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The domain microstructure in an epitaxial thin film of,Bi;O;, on a SrTiQ(001) substrate is
studied by 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. A theoretical model is presented that explains the observed
symmetries and extracts quantitative information on the nonlinear optical coefficients of the material
and statistics of domain variants present in the film area being probed. The following ratios of
nonlinear coefficients and birefringence was determingég:/d,;=—3.498+0.171, |d,g/d;]
=0.365+0.010, |dyg/d;4|=1.273+0.036, and|n,—n,|=0.101+0.018 (at 532 nm. © 2001
American Institute of Physics[DOI: 10.1063/1.1334641

I. INTRODUCTION along its diagonals o&’ v2, with the lattice parameters

=5.4500A andb=5.4059 A of the monoclinic BiizO;,.
'(The other lattice parameters am=32.832A, andp
=90.009.° The lattice planesb—c, c—a, and a—b of

Aurivillius phases are of interest in nonvolatile memory
since several of them exhibit excellent fatigue resistance du

ing repeated polarization reversals with electric fieBlis-
g rep P Bi,Ti;O,, are respectively denoted &500), (010, and the

muth titanate, BjTizO;,, is an important member of the | h d diffracti
highly layered aurivillius phase perovskite oxides of the type(001) planes. Thej—26 and ¢-scan x-ray diffraction spectra

(Bi,0,)2" (Me,_;R, 04, 1)2~ where Me is a monovalent or of the film shown in Fig. 1, indicate that the Bi;O,, film
a divalent element such as?j B2, SP+, KI*, c&", has grown epitaxially on the underlying SrLiGubstrate.
Na®, PB*, and several rare earth iong may be Tf*, The epitaxial orientation relationship is SrELi001)
b5* Ta'” Mo®*, W8 Ga&*, Fé*, CrP*, andx can be 1 [110]//Bi,Tiz0415(001) 100]. In this configuration, there are
to 82 Epitaxial growth of BjTi;O, films on various sub- €ight possible domain configurations of the,BiO,, as
strates invariably results in a complex domain microstrucShown schematically in Fig. 2. Each of the possible domains
ture, resulting from the fact that the spontaneous polarizatioR@s & monoclinic unit cell, which deviates only slightly from
in a monoclinic unit of BjTizO;, has components along both the orthorhombic unit cell. The polarization axis forms an
the a- and ¢- crystallographic directions where—c forms  angle of ~4.5° from the crystallographi@ axis in the
the mirror plane(010). Both a andc components of the po- a—c(010) plane.
larization can be independently reversed, thus resulting in  Figure 3 shows the various domain walls that can arise
four different classes of domain walls and 18 wall from a combination of these domain variants. In particular,
configurations’ All these configurations are not readily dis- referring to the pseudo-orthorhombic planes ofTBJO;.,,
tinguishable by conventional x-ray diffraction or transmis-four main types of domain walls can exigt) Nearly-90°
sion electron microscopyTEM). In this article, we show domain walls along thé€110 planesll) domain walls sepa-
how probing the second harmonic generati@HG) re-  rating variants with opposita component of polarization.
sponse of a Bili30;, film with a complex domain micro- These walls are either neutrd@0l) planes or charge(l00)
structure can provide many of these domain distinctions in g@lanes(Ill ) domain walls separating variants with opposite
quantitative manner. component of polarization. These walls are either neutral
(100 planes or charged01) planes andlV) 180° domain
walls parallel to the(010 planes and separating domains
with opposite sense of bothandc components of polariza-
The Bj;TizO4, thin film studied here was grown on a tion. Dark-field TEM image formed using a we&&10) re-
SrTiO;(001) substrate using molecular-beam epitaxy as preflection in the[001] zone axis reveals a network of 90° do-
viously reported in detafl. The lattice parameters of the cu- main walls as shown in Fig. 4. The black and white contrasts
bic SrTiOy(001) substrate,a’=3.9050A closely match inimage represent domain variants separated by 90° domain
walls. These walls separate domains with tteeaxis along

dElectronic mail: vgopalan@psu.edu the SrTiG[110] or along the SrTinTO] directions. The

II. FILM EPITAXY AND DOMAIN MICROSTRUCTURE
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20 (degrees) (110 plane.(ll) Domain walls separating variants with oppositeompo-
nent of polarization. These walls are either neutral (08%)) planes or
_ charged (100)§—c) planes.(lll) Domain walls separating variants with
2 10° | oppositec component of polarization. These walls are either neutral (100)
E (b—c) planes or charged (0013¢b) planes.(IV) 180° domain walls par-
E 10 L allel to the (010)&—c) planes and separating domains with opposite sense
= of both a- andc- components of polarization. The arrows denote the direc-
:g 10° [ tion of polarization within each domain.
£ 10% |
§ domains can be distinguished by second harmonic generation
g 100 measurements in normal incidence to the substrate.
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FIG. 1. X-ray diffraction spectra of the Bii;O,, thin film deposited on a .
SrTiO;(001) substrate using ®w wavelength.(a) coupled on axisf—26 A. Experimental procedure
scan showing that the epitaxial relationship of,BO,,(001) planes A schematic description of the experimental setup is

are parallel to the SrTigg001). The rocking curve about th€016 shown in Fig. 5. The fundamental beam from a 10 Hz

peak gives a full width at half maximurtFWHM) of 0.3°. The peaks due . . .
to the SITiQ substrate are marked by asterigks. (b) Off axis ¢-scan Q'SW'tChed Nd:YAG Iase”(: 1064 nm) 1S passed throth

of Bi,Tiz0, 117 reflections indicating an epitaxial relationship of @ series of beam splitters to cut its intensity to approximately
Bi,Ti,0,4 100)//SITiO;[110] and BiTi;0010]//SrTiOy[110]. The 10 mW. The beam is then propagated through a polarizer,
FWHM of the reflections is~0.4°. The $=0° position is aligned to be half wave plate, focusing leng £ 500 mm) and a long-wave
parallel to the[100] in-plane direction of the SrTiQsubstrate. pass filter to absorb any residual second harmonic light. The
half wave plate is situated on a computer controlled rotating
stepper motor to allow the continuous change of the polar-
{gation at the input. The sample is placed 50 mm in front of
the focal point of the focusing lens, where the beam diameter
is approximately 1.2 mm, and the energy density is below
the damage threshold. The sample is held with the thin film
at the backside of the sample. The output beam is passed

average lateral size of such domains-i$00—200 nm.
Based on the above discussion, we define four classes
domain variantX™, X, Y*, andY~ according to whether
the a component of polarization points in the SrgQ10],
[110], [110], or [110] directions, or alternatively {x,
—X,+Yy,—Yy) directions in Fig. 2, respectively. In the follow-
ing sections, we describe how the", X~, Y*, andY~

Domain Variants in BiyTi;042 (001)
film. on SrTiO; (001) substrate

» x, SrTiO; [110]

FIG. 2. Schematic description of the eight possible domain configurations of

the BiyTizO;, thin film. Each of the possible domains has a monoclinic unit FIG. 4. Network of 90° domain walls as seen in the plan-view dark-field
cell, with lattice parametera=5.4500 A andb=5.4059 A, c=32.832 A, TEM image of a BjTi;O;, thin film using a weak 210 reflection in tfi801]
andB=90.00°, which slightly deviates from the orthorhombic unit cell. The zone axis. These walls run approximately parallel to Sg{#00) directions
polarization axis forms an angle ef4.5° from the crystallographia axis in and separate the bright and dark regions which that correspond ¥'the
thea—c plane as shown by wide arrows. Both the tilt angland the angle  andY ™/~ domain variants of Fig. 2, respectively. The average lateral size of
of polarization from thea axis are shown exaggerated in the schematic.  such domains is~100-200 nm.
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analyzed within the theoretical framework described in the
following section.

LYAG
aser )
Motors -7 pe ‘\ Boxcar
controllor Averager B. Theoretical model
WP ' A In order to describe the expected SHG intensity from the
\_ p T ' : thin film (12¢), the net polarization at the second harmonic
. 11 Ao —'| 0 ' frequency P2®), should be calculated along a global coor-
S—& H— DT <P dinate systenix, y, 2 of the substratéshown in the sche-
1 4 T X A N matic of Fig. 3. Referring first to the monoclinic unit cell
Polarizer | Lens L)vp Sam'ple SJVP Potarizer coordinatega, b, andc) of Bi,TizO;,, the second harmonic
ol (Analyzer) polarization components are given by
FIG. 5. Schematic description of the experimental setup for SHG measure- Pa (2w) dll d12 d13 0 d15 0
ments. Pb = O 0 0 d24 0 d26
Pe da; d3z d3gz O d3s O
through a short-wave pass filter to absorb the fundamental Eg (@)
light at 1064 nm and the second harmonic signal at 532 nm Ef)
is analyzed with a polarizer aligned either along thaxis E2
(SrTiO,[110]) or y axis (SrTiQ[110]). The beam is then X o CE : 1)
propagated to the photomultiplier tueMT) and its inten- 2EbEc
sity is lowered using neutral density filters if needed. The 2ECEa
ab

signal from the PMT is fed to a gated integrator and a boxcar
averager. The averaged output is read to the computer via attere, the electric fieldg,, E,, andE, are the electric fields
analog-to-digital converter. of the incident light at the optical frequenayinside the thin
The measurement starts with the light polarization parfilm and d;; are the nonlinear coefficients, where the sub-
allel to the BjTi3O;, thin film [010] and with the analyzer scriptsi,j=(1,2,and 3) correspond, respectively, to the co-
either parallel or perpendicular to that directi¢hhe SrTiQ;  ordinates(a, b, andc) of the unit cell. The superscriptw)
substrate is cubic, and it was confirmed that it does not resulind (2w) are simply labels referring to the frequency of the
in any second harmonic responséhe incident polarization incident electric fieldsE“, and the nonlinear polarizations
is changed by rotating the half-wave plate while keeping theP?®.
analyzer fixed. The measurement is made once with the ana- We assume the fundamental wave is a plane-wave
lyzer along thex axis and once along thg axis. A typical  propagating along the direction and incident normal to the
polar—plot pair of the SHG intensity as a function of input film. This assumption has been found to be quite good when
polarization angle for the two different output polarizationscomparing the predicted nonlinear coefficients from the
of the 532 nm light is shown in Fig. 6. The experimental datamodel with known nonlinear coefficients of reference
is shown as circles, while the solid line is a fit obtained fromsample<. This, we believe, is due to the fact that the incident
the theoretical model described as follows. These plots progaussian beam is very weakly focuséaeam divergence
vide information on the specific distribution of domains in ~0.01 rad, and the sample is placed close to the focal point
the area probed. In general, a different area on the film givewhere the beam incident on the sample is lafg® mm).
slightly different polar plots, however, all these plots can beFurther, due to the large inder, of the film, any external

3.5 7.5

? STy ©
7 ‘ P FIG. 6. Polar plots of the SHG inten-

sity 12¢(A=532nm) as a function of

input  polarization  angle, 6(\
m 0 =1064 nm) for the output polarization
< y 00 y of the_ SHG light along (a)
\q/j SITIO110] (y axi9, and (b)
o SrTiO;[110] (x axis). The experimen-

tal data is shown as circles, while the
solid line is a fit obtained based on Eq.
(5) derived from the theoretical model
presented in the article. Inset shows

-3.5 -7.5 S the details around the origin.
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TABLE I. Nonlinear polarization for the four variants shown schematically variants proportional tot(ﬁ _tX’)(PXJr)zw This relation-

n Fig. 2. ship reflects the net destructive interference of the second
Variant P,(analyzet| x) P,(analyzetl y) harmonic electric fields created by each domain variant due
to the v phase shift between the two fields. Therefore, the

if (du sir? 0_+|;1;2+c052 OE’y %dZG_S';y%"(Ew)Z combined second harmonic response from Xteand X~
v+ 14 sinXZH(E“’)Z L cog ot . i DEY domains arises from only a net difference in their abundance.
v- v R oV If AX represents the total area fraction of the probed film area
- 4 composed ofX™ and X~ domains, then the net nonlinear
polarization alongx or y polarized light from this area is
given by
beam divergence is further reduced by approximately a fac-
tor of ~2.7-2.8 upon entering the film. These conditions pX :( fo(tX+—tX)dAX)PX+ ?)
therefore justify the plane-wave approximation. The incident Y 0 oy

electric fieldE“ has a polarization rotating in the-y plane,
forming an angled with they axis, the incident electric fields
alongx andy axes areEy=E® sinf andEy'=E® cosé. Dur-
ing the measurement, the output analyzer is fixed eitheg ) ; ' X
along thex or y axis. For normal incidence, as in our case, racket in Eq(2) is defined as\A,. In words,AA, is the

) . + . : Z
E,=0 and, therefore, contributions to the SHG field are onlyget th_|ckn_ess I;actlolnt_ob(th_dlc() mami W'tt.h re?%ect t.°< ith
due tody;, dy,, andd,s. Following the theoretical deriva- GOMaNS I-€., the refative thickness fraction of domains wi

tion outlined in a previous publicatidhthe nonlinear polar- the a component of their polarization along SrEQ110]

izations created in the four classes of domain variants can béersus[110] directions. This expres§ion also implicitly in-
calculated as a function & and 6 as shown in Table I. cludes areas of exclusivé® (with t* =1) and X~ (with
These nonlinear polarizations now radiate light at a fre4+X =1) domains, which are separated by charged domain
quency of 2, with intensity | 2@« P2“(P?®)*  where thex  walls of type Il perpendicular to the substrate plane, or are
superscript represents the complex conjugate of the nonlineapatially separated by " and Y~ domains though 90° do-
polarization. Note that the nonlinear polarizations of the do-mains walls of Type I. This analysis, therefore, assumes
main variantsX™ and X~ are identical in magnitude, but complete phase correlatiorwhich implies that the second
differ by a minus sign indicating a phase differencemobr  harmonic response of all domain variants are phase corre-
180°. The same is true for nonlinear polarizations of domairiated. This assumption is justified in our present case since
variantsY™ andY~. The relative phase shift of between the domain sizes ak* and X~ variants are of the order of
two domain variants results in a net destructive interferencea 00—200 nm in the film growth plane, which is less than the
of the second harmonic signal since the film thickness isvavelength of lightsee Fig. 4. Using similar arguments, we
much smaller than coherence lengtim the special case of can also write the net nonlinear response frgim andY ™
guasiphase matched second harmonic generation, the prefmains as

ence of periodic 180° domains creates @hase shift in the y

second harmonic signavery coherence lengthwhich en- pY :( jA (tv+_tY*)dAv
hances the overall harmonic generation efficiency. However Y 0

in the present case, for phase shifts at distances ShorterwhereAY represents the total area fraction of the probed film

tehna::r:3 the coherence length, the result is destructive mterfera—lrea composed of * andY~ domains. The integral expres-

. — P sion inside the bracket in E€B) is defined ad\A, , which is
Referring to the domain microstructure inyBi;O;, (see . : v . Y Z
. y _ ; ) the netthickness fraction of¥ ™ domains with respect ty¥
Fig. 3), theX™ and anX~ domain variants are separated by

. . . domains, i.e., the relative thickness fraction of domains with
type Il domain walls which are either neut(@01) planes or ) o =
charged(100) planes, where the plane indices refer to theth® @ component of their polarization along Sri{110]
pseudo-orthorhombic unit cell of Biiz0;,. Thea—b do-  versus[110] directions. The total nonlinear polarization
main walls will run parallel to the growth interface from the film can now be written as
[ SrTiOz(001)], and, therefore, give rise to domain patterns _ X Y il
in the cross sectional thickness of the film. The film thick- Pry=AAP T AAP L. @
ness studied here t3-0.1um. This is lower than the coher- The phase shiff’ is the difference in phase of the non-
ence lengthl,.=\/2(n?*—n®) for phase matched second linear polarizations arising frot*’~) andY‘*/~) domains,
harmonic generation in the film. Using bulk index dispersionand is given byl' = 2w/c(n2®—n2*).t, wheren, andn, are
relationg of Bi,TizO;, crystals, we estimate the coherencethe refractive indices of BTisO;, at the SHG frequency,
lengths fora axis polarized fundamental light at 1064 nm to along the crystallographic anda axes, respectively, artds
be [,~3.36um, and for b-polarized light, | ,~2.89um. the film thickness. The second harmonic intensity from the
Consider light passing through the film thickness in an aredilm, 12¢s« P2, (P2¢)*, can now be calculated:
dAX. It passes through thickness fractiont” of the X*

domain and*  of the X~ domain, making the net nonlinear
polarization generated by the combination of the two domain + K4J—(sin2 0+Ky; cog 6)sin 26, (5)

where the superscripte2has been dropped for convenience,
and the nonlinear polarizations are henceforth understood to
e at this frequency. The integral expression inside the

.
Ply ®

120=Ky;(sir? 6+ Ky cos 0)2+Kg; sir? 20
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wherej=x ory denotes the polarization direction, akg 8000
are the phenomenological fitting parameters. Using Table I, .
we can show the following relations between these param- g0
eters and the physical quantities: % . g :
P 1 2
o 4 ) q o
dip - = 4000 - A Y den 1)
g KK © 8 EHELE L WARLY
& Sy g o8 S’ P by g
doe) K K BECCEEERTA AT IR S B AT
Gos) " 3x 3y @ i %; ! ”‘g%{ ¢ f I TN
di) | Kyu(Ko0?) | K | AR IR
D 0_ & el Q
4 T T T T T T T T T T T
(d_%) :( Kay 2) ( K3,X) ®) 60 40 20 0 20 40 60
dis Kiy(K2y) /| K1y Angle (deg)
2 2
cogl= (K4'X) = (K4'y) and 9 FIG. 7. Maker fringes pattern of the SHG light intensity=£532 nm) as a
4K 1 Kgx 4K Ksy' function of incidence anglérom surface normalof fundamental light X

=1064 nm) for az-cut single domain LiTa@crystal in transmission geom-
etry. Both the incident light and the SHG light were TE polarized along the

AAN\ Kay Kix
AA K (K )2 K : (10 crystallographigy axis of the crystal, thus probing the nonlinear coefficient
y Ly\ 2y 3x d,,. The circles represent the experimental data points. The dashed line is

The fitting coefficientsKij can be determined from the the approximation to the fringes, obtained using nonlinear Fourier smooth-

: ; ing. The Maker peaks location and intensities are used to obtain the Lorent-
experimental measurements. Equatidfis and (8) can be zian envelopésolid line). The value of the Lorentzian pedkold solid ling

used to deter'mine two independent raﬁ“’iz/dll and 4t normal incidence is used as a reference to calculate the absolute values of
dye/dq;. Equation(7) then provides a consistency check for area fractions\ A, andAA, in Bi,TisOy, thin films (See Eqs(3) and(4) for

the ratiod,z/d;,. The phase shiff' can be determined from definitions.
Eq. (9), which in turn can be used to determine the material
birefringence An=(n2“—n2“). Note that the parameters
d,,/dq;, dog/dsq, andAn areintrinsic material properties, ) )
and can be determineiidependenf the domain micro- Was determined to bdAn®’|=0.101+0.018, and the ratio
structure, i.e., the relative area fractions of the eight differenPf the net area fraction was calculated to HeA,/AA,
types of domain variants. Equati¢h0) provides newmicro- ~ = 0.83320.024. Assuming equal probability of all domain
structural information, AA, /AA, , in the area probed. variants, this ratio would on the average be expected to be
equal to 1. However, in probing the local area00.36r
mn?, one sensitively detects the local deviation of the
AA,/AA, from 1. On moving the beam to different loca-
In Fig. 6, the theoretical model for the second harmonictions, the shapes of the polar plots change, and the corre-
signal intensity(12“ and '3‘0)' derived in Eq.(5), is fitted  sponding AA,/AA, ratio changes as well, varying by
(solid line) to the experimental dataircles by using non- +15%-20% about the value of 1.
linear least-square fitting. The fitting of experimental polar ~ To the best of our knowledge, the nonlinedy coeffi-
plots is facilitated by the following guidelines: the first term cients for single crystal BTizO,, have not been reported in
in Eq. (5) gives rise to a two-lobed structure, while the sec-the literature before. However, the optical birefringence
ond term to a four-lobed structure. The third term, is a cross\n“=(n2“—n2“) has been reported in the literature for
term which produces a phase shift, causing a rotation of th&i,Ti;O;, single crystals asAn?®~0.111+0.035, which
lobes. Thu; increases the strength of the two-lobed struc-agrees well with our calculated valfle.
ture, andK 5 of the four-lobed structure. The phase shift de- Knowledge of at least one nonlinear coefficient out of
pends onK, and the constari, is the ratio of the magni- d,g, d;4, andd;, can yield the other two coefficients, using
tude of the intensity along theaxis (#=0) to that along the the aforementioned relations given. The absolute values of
x axis (=90°). SinceK, is related only to thed;; coeffi- AA, andAA, can also be found by performing SHG inten-
cients, this ratio is a pure material property, independent o$ity reference measurements on a well known crystal. The
the domain statistics. Sind€; and K; are related tAAA,  reference crystal used here wag-eut single crystal single
andAA, as the ratio oAA,/AA, increases, the polar plot domain LiTaQ crystal, 0.52 mm thick for whichdy,
becomes increasingly two-lobed for output polarization=4.4ds5KH,P0,)=1.6720 pm/V>1° The Maker fringet
along thex axis and increasingly four lobed for output po- were measured for this crystal by measuring the intensity of
larization along they axis. the second harmonic intensity as a function of incidence
From the phenomenological fitting parameters to thesangle for a transverse elect(€CE) polarized incident light.
measurements, the following ratios were calculated for th&’he Maker fringes measurement is shown in Fig. 7. The
nonlinear coefficientsd;,/d;;=—3.498+0.171, |dys/d1] reference intensity value was calculated using the nonlinear
=0.365-0.010, and |d,/d;1/=1.273+0.036. Note that coefficientd,, and the maximum intensity of the envelope of
from Eq. (6), we have also determined without ambiguity, fringes at normal incidence. Following the derivation given
that thesignsof d,, andd,, are opposite, as indicated by the in Ref. 12, we then find the nonlinear coefficient of the film
negative sign of the ratid,»/d;;. The linear birefringence in a specific geometry as:

IV. RESULTS AND DISCUSSION
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[, The technique of SHG measurements presented here to

p2e 20 [ o\ 2/ 23|n2(|—> o\ 4 probe materials structure is quite general. Since the property
dfzdf—éw %w(—z,) (C—f) —“(—L) (1)  is a third rank tensor, it is very sensitive to the point group
UL le.r Sinz(w_lf) T symmetry of the material. In particular, it arises from a lack

le s of center of inversion symmetry, and therefore surfaces, in-

Here, the indiced andr represent the film and reference terfaces, and materials with point groups without inversion
respectivelyP2“ is the measured SHG intensity?” andn® ~ Symmetry would give rise to second harmonic response. Un-
represent the indices of refraction at the SHG wavelengtifler nonphase matched conditions, the technique probes ma-
and at the fundamental wavelength, respectivblyand|,  terial surfaces down to a depth of approximately the coher-
are the thickness of film and reference crystal, respectivelyence length. Films which are thinner than coherence length,
| is the coherence length afids the transmittance given by |c (typically I.~micrometers in ferroelectri¢san therefore
Tex1/(1+n®). Referring to Eq.(5), the intensity of De studied without phase matching considerations. A simple
the SHG from the film at an incidence angle®# 0° yields th_eoretical analysis of the informaﬁon is possible in_this case
129(0=0°)<(AAd)?  and  129(9=0°)=(AAdy;)% with the knowledge of all the possible structural variants and
Similarly, 12°(9=90°)=(AA,d;)?  and |§w(0:900) wall configurations that separate them. We are currently em-

«(AA,d;;)?. On comparison with the reference signal ac-Pploying this technique to probe dynamic changes in the do-
cording to Eq.(11), and assuming bulk refractive indices Main microstructure that occur under external electric fields

from Ref. 7, we can determine A@.d;)2=5.15 and by varying the temperature.

X103 (pm/V)?  and  (AA,d;7)*=7.46x10 3 (pm/V)2

Howevgr, the absolute values &fA, andAA, can only be A ~kNOWLEDGMENT

determined from the knowledge of at least one of the coef-

ficients dq;, dq,, and d,s, which are currently undeter- This work was supported by the National Science Foun-
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