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We used x-ray Bragg projection ptychography (BPP) to mafiadpariations of ferroelectric polarization in
thin film PbTiOs, which exhibited a striped nanoscale domain pattern onfamigcut (001) SrTi@ substrate.
By converting the reconstructed BPP phase image to picarsedde ionic displacements in the polar unit cell,
a gquantitative polarization map was made that was consiafémother characterization. The spatial resolution
of 5.7 nm demonstrated here establishes BPP as an impataribt nanoscale ferroelectric domain imaging,
especially in complex environments accessible with harays-

PACS numbers: 77.80.Dj, 61.05.cp, 42.30.Rx, 68.37.Yz

Quantitative high-resolution characterization of fetese  surface features such as step edges [13]. The film studied in
tric domains in single crystal films is key to understandingthis work was grown to have a thickness such that the equi-
local behavior in ferroelectric materials at nanometegthn librium stripe domain periodX ~ 19 nm) [12] corresponded
scales [1]. Thin film ferroelectric stripe domains, for exg@e;  roughly to the mean terrace spacing of the miscut S Bab-
are governed by the energetic balance and coupling of straistrate surface< 22.4 nm). As a result, the predominant stripe
interfacial compensation, and polarization, making tpeap-  direction was along the [010] direction, normal to the sub-
erties highly tunable at length scales and in environméuatis t strate miscut direction. With approximately one stripeiqekr
make characterization challenging. Though ensemble scaper average substrate surface terrace, the film was found to
tering [2], electron imaging [3, 4], and scanning probe tech be kinetically stable in the stripe phase [2, 11, 12], altoyvi
nigues [5, 6] have uncovered many fundamental properties dbr the room temperature characterization of polar stripe d
nanoscale ferroelectric domains, a means of imaging lazal d mains in PbTiQ by conventional x-ray diffraction, focused x-
main polarization and morphology in complex environmentsray Bragg projection ptychography, and piezoresponsesforc
and in buried device-like architectures has yet to be demormicroscopy (PFM).

strated. In this work, we used hard x-ray focused-beam Bragg x.ray diffraction has been used to characterize the average
projection ptychography (BPP) [7] to image T88rroelectric  properties of ferroelectric thin films in this and other gyss
stripe domains in a PbTiothin film by quantifying out-of- 1y analyzing crystal truncation rods (CTRs) and diffuseggra
plane polarization with sub-10 nm spatial resolution, dingb scattering, from which film polarization and average inAgla
nondestructive imaging of ferroelectric domains undelisea 4omain characteristics can be determined [2, 12, 14]. B thi
tic boundary conditions. work, both average and spatially resolved synchrotronyx-ra

In epitaxial ferroelectric thin films, polarization orieion ~ Measurements were made using the Hard X-ray Nanoprobe
and domain structures are strongly influenced by both interP®amline [15, 16] after annealing the film in the stripe phase
facial strain [8] and electrical boundary conditions [9jerd, ~ [17]. During the measurements, the sample was held under
we investigated a 25-nm-thick epitaxial film of PbTigrown ~ vacuum in the Nanoprobe chamberg( x 10.75 Torr) and
by metalorganic chemical vapor deposition [10] on a Sing|eor|ented such that the substrate miscut azimuth was normal
crystal (001) SrTiQ@ substrate with a°lsurface miscut along to the scattering plane. The room temperature 00L specular
the [100] azimuth. The compressive strain in the film due toCTR measured with 8.5 x 0.5 mm unfocussed x-ray beam
lattice mismatch with the substrate promotes the formatfon 1S Shown in Fig. 1(a). From the position of the 002 PbiO
polarization normal to the film plane at temperatures below/ilMm peak relative to the 002 SrTisubstrate peak, the aver-
the Curie temperature [8]. The resulting depolarizing field 29€ out-of-plane c-lattice parameter of the tetragonal®hT
cancelled on the macroscopic scale by the spontaneous-form@nit cell was determined to be 4.128 This lattice param-
tion of nanoscale 180stripe domains with polarization orien- ©ter is consistent with previous measurements of this syste
tation alternating into and out of the film, having predideab 2nd corresponds to an average out-of-plane polarizatiga ma
sizes and polar properties [2, 11, 12]. Additionally, Pbyio hitude of 0.69 C/rin the film [11].
stripe domain patterns are influenced by the SgT$Obstrate After the PbTiQ 002 Bragg peak position was determined,
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FIG. 1. (a) The 00L CTR containing the 002 Bragg peaks of thethe beam (yellow dots). (b) The corresponding phase of tbenre
PbTiO; film and the underlying SrTi@substrate measured with an struction. (c) A line through the reconstruction (along dogted line
unfocused x-ray beam. The shaded region of the PpPi€k cor-  in (b)) plotting reconstructed object amplitude coloredthg corre-
responds to the angular divergence of the zone plate fogugitic. ~ sponding pixel phase.
(b) The cubic perovskite PbTiQunit cell structure. (c),(d) Coherent
diffraction patterns taken with the focused beam illumimgt180°
ferroelectric stripe domains. Themarks the position of the PbTiO

Bragg peak. (10 second exposures.) third order satellite peaks. By contrast, nanoscale ilhated

regions with a less ordered stripe arrangement generagz-coh
ent diffraction patterns like the one shown in Fig. 1(d),hwit
irregular speckled coherent diffraction. Only diffracteday
a hard x-ray zone plate focusing optic (numerical apertéire ointensities were measured, so the real-space domain struc-
2 mrad at the photon energy of 9.5 keV) was inserted into theures corresponding to these diffraction patterns caneaib
beam to form a non-gaussian focus with a 40 nm full widthrectly determined by Fourier transform. However, with a set
at half maximum and intensity shoulders that spread the beagf Bragg nanodiffraction patterns that are appropriataiys
to 100 nm full width at quarter maximum. The focused bealTp|ed in real and reciprocal space, the phase problem can be
was used to measure coherent Bragg nanodiffraction patteriteratively solved, and a projection of the diffracting ties
from different regions of the film. Typical patterns from two in the film that give rise to the observed scattering can be re-
regions are shown in Figs. 1(c) and (d), in which the cenconstructed with Bragg projection ptychography [7].
ter of the PbTIQ 002 Bragg peak is marked with an As For ptychographic imaging, coherent nanodiffraction pat-
shown in Flg. 1(a), the Bragg peak from th_e thm film is broadierns were collected at the PbT002 Bragg peak in a spiral
enough to diffract almost the full range of incident angkes, pattern [20], scanning in the plane of the zone plate with an
the diffracted beam replicates the annulus of angles pextiuc approximate point separation of 13 nm. The 650 scan points,
by the incident optics (zone plate and central stop), mdédla  spanning a circular region 390 nm in diameter, are shown as
in L by the intensity profile of the PbTigfilm peak. The an-  ye|iow points in Fig. 2(a). We used a combination of focused
qular peak shape is cha_racteristic of specular thin filmati:ﬁ_ beam calculations [7, 21] and phasing algorithms [22, 23] to
tion from a zone plate with a central stop [7, 18]. Along the in yeconstruct a projection of the diffracting stripe domaims
plane H direction, satellite peaks are clearly visiblecgpby  the ppTiQ film. (For details on BPP reconstruction proce-
0.016 reciprocal lattice units (RLU). Fromthe average BERC  qyres, see Reference [7].) The reconstructed amplitude and
of the satellites measured with the unfocused parallel bea%hase of the projected film in the scanned field of view are
the mean in-plane stripe period was determined to\be:  ghown in Figs. 2(a) and (b). In the object reconstructioe, th
22.9 nm, <_:Iose|y matching the 22.4 nm average substrate teb‘hase shows the domain morphology in the PR Ti@n, and
race spacing. the amplitude represents the diffracting electron demsitiye
Under coherent x-ray illumination conditions, an areascanned field of view, but also contains stripe-like feature
Bragg diffraction pattern is the square of the Fourier ampli For constant-amplitude objects with sharp phase feataes (
tude of the electron density in the illuminated volume pro-in this case), low-signal counting statistics have beewstto
jected along the exit beam direction [19]. Regions of theproduce errors in the reconstructions at high spatial feagu
film in which stripe domains are regularly spaced over tengies [24]. Thus, the depressions in the amplitude in this re-
of nanometers generate coherent nanodiffraction patlié&es construction are likely errors due to the mixing of the real a
the one in Fig. 1(c), displaying well-defined first, secontt a imaginary components of the object, leading to the observa-



tion of phase-like structure in the modulus [24]. However, ) 56 Ao b) 5 5 ? ? 5
we note that the reconstructed amplitude remains relgtivel § ,,,,,,,,,,,,,,, S N ,A,;, g
constant in the scanned field of view (10 % RMS, Fig. 2(c)) Nt S s, INJ LS
as expected for a continuous thin film with a homogeneously | f I
diffracting electron density. Therefore, the remainingcdis- = o
sion will focus on establishing the physical origin of the re 2 £ e Qn
constructed phase in Fig. 2(b) and linking it quantitatvel &3 ° /< 0o,
the out-of-plane polarization distribution. g 8 ®o,
Bragg coherent x-ray diffraction imaging (CXDI) tech- < ‘0'1 150
nigues, including BPP, map nanoscale spatial variatiottseof - e) >
structure factotF'g i1, in crystalline samples. The complex § % 0 115 %
structure factor defines the amplitudes and phases of Bragg & g £Fpoz — g
diffraction from a crystal unit cell, and is given by [25]: - — - | ooz ; 100 ®
Fyrr = Z fneiQW(Hzn+Kyn+LG) (1) ' Polarization (C/m?) .

n

FIG. 3. The unit cell structures of PbTiQGorresponding to fully
where f,, is the atomic form factord K L are the recipro- compensated bulk polarization in the “down” (a) and “up” $ttes
cal space lattice coordinates of a Bragg peak, andz are  are shown as they appear relative to each other across’ al&tain
the real space positions of atoms in the unit cell. At certairvall, as calculated frorab initio theory [29]. (b) The centrosymmet-
Bragg conditions, subtle local changes in the positionsiand ric reference structure. The ionic displac_em_e(hts_L and the unit cell
ternal structure of the unit cells will spatially moduldtg 1., structure factoFpo2 are plotted vs. polarization in (d) and (e).
and that information becomes encoded in the coherent gpeckl
about the Bragg peak. CXDI translates this information from o
reciprocal to real space, resulting in maps of figx . For placemerjts have bee_n calculat_ed usab_gnmo theory [29]. _
crystals in whichFy 1, is predominantly modulated by inter- Schematics of oppositely polarized unit cells correspogdi
nal strain fields, a formalism has been established to quantC idéally compensated bulk PbTi@re shown in Figs. 3(a)
tatively convert reconstructed phase into a scalar compone@Nd (€) @s they would appear on either side of a”1ifipe
of the local strain tensor [26]. While this formalism hasibee domain boundary. We assume that all displacements
used to image and analyze internal strain in many differengc@le with the local polarization, which can be calculatgd b
nanoscale crystals [26, 27], it is not applicable wHép 1 summation of Born effective char_ges [30, 31_]. The 092 unit
is predominantly modulated by non-uniform ionic displace-Cell structure factor calculated using Eq. (1) is plotteéig.
ments within the unit cell, as in stripe domains in a displaci  3(&) in terms of amplitudeFo,| and phase’ Foo,, taking
perovskite ferroelectric crystal. mtq account energy-dependgnt anomallous spattermgu:ontr
A PbTiO; crystal in the ferroelectric phase has a struc-_bU“_O”S- For _opposnely polarized domains with e_qual polar
ture characterized by picometer-scale displacementsnsf io ization ma_gmtude$P|, the structure factor magnitudes are
away from their centrosymmetric positions along the elon."€arly equivalentat 9.5 keV [32, 33], whereas the phases dif
gated tetragonal axis [28]. These ionic displacements givEf" by @ much as 1.5 radians. Thus, a mostly uniform am-
rise to a spontaneous polarization in the material. In tkis e Plitude is expected in the BPP reconstruction with striples o
periment, an in-plane compressive film strain state origrgs ~ atérnating phase Foos.
polar axis along the film normal such that the elongated c- The relationship in Fig. 3(e) provides a means to convert
axis and the ionic displacements are largely parallel to théhe phase of the BPP reconstruction to units of out-of-plane
Gooz Scattering vector of the specular 002 PbJiBragg film polarization, as shown in Fig. 4(a). In this image, the as
peak. Since the ionic displacements and scattering veatar h Pect ratio has been scaled by a factor of 3 ingturection to
almost no in-plane components, spatial variation&gjg, are ~ account for the difference between the detector point afvie
primarily due to changes in,, the out-of-plane ion positions. (as reconstructed with BPP) and the film-normal point of view
These periodic structure factor modulations give rise ® th A line profile across the stripes is shown in Fig. 4(c), togeth
pronounced in-plane coherent scattering seen in Fig. 1, andith lines indicating the average polarization magnitutkhe
they were subsequently reconstructed with BPP. By linkindilm as determined by the specular CTRP( = 0.69 C/m?).
Fyoz2 to Az, (the ionic displacements alongfrom the cen-  The two independent analyses of global and nanoscale polar-
trosymmetric, non-polar structure), the reconstructeB BR-  ization are consistent, as the polarization of the stripaalos
age can be interpreted in terms of local atomic structure an@scillates within the envelope given by the CTR measurement
ultimately, polarization. Therefore, BPP provides a new approach to quantitative fer-
To relate the diffracted phase to local polarization, wednee roelectric domain imaging in epitaxial thin films that can be
to know not only the displacements of the ions within a unitdirectly compared with complementary polarization magpin
cell but also the displacements of the unit cells due to polartechniques.
ization gradients, e.g. across a &®main wall. These dis- Prior to the BPP experiment, calibrated PFM measurements
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stripe period in the film. However, we find that polarizatian i
b) the~ 12-nm-wide stripes is better resolved by BPP.
In epitaxial PbTiQ thin films on SrTiQ, 180° domain wall
widths have been shown to be very narrow, of order 0.5 nm
: 5 o [3], such that they can be treated as perfect vertical iates
S = in the nanoscale imaging experiments done here. Line pro-

a)

C/m?

t, files of the BPP and PFM images like those shown in Figs.
g 4(c) and (d) can therefore be used to estimate the resolution
of the respective images by fitting these types of profiles to
1 an oscillatory box function representing idealized ssip&th
T sharp domain wall interfaces convolved with a gaussian. The
iy IS resolutions were found to be 5.7 nm and 22 nm respectively
(gaussian full width at half max), consistent with grémited
maximum resolution for BPP of 4 nm, and consistent with
gaussian blur stripes gaussian blur typical spatial resolutions of PFM in ambient conditionghwi
1 Pt-coated tips [39]. We note that two factors that contebut
to the lower PFM resolution are the voltage drop across the
T contact between the tip and the film, as well as the inhomo-
geneous electric field profile in the film [40, 41]. The effect
0 100 20 poson (om) % 200 of the resolution functions of both techniques is shown o Fi
4(e) and (f), in agreement with the image line scans. With
FIG. 4. (a) The stripe domain polarization map generatenh fitoe sub-domain size .spatial resolution, the BPI_D m.easurer.n_e_nt ca
phase of the BPP reconstruction is shown, along with a paidon ~ @ccurately quantify the spontaneous polarization withti-i
map measured with PFM in (b). The images show different regio Vvidual stripe domains.
of the sample but share the central color scale (with thepiare The high resolution of the BPP image demonstrated here
of the inset in (b), which uses the righthand scale). Profé&en  \yas made possible by the orientation of the stripes rel&tive
?é‘;”g;g?nw?;zdgttﬁld(g;zié”(g)ac?k:g“ﬁgﬁ;gﬁtg:‘Tit:]‘:i li);((;:dm)?r- the incoming beam. Since the reconstructed image is a pro-
resgnt thegavergg;e polarization .state of the filmQ.69 C/nt) gs je_Ction throu.gh the film thi.Cknes.s along the direction of the
determined from the CTR. By fitting such line profiles, thetpa diffracted exit beam, domains oriented away from the scatte
resolutions of these BPP and PFM measurements were deéermining plane will be blurred, and will become irresolvable when
to be 5.7 nm and 22 nm, and the effect of these resolutionibmt ~ oriented normal to it. These limitations can be overcome ei-
on idealized stripe domains with = 23 nm is shown in (e) and (f).  ther by scanning the same area from a number of view points,
or by extending Bragg projection ptychography to 3D Bragg
ptychography [42]. These approaches involve more complex
of the surface of this thin film were performed, and a repre-experiments with longer data acquisition times, but thexeha
sentative area is shown in Fig. 4(b), with the same quantitathe potential to map local polarization in nanoscale dosain
tive color scale as Fig. 4(a). The effective piezoresporse w in three dimensions.
calibrated using the sensitivity obtained by a force-aista We have demonstrated that x-ray Bragg projection ptychog-
curve, which was used to convert the effective piezoresponsraphy can be used to quantitatively image a selected com-
to polarization using the equations and parameter valubgin ponent of polarization in epitaxial thin film ferroelectido-
literature [34—37]. Both images, though not of the same,areanains, enabling high resolution nondestructive visuétira
show similar qualitative stripe domain behavior and motpho of stripe domains in complex environments and under buried
ogy. Generally, the stripes display a pronounced tendemcy tboundary conditions (e.g. ferroelectric / dielectric sugie
align normal to the substrate surface miscut directionsisen tices [43, 44]). With further development, Bragg ptychog-
tent with previous observations in this thin film system [13] raphy techniques can potentially resolve the full polarza
Though they are predominantly straight and regularly sgpacevector at the nanoscale, providing unique opportunitiesito
(Agpp = 23.5nm,Apry = 23.0 nm), several domains with  dress outstanding challenges of domain and domain wall en-
varying widths and irregular features are seen in both irmage gineering in complex ferroelectric and multiferroic thifrrfi
possibly due to the local details of the substrate surface besystems.
neath the film. We attribute the different ratios of up to down This work, including use of the the Center for Nanoscale
domain area in the two images to differences in pre-imag&laterials and the Advanced Photon Source was supported
sample processing and to differences in imaging environmerby the U. S. Department of Energy, Office of Science, Of-
(ambient conditions for PFM, anid8 x 10~° Torr vacuum for  fice of Basic Energy Sciences, under Contract No. DE-AC02-
BPP), which affects the compensation at the top interface 006CH11357. S.O.H., M.J.H., D.K., C.M.F.,, S.H., and P.H.F.
the film [12, 38]. Otherwise, the two techniques provide-self were supported by U.S. DOE, Basic Energy Sciences, Mate-
consistent information about the polar domain structur@ anrials Sciences and Engineering Division.
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