
allow the measurement of long phonon lifetimes and high quality
factors. Furthermore, it opens the door to the design of experiments
with a known and controlled phonon population. A
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Three-wave mixing in nonlinear materials—the interaction of
two light waves to produce a third—is a convenient way of
generating new optical frequencies from common laser sources.
However, the resulting optical conversion yield is generally poor,
because the relative phases of the three interacting waves change
continuously as they propagate through the material1. This
phenomenon, known as phase mismatch, is a consequence of
optical dispersion (wave velocity is frequency dependent), and is
responsible for the poor optical conversion potential of isotropic
nonlinear materials2. Here we show that exploiting the random

motion of the relative phases in highly transparent polycrystal-
line materials can be an effective strategy for achieving efficient
phase matching in isotropic materials. Distinctive features of this
‘random quasi-phase-matching’ approach are a linear depen-
dence of the conversion yield with sample thickness (predicted
in ref. 3), the absence of the need for either preferential materials
orientation or specific polarization selection rules, and the
existence of a wavelength-dependent resonant size for the poly-
crystalline grains.

Much effort has recently been devoted to the development of
materials which are suitable for nonlinear optical frequency con-
version from the near- to the mid-infrared regions4–7. Many semi-
conductor (GaAs, ZnSe, …) materials of space group �43m are
excellent candidates: they are widespread and mature optoelectro-
nics graded materials, they are transparent in the mid-infrared and
they display particularly high nonlinear 2nd-order susceptibilities
(that is, for three-wave interaction). In single-crystalline materials,
the main factor for an efficient optical conversion is the coherence
length L c, the distance over which the relative phase lag of the three
waves add up to p. Indeed, because of the different relative phase
velocities between the three interacting waves, optical power flows
back and forth from the converted waves towards the pumping
waves (that is, backconversion) as soon as the interacting distance
becomes larger than the coherence length (see Fig. 1). Phase-
matching is thus obtained when the coherence length is much
longer than the interaction distance in the material. Because of the
lack of optical birefringence, such a situation cannot be obtained
naturally in isotropic 4̄3m semiconductors over long distance.
Instead, so-called quasi-phase-matching scenarios based on epi-
taxial growth on patterned substrates need to be developed1,8–10.

The backconversion process results from an interference effect
between the three coherent waves. Such interference could be
destroyed if the waves were allowed to lose their respective phases
randomly in the material, in that the nonlinear susceptibility does
not average to zero. Such parametric interactions in disordered
media have attracted considerable attention in recent years, with
a particular emphasis on the nonlinear diffusion/scattering
processes11–14: In these studies, the average size of the nanocrystal-

Figure 1 Three-wave mixing mechanisms in bulk, powder, periodically poled and

polycrystalline materials. In bulk nonlinear optical materials, the relative phase of the three

interacting fields grows continuously with the propagating distance, gaining a phase lag of

p every coherence length L c. The transfer of energy between the waves thus oscillates

with a period of 2L c, leading to a small (if not null) conversion efficiency (a). In

quasi-phase-matched materials10, the orientation of the crystal is rotated every L c,

compensating the phase lag of p so that the energy transfer E nl adds up constructively

with the propagating distance (E nl / N, where N is the number of grains) (c). In a totally

disordered material (powder, gas, liquid), each particle behaves independently, scattering

the nonlinearly generated fields in an incoherent way (b). In polycrystalline materials, the

relative phase diffuses in phase space, leading to a coherent growth of the nonlinear

generated fields according to E nl /
ffiffiffiffi
N

p
:
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lites is smaller than the interacting wavelengths (Rayleigh regime) so
that the samples are highly diffusive and mostly opaque. We show
that a similar (but different) strategy can be implemented in
polycrystalline ZnSe materials, for which highly transparent
materials and controllable grain size are available. The concept of
random quasi-phase-matching is experimentally demonstrated in a
difference frequency generation (DFG) experiment—a particularly
interesting situation which involves large coherence lengths—with
emphasis on the influence of the grain size, light polarization and
length of the sample, suggesting the potential for new optical
random materials15. We thus show that a signal far higher than
the contribution of a single coherence length can be obtained, as a
result of phase randomization due to the random distribution of the
microcrystallite (‘grain’) domains3 (see Fig. 1).

We first theoretically describe the DFG process in polycrystalline
materials. Let En

1 be the value of the electromagnetic field at the
output of the nth grain crossed by the two undepleted laser beams
E2 and E3. By integration over each grain of sizeXm (with a gaussian
distribution around its mean value) and summation of all the
contributions, as already suggested by refs 3 and 13, the value of
En

1 is deduced from the classical growing term2, taking into account
randomizing phase-distribution terms:

En
1 ¼

q1

n1c
E3E

*
2

Xn
m¼1

dm
e2iDkXm 2 1

Dk
e
2iDk

Pm21

j¼1
Xj

ð1Þ

where c is the velocity of light, E1, E2, E3 designate the DFG and the
pump-wave fields of respective angular frequencies q1, q2 and q3,
n1, n2, n3 are the optical indexes of the polycrystalline materials for
the three waves, Dk¼ k3 2 k1 2 k2 is the phase mismatch wave-
vector between the three waves in each grain and dm is the nonlinear
coefficient of the mth grain. Numerical simulations show that the
term

e
2iDk

Pm21

j¼1
Xj

in equation (1) is such that, after a few grains, the three waves
display a random relative phase while entering each micro-crystal of
random size X. This is a key element for the success of random
quasi-phase-matching. Performing an ensemble average of the
square modulus of equation (1)—meaning that the beam waist is
far larger than the mean grain size—the total DFG intensity

generated by N grains is then given by:

I
poly
1 ¼

8p2

l2
1

Z0
kjdj2l
n1n2n3

kX2 sinc2 ðDkX=2ÞlNI2I3 ð2Þ

where Z0 is the vacuum impedance (377Q) and l1 is the wavelength
of field E1. The kxl notation designates the mean value of random
variable x averaged over its probability distribution p(x). For
instance, kjdj2l is the norm of the effective nonlinear coefficient
kjdj2l¼

Ð
jdðv;JÞj

2
pðv;JÞ dv dJ averaged over all the possible

orientations of the grains (v and J are the eulerian coordinates
of the grain). More specifically, we made the assumption that
the grain size obeys a gaussian distribution, that is, pðXÞ ¼

1ffiffiffiffi
2p

p
jx

e2ðX2LÞ2=2j2
x where L and j x are the mean value and the

standard deviation of the grain size X respectively. Equation (2)
can be written as:

I
poly
1 ¼Neff I

coh
1 ð3Þ

where Icoh1 ¼ 32
l2

1
Z0

jdj
2

n1n2n3
L2

c I2I3 is the DFG intensity generated by a
single coherence length of the materials for the specific three-wave
combination, L c is the coherence length and Neff is the effective
number of grains participating to the DFG process, given by:

Neff ¼N kjdj2l
d2 ksin2ðDkX=2Þl

¼N kjdj2l
d2

1ffiffiffiffi
2p

p
jx

Ð1
0 sin2ðDkX=2Þe2ðX2LÞ2=2j2

x dX
ð4Þ

Equations (2)–(4) are very predictive. First, as already predicted in
somewhat similar situations3,13,16, a linear variation of the DFG
signal as a function of the sample thickness L (where L ¼ NL) is
expected, instead of a quadratic variation for perfect phase match-
ing1. We call this regime random quasi-phase-matching (see Fig. 1).
Second, the DFG signal never averages to zero whatever the grain
orientation distribution. Finally, a careful examination of equation
(4) shows that a resonance of the DFG yield is expected once the
condition DkL ¼ p is obtained, that is, when the average grain size
is close to the DFG coherence length.

The starting polycrystalline ZnSe materials were provided by
II–VI, Inc. It consists of micrograins with an average size of
L ¼ 30 mm, and a mean standard deviation j x < 5%L. No import-
ant crystalline texture is revealed by X-ray Bragg diffraction studies,
so that the kjdj2l/d2 averages to 0.14 (d is the ZnSe nonlinear
susceptibility in the k110l direction and for all the polarization
configurations of the interactive waves)17. Samples were submitted
to a solid phase recrystallization18 process. Four different mean
grain sizes have thus been obtained: 30 mm (unprocessed), 60 mm,
70 mm and 100 mm. The grain size X is also gaussian distributed,

 

 

Figure 2 Variation of the normalized DFG intensity I 1 as a function of the polycrystalline

sample thickness. The pump wavelengths are 1.925 and 2.380mm, respectively, yielding

a 10-mm generated field. The distance is expressed in terms of the number of ZnSe grains

along the optical path (L ¼ 30 mm in this sample). The DFG signal is normalized to the

intensity obtained with a single coherence length in a ZnSe single crystal. The variation of

the DFG signal in ZnSe single crystalline materials is shown for comparison. The

specificity of random quasi-phase-matching appears clearly.

Figure 3 Normalized difference frequency generation efficiency as a function of the ZnSe

mean grain size L. The different samples are obtained by solid phase recrystallization

(straight line, theory; crosses and bars, experimental data points with error bars). A

resonant yield appears when the grain size is close to the coherence length (78mm, in this

experimental scheme). Horizontal error bars indicate the standard deviation of the grain

size; vertical error bars indicate the standard error of measurement of our experiment.
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with a uniform standard deviation of 5L/100. To study the DFG
conversion efficiency as a function of the sample thickness L, the
samples are bevelled by mechanical polishing to produce wedges
with angles of 258 for the recrystallized samples and 378 for the
unprocessed ones.

For the DFG experiment, the pump source is a 100-mJ, 30-Hz,
1.06-mm pumped LiNbO3 type I optical parametric oscillator with
signal and idler waves tunable between 1.8 and 2.4 mm, yielding an
8–12-mm DFG field. See ref. 19, where a similar set-up has been used
to measure DFG coherence length in ZnSe (,78 mm in the 8–12-mm
DFG range)19. If a resonance is to be found, it is thus expected for a
grain size of about 78mm. This large value of the coherence length
originates from the minimum index dispersion of ZnSe in this
spectral region equidistant between the gap and the Restrahlung
energies. This explains the large nonlinear yields expected in ZnSe
polycrystalline materials, as expected from equations (1) to (4).
About 200 mJ of the available energy are focused to a waist of about
200 mm in the samples. The bevelled samples are translated on a
motorized mount. The DFG wave energy is measured using a
HgCdTe cryogenic detector protected by adequate filters.

We first studied the variation of the DFG signal as a function of
the sample thickness. To explore a large thickness range, we chose
the 378 wedged sample. Figure 2 shows the variation of the
measured signal as a function of the crystal thickness. The signal
was normalized to the signal obtained in the same configuration by
a DFG signal due to a signal coherence length (as determined in a
crystalline k110l wedge sample19). Clearly, the signal follows the
expected linear dependence on sample length L. Given the experi-
mental values L/L c < 0.38, j x/L < 5% and kd 2l/d 2 < 14%,
equation (4) predicts a Neff/N ratio of 4.5%, whereas a ratio of
2.8% is experimentally determined from Fig. 2, which is the right
order of magnitude.

We then studied the influence of the grain size on the DFG signal.
The preceding experiment was performed for each of the three SPR
samples. Linear variations as a function of the sample thickness were
observed in all the samples. Figure 3 shows the theoretical and
experimental values of the normalized efficiency for the four
different values of the grain mean size L, taking into account an
experimentally determined loss term of r ¼ 4.5% cm21. This loss is
due to a very small amount of light scattering (corresponding to a
mean free path for ,2-mm photons of 22 cm), a situation which
is fundamentally different from previous work14. The observed
variations are in good agreement with the theoretical predictions.
Finally, we study the variation of the DFG signal as a function (1) of
the orientation of the pump polarization relative to the sample bevel
direction, (2) of the angle between the pump and the DFG beam
polarization, and (3) of the two pump frequencies. No significant
variation of the DFG signal could be observed in any of these
experiments, which confirms the absence of crystallographic texture
in our samples.

Random quasi-phase-matching may then become a valuable
building block in nonlinear optics. Such materials can be deposited
on any substrate (such as silicon) with no particular restrictions
regarding crystalline growth or sample length, opening the way to
optical conversion in low-cost deposited waveguides. Its extremely
loose frequency selectivity makes it of particular interest for
generating optical radiations with ultra-wide spectral tunability
and reasonable efficiency. It may also be applied to emerging
materials such as ZnO, chromium-doped ZnSe or new laser
ceramics, allowing multifunctional materials to be developed.

We note that, although quasi-phase-matched GaAs crystals have
been demonstrated to be far more efficient nonlinear optical
converters in the 8–12 mm range8,9,20, these crystals have not yet
been demonstrated over large lengths. But large size samples are
available in polycrystalline materials (commonly . 100 mm for the
ZnSe samples), so that good conversion yields could eventually be
reached. This, added to the extreme ease-of-use of the random

quasi-phase-matching technique (almost no control is needed),
makes of any piece of polycrystalline ZnSe a cheap and efficient
optical converter. A
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Sources and systems for far-infrared or terahertz
(1 THz 51012 Hz) radiation have received extensive attention in
recent years, with applications in sensing, imaging and spec-
troscopy1–10. Terahertz radiation bridges the gap between the
microwave and optical regimes, and offers significant scientific
and technological potential in many fields. However, waveguid-
ing in this intermediate spectral region still remains a challenge.
Neither conventional metal waveguides for microwave radiation,
nor dielectric fibres for visible and near-infrared radiation can be
used to guide terahertz waves over a long distance, owing to the
high loss from the finite conductivity of metals or the high
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