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When illuminated by an optical source, absorbing impurities in polar crystals produce
a macroscopic polarization due to both the change in electric dipole moment from ground
to optically excited states and a pyroelectric effect in the host lattice following thermal-
ization of the excitation. The relevance of these mechanisms to relaxation processes is
demonstrated by a measurement of the dispersion of optical rectification in LiTaOgCu**
over the range of rectified frequencies from 0 to 10'% Hz.

Previous studies!~® of optical rectification have
dealt exclusively with the nonlinear properties of
transparent electro-optic crystals. In this Letter
we report efficient optical rectification in polar
crystals due to impurity absorption. The absorb-
ing impurities produce a polarization proportion-
al to optical intensity due to two effects. If the
relaxation of the optically excited impurites is °
largely nonradiative, a pyroelectric polarization
results from the heating of the host lattice follow-
ing thermalization of the excitation. Also, the
acentric character of a polar host polarizes an
impurity ion, producing an electric dipole mo-
ment which may be different in the excited state
than in the ground state, and hence results in a
macroscopic polarization upon optical excitation.
This effect, which does not occur in nonpolar
materials has been observed® in chromium-doped
LiTaO; and LiNbO,. Although the pyroelectric
effect is well known for its detector applicatons,®
its relevance to fast nonradiative relaxation has
not been considered previously.

For a two-level atomic system with a nonradia-
tive relaxation time 7, the macroscopic polariza-
tion P, due to these two effects, is determined
by the approximate equation

0P 1, Mt_hgi(%’;a)} f1wat, (1)

ot T Tlw,

where « is the optical absorption coefficient for
incident light of intensity I(f) and frequency w,,
Ay is the difference in dipole moment of the im-
purity ions between ground and excited states,
8P,/dT is the pyroelectric coefficient of the host
lattice, and C, is the specific heat, For simplic-
ity we have excluded the effects of saturation and
coherent population fluctuations in Eq. (1), Also,
the time interval of interest is assumed to be
short relative to both thermal and acoustic tran-
sients, i.e., the adiabatic, clamped-material
properties are used in (1).

Alternatively, these mechanisms can be rep-
resented in the frequency domain by second-order
nonlinear susceptibilities for difference frequency
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generation of the form®

P(w)=X jm(w=w, — ) E (w,)E; *(w,),

X3 (Pyroelectric) =0 <8+Pi-3>—1— 1

c,\0T/w l+iwT
. Au; T
xjk,(dlpola.r)=7h:‘ 1+ 07 [sz(%) - sz*(wz)];

where y,, is the complex linear optical suscepti-
bility of the absorbing impurities. The pyroelec-
tric polarization is directed along the polar (3)
axis of the crystal. The symmetry properties of
the excited-state dipole effect are determined by
the point group of the impurity site.

It is apparent from expressions (2) and (3) that
the dispersive properties of these susceptibilities
are intimately related to the relaxation time 7 of
the impurities. The pyroelectric effect varies as
w™! in the region wt <1, reflecting the integrated
character of this mechanism. Above this point,
w7 >1, it drops off rapidly as w™2 The excited-
state dipole effect, however, is flat up to wr=1,
and then drops off as w™' in the region wt >1.

In principle, it is possible to determine both the
nonradiative relaxation time 7 and the magnitude
of Au from a measurement of the dispersion of
the nonlinear susceptibilities. Since a measure-
ment of this type can be made into the millimeter
and submillimeter wave range of rectified fre-
quencies, subpicosecond relaxation measure-
ments are possible. An important fundamental
limitation on the speed of the pyroelectric effect
in addition to impurity relaxation is the rate at
which energy thermalizes at the impurity site
and diffuses into the host lattice to perturb the
ferroelectric soft modes which are responsible
for the pyroelectric polarization. A measure-
ment or upper limit of this response time is pos-
sible in a system with a fast impurity relaxation
and small Ay. More complicated multilevel sys-
tems such as those involving vibronic (i.e., elec-
tronic and vibrational) transitions can also be
studied by these techniques.

For a preliminary study of some of these ef-
fects, the Cu** ion in LiTaO, was chosen since
its linear absorption spectrum has a relatively
strong broad absorption band centered at 10 000
cm ™!, suitable for excitation with a 1.06-um
Nd:Glass laser. Also the absence of fluorescence
from the excited 27, state (O, group) suggests the
possibility of a fast nonradiative electronic relax-
ation. A strong charge-transfer band dominates
the spectrum from 0.4 ym into the uv.

Crystals of undoped and copper-doped LiTaO,
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were grown by the Czochralski technique’ and
poled to produce single-domain material. The
most heavily doped crystal, 2.24% weight Cu,
had an absorption coefficient at 1.06 um of 60
cm™!, Crystals of centimeter dimensions were
readily grown. The low-frequency dielectric and
pyroelectric properties of the doped crystals
were measured and found to be identical to the
undoped crystals.?

The source of optical radiation was a 1.06-um
mode-locked Nd:Glass laser of standard design
which emitted a train of pulses with a mean width
of 10 psec, a peak power of 10° W, and a mean
spectral width of 25 cm ™', The range of intensi-
ties incident on the crystals was between 10% and
10° W/cm?,

A measurement of the electronic relaxation
time of the ?T, state of the Cu** ion was made by
populating the 2T, state with a 1.06-um pulse
(PE~*T,) and measuring the excited-state absorp-
tion from 27T, to the charge-transfer (CT) band
with a delayed 0.53-um second-harmonic pulse.
Because of the large cross section of the parity-
allowed 7T, to CT transition, a 27, population of
only a few percent was required. The relaxation
time was obtained from the dependence of the ex-
cited-state absorption on the delay and found to
be 30 +10 psec as shown in Fig, 1.

Using the 1.06-um mode-locked pulses as a
source, the optical rectification properties of
LiTaO,:Cu** were measured over the range 0 to
10'? Hz of the intensity spectrum of the incident
pulses. As a reference, the corresponding sig-
nals due to the electro-optic effect in an undoped
LiTaO, crystal were measured in an identical
experiment. The low-frequency (0 to 1 GHz) cur-
rent response of the undoped and doped crystals
was measured in real time with a high-speed
oscilloscope (Fig. 2). The crystals were elec-
troded on their ¢ faces, transverse to the laser
axis. The dominant pyroelectric effect in the
doped crystal produces a current pulse which re-
sembles a bandwidth limited version of the opti-
cal pulse, whereas the electro-optic effect in the
undoped crystal differentiates the intensity pro-



VoLUME 28, NUMBER 14

PHYSICAL REVIEW LETTERS

3 ApriL 1972

10.01
6.0 ‘IL\
‘ A
£y
3.0t \
/ !
I ‘\\
_ ! ¢
- | \
1
\
5 % \
S ok
« "F , l\
N 1 \
r I b
0.6} \
T ==CT \\%
i 0.53p 20psec Y
0.3 2 - \
_TE T
1.06
2g
0.1 1 { | L1 1 | I | | | It 1
DELAY

FIG. 1. Measurement of the electronic relaxation
time of the 27, state of the Cu** ion in LiTaO; by ex-
cited-state absorption. Horizontal axis, delay time
between pumping 1.06-4 m pulse and 0.53-4 m probing
pulse. Vertical axis, excited-state absorption coeffi-
cient.

file of the incident optical pulse. In both cases
the observed widths and amplitudes were limited
by the impulse response of the oscilloscope of
300 psec.

Comparison of doped and undoped crystals at
higher frequencies were made by measuring the
spectral characteristics of the microwave and
millimeter wave radiation produced by rectifica-
tion of the optical pulses. The band from 2 to 4
GHz was measured with coaxial filters and a
point-contact diode. X-band (4 to 10 GHz), and
K-band (20 to 40 GHz) measurements were made

by mounting the crystals in open wave guides and
detecting the microwave radiation with point-con-
tact diodes. A liquid-helium-cooled InSb photo-
conductor was used to detect the submillimeter
waves.

In all cases except the oscilloscope measure-
ment of Fig. 2, the dimensions of the LiTaO,:Cu**
reference crystals were identical. The thickness
in the direction of the laser axis was less than the
coherence length and typically 0.1 to 0.3 mm
(optical and microwave indices of refraction are
2.1 and 6.5, respectively). With both crystal and

" detector geometries identical, the relative mag-

nitude of the nonlinear susceptibilities of the
doped and undoped crystals is equal to the square
root of the ratio of the intensities of the rectified
signals, apart from a correction for the finite
absorption depth in the doped crystal. In the case
of the low-frequency real-time measurement, an
additional thickness correction was made to ac-
count for the larger 4-mm undoped crystal which
was needed to obtain a measurable signal.

In Fig. 3 the measured nonlinear susceptibility
X311 = Xazes Of @ 2.24% LiTaO,:Cu™" crystal is plot-
ted, normalized to yx,,; of an undoped LiTaO,
crystal. The incident polarization for the doped
crystal was chosen to be ¢-to minimize the con-
tribution from the host nonlinearity. The low-
frequency data (up to 1 GHz) was obtained from
a numerical Fourier analysis of the real-time
traces of Fig. 2. In general, the signal intensity
depended quadratically on the incident optical in-
tensity except at intensities approaching the dam-
age threshold. Measurements with other dopings
(0.3% and 1,.2%) indicated that the susceptibility
was proportional to copper concentration. The
radiation from the doped crystals was strongly =
polarized for both o and 7 incident optical polar-

FIG. 2. Oscilloscope traces of the optical rectification from LiTaOs:Cu** (left) and undoped LiTaOs (right). Hori-
zontal and vertical scales, 2 nsec/division and 10 V/division, respectively. Oscilloscope bandwidth, 1.1 GHz.
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FIG. 3. Dispersion of the nonlinear susceptibility
for optical rectification from LiTaOs:Cu** (2.24% Cu)
normalized to an undoped LiTaO; reference. Horizon-
tal bars represent integrations over indicated band-
widths. Straight-line segments are used to accentuate
critical points in theory.

izations. The polarization behavior of the undoped
crystals was consistent with electro-optic data,
showing a strong preference for y-incident opti-
cal polarization. For a pulse input of 1072 J,

the total rectified energy from the 2.24% Cu crys-
tal was estimated to be between 0.1 and 1.0 erg

in a 0.1-mm crystal.

Since the electro-optic effect in the undoped
LiTaO, crystals (xs3;=1.6 X10"¢ esu)® is nondis-
persive in the frequency range spanned by our
measurements, the results in Fig. 3 are a direct
measure of the impurity contribution to the non-
linearity. In the region w7 <1 the results agree
well with the expected pyroelectric behavior (the
point at 30 MHz is in error as a result of a pyro-
electric effect in the undoped crystal arising
from residual impurities). The theoretical curve
(solid line) also includes a contribution from a
fast heating due to the relaxation of the vibration-
al energy within the excited vibronic state of the
Cu** ion. From the width of the optical band
(4000 cm ') we estimate the fraction of the ab-
sorbed energy involved in the vibrational relaxa-
tion is 0.25. Although this contribution extends
the pyroelectric effect into the region wr>1, its
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magnitude is too small to account for the experi-
mental results (the intensity of the rectified sig-
nals from the doped crystal was almost three
orders of magnitude larger than expected from a
purely pyroelectric effect). As indicated by the
dashed curve, the experimental data in the region
wT > 1 suggest the existence of a dipole moment
which differs between ground and excited states
by approximately 0.6 D. This value is compar-
able to the Ap of Cr in LiTaO, and LiNbO, mea-
sured by a different technique.* A second impor-
tant result of this measurement is that the pyro-
electric response of the host lattice is at least as
fast as 30 psec. These materials are also of
interest for nonlinear optics. Heavy doping can
be used to both increase the magnitude of the non-
linearity and decrease the interaction length to
less than the coherence length, eliminating the
need for phase matching. A more detailed theo-
retical and experimental study of the effects
demonstrated here is the subject of a forthcoming
paper.
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FIG. 2. Oscilloscope traces of the optical rectification from LiTaOs:Cu** (left) and undoped LiTaO, (right). Hori-
zontal and vertical scales, 2 nsec/division and 10 V/division, respectively. Oscilloscope bandwidth, 1.1 GHz.



