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Nonlinear polarization rotation and generation of a polarization component orthogonal to the input beam were
observed along fourfold axes of YVO4 and BaF2 crystals. We demonstrate experimentally that in both crystals
the angle of rotation is proportional, at low intensities, to the square of the product of the input intensity and
the crystal length and is the result of simultaneous action of two third-order processes. This type of nonlinear
polarization rotation is driven by the real part of the cubic susceptibility. The recorded energy exchange between the two orthogonal components can exceed 10%. It is to our knowledge the highest energy-conversion
efficiency achieved in a single beam nonresonant  (3) interaction. A simple theoretical model is elaborated to
describe the dependence of nonlinear polarization rotation and orthogonal polarization generation on the intensity of the input beam at both low- and high-intensity levels. It reveals the potential contributions from
the real and the imaginary parts of the susceptibility tensor. Moreover, this kind of measurement is designed
to permit the determination of the magnitude and the sign of the anisotropy of the real part of third-order
nonlinearity in crystals with cubic or tetragonal symmetry on the basis of polarization-rotation measurements.
The  (3)
xxxx component of the third-order susceptibility tensor and its anisotropy sign and amplitude value for
BaF2 and YVO4 crystals are estimated and discussed. © 2004 Optical Society of America
OCIS codes: 190.0190, 190.4380, 190.4410, 190.4720, 230.5440, 160.4670.

1. INTRODUCTION
In general, light propagating through nonlinear crystals
experiences nonlinear polarization rotation and induced
ellipticity.1,2 If we restrict ourselves to a nonlinear
change of the polarization state in nongyrotropic crystals,
we find in the literature1–6 experimental and theoretical
evidence that nonlinear polarization rotation is proportional to the imaginary part of  ( 3 ) anisotropy, whereas
induced ellipticity is due to the real part. Although several theoretical analyses7–9 have predicted that nonlinear
polarization rotation can also exist in nondissipative cubic
crystals, to our knowledge no experimental investigation
has supported such a prediction. In a previous letter10
we reported the existence of such a type of polarization rotation in YVO4 .
Here we investigate both theoretically and experimentally the effects of nonlinear rotation and orthogonal polarization generation that are due to Re关(3)兴 in a singlebeam scheme, in a much bigger intensity range in both
BaF2 and YVO4 crystals, demonstrating that in such experiments the achievement of 10% cross-polarized wave
conversion and of polarization rotation of as much as 8° is
possible.
This paper is organized as follows: In Section 2 we describe (i) the theoretical background of a process that generates a wave with an orthogonal polarization component,
0740-3224/2004/091659-06$15.00

called a cross-polarized wave (XPW), and (ii) the effects of
nonlinear rotation in cubic and tetragonal crystals based
on Re关(3)兴. This is a further development of the model
presented in Ref. 10, in which only small intensities were
considered. Here we predict theoretically for the first
time that rotational dependences will have a saw-toothed
shape. In Section 3 we describe the experimental setup
and the results of measurements of BaF2 and YVO4 crystals, namely, both the efficiency of generation of orthogonally polarized waves and the nonlinear polarization ro(3)
tation. Estimation of the value of  xxxx
and of the
anisotropy of the third-order nonlinearity for YVO4 is also
given in the same section. The experiment confirmed the
saw-toothlike form for the dependence on rotation of the
XPW’s efficiency and of the nonlinear rotation on the
angle between the input polarization and the crystal axis.

2. THEORETICAL BACKGROUND
To describe the effects of polarization rotation and of the
generation of orthogonal polarization components in cubic
(and tetragonal) crystal with 4/mmm (and m3m) point
group symmetry we consider, in the slowly varying envelope approximation, plane-wave propagation equations in
which linearly polarized light enters a crystal along the
crystal’s fourfold axis [001]. Linear absorption is neglected, and the coordinate system is defined relative to
© 2004 Optical Society of America
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the direction of the input polarization. The equations
that describe self-phase modulation of copolarized component A to the input wave and the orthogonal polarization
component with amplitude B are written, on the condition
that 兩 B 兩 Ⰶ 兩 A 兩 (i.e., neglecting depletion of wave A, selfphase modulation of wave B, and the possible effects of
cross-phase modulation) as
dA
dz
dB
dz

⫽ ⫺i ␥ 储兩 A 兩 2 A,

(1a)

⫽ ⫺i ␥⬜兩 A 兩 2 A,

(1b)

anisotropy. At low level intensity (when ⌽ ⬘ Ⰶ 1), the
angular dependence of  on ␤ reduces to a pure sin2(4␤)
law5,10:

 ⫽ 共 ␥⬜⬘ 兲 2 A 0 4 L 2 .

(6)

For relatively high intensity (when ⌽ ⬘ ⬇ modulo ), the
dependence of  on ␤ deviates strongly from a sin2(4␤)
law. This dependency measurement allows one to find
the sign of anisotropy .
In Fig. 2 the dependence of the generation efficiency of
the orthogonal component on power is shown. It turns
out that, in a plane-wave approximation, the maximum

where
␥ 储 ⫽ ␥ 0 关 1 ⫺ (  /2)sin2(2␤)兴
and
␥⬜
(3)
⫽ ⫺␥ 0 (  /4)sin(4␤), with ␥ 0 ⫽ (6  /8n)  xxxx
and 
(3)
(3)
3)
(3)
⫽ 关  xxxx
⫺ 2  xyyx
⫺  (xxyy
the anisotropy of the
兴 /  xxxx
1,11
(3)
 tensor.
Angle ␤ is the angle between the input polarization and the [100] axis.
In general, coupling coefficients ␥ 储 and ␥⬜ are complex
quantities: ␥ 储 ⫽ ␥ 储⬘ ⫹ i ␥ 储⬙ and ␥⬜ ⫽ ␥⬜⬘ ⫹ i ␥⬜⬙ . The
solutions of Eqs. (1) with initial conditions B(0) ⫽ 0 and
A(0) ⫽ A 0 (A 0 is assumed to be real) are
A ⫽ A 0 exp共 ⫺i ␥ 储A 0 2 L 兲 ,

(2a)

B ⫽ A 0 共 ␥⬜ / ␥ 储兲关 exp共 ⫺i ␥ 储A 0 2 L 兲 ⫺ 1 兴 .

(2b)

Using solutions (2), we consider separately the efficiency
of XPW generation and the change of the polarization
properties of the input wave A that are due to induced ellipticity and to nonlinear polarization rotation. Neglect
of the depletion of wave A implies that solutions (2) and
associated formulas can be applied only for XPW efficiencies not bigger than 10% and rotation angles smaller than
15°.
A. Efficiency of XPW Generation
From Eqs. (2) we find the following expression for the ratio of the two orthogonal polarization components (i.e., efficiency of XPW generation) at the output of the sample:

⫽

冏冏
B
A

2

⫽ 兩 D 兩 2 关 1 ⫹ exp共 ⫺2⌽ ⬙ 兲 ⫺ 2 exp共 ⫺⌽ ⬙ 兲 cos共 ⌽ ⬘ 兲兴 ,

Fig. 1. (a) Dependence of the efficiency of XPW generation on
crystal rotation and (b) dependence of induced nonlinear polarization on crystal rotation for two intensity levels, ⌽ ⬘ ⫽ 0.4 and
⌽ ⬘ ⫽ 4, and two values of anisotropy,  ⫽ 1 and  ⫽ ⫺1. Each
dashed line represents an angle for which the input polarization
coincides with the indicated crystallographic axis.

(3)

where ⌽ ⬘ ⫽ ␥ 储⬘ A 0 L is the nonlinear phase shift accumulated by wave A. Because it is a dimensionless quantity,
⌽⬘ will be used as a normalized intensity factor. For convenience we also introduce
2

⌽ ⬙ ⫽ ␥ 储⬙ A 0 2 L,

D⫽

␥⬜

冋

册

 sin共 4 ␤ 兲
1
⫽⫺
.
␥储
4 1 ⫺ 共  /2兲 sin2 共 2 ␤ 兲
(4)

For purely real cubic nonlinearity and arbitrary input
power,

⫽4

冉 冊
␥⬜⬘
␥ 储⬘

2

sin2 共 ␥ 储⬘ A 0 2 L/2兲 .

(5)

We show in Fig. 1(a) the angular dependence of  for both
high- and low-intensity excitation and opposite signs for

Fig. 2. Dependence of the efficiency of XPW generation on normalized input intensity ⌽⬘ for a nonlinear medium with predominantly real cubic nonlinearity. Angle ␤ ⫽ 22.5°.
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achievable conversion into a XPW depends only on the absolute value of anisotropy coefficient . Indeed, for normalized intensity ⌽ ⬘ ⫽  and ␤ ⫽  /8,

 max ⫽

冉 冊
2

4⫺

2

.

(7)

For a nonlinear medium that has predominantly imaginary nonlinearity ( ␥ 储⬘ Ⰶ ␥ 储⬙ ; ␥⬜⬘ Ⰶ ␥⬜⬙ ) the ratio of the
intensities of the two orthogonal components is defined by

⫽

冉 冊
␥⬜⬙
␥ 储⬙

关 1 ⫺ exp共 ⫺␥ 储⬙ A 0 2 L 兲兴 2 .

(8)

B. Induced Ellipticity and Nonlinear Polarization
Rotation
The fundamental beam going through the crystal changes
its polarization properties: It experiences nonlinear rotation and induced changes in ellipticity.
Angle ␦ 0 of the main elliptical axis position and ellipticity angle ⑀ at the output of the nonlinear medium can
be found12 with the help of the relations

1⫺

sin共 2 ⑀ 兲 ⫽ ⫺2

sin2 共 ⌽ ⬘ /2兲 ,

共 ␥⬜⬘ / ␥ 储⬘ 兲

1⫹

sin ⌽ ⬘ .

(13)

We recall that these expressions coincide, for small intensities (⌽ ⬘ Ⰶ  ), with those that were published in Ref.
10:
tan共 2 ␦ 0 兲 ⬇ ␥⬜⬘ ␥ 储⬘ A 0 4 L 2 ,

sin共 2 ⑀ 兲 ⬇ ⫺2 ␥⬜⬘ A 0 2 L.
(14)

The prime conclusion that can be deduced from Eqs. (14)
is that measuring ␦ 0 or ⑀ at a low intensity level leads to
knowledge of the sign and the magnitude of anisotropy .
Measurement at ␤ ⫽ ⫹22.5° results in

 ⫽ 4/共 1 ⫺ 2 ␦ 0 / ⑀ 2 兲 .

(15)

Furthermore, Eqs. (14) demonstrate that the nonlinear
polarization rotation is proportional to the square of the
(3)
(3)
cubic nonlinearity of the medium 兵 Re关xxxx
兴Re关xxxx
兴其.
This is a direct indication that this nonlinear polarization
rotation is a result of two interlinked  ( 3 ) processes that
are frequently called third-order cascaded process.13–17
The two third-order interlinked processes are those described by Eqs. (1), namely, self-phase modulation of the
input wave and the generation of a XPW wave by fourwave mixing.
In the high-intensity regime (⌽ ⬘
⬎ 1) the rotational patterns (␤ dependences) change
drastically. Several examples of rotational patterns for
predominantly real  ( 3 ) media are shown in Fig. 1(b).
For nonlinear media that have predominantly imaginary nonlinearities ( ␥ 储⬘ Ⰶ ␥ 储⬙ ; ␥⬜⬘ Ⰶ ␥⬜⬙ ) the input linearly polarized wave does not lead to any ellipticity
关 sin(2⑀) ⫽ 0兴, and the induced rotation becomes
tan共 2 ␦ 0 兲 ⫽ 2

冉 冊

␥⬜⬙ 关 1 ⫺ exp共 ⫺␥ 储⬙ A 0 2 L 兲兴
␥ 储⬙

1⫺

.

(16)

tan共 2 ␦ 0 兲 ⫽ 2 Re共 ⌫ 兲 / 共 1 ⫺ 兩 ⌫ 兩 2 兲 ,

(9)

At low intensity, Eq. (16) is transformed to the known
expression3

sin共 2 ⑀ 兲 ⫽ 2 Im共 ⌫ 兲 / 共 1 ⫹ 兩 ⌫ 兩 2 兲 ,

(10)

tan共 2 ␦ 0 兲 ⫽ 2 ␥⬜⬙ A 0 2 L.

where ⌫ ⫽ B/A is the ratio of the complex amplitudes of
the two orthogonal components.
For the general case of complex third-order nonlinearity, solutions for the induced rotation and ellipticity are
tan共 2 ␦ 0 兲
Re共 D 兲 ⫺ 关 Re共 D 兲 cos ⌽ ⬘ ⫺ Im共 D 兲 sin ⌽ ⬘ 兴 exp共 ⫺⌽ ⬙ 兲
1⫺

,

(11)

sin共 2 ⑀ 兲
⫽2

共 ␥⬜⬘ / ␥ 储⬘ 兲

2

At low intensity levels, Eq. (8) is transformed into 
⫽ ( ␥⬜⬙ ) 2 A 0 4 L 2 . At these intensity levels the orthogonally polarized component is a direct result of the nonlinear rotation of the input wave with angle ␦ 0 ⫽ ␥⬜⬙ A 0 2 L
(see, e.g., Ref. 3), and then the ratio of the intensities of
the two polarization components will be sin2(␦0) ⬇ ␦02, exactly as given by the low-intensity limit of Eq. (8). At
high intensity (⌽ ⬙ Ⰷ 1) this ratio becomes constant; it
does not depend either on the length of the medium or on
the intensity:  ⫽ ( ␥⬜⬙ / ␥ 储⬙ ) 2 .
Huge differences between the behavior of the real and
the imaginary components of the susceptibility tensor are
in evidence. From these differences, one can conclude
that the real or imaginary part of the third-order susceptibility is responsible for the effect of XPW generation.

⫽2

tan共 2 ␦ 0 兲 ⫽ 4
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Im共 D 兲 ⫺ 关 Im共 D 兲 cos ⌽ ⬘ ⫹ Re共 D 兲 sin ⌽ ⬘ 兴 exp共 ⫺⌽ ⬙ 兲
1⫹

.

(12)

For predominantly real  ( 3 ) and arbitrary input intensity,
Eqs. (11) and (12) are transformed into

(17)

Thus, comparing Eqs. (14) and (17), we can see that the
induced polarization also strongly depends on the characteristics of the nonlinearity: the dependence is quadratic
for pure real  ( 3 ) and linear when the rotation is due to
the imaginary part of  ( 3 ) .

3. EXPERIMENT
The experiment was performed with a single beam that
propagates along the z axes of [001]-cut yttrium vanadate
(YVO4 ; 4/mmm point group symmetry) and barium fluoride (BaF2 ; m3m point group symmetry). The z axes of
these two crystals have fourfold symmetry, and they have
no linear optical activity. Two samples of BaF2 were
available from different producers. The length of each
sample was 0.9 mm. The setup consisted of a collidingpulse mode-locked dye laser (maximum energy, 60 J; duration, 100 fs; frequency, 10 Hz; wavelength, 620 nm), an
input polarizer, and an output analyzer. The laser beam
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was focused onto the sample with a 50-cm focal-length
lens. The signals from two photodiodes that measure input and output energies were connected to a computer for
signal averaging and processing. We performed measurements of the signal coming out from the sample sandwiched between the polarizer and the analyzer as a function of ␤, the angle of the input polarization plane with
respect to the [100] axis of the crystal. For exactly
crossed polarizer and analyzer (setup I), the signal measures the dependence of the XPW-generation efficiency on
␤.18 To study the output polarization state (induced ellipticity and nonlinear polarization rotation) we performed extinction curve measurements by introducing
small angular deviations ␦ from the exact crossed position
between the two polarizers (setup II). The two-photon
absorption and its anisotropy were estimated by measurement of the sample transmission for the same ensemble of
␤ values.
The results of the measurements of the efficiency of
XPW generation by use of setup I at different levels of input intensity are shown in Fig. 3. Maxima of the efficiency for low input energy when ␥ 储⬘ A 0 2 L Ⰶ 1 [Fig. 3(a)]
appear at angular positions 22.5° ⫹ j(  /4) ( j an integer),
consistent with Ref. 5 and the theory described above.
For high input energy the angular distance between two
neighboring maxima is smaller or bigger than 45°, depending on the orientation of the sample. As can be seen
from Fig. 3, the two neighboring maxima close to the
[010] axis appear at an angular distance smaller than 45°
for BaF2 [Fig. 3(c)], whereas for YVO4 this distance is bigger than 45° [Fig. 3(b)]. From this fact we conclude that
values of anisotropy  of the  ( 3 ) tensor for the two crystals investigated are opposite in sign.
Using setup I, we also measured efficiency as a function
of input pulse energy of XPW generation for the two
samples. At fixed energy the XPW signal from the YVO4
sample was more than an order of magnitude stronger
than the signal from BaF2 . As can be seen from Fig. 4,
the dependence of efficiency on the energy of the input
pulse clearly follows a quadratic slope as predicted by the
theoretical analysis presented in Section 2 [Eq. (5)]. At
the highest energy levels, saturation is observed; it is connected with the periodical character of the energy exchange between the two orthogonal components. The
different slopes in the initial parts of the curves are a consequence of linear depolarization that most probably is
due to residual stress5 and to intrinsic birefringence.19
As can be seen from Fig. 4, two different samples produce
a big difference in linear depolarization that we can explain as being due to the different levels of residual
stress.
The highest recorded energy exchange between the two
orthogonal components exceeds 10% and according to our
knowledge is the highest efficiency achieved with singlebeam nonresonant  ( 3 ) interaction in a single centrosymmetric medium.
The reason for the good XPWgeneration efficiency is that it is characterized by an
automatically perfect and simultaneous phase- and
group-velocity match along the z axis. The closest result
to our measurements is reported in Ref. 20, where 8%
XPW generation was measured in ZnSe. At the same
time we have to note that recently several experimental
papers reported single quadratic crystal third-harmonic
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Fig. 3. Experimentally measured evolution of the signal,
through crossed polarizer and analyzer, as a function of a sample’s rotation about its [001] axis for two levels of intensity.
Dashed lines, as in Fig. 1, correspond to input polarization parallel to the [100], [110], or [010] axis. Solid curves in (a) and (c)
were plotted with theoretical formulas obtained in Subsection
2.A. The dotted curve in (b) is a guide for the eye. (a) YVO4 ,
⌽ ⬘ Ⰶ 1 (W in ⫽ 0.7  J); (b) YVO4 , ⌽ ⬘ ⬎ 1 (W in ⫽ 11.5  J); (c)
BaF2 , ⌽ ⬘ ⬎ 1 (W in ⫽ 39  J).

generation in which the efficiency of third-harmonic generation is greater than 20%.21–23 In the last case, however, the process is based on cascaded effective cubic nonlinearity proportional to the product 关  ( 2 )  ( 2 ) 兴 (for a
review of these papers, Ref. 24).
(3)
To estimate the  xxxx
component from YVO4 we used
the following relation, deduced from Eq. (6), that is suitable for measurement of relative susceptibility at power
levels far from saturation:

3兲
 共xxxx
共 YVO4 兲 ⫽

n YVO4
n BaF2

冑

 YVO4 L BaF2  BaF2
 BaF2 L YVO4  YVO4

3兲
 共xxxx
共 BaF2 兲 .

(18)

Minkovski et al.

Using the average value of several measurements,
3)
 YVO4 /  BaF2 ⫽ 26 ⫾ 10%, we obtained  (xxxx
(YVO4 )
(3)
⫽ (8.2 ⫾ 2.1)  xxxx (BaF2 ). With the help of published
(3)
(3)
data for  xxxx
(BaF2 ) the absolute value of  xxxx
(YVO4 )
can be calculated. For example, taking the data pub3)
lished in Ref. 25,  (xxxx
(BaF2 ) ⫽ 1.59 ⫻ 10⫺22 m2 /V2 , we
(3)
obtained the value  xxxx (YVO4 ) ⫽ ⫹13.0 ⫻ 10⫺22 m2 /V2 .
The plus was found from the z-scan test. The badly defined spatial distribution quality of the beam did not allow us to perform absolute measurements.
By recording the extinction curves with setup II (as we
described in Ref. 10) we were able to obtain the ␤ and
power dependences for the nonlinear rotation and the induced ellipticity. In Fig. 5 the dependence of ␤ on rotation measured with both samples at energy levels below
the region where saturation begins is shown. It can be
clearly seen from Fig. 5 that the angular position of the
extremum of the nonlinear rotation does not coincide with
the angular position of the maximum of the XPW generation at the same power levels [see, for comparison, Fig.
3(a)]. Moreover, from the fit with the theoretical model
for ␦ 0 the magnitude and the sign of the anisotropy  can
be estimated; by way of illustration, the two experimental
curves in Fig. 5 are compared with the theoretical predictions calculated according Eq. (14) with  ⫽ ⫺1.2 for the
BaF2 sample and with  ⫽ ⫹1 for YVO4 . Similar values
were deduced from the dependence on power of the nonlinear rotation and induced ellipticity. The variations of
the measured nonlinear polarization rotation and induced
ellipticity with increasing input laser energy for the YVO4
sample are shown in Fig. 6. From the initial nonsaturated parts of the curves in Fig. 6 and from the same dependences for the BaF2 sample and using Eq. (15), we obtained  ⫽ ⫹1.0 ⫾ 10% for YVO4 and  ⫽ ⫺1.15
⫾ 10% for BaF2 . These values are in excellent agreement with the values obtained from Fig. 5; also, the value
for BaF2 is in good agreement with the published value,
 ⫽ ⫺1.08 ⫾ 0.10.25
We have described a new, simple single-beam method
for measuring anisotropy  of the  ( 3 ) tensor in cubic and
tetragonal crystals, a procedure that can be used as an alternative to the known z-scan scheme.26 The positive

Fig. 4. Variation of the efficiency of XPW generation measured
at ␤ ⫽ 22.5° as a function of input laser energy. Solid curves
are quadratic fits.
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Fig. 5. Experimentally measured nonlinear polarization rotation as a function of a sample’s rotation about its [001] axis for
⌽ ⬘ ⭐ 1 for YVO4 (W in ⫽ 4  J) and BaF2 (W in ⫽ 15  J). The
dashed lines have the same meaning as in Figs. 1 and 3. Solid
curves were plotted with theoretical formulas obtained in Subsection 2.A by use of  ⫽ ⫺1.2 for the BaF2 curve and  ⫽ 1 for
the YVO4 curve.

Fig. 6. Variation of the measured nonlinear polarization rotation and induced ellipticity as a function of input laser energy as
obtained with the YVO4 sample. ␤ ⫽ 22.5°. Solid curves are
quadratic and linear fits.

value for  in YVO4 is close to the value that has been
measured for CdTe and GaAs at wavelengths that correspond to fundamental photon energy above half of the
bandgap,27 where a resonance change of the sign of  is
expected. We calculated that our fundamental wavelength (620 nm) corresponds to ប  /E g ⬇ 0.64 for YVO4
and to ប  /E g ⬇ 0.22 for BaF2 .
The fact that nonlinear rotation ␦ 0 in the initial part of
Fig. 6 shows a quadratic dependence on input intensity
demonstrates that the effect of nonlinear rotation is due
to the real part of  ( 3 ) , in accordance with Eqs. (14). If
the nonlinear rotation were due to the imaginary part of
 ( 3 ) , then the dependence of the nonlinear rotation on intensity would be linear, as one can see from Eq. (17). Independently, the separate measurement of the anisotropy
of Im关(3)兴 at W in ⫽ 2  J (Ref. 10) ensures that the nonlinear rotation that is due to the imaginary part of  ( 3 ) is
an order of magnitude less, a fact that confirms that the
main contributor to the observed nonlinear rotation and
XPW generation is Re关(3)兴. Finally, we point out that
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nonlinear rotations exceeding 8° (as illustrated in Fig. 6)
have been measured in an YVO4 sample.

4. CONCLUSIONS
We have reported in detail our theoretical and experimental investigation of the nonlinear optical self-interaction
effects that occur when an intense laser light wave propagates along the fourfold axes of centrosymmetric crystals.
YVO4 and other cubic and tetragonal crystals are used as
host crystals for active elements for solid-state lasers.28
BaF2 is one of the best materials for UV optics systems.
Knowledge of the effects described above is therefore important for avoiding unwanted depolarization in optical
elements made from these materials. Knowledge of the
third-order nonlinearity in these crystals is also essential
for prediction of potential Kerr-lens mode locking or for
avoiding unwanted phase modulation effects.
The
polarization-sensitive effects that we describe can facilitate measuring the magnitude and the sign of the cubic
nonlinearity tensor’s components and its anisotropy in
crystals. The attractive aspect of the proposed  ( 3 ) measurement method lies in the fact that it is a single-beam
technique, with pumping and recording at the same
wavelength.
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