inversion site is compared with the wavelength
dependence of the FWM signal (corrected for absorption
and laser intensity). The correlation of these two spectra
is important because it shows that even though the
ground-state absorption for mirror site ions is larger, the
long lifetime of the inversion site ions results in the
greater contribution to the FWM signal. In other words,



10 734
T T T | T
. 3+ B
@ | BeAl04 Cr™, Elb @ > FwM data —
2L 2
3 c
g | Inversion-site Y
S [~ excitation 12
> spectrum s
£ e
2 =
8 ©
E )
5 |2
2 S
-0 . w
g ®
1 | I | L | L
450 470 490 510 530

Wavelength (nm)

FIG. 9. Wavelength dependence of BeAl,0,:Cr’" FWM sig-
nal plotted with inversion site excitation spectrum (Ref. 42) for
comparison. The FWM signal was corrected for absorption and
laser intensity. The correlation of these two spectra indicates
that the inversion site ion is the dominant contributor to the
FWM signal at the wavelengths used in this experiment, while
the gross features of the absorption spectrum are due to the mir-
ror site Cr>™" ions.

the FWM experiment has extracted out the absorption
due to the inversion site, in spite of the fact that the mir-
ror sites are essentially responsible for the properties of
the absorption spectrum. This contrasts with the case of
GSGG:Cr*", where there is only one kind of Cr** site.

C. Determination of polarizability change Aa,

As mentioned earlier, the FWM signals of the different
crystals are best compared by measuring them relative to
a single sample. The standard crystal chosen for this pur-
pose was GSGG:Cr®t. All the crystals studied are listed
in Table I. The thickness, the linear refractive in-
dex,*®7>* the emission lifetime of Cr3™,%24547:55=57 4nq
the optical density at the four Ar" laser wavelengths
used are tabulated for each crystal. Relative values of the
FWM signal for each sample were obtained by taking the
average of several measurements of that crystal and di-
viding it by the average of several measurements of
GSGG:Cr’". To minimize the effect of any long-term
experimental fluctuations, the measurements of the stan-
dard and unknown were made in an alternating sequence.
The relative signals are then corrected for surface
reflections, absorption, and emission lifetime. The
corrected signal 3, is then given by

P, (1—R,)* exp(—aL),[1—exp(—aL),]?

Bra= P, (1—R,)* exp(—aL),[1—exp(—aL),]?
Tf[l—exp(—t/rs)]2

ru[1—exp(—t/7,)] "’

(10)

where P, is the unknown signal and P, is the standard
signal. The corrected FWM signals B, for each crystal
are reported in Table I for the wavelengths where the op-
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tical density is between about 0.1 and 0.6, since this is the
range where the absorption correction is likely to work
well. The signals that are listed were reproducible within
about 20%; omissions in the table indicate that those sig-
nals were either not observed or not consistent. In the
case of La;GasSi0,,:Cr** (LGS), there was no signal ob-
served, presumably because the emission lifetime is only 6
ps. We mention at this point that the absence of signal in
LGS:Cr** provides further evidence that there is not a
thermal grating contribution involved, since for a
thermal grating only the fraction of energy converted to
heat is important and the emission lifetime has no bear-
ing on the grating efficiency. Additionally, the FWM sig-
nals from all the fluoride crystals were less than the noise
level and therefore must be less than 5% of the
GSGG:Cr®" signal. Using the relative value of 0.05 in
Eq. (10), an upper limit for the corrected signal in the
fluorides is listed.

The change in polarizability can be calculated from the
measured reflectivity using Eq. (9). Solving Eq. (9) for
Aa, gives the expression for the change in polarizability:
172

3R cnhaw?
Aa,(cgs)= ph 5 9
4 47TfL’TPf
1

X exp(—aL /2)[1—exp(—aL)] ° an
The absolute reflectivity measured for GSGG:Cr®* was
3.0X107°. The other values used in Eq. (11) for this cal-
culation are w,=70 um, 7=115 us, the absorption
correction, exp(—aL /2)[1—exp(—aL)], at 488 nm is
0.373, and P;=P;,=0.38 W. The Aa, calculated from
these values is 0.114 A3. We note that one of the two
possible gratings shown in Fig. 2 generates most of the
signal. This was confirmed to be the case through polar-
ization dependence studies used to isolate the individual
contributions from the two gratings. For the case of
GSGG:Cr’", we found that the contribution from the
small spaced grating dominated by about 8:1, over the
large spaced grating. Therefore, when calculating the po-
larizability, we assumed the measured reflectivity was
from predominantly one grating.

Using the reflectivity measured for GSGG:Cr®™, the
absolute reflectivity for the other samples was obtained
from their relative values given in Table I. The polariza-
bility difference was then calculated for each crystal using
the data obtained from Egs. (10) and (11) and is shown in
Table II. The average value of the reflectivity at all the
wavelengths measured was used in the polarizability cal-
culation for all crystals except alexandrite for which the
reflectivity at 488 nm was used since this wavelength cor-
responds to the peak of the inversion site absorption
spectrum (see Fig. 9). Again, an upper limit is given for
the fluoride crystals since their signals were below our
detection limit. Also listed in Table II for comparison is
the energy separation AE between the 2E and the *T), lev-
els. For the crystals where the *T), level is below the 2E
level, AE is taken from the low-temperature absorption
spectrum as the energy distance between the *T, origin
and the negative feature superimposed on the T, band
from the *E absorption.*”>38 ¢! When the 2E is below the
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TABLE II. Polarizability change calculated from DFWM signals.

AEy_, (cm™1)
Crystal:Cr®* Aex— 0ty (A% (*T,—%E) References
Gd;8¢,Ga,0,, 0.114* +50 62
Gd,Sc,ALO,, 0.062 +285 49
ScBO; Elc 0.067 — 1300 58
E|l¢ 0.047

BeAlLO, E|b 0.015 +5500° 41,63
E|a 0.010

Ga,0, E|j3 0.065 +560 64
Ela 0.068

LaMgAl;,0 Elc 0.024 +1100 59
E|¢ 0.020

Na,Ga,Li,F,, <0.01 — 1400 47

SrAlF; E|a <0.04 —1900 60
E|c <0.04

LiCaAlIF, E|a <0.02 —700 61
E|¢ <0.03

18

*Measured value.
®Inversion site.

4T, but close enough in energy that the *T), is thermally
populated, the energy separation is found by fitting the
temperature dependence of the lifetime to an equation
describing emission from two levels.*"4%62764 This ener-
gy separation is of interest here because it indicates the
fraction of the excited-state population that is in each
state. In Table II, we see that Aqa, is in the range of
0.05-0.11 A?® for oxides with the 4T, state largely popu-
lated, but for the crystals where the excited-state popula-
tion resides predominantly in the 2F state, the Aap ha§ a
tendency to be smaller, with values of 0.01-0.07 A3.
Furthermore, in the fluoride crystals, where the 4T2 is the
lowest excited state, the change in polarizability is
markedly lower than in the oxides with similar energy
level ordering. The origin of these trends is complicated,
but plausible mechanisms will be discussed further in the
next section.

At this point, it is appropriate to revisit the question of
the relative magnitude of the absorptive and phase grat-
ings. The relative signal levels can be calculated by divid-
ing Eq. (9) by (3), giving

R 877'2f1%VAap
R nlAo

ph

(12)

abs

We calculate this ratio using the upper limit for R, ob-
tained with the Aa, from Table II (this value was found
assuming a pure phase grating), and the upper limit for
R, obtained using the maximum value of Ao for the
resonant d-d transition depicted in the lower frame of
Fig. 8. We thus find that R, /R ,,;=37 for GSGG:Cr*",
indicating that the absorptive grating makes a negligible
contribution in this particular case. Unfortunately, the
Ao values are unavailable for the other samples studied
in this work. However, if we calculate the maximum
value for R, (that occurs when Ao is equal to the
ground-state. absorption cross section), then R, /R, is
close to unity for LMA:Cr’*. It is therefore possible that
the absorption grating may make a non-negligible contri-

bution to the materials with the lowest Aap values, in-
cluding LMA:Cr*" and alexandrite. Given the unavaila-
bility of the Ao values, we can only regard the Aa,
values of LMA and alexandrite as being estimates at this
time. We can also assume that the signals generated from
the materials giving the larger Aa, values (GSGG,
GSAG, ScBO;, and Ga,0;) are predominantly due to the
phase grating contribution.

Several uncertainties remain in regard to the data in
Table I. For example, it appears that the B, values of
ScBO;:Cr’* show a wavelength dependence for the E|c
spectrum, although the EI€ polarization is roughly con-
stant, as expected. Similarly, only one polarization shows
the expected constant f3,, values for LMA:Cr®** as well.
The reason for these observations is unknown at this
time, and may be due to the existence of multiple sites or
to experimental error.

It is important to remark that our main conclusions
are not affected by the aforementioned complications,
since we have successfully measured the Aa, values of
several materials without interference from the absorp-
tive grating contribution. In addition, the main con-
clusion regarding LMA:Cr®** and alexandrite is that their
Aa, values are much smaller than those of the other
crystals.

V. DISCUSSION

In the previous sections, we provided evidence that the
FWM signals observed in Cr’*-doped crystals are gen-
erated predominantly from a phase grating which is due
to a spatially modulated excited-state population. The
experimental results confirmed the theoretical predictions
of the intensity and lifetime dependences of the FWM
signals, and the change in polarizability between the
ground and excited states of Cr3t was calculated from
the measured phase-conjugate reflectivity. This interpre-
tation shows that the excited state has a different refrac-
tive index than the ground state, and the experimental
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evidence indicates that this difference is dependent on the
local environment of the Cr’t ions. We now discuss in
more detail the origin of this refractive index change in
terms of the electronic structure of the Cr3*-host system.

The typical oscillator strengths of d-d transitions in
Cr’*-doped systems are on the order of 107 4-107>,
However, charge-transfer (CT) transitions have been ob-
served in Cr’*-doped oxides*®%>% around 50000 cm ™!
having oscillator strengths in the range of 0.1 to 0.01. In
particular, Andrews et al.*® have observed an intense uv
charge-transfer band in the excited-state absorption spec-
tra of GSGG and GSAG:Cr®". In the GSGG host, the
CT band peaks at about 48000 cm ! relative to the
ground state and has a width of Av=6700 cm ™! and an
oscillator strength of 0.03. The contribution to the polar-
izability from a single CT state of cross section o p and
at energy Vcr in units of cm ! is calculated with®’

1 9n
41 (n2+2)* vip

acr= L [oemav. a3
1

For incident radiation at 488 nm, we calculate the polari-
zability difference, Aa, =af" —af" using the above data
from Andrews et al. and find Aa, =0.20 A3, This value
is in reasonable agreement with our experimental result
of 0.114 A® obtained for GSGG:Cr?™" indicating that the
CT band is probably the dominant contributor to the po-
larizability change observed.

The idea that the high-oscillator-strength charge-
transfer transitions are the origin of the polarizability
change observed in Cr®*-doped oxides may also explain
why the polarizability changes in fluoride systems were
found to be small (see Table II). The energy of a CT tran-
sition is determined in part by the ionization potential of
the ligand. Therefore, for an oxide host, the ligand to
metal CT state is at a lower energy than in a fluoride
host. Accordingly, CT transitions have not been ob-
served in Cr’*-doped fluorides in this energy region, but
instead, the 3d —4s intraionic transitions have been ob-
served, as reported by Sabatini et al.®® From their data
on a series of divalent transition metal ions in KMgF,,
CaF,, and MgF,, we estimate the typical oscillator
strength for a 3d —4s transition to be about 2X1073
with a peak frequency near 56000 cm ™' and width of
Av=4000 cm™ . Using this information, we calculate a
typical change in polarizability in a fluoride host to be
0.007 A*® with Eq. (13). Thus the d —s transitions in
fluorides give a polarizability change that is an order of
magnitude smaller than that found in oxides due to the
CT contribution.

In Fig. 10 an energy level diagram showing the rela-
tionship of the charge-transfer band to the change in po-
larizability between the excited state and the ground state
is illustrated. The pump beams excite the Cr> " ions, in a
spatially periodic pattern, into the 4Tl(a) band from
which they rapidly relax into the lowest excited state, ei-
ther the *T, or the 2E. The scattering efficiency of the
probe beam then depends on the difference a, —a,. This
change, as we showed in Eq. (13), depends on the
strength of the contributing transition and the energy
separation from the states being probed. Thus for
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FIG. 10. Energy level diagram showing the Cr** energy lev-
els and the ligand-to-metal charge-transfer band relevant in the
DFWM experiments for oxide host crystals. The FWM experi-
ment probes the difference in polarizability from the ground
state and lowest excited state, and the magnitude of this
difference depends on the strength and energy separation of the
charge-transfer band, see Eq. (13).

fluoride systems, we can consider the same interaction,
only the CT band is replaced with a much weaker
3d —4s intraionic band. The Aa, is then much smaller
and the scattered signal is expected to be accordingly less,
as observed.

In the preceding paragraphs, we have discussed how
Cr**-doped oxide compounds are more polarizable than
Cr**-doped fluoride compounds. We would now like to
relate these ideas to the classical concepts of polarizabili-
ties. According to Tessman, Kahn, and Shockley,® the
electronic polarizability of O*” in ionic crystals is pro-
portional to the volume it occupies. The volume that the
O~ ion occupies in Ga,0; and Cr,O; is similar, and thus
by comparing their molecular polarizabilities and assum-
ing the O®~ contribution remains constant, we can esti-
mate the polarizability of Cr** in Cr,0;. Using the re-
fractive index of 2.551 for Cr,0; (Ref. 70) and 1.962 for
Ga,0; (Ref. 52) and the free ion polarizability for Ga*™"
of 0.20 A3,7! we find the polarizability of O~ to be 1.92
A% and that of Cr’" to be 0.86 A>. The calculated Cr3*
polarizability of 0.86 A® does not represent solely the
metal ion, but also the high degree of covalent interaction
between Cr®" and O?~ as well. Since, in the FWM ex-
periment, we are measuring a change in polarizability of
the entire Cr>*-0%~ moeity we can estimate that the per-
cent polarizability change is 0.114/0.86=13%. This
seems reasonable since the *T, excited state probably has
a different bonding interaction with the oxygens than
does the * 4, ground state.

As discussed in Sec. III, the polarizability differences
given in Table II indicate that there is a tendency for the
’E level of Cr’™" to have a smaller Aa, than the *T, level.
To analyze this in further detail, we assume that the total
polarizability is the sum of a contribution from the 2E
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FIG. 11. The measured polarizability change plotted as a
function of the *T,-2E energy separation. The total polarizabili-
ty change is a sum of contributions from the *T, and the 2E
states ay and ag, weighted by the Boltzmann factor of their rel-
ative populations at room temperature. The solid line is the po-
larizability . g:hange calculated from a;=0.155 A’ and
ap=0.017 A", see Eq. (14). ScBO; does not fit in with these
data because the nature of the oxygen ligand is modified by
bonding with boron.

and the *T, levels weighted by a Boltzmann factor of
their relative populations. In LMA:Cr®' and alexan-
drite, the energy separation is such that the sole contribu-
tion to the polarizability observed is from the 2E level.
Taking the average value of Aa, from these crystals,
0.017 A3, as the 2E polarizability, ay, we can find the *T,
polarizability, ar, with this expression:

Ao =frar+frag , (14)

where Aa,,, is the measured change in polarizability, and
fr and fg are the Boltzmann factors for the *T, and 2E
levels, respectively, and are given by
g exp(—AE/KT)
Ji > g exp(—AE/KT) ’
i

(15)

where i =E or T corresponds to the 2E and 4T, states.
The degeneracy g is 12 for the *T), state and 4 for the °E
state. This gives an a of 0.155 Ad. Using Egs. (14) and
(15) to calculate Aa,,, for a range of AE values, the mea-
sured polarizability changes can be fit to this curve with
the AE values of the crystals used in this work from
Table II. The polarizability change measured for each
crystal is plotted against the *T, —2E energy separation
in Fig. 11 and the calculated Aa,, curve is plotted for
comparison. The main assumption is that a single set of
ar and ap values can be used to adequately represent a
large range of crystals. The measured data are close to
the calculated values, with the exception of ScBO3:Cr3 +,
confirming that this model is appropriate for most of the
crystals. The anomalous result for ScBO;:Cr’* is ex-
plainable, however, since in this crystal, the oxygen ion is
no longer describable as O>~ but instead is intimately
bound to the boron atom, forming a (B03)3_ molecular
anion of trigonal symmetry.
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Finally, we consider the origin of the difference in the
polarizability between the 2E and the *T’, states. The fact
that the polarizabilities are different is not surprising
since the excited-state geometry for the *T’, is different
from the *4, ground state while for the 2E it is the same.
As a result of the many effects operating simultaneously,
a quantitative comparison between the two states is
difficult to formulate. The nature of the charge-transfer
bands must also play a role here, in addition to the
geometry changes. For example, as the crystal field in-
creases, the *T’, level is raised to higher energies and the
excited-state population will reside mainly in the 2E level
leading to a smaller observed polarizability. The stronger
crystal field may indicate, however, that the O?~ jon is
more ionic, and perhaps, that the charge-transfer bands
are shifted to higher energy. Furthermore, since the 2E
and 4T2 states have different spin values, they are expect-
ed to have strong CT transitions only to those CT states
having the same spin.”?> This effect will also give rise to a
difference in the polarizability of the *T, and 2E states.
The effects of the excited-state geometry, spin selection
rules, and the CT bands are interrelated and individual
contributions of each would be problematic to separate
out. The main conclusion at this time is simply that the
4T, state exhibits a larger polarizability change relative
to the * 4, than does the 2E state.

VI. CONCLUSION

We have studied the DFWM signals from several
Cr’*-doped oxide and fluoride crystals in order to deter-
mine the nature of the grating formed. Theoretical for-
malisms were presented to describe gratings of thermal,
absorptive, and phase origin. An order of magnitude cal-
culation using these formulas indicated that absorptive
and thermal contributions would generally be smaller.
Indeed, since the thermal diffusion time is much smaller
than the Cr3" lifetime in these materials, thermal grat-
ings were not observed. Additionally, as the wavelength
dependence of the FWM signal did not correlate with the
excited-state absorption spectrum of GSGG:Cr’*, ab-
sorptive contributions were not observed. Finally, the re-
sults were analyzed using the formula derived for a phase
grating and the predicted intensity and lifetime depen-
dences were confirmed.

In the discussion, we provided explanations for the ori-
gin of the refractive index change due to the excited-state
population. The large oscillator strength of the charge-
transfer transitions in the energy region of 50000 cm !
in oxides were seen to account for the polarizability
change observed. The strongest absorptions observed in
this energy region for the fluoride host crystals, however,
were the interconfigurational 3d —4s type which are
characterized by much weaker oscillator strengths, thus
accounting for our observation that the fluoride hosts did
not give measurable signal levels.

In the oxide crystals studied, the polarizability change
was observed to depend on the relative thermal popula-
tion of the *T, and 2E excited levels, and our fit to the
data gave a *T, state polarizability change of 0.155 A3,
while the 2E value was 0.017 A3. Lastly, we found that
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the ScBO; host behaved differently than the other materi-
als due to the strong complexation of oxygen in the
borate groups.
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