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We report ferroelectric domain inversion in strontium barium niobate (SBN) single crystals by

irradiating the surface locally with a strongly focused ultraviolet (UV) laser beam. The generated

domains are investigated using piezoresponse force microscopy. We propose a simple model that

allows predicting the domain width as a function of the irradiation intensity, which indeed applies

for both SBN and LiNbO3. Evidently, though fundamentally different, the domain structure of both

SBN and LiNbO3 can be engineered through similar UV irradiation. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4823702]

Ferroelectric crystals are widely used for nonlinear opti-

cal applications, such as frequency conversion employing

quasi-phase matching, which requires periodic poling of the

crystal. Strontium barium niobate (SrxBa1�xNb2O6, SBN) has

become an encouraging material for optical applications,1–3

due to its excellent electro-optic,4 acousto-optic,5 and

nonlinear-optical properties.6 Accordingly, domain engineer-

ing in SBN is an active field of research.

It has already been shown in the 1970s that temperature

gradients can be used to determine the spontaneous polariza-

tion in lithium niobate (LiNbO3).7,8 Very recently, domain

patterns were controllably generated on all crystal faces of

LiNbO3 by scanning a strongly focused, highly absorbed

ultraviolet (UV) laser beam across the surface.9,10 The pro-

posed domain inversion mechanism of this technique by

Steigerwald et al.10 is also based on temperature gradients

and reads as follows: UV laser light induces a high tempera-

ture, localized at the crystal’s surface, due to the strong

absorption of UV light. The resulting temperature gradient

can reach values as large as >200 K/lm. This strong temper-

ature gradient induces an electric field of thermoelectric ori-

gin. The induced electric field can exceed the coercive field

of the crystal, thus defining (and thus possibly also inverting)

the direction of spontaneous polarization. The advantage of

this domain engineering method is not only the independ-

ence of the domain patterns on the crystallographically pre-

ferred directions, but it can also be applied in situations

where electric field poling cannot be used as, for instance,

when processing x-cut LiNbO3 crystals.10

Thus far, the technique of UV laser-induced domain for-

mation has only been reported for LiNbO3. In principle,

however, it should be equally applicable to any ferroelectric

crystal. In this contribution, we show that ferroelectric do-

main inversion by focused UV laser light can also be used

for materials other than LiNbO3, namely, the relaxor ferro-

electric SBN.

UV laser-induced domain formation owing to the ther-

moelectric effect was shown for the non-polar faces of

LiNbO3.10 However, in this contribution, c-cut SBN crystals

are utilized. This requires the transformation of the above-

mentioned process to the polar faces as it is illustrated quali-

tatively in Fig. 1. In (a), the temperature profile along the

polar c-axis is shown, and in (b), the resulting temperature

gradient is depicted. The electric field, which is induced by

the temperature gradient (E ¼ Q33dT=dc), is shown in (c).

Figs. 1(a)–1(c) illustrate the thermoelectric behavior on the

þc face, and (d) to (f) on the –c face. As it can be seen from

Fig. 1, domain inversion by the thermoelectric effect is basi-

cally only possible on the –c face of the crystal (which is in

accordance with the findings from Muir et al.12 on LiNbO3).

If the UV-induced temperature is below the Curie tempera-

ture (Fig. 1(f)), it is the interplay of the strength of the ther-

moelectric field and the coercive field, which defines the

depth and width of the generated domain. If the UV-induced

temperature is above the Curie temperature, there is by defini-

tion no coercive field, and the thermoelectric field possibly

generates tail-to-tail domains. This is especially interesting

for SBN, which has a Curie temperature of TC¼ 343 K only.1

Taking the mechanism explained above, we propose the

following model to predict the domain width as a function of

UV irradiation intensity: The temperature profile, which is

induced on the crystal surface (along the x- and y-axis) by

the focused UV laser beam, follows approximately a

Gaussian function,11 resulting in a temperature gradient pro-

file, which also follows the same function. For obtaining the

domain width as a function of the UV laser light intensity,

we assume that the intensity, and therefore the induced tem-

perature gradient, must exceed a certain threshold before do-

main inversion is achieved (as it has also been observed on

LiNbO3 by Muir et al.12). The exact value of the intensity

threshold depends on several material parameters (listed in

Table I), which govern the domain inversion process.10

To support the threshold assumption an illustration is

given in Fig. 2, where (a), (b), and (c) are Gaussian functionsa)Electronic mail: s3363819@student.rmit.edu.au
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each with a maxima of �1.0, �0.7, and �0.4 arbitrary units.

The horizontal lines illustrate assumed temperature gradient

thresholds of LiNbO3 and SBN, respectively. Consequently

the intersections of the curves (a), (b), and (c) with these

thresholds would define the width of the inverted domains

for the corresponding crystal. Given a typical Gaussian func-

tion f ¼ I expð�d2=2g2Þ, if this is solved for d, then the de-

pendence of the domain width d from the temperature

gradient, respectively, the UV laser light intensity I can be

expressed as

d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�2g2 lnðf=IÞ

p
; (1)

where g determines the width of the Gaussian function and

f determines the threshold.

For our experimental investigations, a 1-mm-thick, c-cut

crystal of congruent SBN (Sr0.61Ba0.39Nb2O6) from “Oxide

Corporation” was investigated. A frequency-doubled argon

ion laser provided continuous wave UV light with a wave-

length of 244 nm. The UV laser light was focused onto the

surface of the crystals by a lens with a focal length of

40 mm. The focal width of the beam was approximately

7 lm. A three-axis computer-controlled translation stage was

used for scanning the sample, tracking with a velocity of

0.1 mm/s. The writing intensity was varied from 1.5� 105 to

3.6� 105 W/cm2. The written domain patterns were investi-

gated by piezoresponse force microscopy (PFM).13

For comparison, we also investigated a 0.5-mm-thick

c-cut crystal of congruent LiNbO3 from “Crystal

Technology.” The domain patterns on this crystal were

investigated both by PFM and by HF etching.

The experimental results for SBN are presented in

Fig. 3, where (a) and (b) show PFM images of the domains

written on the �c face of the crystal with different writing

intensities. The three bright stripes seen in the two PFM

images correspond to the inverted UV-written domains. The

writing intensities were I¼ 2.9� 105 and 2.3� 105 W/cm2,

which resulted in domain widths of approximately

17.2 6 0.5 and 13.7 6 0.7 lm, for (a) and (b), respectively.

The given domain widths are the average of the width of

three UV-written domain tracks. The result of UV laser irra-

diation (I¼ 2.3� 105 W/cm2) on the þc face of the SBN

crystal is shown in Fig. 3(c). The dark circular patterns are

�c oriented areas, which were present in some areas of the

FIG. 1. Illustration of the induced ther-

moelectric field (all axes in arbitrary

units). (a) The temperature profile

along the polar c-axis, resulting in a

temperature gradient, which is shown

in (b). (c) The electric field, which is

induced due to the temperature gradi-

ent. (a)–(c) The thermoelectric behav-

ior on the þc face, whereas (d)–(f)

show this on the �c face.

TABLE I. Comparison between the coefficients, which influence the UV direct domain writing technique for SBN and LiNbO3. Unfortunately, the thermoelec-

tric power value Q33 along the c-axis, which generates an electric field in the crystal due to the temperature gradient, could not be found in the literature for

congruent SBN.

LiNbO3 SBN

Absorption a (at 244 nm) 3� 107 1/m (Ref. 15) 4.8� 107 1/m (Ref. 16)

Reflectivity R (at 244 nm) 0.27 (Ref. 15) 0.27 (Ref. 16)

Thermal diffusivity D 14� 10�3 cm2/s (Ref. 19) 6.8� 10�3 cm2/s (Ref. 20)

Coercive field Ec 21 kV/mm 1.3 kV/mm (Ref. 1)

Curie temperature TC 1415 K 343 K (Ref. 1)

Melting temperature Tm 1530 K 1765 K (Ref. 21)

Thermoelectric power Q33 (at TC) 0.8 mV/K (Ref. 8) …
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crystal before the UV irradiating process and is shown in

Fig. 4. Indeed, it can be seen that the UV-written tracks

invert only the �c oriented areas, whereas the þc oriented

areas do not change their polarization. The depth resolution

of the PFM in LiNbO3 is �1.7 lm;14 based on this, we esti-

mate the depth of the UV written domains in SBN to be

deeper than this value.

Figure 5 depicts the dependence of the domain width as

a function of the writing intensity for both SBN and LiNbO3.

The graph furthermore shows that domains in SBN can be

inverted by lower laser intensities compared to LiNbO3 and

finally that the domains in SBN are, in general, wider than

those in LiNbO3. The result from our simple model (Eq. (1))

is also plotted in Fig. 5, whereby the parameters g and f were

chosen to best fit the experimental data. Evidently, our model

describes the experimental results well (R2 is 0.998 and

0.983 for fitted functions of SBN and LiNbO3, respectively).

From the graphs, one can now read the threshold for achiev-

ing domain inversion, which is given by the intersection

of the fitting function with the x-axis, which is 1.47

� 105 W/cm2 for SBN and 2.53� 105 W/cm2 for LiNbO3.

The fact that for both crystals, SBN and LiNbO3, direct

writing of domains is only possible on the �c face of the

crystal,9,12 and that the same model can be utilized to fit the

experimental data, suggests that the physical mechanism

used to explain domain generation in LiNbO3 (Ref. 10) is

also applicable to SBN. This is on the one hand surprising,

as the material parameters, which govern UV-induced direct

writing of domains, differ substantially for SBN and for

LiNbO3 (Table I). On the other hand, their difference can

help to explain the different behavior of the two crystals

regarding UV laser-induced direct writing of domains. The

reflectivity R of the two crystals being identical, the same

FIG. 2. Illustration of the assumed threshold behavior. (a)–(c) are Gaussian

functions with maxima of �1.0, �0.7, and �0.4, respectively. The horizon-

tal lines illustrate the temperature gradient thresholds of LiNbO3 and SBN.

The intersections of (a), (b), and (c) with the thresholds would then define

the width of the inverted domain for the corresponding crystal.

FIG. 3. PFM pictures of UV-written tracks on the SBN crystal. (a) and (b)

show domain inverted areas (three bright stripes) by UV irradiation on the

�c face with an intensity of 2.9� 105 and 2.3� 105 W/cm2, respectively.

(c) UV-written tracks (I¼ 2.3� 105 W/cm2) on the þc face, where the tracks

do not invert the crystal polarization.

FIG. 4. PFM image of the SBN crystal’s initial domain state on the �c face.

FIG. 5. Measured domain width on the SBN and LiNbO3 crystals as a func-

tion of the UV laser light intensity. Equation (1) was used for fitting the ex-

perimental measured data points.
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amount of UV laser light enters both crystals. Same than in

LiNbO3, the UV laser light entering the SBN crystal is

absorbed at the very surface (<100 nm). The twice as large

thermal diffusivity of LiNbO3, compared to SBN, leads to a

wider temperature profile in LiNbO3. The values so far sug-

gest that the written domains should be wider in LiNbO3

than in SBN. However, both the coercive field and the Curie

temperature are substantially lower for SBN when compared

to LiNbO3. These significant differences could explain why

a lower UV laser light intensity is needed to reach the thresh-

old for domain inversion in SBN. This behavior is also

reflected in Fig. 5 where domains on SBN are written at

much lower intensities compared to LiNbO3. The low-

intensity threshold for SBN together with the higher melting

temperature of SBN has a positive side-effect, namely, the

problem of UV laser-induced surface damage during direct

writing of domains, as is present in LiNbO3,12 was not

observed in SBN.

The domain inversion model by Steigerwald et al.,10

which was used to discuss the results, is mainly based on the

thermoelectric field that is induced due to the strong temper-

ature gradient. However, also other effects, which have an

impact on domain inversion, might take place during heating

and cooling of ferroelectric crystals. Especially bulk screen-

ing effects have to be considered, which are a result of the

increased conductivity and the pyroelectric effect.17,18 Also,

the diffuse phase transition and the formation of domain

structures in relaxors (SBN) are quite different from normal

ferroelectric crystals (LiNbO3), which can further influence

the domain inversion process. Full understanding of the do-

main inversion process by UV laser direct writing not only

in SBN, but also in LiNbO3, does certainly require further

investigations. For practical applications, however, the pro-

posed model allows to predict the generated domain width

based on the UV-laser intensity.

In summary, we have experimentally demonstrated that

the UV direct domain writing technique works not only on

lithium niobate, but also on strontium barium niobate.

Furthermore, we have gained deeper insight into the UV do-

main writing process by a better understanding of the crucial

role the thermoelectric effect, the Curie temperature, and co-

ercive field strength of the ferroelectric material plays. These

results suggest that the UV domain writing technique can

also be applied for other ferroelectric crystals.
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