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We present a synchrotron x-ray study of #agilibrium polarization structure of ultrathin PbTiGilms on
SrRuQ electrodes epitaxially grown on SrTi@001) substrates, as a function of temperature and thenexkter
oxygen partial pressur@Q-) controlling their surface charge compensation. We findttreferroelectric Curie
temperature{c) varies withpO2, and has a minimum at the intermedia®- where the polarization below
Tc changes sign. The experiments are in qualitative agreemi#éimta model based on Landau theory that
takes into account the interaction of the phase transitiitim tive electrochemical equilibria for charged surface
species. The paraelectric phase is stabilized at inteat®gD. when the concentrations of surface species are
insufficient to compensate either polar orientation.

PACS numbers: 77.80.bn, 64.70.Nd, 68.43.-h, 77.84.Cg

The presence of a phase transition between nonpolar antin ferroelectric films, the simple extrapolations uses
polar states in ferroelectric materials is responsibletfieir ~ ply these results to nonzero temperatures have not taken int
fascinating and useful properties such as divergent digdec account the ferroelectric phase transition. To date mgstiex
susceptibility, outstanding piezoelectric and pyroelecioef-  iments on ultrathin ferroelectrics have been performeukeit
ficients, and ability to be switched between different gdal-  in air [15, 22—-26] or in vacuum conditions [3, 26-28], often
larization orientations through the momentary applicatid ~ without accounting for the possible large difference iniequ
a field [1, 2]. Recent studies have found that the extent of thébrium polarization stability. These considerations ivate
compensation of the polarization by free charge at intedac the present work, the first determination of teegilibrium
strongly affects the phase transition and thus the pragsofi  polarization phase diagrams of ultrathin ferroelectriméilas
ultrathin ferroelectric films and nanostructures [3—6fcdm-  a function of temperature and the external chemical paknti
plete charge compensation due to finite electronic scrgenincontrolling their ionic surface compensation.

lengths in ele_:ctr(_)des resul_ts in a residual depolarizirig fie Here we study epitaxial heterostructures consisting of fer
and a reduction in thg Curie temperatﬂ?@.[7—9]. Insuffi- roelectric PbTiQ (001) layers on conducting SrRyCayers,
uem!y c;ompensatgd mterfac;es can resultin th? aplpeanatnc both fully lattice-matched to SrTiDsingle crystal substrates.
equilibrium 180 stripe doma|.n_ and vortex polarization struc- This epitaxy constrains the PbTj@olarization orientation in
tres [5.’ 6, 10-13]. Competitions between energy terms th%e film to be normal to the surface at the temperatures invest
§ca|e with surface area and thpse that scale with _volumét resy oted [21, 29]. The top surface of the PbTii® compensated
in large changes to the behavior as the system size decreas §, extra or missing oxygen ions produced by interaction with
Charge compensation of ferroelectric surfaces withowutele the environment — a controlled oxygen partial presspé)
trodes can involve extra or missing ions arising from intera in a flowing N, ambient at 13 mbar total pressure — while the
tion with the environment, rather than electrons [14-21ff-S bottom is compensated by electronic charge in the SERuO
ficient ionic compensation can occur so that ultrathin flmsThe films are grown following procedures described else-
remain polar [15, 16, 22], and their polarization oriertati where [15, 17, 21]. Grazing incidence x-ray scattering edus
can be controlled by changing the chemistry of the environto characterize the atomic positions in the heterostrectir
ment [17, 20]. When the polarization orientation of PbJiO ray measurements are performaditu in the chamber used
films is inverted by changing the external oxygen partiabpre for PbTiO; film growth, at beamline 121D-D of the Advanced
sure controlling ionic compensation, recent experime2t$ [ Photon Source [17, 21]. Values for the PbTilattice param-
have found that, depending upon film thickness and tempeeeterc and positive domain fraction,,s are obtained by fitting
ature, the transition can occur either through the nudeati the measured intensities along & crystal truncation rod
and growth of inverted domains or by a continuous mecha¢CTR) using the calculated scattering from an atomic-scale
nism, in which the polarization uniformly decreases to zeromodel of the PbTi@/SrRuG;/SrTiOs heterostructure as de-
and inverts without the formation of domains. This crossove scribed previously [17, 21]. The local polarization magdg
could be explained as an effect of either kinetics (e.g. lim{P| is obtained from: using the well established relationship
ited nucleation rate) or thermodynamics (e.g. limited phas between strain and polarization in PbTi{29, 30]. For each
stability) in ultrathin films [21]. While first-principledieory  value ofpO,, data is obtained at successively lower tempera-
[15, 17-19] has confirmed that ionic compensation of sugfacetures by cooling from the nonpolar phase. In performingehes
is expected to be sufficient to stabilize polar phases imultr experiments at constapO., we find no significant depen-
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FIG. 1: (Color online) Polarization magnitude vs. temperator a
5-nm-thick PbTiQ film on SrRuQ coherently strained to SrTiat
threepO, values. The temperature below which the film polarizes
(T¢) is significantly lower at the intermediap®-.

Temperature (K)

dence of the results upon whether a temperature is apprdache
from above or below, in contrast to the large hysteresis ob-
served when the film polarization orientation is switched by
changingpO, at constanfl’ [17, 21]. Thus a better determi-
nation of the equilibrium states is obtained by chandihgt
constanpOs,.

The measurements show that the temperature dependence  &oo4
of the PbTiQ polarization is a strong function of the exter- - - -
nal pO,. Figure 1 showsP| versusT for a 5 nm PbTiQ 0.0001  0.001
film at threepO, values. The Curie temperatuie: below PO, (mban)

which the film polarizes is strongly suppressed at the interi:IG 2 (Col line) T ‘ hase di for th
mediatepO, value. Values ot, z,,s, and|P| as a function - 2: (Color online) Temperature vsO; phase diagrams for three

. s thicknesses of PbTiQon SrRu@ coherently strained to SrTiO
of 7" andpO, for 10-, 5-, and 3.5-nm-thick PbTiXilims are (001). Color scale indicates net polarization. Symbolsashoints

given in supplemental material [31]. These have been asseneasured and phase observed. Solid lines indifateand dashed
bled to create the equilibrium phase diagrams shown in Figdines are boundaries of 18&tripe domain regions.

2. Here the color scale represents the net polarizgfityn=
|P|(2zpos — 1), while the symbols show the phase observed
at each point measured [31]. At low# the polarization has PbO surface termination, which we found to be more difficult
opposite sign for high and lowO; (r,,s = 1 and 0, respec- to maintain consistently under all conditions for the léngt
tively). The observed (solid line) is minimum at theO,  time required for measurements (e.g. 1 hour per condition).
value where the polarization orientation bel@w changes The phase diagrams for both terminations are quite similar,
sign. The degree to whicl¢ is suppressed at these interme- with a minimum{7 at thepO, of the transition between pos-
diatepO, values becomes greater as film thickness decreaseisive and negative polar phases. For the 5 nm film, the PbO-
The square symbols show points where the CTR fitting inditerminated surface has a minimuFa that is approximately
cates a mixed domain structure withl3 < z,,s < 0.87. 8 K lower and occurs a factor of 1.4 lower #O, than the
At these points we typically observe diffuse scatteringlsat TiO,-terminated surface.
lite peaks in the in-plane directions around the Bragg peak, while previous work [17, 21] showed that the polarization
indicating formation of equilibrium 180stripe domains with  grientation in ultrathin films could be inverted by changiey
periods in the range 12-25 nm [10, 11]. tween high and lowO,, the equilibrium results in Figs. 1 and
The data presented in Figs. 1 and 2 are for a;T80rface 2 show that applied oxygen potential is not equivalent to ap-
termination of the PbTig which we created at high temper- plied electric potential. Because PbTEi©oherently strained
ature after growth by reducing the PbO vapor pressure in thio SrTiO; has a second-order transition at zero field [29], if
chamber below the value that stabilizes the PbO surface teit were cooled under a nonzero applied electric field the po-
mination [32]. We obtained a less extensive dataset for théarization would be expected to increase continuouslyevith
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FIG. 3: (Color online) Predicted polarization phase diaggas a function of temperature gd- for three thicknesses of PbTi@n SrRuQ
coherently strained to SrTgX001), from theory for ferroelectric films with ionic compeation [30]. Solid curves show equilibrium phase
boundaries, and dashed red, blue, and white curves shovgtatgtay limits for the positive, negative, and paraetecphases, respectively.

crossing a phase boundary between nonpolar and polar states

[30]. Here we see a clear phase transition when cooling at TABLE I: Values of coefficients used in Fig. 3.

eachpO,, with aT that varies withpOs. AGY 0.87 (ev) AGY 0.17 (eV)
The experimental results can be qualitatively understgod b e -2 ng 2
considering the equilibrium concentrations of extra orgimg e 2 ) 7o —2 1
A 32x107*  (m?) AT —1x10~ (m)

surface ions and their interaction with the film polarizatio
Calculations using a model [30] based on Landau-Ginzburg-

Devonshire theory for the ferroelectric phase transitiop-s

plemented by electrochemical equilibria for charged sirfa  The model qualitatively reproduces the observed minimum
species are shown in Fig. 3. The Gibbs free energy per unih T at an intermediateO, value (where a triple point oc-

area is written as [30] curs between positive polar, negative polar, and paraalect
(0 + P)? Afg2 phases), as well as the increasing depth of this minimum as
G =t [f(P) + } film thickness becomes smaller. This stabilization of thepa
2¢0 €o electric phase occurs because at theSe values, the sur-
S kT [91'AG?° _ 8ilnpOy face ionic charge density is too low to compensate eitherpol
i—o® A kT n; state. The model also predicts a tilting of the positiveAiirg
phase boundary belof- towards lowepO, at lowerT, for
+ 6;Inb;+ (1 —6;)In(1 — 91-)} (1)  which there is some evidence in the experimental data. The
model assumes that the film polarization is uniform, and so

wheret is the ferroelectric film thickness? is the polariza- does not capture the equilibrium 18&tripe domains that are
tion (assumed normal to the film surfacg),P) is the stan- observed along this boundary. While the terms in the sum in
dard Landau expansion of the free energys the compen- EQ. (1) used in the model produce transitions between the
sating surface charge density,is the effective compensation paraelectric and polar phases that are first order [30] atie |
screening length4 is the surface area per ion sitg, is the of a discontinuity in the measureld(T) curves indicates that
surface concentration of negative or positive speties> or  they may actually be second order. Alternatively, this may b
@, andAG?° is their standard free energy of formation from an averaging o’ due to inevitable nonuniformity of the film
n; ! O, molecules. The surface charge is related to the iorthickness on the single-unit-cell (0.4 nm) scale.
concentrations by = )", z;e6; /A, wherez;e is the ionic These results provide an explanation for the recent obser-
charge. Minimization of this free energy with respectRo  vation [21] of polarization switching without domain forma
and thef; yields the equilibrium polarization phase diagramstion at the intrinsic coercive field in sufficiently thin PIgj
shown in Fig. 3, using the parameters in Table I. The values dfilms. Figure 4 shows the observed film thickness and temper-
n; andz; are consistent with doubly-charged oxygen anionsature diagram [21] giving the regions for which polarizatio
and vacancies as the negative and positive surface spezies, switching by changingO, at constant temperature occurs by
spectively, which have been found to stabilize monodomaimucleation of oppositely polarized domains, or alterredyiv
polarization inab initio calculations [15, 17]. Note that the by a continuous mechanism in which the local polarization
effective screening lengthf can be negative in this model magnitude passes through zero. Superimposed upon this dia-
[30] because it includes a term from the polarization depengram are three points corresponding to the mininiigfrom
dence of the ion formation energies. Fig. 2 for the three film thicknesses studied here. They cor-
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FIG. 4: (Color online) Correspondence between regions ofico
uous and nucleated switching mechanisms found previooggn(
symbols) [21], and the minimuriic observed in this work (solid
circles). Dashed curve is a fit 63" = T&(1 — t*/t), where
T = 1023 K is the zero-fieldI - of PbTiO; coherently strained to
SrTiOs [30], andt™ = 1.2 nm is the best fit value.
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film interacts with its environment, and for fully realizitige
potential of ferroelectric materials.
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