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Domain rearrangement in ferroelectric Bi  4Tiz;O4, thin films studied
by in situ optical second harmonic generation
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Electric-field induced rearrangement of domain microstructure in an epitaxial thin film, o8i,

on a SrTiQ (001) substrate is studied by optical second harmonic generation measurements. The
input polarization dependence of the second harmonic signal exhibits spatial symmetries that reflect
the presence of eight different domain variants present in the film. Changes in these symmetries with
the application of electric field are experimentally studied at 23°C and 60 °C, and theoretically
modeled to extract the hysteresis loops that reflect quantitative changes in the fraction of domain
variants. A strong correlation is observed between the dc electrical conductndestinct from
transient currenjsand the ferroelectric domain state of the film, which is proposed to arise from the
creation and destruction of charged domain walls within the film with applied field.20@1
American Institute of Physics[DOI: 10.1063/1.1402673

I. INTRODUCTION along its diagonal ofa”\/2, with the lattice parameters

- , , , =5.4500 A andb=5.4059 A of the monoclinic BiTizO;,.
Ferroelectric bismuth titanate, Bi;O,,, which belongs . 312
1 DISmU 1 B0, whi 95 (The other lattice parameters am=32.832 A, and 3

to the Aurivillius phases, is of interest in nonvolatile memor !
P y—90.00").6 The lattice planesb—c, c—a, and a-b of

due to excellent fatigue resistance during repeated polariza-.”_". )
tion reversals with electric fieli? The spontaneous polariza- 54113012 are, respectively, denoted &0, (010), and the

tion in a monoclinic unit of B{Ti;O;, has components along (001} plan.es.' As rgported before, 'thg epitaxial orientational
both thea and ¢ crystallographic directions, whera—c  'elationship is SrTig(001) 110]//Bi,Tis01,(001)100]. In

forms the glide plan€010). Botha andc components of the thi_s configu_ra'Fion, there are eight pos_sible _dom_ain configu-
polarization can be independently reversed, thus resulting ifftions of BiTisO, as shown schematically in Fig. 1. Each
four different classes of domain walls and 18 wall ©f the possible domains has a monoclinic unit cell, which
configurations All these configurations are not readily dis- deviates only slightly from the orthorh?mb|c unit cell. The
tinguishable in a thin film by conventional x-ray diffraction Polarization axis forms an angle of4.5° from the crystal-

or transmission electron microscopy. In a recent article, wd2graphica axis in thea—c (010 plane. _
showed how probing the second harmonic generaSHG) Figure 2 shows the various domain walls that can arise
response of a BTi;O;, film with a complex domain micro- from a combination of these domain variants. In particular,

structure can provide many of these domain distinctions in 4€ferring to the pseudo-orthorhombic planes ofTBO,
quantitative mannét. four main types of domain walls can exist) Nearly 90°

In this work, we use our previously reported experimen-domain walls along th€110) planes«(Il) Domain walls sepa-
tal technique and theoretical framework of SHG probing offating variants with opposita component of polarization.
Bi,TizOy, films,* to study the domain rearrangement process! hese walls are glther neutrd@l01) _planes.or chargeleO) .
under an external electric field in these films. These studieBlanes.(lll) Domain walls separating variants with opposite
allow a direct, quantitative probing of the variation of differ- ¢ Component of polarization. These walls are either neutral
ent domain fractions as a function of applied electric field.(100 planes or charged001) planes.(IV) 180° domain
Correlation of the variation in domain statistics with the elec-Walls parallel to the(010 planes and separating domains
trical currents through the film shows that the domain stat&vith opposite sense of bothandc components of polariza-

strongly influences the dc conductance in the material. tion. Transmission electron microscopy reveals a network of
near 90° domain walls with the average lateral size of such

domains~100-200 nnf.

Based on the above discussion, we define four classes of

The Bi,TizOq; thin film studied here was grown on a domain variantsX+, X—, Y+, and Y— according to
SrTiO; (001) substrate using molecular beam epitaxy as prewhether thea component of polarization points in the SrgiO
viously reported in detafl® The lattice parameters of the [110], [110], [110], or[110] directions, or alternatively+ x,
cubic SrTiQ (001) substratea’=3.9050 A closely match —x, +y, —y) directions in Fig. 1, respectively. In the fol-
lowing sections, we describe how changes in the domain
dAuthor to whom correspondence should be addressed; electronic maiptatistics ofX+, X—, Y+, andY— domains can be distin-
vgopalan@psu.edu guished by SHG measurements.

Il. FILM EPITAXY AND DOMAIN MICROSTRUCTURE

0021-8979/2001/90(7)/3497/7/$18.00 3497 © 2001 American Institute of Physics
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FIG. 1. A schematic description of the eight possible domain configurations ) o )
of the Bi,TisOy, thin film on a SrTiQ(100) substrate. Each of the possible FIG. 3. Aschematic description of the experimental setup. The fundamental

domains has a monoclinic unit cell, with lattice parametets5.4500 A and ~ beéam from a YAG source is incident normally on the sample. A half-wave
b=5.4059 A,c=32.832 A, ang3=90.00°, which slightly deviates from the plate controls the polarization of the fundamental light, at 1064 nm, at the
orthorhombic unit cell. The polarization axis forms an angle-@f5° from  iNPut. Afocusing lens is used to reduce the beam size on the sample. 2o

the crystallographia axis in thea—c plane as shown by wide arrows. Both MM in diameter. The SHG light is filtered from the main beam and its
the tilt angle 8 and the angle of polarization from treaxis are shown Polarization is analyzed using a polarizer. The PMT detects the SHG inten-
exaggerated in the schematic. sity at the measurgd polarization. The sample is situated |r!S|de a temperature
controlled stage with electrodes attach to it to allow for a bias voltage across
the sample. A boxcar integrator is used for measuring the PMT signal, and

. the averaged signal is read by a computer via an A/D card.
. In situ SECOND HARMONIC GENERATION OF

ELECTRIC FIELD POLING OF Bi 4Ti;O4, FILMS
A. Experimental Procedure An external electric field is applied on the sample using two
A schematic description of the experimental setup ishigh temperature resistant springlike electrodes, attached to
shown in Fig. 3. The fundamental beam from a 10 Hzthe hot stage, which also hold the sample in its place. The
Q-switched Nd:YAG lasefA=1064 nn) is passed through a sample arrangement is shown schematically in Fig. 4. Four
series of beam splitters to cut its intensity to approximatelygold electrodes are sputtered on the sample with a gagBof
10 mW. The beam is then propagated through a polarizer, mm between pairs of adjacent electrodes to assure enough
half wave plate, focusing ler($=500 mm) and a long-wave clearance for the beam. The beam is pointed to the center of
pass filter to absorb any residual second harmonic light. Théhe gap between two of the electrodes and the spring-loaded
half wave plate is situated on a computer controlled rotating:lectrodes are attached to the plated electrodes. The output
stepper motor to allow the continuous change of the polarbeam is passed through a short-wave pass filter to absorb the
ization at the input. The sample is placed 50 mm in front offundamental light at 1064 nm and the second harmonic sig-
the focal point of the focusing lens, where the beam diametefial at 532 nm is analyzed with a polarizer aligned either
is approximately 1.2 mm, and the energy density is below thellong thex axis (SrTiO; [110]) or y axis (SrTiQ [110]). The
damage threshold. The sample is situated on a small heatingam is then propagated to the photomultiplier tGBMT)
stage inside a water-cooled chamber and it is held with thend its intensity is lowered using neutral density filters if
thin film at the exit side of the fundamental beam. The hotheeded. The signal from the PMT is fed to a gated integrator
stage was capable of reaching temperatures as high as
700 °C, with long-term stability better than 1°C over 10 h.
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FIG. 2. A schematic illustration of four different types of domain walls
possible in the BiTizO;, thin film. (I) Nearly 90° domain walls along the
(110 plane.(Il) Domain walls separating variants with oppositeompo-
nent of polarization. These walls are either neut@l) (a—b) planes or
charged(100 (b—c) planes.(lll) Domain walls separating variants with FIG. 4. A schematic configuration of the thin film sample. The sample is
oppositec component of polarization. These walls are either neyfr@0) divided into four measurable areas by sputtering the four gold electrodes on
(b—c) planes or charged01) (a—b) planes.(IV) 180° domain walls par-  top of the film. The light is incident at the center of the gap between two of
allel to the(010 (a—c) planes and separating domains with opposite sensethe electrodes with its polarization changing by 360° for each measurement,
of botha andc components of polarization. The arrows denote the directionas described by the dashed arrow. A bias voltage is applied across the film
of polarization within each domain. with the field direction along the-y axis defined in Fig. 1.
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and a boxcar averager. The averaged output is read to tH@BLE I. Nonlinear polarization for the four variants shown schematically
computer via an analog to digitéh/D) converter. in Fig. 1.

Once the sample is heated and stabilized at the desireg, i, P, (analyzerix)
temperature, a measurement with no voltage across the

P, (analyzerly)

. . . )} 1 1
gample is taken. The measurement starts with the .Ilght polar-y , (dyy Sir? 6-+dy, O O)(EY)? dyssin 20EV)?
ization parallel to the Bili;O;, thin film [010] and with the V2 “ V2 v
analyzer either parallel or perpendicular to that direction. X~ —Px —Py

. . . . . - 1 1
(The SITIG sub;trate is cubic, and it was conflrmeql that it v, g sin 20(E? — (dyy €02 B+, Sir? B)(E®Y
does not result in any second harmonic responBee inci- 2 2
dent polarization is changed by rotating the half-wave plate, Y- —Py" -Py"

while keeping the analyzer fixed. The measurement is made
once with the analyzer along thxeaxis and once along the

axis labeled in Fig. 1. These measurements provide informa-

tion on the specific distribution of domains in the areagyency of 2v, with intensityl 22« P2¢. (P2¢)*  where the*
probed. In general, a different area on the film gives slightlysyperscript represents the complex conjugate of the nonlinear
different polar plots. However, all these plots can be anapgarization. This intensity is given by

lyzed within the same theoretical framework given in our

previous work! The same procedure is now repeated with a  1;“=Ky (Sin? 6+K,; cog 6)>+Kg; sir? 20

voltage applied across the sample. n K4,j(sinz 0+ Ky, coZ 6)sin 26, e

_ wherej=x ory denotes the polarization direction, aKg;

B. Theoretical model are the phenomenological fitting parameters. Using Table |,

In the following we give a brief description of the theo- W€ can show the fpllowing r.e.lations between these param-
retical model. For a detailed description, see Ref. 4. In orde@ters and the physical quantities:
to describe the expected SHG intensity from the thin film
122 the net polarization at the second harmonic frequency d—12=K2,x=(szy)‘l, 2
P2¢ should be calculated along a global coordinate system
(x,y,2) of the substratéshown in the schematic of Fig).2 o) # Kax Kay

We assume the fundamental wave is a plane wave propa- d_) = (m) (K_) ) ©)
gating along thez direction and incident normal to the film. 12 b hax Ly

This assumption has been found to be quite gbdde to the e\ ? Ksy Kax

fact that the incident Gaussian beam is very weakly focused (d_n) = (W) (K_lx> 4
(beam divergence-0.01 rad, and the sample is placed close ' ' ’

to the focal point where the beam incident on the sample is (Kgy)? (Kgy)?

large (1.2 mm diameter The film thickness studied here is cosI'= 4K1><K3x: 4K, Ks,' ®)
t~0.1 um. This is smaller than the coherence lenggth ' o

—\/2(n2°—n®) for phase matched SHG in the film, which &nd

for a-axis polarized fundamental light at 1064 nm, lis AA N4 Kay Kix

~3.36 um, while for b-polarized light,|;~2.89 um. Bulk (AAy _<Kl,y(K2,y)2) ( Ks,x)' (6)

index dispersion relations of Bii;O,, crystals were used to
estimate the coherence length$he incident electric field Here,d;; are the nonlinear coefficients of BizO,,, andI' is

E“ has a polarization rotating in the-y plane, forming an a phase shift defined d§=2wlc(n§“’—n§“’)-t, whereny
angle ¢ with they axis. The incident electric fields along andn, are the refractive indices of Bii;O;, at the SHG
andy axes areE{=E“sin¢ and Ey=E® cos6. During the  frequency, along the crystallograpHicand a axes, respec-
measurement the output analyzer is fixed either alongcthe tively, andt is the film thickness. The net thickness fractions
or y axis. For normal incidence, as in our cagg=0 and AA, andAA, represent local microstructural information as
therefore contributions to the SHG field are only duel1, defined below. LeA* represent the total area fraction of the
d,,, andd,g. Following the theoretical derivation outlined probed film area composed &f+ and X— domains. Con-

in Ref. 7, the nonlinear polarizations created in the foursider light passing through the film thickness in an até.
classes of domain variants can be calculated as a function &eferring to the domain microstructure in,Bi;O,, (see Fig.

E® and 6 as shown in Table I. Note that the nonlinear polar-2), theX+ and anX— domain variants are separated by type
izations of the domain varian+ andX— are identical in 1l domain walls which are either neutr&ad01) planes or
magnitude, but differ by a minus sign indicating a phasecharged(100 planes, where the plane indices refer to the
difference ofz or 180°. The same is true for nonlinear po- pseudo-orthorhombic unit cell of Bii;O;,. The a—b do-
larizations of domain variant¥+ and Y~. The relative main walls will run parallel to the growth surface (SrgiO
phase shift ofr between two domain variants results in a net(001)), and therefore give rise to domain patterns in the
destructive interference of the second harmonic fields sinceross-sectional thickness of the film as well. The light there-
the film thickness if much smaller than coherence lengthfore passes through thickness fraction’t* of the X+ do-
These nonlinear polarizatio®® now radiate light at a fre- main andt*~ of the X— domain, making the net nonlinear
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FIG. 5. Polar plots of the SHG intensity® (A\=532 nn) as a function of
input polarization angle#d (\=1064 nn) for the output polarization of the
SHG light along(a) Bi,TizOq, [010] (y axis) and (b) Bi,TizO;, [100] (X
axis). The data shown here were measured at room temperature on an

deposited BjTi;O;, film on the SrTiQ(100) substrate with no bias voltage axis). The dat'a shoyvn here were measured at room'temp(_erature on an as-
applied across the film. The experimental data are shown in circles, whild€posited BiTiz0y film on the SrTiQ(100) substrate with a bias voltage of

the solid line is a nonlinear fit obtained based on Bg.derived from the . 2 kV applied across surface electrod8smm apart, see Fig.)dith the

theoretical model presented in this article. The arrowanrepresents the field in the —y direction (see Fig. 1 The experimental data is shown in

magnitude of the SHG light and indicates the direction of polarization of ~CIrcles, while the solid line is a nonlinear fit obtained based on (ER.
the fundamental light with respect to tiyeaxis. derived from the theoretical model presented in this article. The arr@a) in

represents the magnitude of the SHG light @hihdicates the direction of
polarization of the fundamental light with respect to thaxis.

FIG. 6. Polar plots of the SHG intensity® (A=532 nm) as a function of
input polarization angled (\=1064 nm for the output polarization of the
a%HG light along(a) Bi,TizO;, [010] (y axis), and (b) Bi,TizO;, [100] (x

polarization generated by the combination of the two domain

variants proportional tot(f—tx ?(PX+)2w' Then ihe Net  temperature with no voltage applied across the sample. This
thickness fractionsAA, is defined as AA=[g(t*"  \yas the state of the first measurement on an as-deposited
—t*7)dA*. Similarly, considering th&'+ andY— domains  film with no prior electric field poling history. The dots rep-

in an aread A" of the growth plane, the net thickness fraction resent the experimental data points and the solid line is the
AA, is defined as\ A, = [4"(t"* —t"")dA". These relation- nonlinear fit to the experimental data based on (&y.From
ships reflect the net destructive interference of the seconthe fitting parameters, the material and microstructural
harmonic electric fields created B§+ (Y+) andX—(Y—) parameters were found to bed;;/d;,=—3.54=0.3,
domains due to the phase shift between the two fields. This |d,s/d;4|=0.41+0.08, >An=0.079+0.015, and AA,/
analysis therefore assumesomplete phase correlation AA,=2.25-0.06. The arrow shows the magnitude of the
which implies that the second harmonic response of all doSHG light andé is the angle measured from tlyeaxis. On
main variants is phase correlated. This assumption is justifiedpplication of an electric fiel&, at room temperature along

in our present case since the domain sizeXof and X— the *y directions, the shape of these polar plots changes.
variants are on the order of 100—200 nm in the film growthThis electric field is expected to directly change the relative
plane, which is less than the wavelength of light. domain statistics o¥ + andY— domains, and therefore the

The fitting coefficientK; ; can be determined from the quantityAA, . In addition, changes in th&+ and X— do-
experimental measurements. Equati¢@s and (3) can be mains are also possible through the movement of nearly 90°
used to determine two independent rati@b;,/dy; and  domain walls of type | shown in Fig. 2. The changes in polar
d,e/dq1. Equation(4) then provides a consistency check for plots is seen by comparing the SHG signal of Fig. 6, taken
the ratiod,g/d1,. The phase shiff’ can be determined from with —2 kV applied across the samplgeld parallel to—y
Eq. (5), which in turn can be used to determine the materialdirection, with that of Fig. 7, where an electric field af2
birefringence An=(n2“—n2“). Note that the parameters kV was applied across the sampfield parallel to+y di-
di,/dqq, dyg/dq1, andAn areintrinsic material properties, rection. Typically, application of a step voltage resulted in
and can be determineiidependeniof the domain micro- transient behavior of the second harmonic response, with a
structure, i.e., the relative fractions of the eight differentfast response on time scales of minutes, followed by a slow
types of domain variants. Equati@B) provides newmicro-  response over 1 h, when it reached a steady state. All the

structuralinformation, AA,/AA,, in the area probed. measurements of polar plots were performed at this steady
state after waiting for a fixed timefd h following the ap-
IV. RESULTS AND DISCUSSION plication of the field.

As the polar plots become more four lobed, the ratio
between the nonlinear coefficients; and K; becomes

The intensity of the second harmonic signal generated itarger. The ratio between these two fit parameters reflects the
the film was measured as a function of the input polarizationchange in the domain statistics, namely the ratig, /AA, .
and analyzed along the two optical axes of the sample. ThErom the fit parameteK,, the pure material property, the
measurements procedure is identical to the procedure reatio betweerd;; andd;, can be calculated. Measurement of
ported in Ref. 4, with the addition of the applied electric field the polar plots of the SHG signal were also performed at
across the film and changing the film temperature. Figure Slifferent values of bias voltages, starting from 0@ kV to
shows the polar plot of the SHG signal measured at room+2 kV back to 0 V. From the theoretical fitting of the polar

A. Changes in domain statistics with electric field
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FIG. 7. Polar plots of the SHG intensity® (\=532 nm) as a function of
input polarization angled (\=1064 nm for the output polarization of the
SHG light along(a) Bi,Ti;O;, [010] (y axis) and (b) Bi,TizOq, [100] (x
axis). The data shown here were measured at room temperature on an G\
deposited BjTi;O,, film on the SrTiQ(100) substrate with a bias voltage of
+2 kV applied across surface electrod8smm apart, see Fig.)4vith the
field in the +y direction (see Fig. 1 The experimental data is shown in
circles, while the solid line is a nonlinear fit obtained based on (Ej.
derived from the theoretical model presented in the article. The arrdaj in
represents the magnitude of the SHG light ghithdicates the direction of
polarization of the fundamental light with respect to thaxis.

FIG. 9. The net area fraction along theand y axes (ﬁAydll)2 and
5Ad;7)? at 60 °C as a function of the applied voltage across surface elec-
odes 3 mm apart on a Hi;O;, film on the SrTiQ(100) substrate. The
dashed line connects the experimental data points and the solid line in a
polynomial fit as a visual aid. The arrows represent the sequence of appli-
cation of bias voltage across the film. The error bars show the typical mag-
nitude of the measurement error. The domain bias data were extracted form
the theoretical analysis of the polar plot measurements such as in Figs. 6 and
7 at different voltage bias values with fields in they directions (see

Fig. 1).

plots, one can determiné;*(¢=0°) and 1;°(6=90°),

which in conjunction with a reference measurement from avaried from 0.31 to 0.43, and tHAn| varied from 0.035 to
LiTaOj, crystal allows us to calculate the absolute values 0f0.149, with no clear trend discernable with voltage for any of
(AA,d;)? and (AA,d;))?, respectively. Figure 8 shows these quantities.

these quantities as a function of applied voltage at room A similar experiment was conducted on the same film
temperature. The arrows in the figure show the time searea at 60 °C with the measurement of polar plots at applied
quence of applied voltages. The thickness fraction values alectric fields of up-tat1 kV. Figure 9 shows the changes in
voltages of+2 and—2 kV were evaluated from polar plots domain statistics at 60 °C. The arrows show the time se-
shown in Figs. 6 and 7. While there clearly appear to beguence of application of the voltage. The solid line shows a
changes in domain statistics beyond the error bar, there is ngolynomial fit as a visual aid. The results clearly show an
clear trend discernable in these plots, apart from a significarincrease in AAy)Z, with electric field poling along either
initial increase iMAA,| from 0 to—1 kV. This study was the polarities in both*y directions, suggesting a domain reori-
first set of poling experiments performed on the as-deposite@ntation process between+ and Y— domains. One also
thin film. However, as we will show below, this by no means notices in Fig. 9 that the)A,)? changes little over the same
is a unique trend, but rather depends on the history of electriglectrical field range, suggesting that the movement of nearly
field application. The ratios of nonlinear coefficients were—90° domain walls, which couplé+ andY + domain vari-
also calculated from the polar plots as a function of appliedants, is limited in the domain reorientation process.

voltage. Thed,,/d,, varied from—3.10 to—3.80,|d,g/d,| Clearly, the Y+ (Y—) domains increase in area with
electric field along thety (—y) axis. In this particular in-
stance(Fig. 9), the poling in the—y direction appears stron-
ger than in the+y direction. The minimum in the SHG

0.0025- ~0- (BAd,) . . -

o A (A Y response therefore appears to be shifted to a slightly positive
< 0.00204 A Oiilo:;ﬁf voltage of~+250 V. In the complete phase correlation as-
S ooslo o N o sumption, the minimum point corresponds to the situation
> where the net thickness fractions ¥f+ and Y— domains
< 000104 ° are equal in the probe area of the film. This basis indicates
NZ 0.00054 A that at zero field, thesign of AA, is negative, i.e., slightly
N 4 A A 4 moreY — domains exist as compared Yo domains. Since
g 0.0000q , , , : : Egs.(1) and(6) refer only to even powers dfA, (andAA,),

-2000 ~ -1000 V(\fl ) 1000 2000 one cannot extract the sign of these microstructural quanti-

olts

ties from the analysis of polar plots alone. The information
FIG. 8. The variation of the domain bia(&Ay)2 and (AA,)? at room on the Slg,n O,f the blf':lS BEW Whl(,:h can be _Obtamed only by
temperaturé23 °C) as a function of the applied voltage across surface elec-th€ E|eFtr'C field poling StUd'?S Just descnbed-'

trodes 3 mm apart on a Hii;O;, film on the SrTiQ(100) substrate. The A final aspect to note with respect thA, is that, as
arrows represent the sequence application of the bias voltage across the fildefined within the context of complete phase correlation as-

The error bars show the typical magnitude of the_measurement error. Thgumption, one would expect that the minimum in SHG in-
domain bias data were extracted from the theoretical analysis of the polar

plot measurements such as in Figs. 6 and 7 at different voltage bias valud§nsity in Fig. 9 would go tQ Zero, anc_] t_herefomf\y=0
with the field in the+y directions(see Fig. 1L would be expected at this minimum. This is not the case. In
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other words, this minimum corresponds to a situation where
equalthickness fractions of + andY — domains exist, and
the opposite phases of their second harmonic polarization
would result in a complete cancellation of the SHG intensity
generated from the probe area. This would happevided 0.0010+
there is uniform and complete interference of the second har- 0.0005-
monic fields generated from all the individual domains, 0.0000]
which we refer to agompletephase correlation assumption.
This assumption, while excellent, clearly is not perfect. A
more reasonable assumption is that most of Yhe and

0.0025+
0.0020+
0.0015+

(5A M, )° (pmiVy*

Current, j (LA)

2000 -1000 O 1000 2000
Voltage, V(Volts)

Y — domains are phase correlated, but some are not. The a 2.13414
definition of 5A, then needs to be recast as follots: G 1.82931
x 1.5244]
2 -
2 A N Y=\ Ay g 1.2195]
AAy—y[ fo (Y —tY)dAY| +(1—7y) £ oo1a]
3 0.6098]
I VR L € 03049
X (t"T+tTHdAT| (7 0.0000+— : : : :
0 2000 -1000 0 1000 2000

where G<y<1 represents thextent of phase correlatiort Voltage, V {volts)

Fhe mlnlmum n @Aydll)2 in Fig. g’t_YJrNtY - The second 5 19 (@) The net area fraction along theaxis (5A,d;7)* and the di-
integral inside the square bracket, in K@) represents the electric loss currents through the sample at room temperats °C),
total fraction ofY = in the film, which can be approximated while continuously varying the bias voltageé (field along=+y directions;
as~0.5. Then the value of can be estimated from E¢7)  See Fig. 1across surface electrodes, 3 mm asee Fig. 40n a BjTizO,

2 . . film on the SrTiQ(100) substrate(b) The resistance of the filR=V/i as
as (- 7)~4(A_A_‘y) min- T_h's hoyvever rqulres a knowledge a function of the applied voltagé showing asymmetry between the positive
of thed,, coefficient in Fig. 9, since experimentally, only the and negative voltages.
value of AA,d;7)? is known.

The material parameters at 60 °C were found to be as

follows: dy/d;, varied from—2.86 t0—3.72,|d,6/d13| Var-  monic output, clearly the total integrated charge under the
ied from 0.29 to 0.46, and thdn varied from 0.156 t0 opserved currents is much larger than that expected under
0.179, with no clear trend discernable with voltage for any oftransient currents due to domain reversal. Further the ob-
these quantities. served currents reach a steady state and remain as long as the
applied voltage is on, unlike transient currents, which occur
only during domain reversal. We therefore conclude that the
currents in Fig. 10 primarily arise from the dielectric losses

in the film.

We present here evidence of a strong correlation be- Despite this, one finds a clear inverse correlation be-
tween dc conductance and the domain microstructural stateveen the observed electrical currents in the film and the
in the film at room temperature. Figure (BDshows the be- intensity of the SHG signal, namely, therhaller second har-
havior of the net thickness fractiom@ydn)2 along they  monic signal results in larger electrical currents, and vice
axis, together with the dc electrical current through theversa This phenomenon was observed consistently at room
sample. This measurement was taken icoatinuous mode temperature and at 60 °C under various sample poling histo-
by fixing the polarizer and the analyzer parallel to yhaxis  ries and applied voltages. Since the second harmonic genera-
and measuring the second harmonic response as a functiontidn signal is directly related to the domain state, namely,
applied electric fields along-yaxes at room temperature. If,‘”oc(AAy)z, the larger the relative domain bidsA, , the
Simultaneous measurement of the current in the external cismaller the leakage current through the film, and vice versa.
cuit was also performed. Note that the sample probed her€his correlation is better understood in terms of the resis-
(Fig. 10 had a prior history of poling at room temperature tanceR in the film, given byR=V/i, whereV is the applied
(e.g., Fig. 7 and 60 °C(e.g., Fig. 8 before performing this voltage andi the electrical current. Figure (i) plots the
experiment. The first important observation is that the valueglectrical resistancR as a function of the applied voltage
of currents observed in the poling process are in the 1+10 The resistanc® decreases with increasing voltage in a non-
A range. The total integrated charge under the transient cutinear way. However, the decrease rist symmetric with
rents due to domain reversal in the film would be expected toespect to the polarity of the applied voltage; the resistance is
be on the order of R,A~0.3 nC, wherePs~30cos4.5° ~4 timeslarger at +2 kV as compared te-2 kV. On the
uClen? is the spontaneous polarization component along thether hand, from Fig. 1@), the domain biasz(Aydll)2 at
a axis® andA~5 mmx0.1 um is the cross sectional area of +2 kV is ~3 timessmallerthan the value of-2 kV, thus
the film unde a 5 mmlong electrode. However, the experi- clearly demonstrating the inverse correlation between do-
mentally observed electrical currents are up ta/&, which  main bias and electrical resistance.
translates to 54@.C/min. Since domain reversal occurs over We propose that the physical bias for this inverse corre-
many minutes, as tracked by the changes in the second hdation between A(sAy)2 and R arises from the creation and

B. Correlation between electrical conductance and
domain state
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destruction of charged domain walls within the film. When ferroelectric domain state of the filifby second harmonic
the domain bia\A, is small, the relative population of the generatioh independent of the electrical current measure-
Y+ and theY— domains are approximately equal. In this ments.

state, there is a high density ciargeddomain walls, arising

from domains of type I(see Fig. 2, with walls of (100 b—c V. CONCLUSIONS

crystallographic planes perpendicular to the growth plane, This work has presented electric field induced domain
and those of type lIl, with walls 0f001) a—b crystallo- rearrangement studies in bismuth—titanate thin films using
graphic planes parallel to the growth plane. Upon applicatiorsitu second harmonic generation. The theoretical treatment of
of an electric field along the-y direction, the population of the spatial symmetries of second harmonic generation signal
Y-+ or Y— increases with respect to the other variant, androm the film yields quantitative information on basic mate-
consequently, the magnitude AfA, increases and the den- rial properties, such as the determination of the ratios of
sity of charged domain walls decreases. Charged domainonlinear coefficientsql;,/dy;, |dae/dsg, and|dyg/d;q|. In
walls, both paralle{such as walls Il and transversésuch as  addition, the thickness fractionsA, andAA,, representing
walls 1) to the direction of net current flow, enhance thethe ratio of thenetfraction of thea component of polariza-
electrical conduction by providing alternate “easy” conduc- tion in thex or they directions, could be determined sensi-
tion paths. More precisely, upon application of a voltage andively in the probed aredsee text for definitions These
flow of some initial leakage current, a newly creatdirged  parameters are tracked in real time as a function of applied
domain wall will, in the initial period act as a sink of voltage, and the ferroelectric polarization hysteresis curves
charges. However, the amount of charge required to achiewdeduced from the measurements. We also found a strong
this in this film is at most on the order of nanoCoulombs, ascorrelation between the dc electrical leakage current through
we estimated earlier. Therefore, the charged walls are nedbe film and the ferroelectric domain state of the film, as
tralized rather easily. Once a charge compensated domaffeduced from the second harmonic measurements. A quali-
wall plane is present, it no longer acts as a sink, but rather d@tive model for this correlation is based on the creation and
a charge plane, which facilitates further electrical conductiordestruction of charged domain walls in the film.

by allowing a steady state flow of compensating charge

through this plane for a given applied voltage. Even chargeés‘cKNOWLEDG'vIENTS
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