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Thermodynamic theory is developed for the ferroelectriagghtransition of an ultrathin film in equilibrium
with a chemical environment that supplies ionic speciesotomensate its surface. Equations of state and free
energy expressions are developed based on Landau-GinRienmmshire theory, using electrochemical equilib-
ria to provide ionic compensation boundary conditions.cGlaktions are presented for a monodomain PRTIO
(001) film coherently strained to SrTiQith its exposed surface and its electronically conduckiotjom elec-
trode in equilibrium with a controlled oxygen partial press The stability and metastability boundaries of
phases of different polarization are determined as a fonaif temperature, oxygen partial pressure, and film
thickness. Phase diagrams showing polarization and mitetectric field are presented. At temperatures below
a thickness-dependent Curie point, high or low oxygen glaptiessure stabilizes positive or negative polariza-
tion, respectively. Results are compared to the standaebaat electronic compensation controlled by either an
applied voltage or charge across two electrodes. loniaserdompensation through chemical equilibrium with
an environment introduces new features into the phaseadiagn ultrathin films, a stable non-polar phase can
occur between the positive and negative polar phases whgingahe external chemical potential at fixed tem-
perature, under conditions where charged surface spa@e®apresent in sufficient concentration to stabilize
a polar phase.

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

I. INTRODUCTION

The equilibrium polarization structure of an ultrathinrfeglectric film is strongly affected by the nature of the deacompen-
sation of its interfaces. When there is insufficient freerghat the interfaces, a locally polar state can be statilizeformation
of equilibrium 180 stripe domains that reduce the depolarizing field en&jyhen electrodes are present, electronic charge at
the interfaces can stabilize a monodomain polar statejgedithat the effective screening length in the electrosiesfficiently
small compared with the film thickne&s* In both cases, the Curie poiffit; is expected to be increasingly suppressed as film
thickness decreases because of the residual depolarigidgfiergy.

Even when the surface electrode is missing, it has beeniexpetally observed that a monodomain polar state can béestab
in ultrathin ferroelectric film$>-18 This has been attributed to the presence of ionic specid¢eaurface that provide charge
compensation and reduce the depolarizing field en&gimilar to the adsorbates observed on bulk ferroelectritasas!®
Furthermore, experiments have shown that the sign of tharigation can be inverted by changing the chemical enviemtm
in equilibrium with the surfacé®?! Recently? it was found that when the polarization is inverted by chagghe external
chemical potential, switching can occur without domaimiation and at an internal field reaching the intrinsic caerdield
for certain ranges of film thickness and temperature. THusugh either kinetic suppression of domain nucleatiorther
structure of the equilibrium phase diagram, an instabgint of the initial polar state can be reached. This is inrgltantrast
to switching by applied field across electrodes, where timseosus has been that polarization inversion occurs ondpinain
nucleation and growth at fields well below the instabifity.

These studies motivate the need to understand the polarizattase diagrams and metastability limits for ultrathérnrd-
electric films with ionic surface compensation, in chemaalilibrium with their environment. While the energy andusture
of ferroelectric surfaces compensated by ions have beeatigted byab initio calculations'®292425these zero-Kelvin results
have been extrapolated to experimental temperatures siimge entropy estimates, and to date have not includedftbete
of interaction with the ferroelectric phase transition ahd Here we develop a thermodynamic theory for the ferroatectr
phase transition of an ultrathin film in an environment thgdpdies ionic species to compensate the polarization disuaity at
the surface of the ferroelectric. We use an approach basédmaau-Ginzburg-Devonshire (LGD) theory for the ferrotie
material® with boundary conditions that include both the depolagZield effects that arise in ultrathin films and the creation
of ionic surface charge through electrochemical equaibfithis new chemical boundary condition is based on a Langaaki
sorption isotherm for ion& We develop an expression for the free energy of the systenusmi to determine the equilibrium
monodomain polarization states and their stability. Forpdicity we do not include additional “intrinsic” surfacdfects or
polarization gradients in the ferroelectficWe compare and contrast our model for ionic compensatingefwontrolled by an
applied chemical potential with existing models for elentc compensating charge controlled by either an appliddge or
fixed charge, to elucidate how the present predictions fucicompensation differ from prior work.



We find that the equilibrium phase diagram of a monodomairoé&ectric film as a function of temperature and chemical
potential can have a different form than the standard phiaggains as a function of temperature and applied voltaghange.
We present calculations for PbTi@01) films with a conducting bottom electrode (e.g., SrRuUCoherently strained to SrTiQ
and with a surface compensated by excess or missing oxygstfiéf For sufficiently thin films, we find that a non-polar state
becomes stable between the positive and negative polassteithin the range of external oxygen partial pressuresravthere
is insufficient surface charge to stabilize a polar statedédithese conditions the Curie temperature depends syronghe
oxygen chemical potential.

Il. THERMODYNAMIC MODEL

In this section we establish the electrostatic boundarylitimm, the ferroelectric constitutive relation, and thmed energy
expressions used to describe an ultrathin ferroelectnic fiVe consider a uniformly polarized, monodomain film withaxal
polarization oriented out-of-plane (normal to the integfg). This should apply to systems such as PpTi1) coherently
strained to SrTi@, since LGD theory?® predicts that compressive in-plane strain favors thisdmain” polarization orientation.
Even if out-of-plane polarization is suppressed by dejmdsion field effects, in this system the in-planedomain” polarization
orientation is less stable than the non-polar pFasietemperatures above 360 K. For this case all fields can loifispby scalars
since their in-plane components are zero.

To include the effects of incompletely neutralized depialag field, we use the simple electrostatic model illugtdatn
Fig. 1. The spatial separation between the compensatiagharge in the electrodes and the bound charge at the otferess
of the ferroelectric leads to residual depolarizing fieldhe film even when the external volta§jg, is zero (i.e. short-circuit
conditions). Figure 1 shows the polarizatiBrand displacemen® in a ferroelectric film of thicknesssandwiched on the top
and bottom by planes of compensating free charge of defisityat a distance. > 0 outside the ferroelectric. The planes of
bound and free charge lead to stepsiirand D, respectively. In Fig. 1P and D are positive and the free charge on the top
electroder is negative. The electric field and potential can be caledlfiomE = (D — P)/ep andV¢ = —E, where is the
permittivity of free space. The internal field in the fermeetric film is E;,, = —(o + P)/¢p, while the field just outside the film
is B\ = —o/eo.

In a series of early papers, Batra, Wurfel, and Silverfiashowed that the results of a more complex model taking into
account the space charge distribution and non-zero sorgéigth in non-ideal metal electrodes could be reprodbgetiis
simple model in which ideal metal electrodes are separabedthe ferroelectric by a vacuum gap of width equal to theeaing
length, and all bound and free charges reside at the ingsfaEhis model has been discussed extensivéh}*°and used to
parametrize the results ab initio calculationst? An alternative description in terms of interfacial capanité*2°is equivalent
if the interfacial capacitance per unit area is identifiethwj /\. Recent calculatiotd'*3*°have shown that the screening length
for the electrode material can be generalized to be an effestreening length for a given ferroelectric/electratteriface.

We can relate the external voltale, across the structure toand P by integrating the field to give

€0Vew = 20 + t(o + P). Q)
The field in the ferroelectric can then be expressed as aifumet P and eithew or V., using

E,, = —(O’+P)/€0
Vi + 2\Pey
2N+t

)

In the latter expression, the second term in the numeratesghe voltage from the residual depolarizing field thatigprtional
to (and opposes) the film polarization.

In this simple electrostatic model, we assume that the twerfaces have the same screening length and work functicea. |
polarized material, these quantities can depend upon tlaeiration magnitude and orientation with respect to théese, and
differences between the two interfaces may arise even #ldwtrode materials are identicaif®Since to first order these effects
simply add a term t@\ in the numerator of Eq. (2), which is already a variable pa@min our model, we have neglected these
differences. The approximations in this electrostatic el@de not critical in determining the new behaviors we finblefor
ionic surface compensation (which occur evenXot 0), but do provide simple, analogous electronic compensatiodels for
comparison.

To determine the equilibrium polarization in the film, théues of field and polarization inside the ferroelectric mistul-
taneously satisfy both the electrostatic boundary camnliiq. (2) and thé,,, (P) constitutive relation for the ferroelectric. For
PbTiO; this can be written &s

Ein = f'(P) = 224 P + 453 P? + 60111 P°, (3)



wheref’(P) is the derivative of the bulk LGD free energy density
f(P) = aiP?+ a3 P* + a1 PP, (4)
and the coefficients; are those for a coherently-strained fiffn,
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wherez,, is the epitaxial misfit strain of the zero polarization stdigis the temperature at whieli; changes sign fat,,, = 0,
C is the Curie constant, ar@;; ands;; are the electrostrictive and elastic compliance coefftsigespectively:3233 Values of
these material parameters for PbTi@e listed in Table I. The misfit strair),, has a somewhat temperature-dependent Vaitie
about -0.01 for PbTi@coherently strained to SrTi®While for unstressed bulk PbTi@he fourth-order polarization coefficient
a1 is slightly negative, indicating a weakly first order traisi as a function of” at £;,, = 0, for coherently strained films the
coefficienta, has a positive value ¢f.0 x 107 Vm®/C?, indicating that the transition is second orter

The strain normal to the film can be calculated from the ppédion using the expressidn

23 = Q11 P? 4 2512(2m — Q12P?) /(511 + $12). (6)

If the effects of depolarizing field are neglected (i.e. fieal electrodes with = 0), the Curie temperaturg? is determined
by the change in sign af%, which gives

Tg =Ty + 4600@12xm/(811 + $12). @)

Using thez,,, (T") appropriate for epitaxially strained PbTHOn SrTiG;, this givesTg = 1023 K, about 270 K higher than in
thez,,, = 0 case.

We can determine which of the equilibrium solutions is stalohetastable, or unstable by considering the appropriege f
energy of the system. For a closed system (e.g. fixed chatgeHelmholtz free energy is minimized at equilibrium. The
Helmholtz free energy per unit arelican be written as

A = HJ(P)+ TEL] + 2T B}

+P)?]  Ao?
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where the two terms are for the ferroelectric film and surddog screening regions. For an open system (e.g. fixed pafent
the Gibbs free energy is minimized at equilibrium. The Gifrbe energy per unit argais given by

g :-A_ ‘/ewo'a (9)

where the difference between the Gibbs and Helmholtz freegées—V,..o is the electrical work done on the system by the
external circuit. This difference is in accord with that imexcent derivatio?f of the energy functionals to be minimized in
first-principles calculations at fixeB and fixedFE.

I11. FERROELECTRIC FILM WITH ELECTRONIC COMPENSATION

In this section we present the equations of state and phageadis for ferroelectric films with electronic compensatioder
controlled voltage or charge conditions, as backgroundiémelopment of theory for ionic compensation. Some of theemo
subtle differences between fixed voltage and fixed chargadeny conditions are highlighted.

Figure 2 graphically shows the equilibrium polarizatiom dield values that simultaneously satisfy the constitutelation,
Eqg. (3), and either the fixell,, or the fixedoc boundary condition. A temperature of 644 K was chosen to imate of
the experimental conditions previously studf@d? Each line in Fig. 2(a) is the fixel., boundary condition from the second
equality of Eq. (2) for a particular value df,.. The deviation of this line from vertical reflects the nomezealue of\ /t = 104
used to model the screening length in the electrodesV Ass varied, this boundary condition translates along thézootal
E;, axis. For|V,,| less than a certain value, there are three intersectionsseqting equilibrium solutions; at largét...|, there
is only a single solution. The marked intersections comwasgo solutions that are not unstable, as described belash Ene
in Fig. 2(b) is the fixedr boundary condition from the first equality of Eq. (2) for atarlar value ofo. These lines are nearly
horizontal, showing that the field dependencé’adt constant is negligible. Aso is varied, this boundary condition translates
along the verticaP axis. In this fixed, unifornr case, there is a single equilibrium solution atraindT values. The behavior
is independent ok andt, and, as described below, the equilibrium solution is ab\&table.



A. PhaseDiagram for Controlled V.,

At constantV,,, the equilibrium polarization value is that which minimgzg. Using the Eq. (1) to eliminate gives an
expression fog in terms ofV,, and P,

Ve tPVey At P?
(2A+1t)  2X+t (2N +1)

G =tf(P) -3 (10)

Figure 3 showgj as a function of? andV,,, corresponding to Fig. 2(a). The equilibrium polarizatigyy can be determined by
setting the first derivative af at constani/.,. to zero, giving the equation of state
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This agrees with the simultaneous solution of the constéutlation and boundary condition shown above, Egs. (2-3)
The stability of the equilibrium solutions of Eq. (11) is dahined by the sign of the second derivativjddt that value ofP,

1 9%G 2\
oz, T

Vew 60(2/\ + t) ' (12)

When this is negative, the solution is unstable; when it sitpe, the solution is stable or metastable. In particudren there
are three solutions, as shown in Fig. 2(a), the middle one Rea 0 is unstable. The values @ andV,, at the instability
(limit of metastability) are given by the condition that hahe first and second derivatives@fare zero. At this value aoP, the
P(E;,) curve of the constitutive equation, Eg. (3), has the saneesis the constait.,, boundary condition line, Eq. (2), on
Fig. 2(a). The value of;,, at the instability is the intrinsic coercive field for the filalectrode system with parameteérand\,
taking into account the effect of depolarizing field.

The solution of Eq. (12) foP? = 0 gives the condition for the Curie temperatdie which can differ from the valu&g for
X = 0. The change i due to a non-zero screening length is givef by

—2)C

AT =To - TS = et

(13)

Because the Curie constafitis much larger tharf2 for typical ferroelectrics, stability of the polar phasguéesh << t.
Even a ratio\/t = 0.001 givesAT = —300 K for PbTiOs. Effective screening lengths calculated from first principlé$!4
vary between zero and 0.02 nm for various electrode-fezobet interfaces.

Figure 4 shows the equilibrium polarization, strain, anekfenergy of the stable and metastable solutions as a fanctio
of V... These indicate the possible polarization hysteresis mathsutterfly loops. Two equilibrium solutions (one st&bl
and one metastable) corresponding to oppositely polasies exist whetil,. | is smaller than the instability. The stable
solution switches between positive and negative polaoaattV,, = 0. At values ofl,. in the metastable region between the
equilibrium and instability points, polarization switclgi requires nucleation of domains of the opposite polafitye nucleation
barrier becomes zero whér, reaches the instabilif§?. At values ofV,, exceeding the instability, switching occurs by a
continuous process without nucleation.

Figure 5 shows the equilibrium polarization phase diagrara tunction ofl.,, and7'. While there is a first-order transition
phase between positive and negative polar ferroelecttiatiel F-) phases, this terminates/atin a second-order transition to
the non-polar paraelectric (P) ph&eéWVhenT is varied at non-zero values bf., there is no phase transition between the non-
polar and the stable polar phase. The dashed red and bluesane the limits of the metastable F+ and F- phases, regglgcti
The polarity switching transition driven by changiig, at fixedT" requires nucleation under conditions inside (below) these
curves, and is continuous (non-nucleated) outside (alibesg curves.

The non-zero screening lengthnot only depresse®: belowT¢, but also produces inverted electric fields in the film in
the region near the phase boundary (sridll.|). Figure 6 shows the internal field as a functioni@f andT in the vicinity
of Tc. The inverted electric fields extend into the non-polar phiasthe region betweeilc and72. Thus, when a small
external voltage is applied to a film in this region, the efuiim field in the film isoppositeto the applied field. Close to
Tc, the magnitude of this inverted field is larger than that efaipplied field, producing an (internal) voltage gain in aspas
device that diverges d&- is approached. It has been proposed that such “negativeitapae” could be used to improve the
performance of nanoscale transistdtThe conditions for zero field, shown as black dashed curv&sgng, can be obtained
from Eq. (2) ad/., = —(2)\/eo) Py, WhereP is the zero-field spontaneous polarization of the epithxgtained film3 Unlike
T¢, these boundaries are independent of film thickness.



B. PhaseDiagram for Controlled o

An alternative to controlling the voltagé., across the electrodes is to control the current flow to thetr@ldes, and hence
the free charge. The equilibrium polarization at fixed is determined by minimizing the Helmholtz free energy far fiystem
given by Eq. (8). This is plotted as a function Bfando in Fig. 7. Setting to zero the derivative gf at constant gives the
equation of state

1 0A —f’(P)+U+P. (14)

0=- —| =
t(?Pa €0

This agrees with the constitutive relation, Eq. (3), verifythat the correct equilibrium states are predicted by fitde energy
for fixedo. SinceC/T¢ is very large for typical ferroelectrics, there is a only en@imum at each value ef. The equilibrium
values of4 andV,, are plotted versus in Fig. 8. To a good approximation, this equilibrium soluticorresponds t¢,, ~ —o,
and

A 2
Aeq ~ tf(0)+ La
€0
Ve~ tf (o) + 202 (15)
€0

If these approximate expressions were plotted with thetexaalts in Fig. 8, the curves would be indistinguishable.
The stability of this equilibrium solution with respect taniations inP can be evaluated from the sign of the second derivative
of A with respect taP,

1 9%A " 1

- —| =f"(P)+—. 16

Fops| — P (16)
Because&” /T¢ is very large, the first term is negligible, and the secondvéive is always positive. Unlike the fixéd.,. case,
the equilibrium solution?,, ~ —o is never unstable with respect to fluctuationsinand there is no phase transition. This
point is often not recognized i-the surface charge is controlled and kept uniform, anyueadf P in the film may be stably
formed.

While at fixed surface charge densitythe equilibrium solution is always stable with respect tdapaation variations,

instability can occur with respect to spatial non-unifagnin o. The free energyl., of Eq. (15) is a double well, as shown in
Fig. 8(b). The minima occur at values,;,, given by solutions of

1dA
0=_-22%
t do

2 o
teo '

~ f'(o) + (17)
This givesV:(omin) = 0. If the controlled parameter is the net charge density orethetrodes, then for|g| < |omin]
the system can lower its free energy by forming a 2-phaseurg@xif domains of opposite polarity. The extent of this 2g#ha
region is shown by the black dotted lines in Fig. 8. The localace charge = +|o.,,;,, | Will have opposite sign for oppositely
polarized domains. At equilibrium, the fraction of postidomainse,.s will be z,,s = (1 — /|omin|)/2. The equilibrium
value ofV,, is zero in this polydomain region and the free energy dexssdf the oppositely polarized domains are equal.

Here we assume that the in-plane size of the domains is suffigilarge compared with the film thickness that we can retgle
the excess free energy of the domain walls and the in-plampooents and non-uniformity of the polarization and fieldme
the domain walls. When there is incomplete neutralizaticthe depolarizing field by compensating charge (e.g. whéennot
zero), the free energy can in some cases be reduced by thatfonnof equilibrium 180 stripe domains®® with an in-plane
size similar to or less than the film thickness. For such foraesdomain structures, the domain wall energies and figldti@ns
are not negligible. For simplicity, we do not consider theases here.

The surface charge density is a conserved order parameterstability with respect to spatial non-uniformity oceubor
magnitudes ofr smaller than the spinodal values given by

1d*A, 2
= @+ (18)
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Since\ << t, this expression gives the same result as the instabilitly véspect to unifornP variations at constarit,,,
Eq. (12).

Figure 9 shows the equilibrium polarization phase diagrara &unction ofs andT’, while Fig. 10 shows the internal field
in the vicinity of 7. These exhibit a two-phase field between the single-phasitygoand negative polar phases (F+ and F-).
The dashed red and blue spinodal curves are the metastdibilits of the F+ and F- phases, respectively. The polaidnat



behavior is especially simple, since we ha¥ex —c in the single-phase regions, independerit'ofThe suppression df is
the same as in the controllédl, case, and the equilibrium and instability curves corregpactly. However, transformations
driven by controlling eithei,,. or & follow different paths. IfV, is kept constant, the parent phase will remain metastable
and will be entirely consumed by the stable phaser i kept constant}.,. will decrease to zero as the fraction of inverted
domains grows, reaching an equilibrium two-phase statee cdmtrolled potential and controlled charge phase diagifam
ferroelectrics, Figs. 5 and 9, are directly analogous tdrotied chemical potential and controlled composition gghdiagrams
for an alloy or fluid exhibiting phase separatitrin particular, the instability in ferroelectrics is a spitad boundary, and the
continuous transition that occurs at fixgg, in the unstable region is equivalent to spinodal decomjomsif an alloy held
at constant chemical potential. In this case, unlike thelfixed average composition constraint for an alloy, thetiooous
transition will result in a single-phase (monodomain) fistatte. Spinodal transitions from monodomain to polydorstites in
ferroelectrics at fixed have recently been modeléd.

While the conclusion that th® =~ —o solution is always stable with respect®fluctuations for any constaat may seem
practically irrelevant for the electronic compensatiosecwhere the system is unstable with respeet tmn-uniformity, in the
case of ionic compensation this conclusion can be impartantve shall see, for ionic compensation the system can béesta
againstr non-uniformity, and the phase transition to a polar statetmacompletely suppressed for a range of applied chemical
potential.

IV. FERROELECTRICFILM WITH IONIC SURFACE COMPENSATION

Now we consider a ferroelectric film without a top electrobdet with its surface exposed to a chemical environment that
can supply free charge from ionic species. The amount ofdheege supplied will depend on the chemical compositiomef t
environment and the external voltage, that it sees on the surface. We will use the same electrodtatindary condition,
Eq. (1), constitutive relation, Eq. (3), and free energy, @), employed above for the electronic compensation ¢caseting
the ions as residing in a plane at a distah@bove the surface. Rather than solving for the polarizdtioa given value oV,
or o, we wish to obtain the equilibrium polarization for a givesngposition of the environment.

To obtain the relationship betweenand V., due to this chemical equilibrium, we develop an expressiaseld on those
for adsorption of ions used in electrochemical systémale treat the external chemical environment as an elecerahgt is
in contact with both the surface of the film and the bottom tebele (e.g. via pinholes in the film away from the region of
interest). In order for surface ions from the chemical emwinent to produce an electric field across the sample, asvasie
experiment€®-??the electrons involved in creating the surface ions mustIsaxch a path to reach the bottom electrode.

We can write a generalized surface redox reaction betweggenxin the environment and a particular surfaceijon

1
IonSite + —O2 > z;e” + Ion™, (19)

3

wheren; is the number of surface ions created per oxygen molecutez.ais the charge on the surface ion. In this formalism,
n; andz; change sign depending upon whether positively or neggtelerged surface species are involved. For example, if the

surface ion is a doubly-negatively-charged single-atosogakd oxygeroid_, so thatn; = 2 andz; = —2, the redox reaction
is
1 _ 0
Vad + 502 +2e¢” < 0., (20)
while if the surface ion is a doubly-positively-chargedgaiatom missing surface oxyge‘v%*, so thatn; = —2 andz; = 2,

the redox reaction is
1
0o ¢ 502 +2¢” + Vet (21)

In these reaction¥ .4 represents a vacant oxygen ion adsorption site on top oflthafidO represents an occupied oxygen
site in the outermost layer of the film. We include these sitdbe equilibrium so that the concentration of ions saesathen
all sites in the relevant surface layer are filled. The cotregions of surface iong, = [Ion], are defined so that their saturation
levels argd; = 1 and the concentrations of the surface siteganeSite] = 1 — 0;.

One can write mass-action equilibria for these redox reastitaking into account the external voltage differendesben the
bottom electrode and the surface (since the electrons avenasl to reside at the bottom electrode, while the ionseestithe
surface). These are given by

kT



whereAG? is the standard free energy of formation of the surface igimat= 1 bar andV,, = 0, ande is the magnitude of
the electron charge. This expression is analogous to thgrhain adsorption isotherm used in interfacial electrociseny?® for
adsorption of neutral species onto a conducting electrgdesed to ions in a solution. Here, we consider adsorptidoref
onto a polar surface exposed to neutral species in a chearnigabnment. Thus ouv,,, is the potential of the adsorbed ions
relative to the electrons, rather than the potential of theteons relative to the ions in solution as in the typicab#lochemical
case.

The standard free energies can depend not only on tempetattitalso on the polarization of the film, since the surface
structure changes witR. For simplicity we assume that they can be all described bgéme parametef using

AG? = AG:O(T) + (ZZEA//EQ)P. (23)

If ) is positive, then a more positively polarized film tends &b#lize negative surface ions, and vice versa. Note thatffleet
of )\ is in addition to the electrostatic energy already incluttedugh thez;eV,, term in Eq. (22). The density of free charge
on the surface is the sum of those from the various surfacg gving

zieb‘i
o= Z 1 (24)

where thed; ! are the saturation densities of the surface ions.
Using Egs. (22-24) and Eg. (1), the surface ion concentratipcan be calculated for giveli,, andpo,. Parameter values
for a system with one positive surface ibs © and one negative surface ior= © are given in Table II; her& G andAGE

are taken to be independent of temperature. We have asshatdte saturation densities of the surface iA[;Té are both one
per PbTiQ unit cell area. For divalent surface ions, this saturatiensity would provide more than twice the charge density
needed to fully compensate the typical polarization of BRTi

Figure 11 show$; as a function ol for several different values gf,,. Changingvo, shifts the external voltage scale by
[kT'/(zin;e)]Alnpo, for each ion. Figure 12 shows the corresponding surfacgetidensitys. Three plateaus occur — two
at extreme values df,,,, where one or the other of the ionic surface concentratigsaturates at unity, and a third near zero
surface charge over the rangelaf. for which bothé; are small compared to unity. From the shape of the chargealtage
curves in Fig. 12, one can see that this chemical boundajittom has regions that correspond to fixedeparated by regions
that correspond approximately to fixéd,. Thus fixedpo, does not correspond to either fixedr fixed V... As we shall see,
this strongly affects the equilibrium phase diagram.

The values obp, andV,, that givec = 0 can be obtained by solving Egs. (22-24) o= P =0, 0, << 1, to give

S R (25)
PO, ng — g kT

wherepg, is the temperature-dependent oxygen partial pressurgittests = P = 0 at Ve, = 0,

oo _ —nNgng AGOGO - AG%O Z@A@
Inpgy, = p— [ T +In 7—2914@ . (26)

As shown below, this value gi,, marks the transition between oppositely polarized filmshenphase diagram.

A. Equilibrium Solutionsat Controlled Oxygen Partial Pressure

Equilibrium solutions can be calculated by obtaining atrefeship betweert;,, and P due to the chemical boundary condi-
tion, and solving it simultaneously with the constitutiedation for the ferroelectric, as we did for the electrorase in Fig. 2.
The solution fors as a function ol shown in Fig. 12 along with Egs. (1-2) gives a relation betwgg, and P for a given
Po,, Which can be solved simultaneously with Eq. (3) to obtaedtierall equilibrium. This is illustrated in Fig. 13, whele
chemical boundary condition for three valueggf is shown. Changingo, shifts the boundary condition curve along thg,
axis. The boundary condition curve is centeredos 0, E;, = 0 whenpo, is equal topgy, of Eq. (25).

An approximate expression for the chemical boundary carditan be obtained by making some simplifying assumptions.
The dependence of on V., obtained from the depolarizing field, Eq. (1), is negligibempared with that obtained from the
chemical equilibria, Eq. (24), shown in Fig. 12. One can agpnate Eq. (1) ag ~ —P. In addition, we can neglect one of
the ion concentration®,, or 6 relative to the other, depending on the sign of the film pa&ion. This leads to the limiting
expressions

kT —A;P/ze AGS° N kT Inpo
Vew = ——1 - — - —P+ ——=
zie n 1+ A;P/ze zie €0 + zin;e

; (27)
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for i = & or @ (positive or negative film polarization, respectively).rfoe parameters used in Fig. 12, e.g. far beltw
the approximation (27) is very close to the exact solutiotaimied numerically. Substituting the approximations Egg) into
Eq. (2), one obtains relationships between field and p@ltdaz given by

—A;P/ze oo ET In
E 60(];;1; n 1+f}41f1;//zie Azcjé - zinf}e(b ) - 2)\TP (28)
€ in ~ )
0 2N+t
for i = © or @. Here we have introduced a new parametérdefined by
AM=x-)N)2 (29)

If \" is positive them\T is smaller than\, and in particulaint can be negative.

B. Stability of Equilibrium Solutions

Because of the plateau in tH& E;,,) shape of the chemical boundary condition shown in Fig. 1&etltan be as many as
five equilibrium solutions given by the intersections. Aaldree energy function that is minimized at equilibrium d¢eused
to determine which solutions are stable, metastable, asthhle. The Gibbs free energy consistent with the abovétiera of
the chemical boundary conditions is

g - t{f(P)—i-(U—'—P)Q]—l-/\TUQ

260 €0

Z KT [0;AG?°  6;1npo,
1=6,D

+ 0;In6; + (1—6;)In(1 — 91-)] . (30)

The extra terms in this expression for Gibbs free energy restemt in Eq. (8) for the Helmholtz free energy, i.e. the sation
and the)\’ term in A\, are analogous to the termV, o in the Gibbs free energy for the electronic compensation,dag. (9).
These terms represent the work done on the system by the@emeint at fixed chemical potential.

Minimizing this G with respect taP at constanpo,, 5, andfg (and therefore constan) gives

1 oG o o+ P
O—gﬁ = f(P)+ )

0s,00,p0,

(31)
€0
This agrees with the constitutive relation, Eq. (3), like ttase for electronic compensation, Eq. (14). As in that, ¢emuse of

the large value of’ /T for PbTiO;, the equilibrium polarization is given to a good approxiiaby P ~ —c. The free energy
expression then becomes

Ao?
G =~ tf(o)+ U
kT 0, AGY° 9ilnp02
+ Z z |: n;
i=0,0
+ 91-11101-—1-(1—91-)111(1—91-)]. (32)

When the derivatives of this free energy with respeéii@ndds at fixedpo, are set to zero, this yields the equilibrium relations
given above in Egs. (22-24), wheVg, of Eq. (1) is now given by, = 2Xo/eq + tf'(0).

The global minimum of the free energyof Eq. (32) with respect tés anddg typically occurs either &g, ~ 0 or g ~ 0.
The generality of this result can be evaluated by re-exprgsbe 6o andfg terms in the free energy Eq. (32) using new
variabless andd = zgefg/Ag — 20ebs/As. Minimizing G with respect td) at fixedos gives

022689 :(AG@_AGG)
0,P0, & &S

a5

() 2]

(Z@”@ 29”9) kT In po,. (33)
2eNaprzoNe

_|_

_|_
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The first term is positive in cases such as the one we consitien there is a region of intermediatg, with low concentrations
of both positive and negative surface ions. The third terrei® for typical values of the; andn;. Thus the equilibrium
condition requires that the second term be negative, whichirs only when eithefl5 or 64 is very small. Substituting this
result into Eq. (32) gives

A o2 kT
G ~tf(o)+ 6” +Z <AG;’°—7np02> (34)
5 ,

z;e n;

KT [ Ao Aio Ao Ao
+ — In +(1- In({1- ,

A; | ze zie z;e zie
wherei = & for 65 ~ 0, positive P, and negativer, ori = @ for 65 ~ 0, negativeP, and positives. The third term is
proportional tas, like a field term, but the constant of proportionality chasgvherns changes sign and the ionic species at the
surface change between positive and negative ions. Thiggeha slope ofj(c) atoc = 0 can produce a stable or metastable
minimum.

The free energy of Eq. (34) is plotted versus, /pg;, ande in Figs. 14-15. At intermediate values pb,, there are three

(meta-)stable solutions corresponding to local minimg (a), at positive, zero, and negative polarization. These dajiuim
solutions satisfy the equations of state

;
0= %ztf'(awr% o, L (AG;’°—M)
do €0 zie n;
L M [m <Ai"> —In (1 - Ai")} , (35)
zi€ Zi€ zZie
and the limits of metastability of these solutions can beaiiatd from
0? )\ kT
s A R E— (36)
do €0 z;e0 (1 — %)

wherei = © or @ as in Eq. (34). Figure 16(a,b) shows the polarizations aredgées of these solutions as a function of
po./pg,- The energy of the solution d@ = 0 is zero, while the energies dependay, /pg;, for the other two solutions. For
the parameters used here, e.g. a 3.2 nm film thickness, thgiesef all three solutions are almost equapa@s /py, = 1. The

P = 0 solution will be the stable (global minimum) solution foirther films at intermediatgo,. Here this solution is stable
againsto non-uniformity, unlike the electronic compensation caBer example, Fig. 16(c,d) shows the results for a 1.6 nm
thick film, with all other parameters the same. In such thindilwhere the central flat region of the boundary condiftd®’;,, )
curve spans a large range Bf,,, the positive and negative solutions do not overlap, and?ke 0 solution is the only solution
for the range opo, where bothog andfg are small.

For the polar phases, the last term of Eq. (36) is typicallglsenough, except nedi:, that this condition for the instability
is very similar to those for the electronic compensatioresagqs. (12) and (18). Thus at the metastability limit of gotar
phases, the internal field reaches the same intrinsic a@efield in the ionic compensation case as it does in the eleictr
compensation cases.

C. PhaseDiagram for Controlled po,

The effect of the chemical boundary condition on the ferogilc phase transition can be explored by solving for tHarpo
ization and field as a function of temperature as wep@asand film thickness. As can be guessed from the fixed-temperatu
results shown above, the temperature dependences Bf,,, and the Curie poinf (i.e. the temperature of the equilibrium
boundary between the polar and non-polar phases) all vahytépo, of the environment.

Figure 17 shows equilibrium polarization phase diagrama asction of 7" andpo, /pg, for various film thicknesses. In
addition to the stable and metastable equilibrium phasedenies, the metastability limits of the polar and non-pplaases
are shown. These phase diagrams are calculated using paramlees given in Table Il. The oxygen pressure scale has be
normalized topgy (T'), which produces symmetric diagrams when = —ng, 26 = —zg.

The equilibrium phase diagrams as a functiomgj for ionic compensation, Fig. 17, differ qualitatively frotme standard
second-order ferroelectric phase diagrams as a functidh,0br o for electronic compensation, Figs. 5 and 9. The ionic phase
diagrams show temperature ranges where the non-polar ghsteble at intermediat®,, separating the positive and negative
polar phases at high and Igw, , respectively. As film thickness becomes smaller, this ‘gegdf non-polar phase extends to
lower temperature, reaching O K for thicknesses less thaatabnm for the parameter values used here. For films withlsmal
thickness, an inverted ferroelectric transition remairexe&reme values o, , with the polar phase stable at temperatures above
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the phase boundary, and the non-polar phase stable beldvotimelary. For thicker films, there is a triple point where first
order transitions between the positive and negative poldm®n-polar phases meeta, /pg;, = 1, while at extreme values

of po, there is no phase transition as a functioriZobetween the polar and non-polar phases, similar to the ¢asenazero

V... In Fig. 5 for electronic compensation. For all film thicknessthe high temperature ends of the polar/non-polar phase
boundaries terminate at two critical points. In a range ofgerature below these critical points, the regions of (Rstability

of the positive and negative polar phases do not overlape,Hgiitching transitions between oppositely polarizetestat fixed

T driven by changingo, must occur through an intermediate non-polar state.

The appearance of the non-polar phase between the polaephtatower temperature is directly related to the non-tinea
dependence of surface chargen In(po, ) at fixedV.,. This has a plateau at a value nea 0 for intermediater, values,
where the concentrations of both positive and negativasaiibns are small. The low value®fn this region can be insufficient
to stabilize either polar phase.

Figure 18 shows the temperatures as a function of film thiekraf the critical points, the polar phase instabilities at
po./py, = 1, and the triple point. The triple point is the minimum eduilum 7. At temperatures between the triple
point and the critical points, the non-polar phase inteegdretween the polar phases at equilibrium. An expressidghddem-
peratured,, of the critical points can be obtained by setting the secomntkhird derivatives of the free energy simultaneously
to zero, Eqg. (36) and

2A7',O'
a3g N " kT (1 ~ e )
Ozﬁwt‘f (O’)— R (37)
z;e02 (1 — %)
wherei = & or @ as in Eq. (34). In the approximation thais small at the critical point, these reduce to
AFY? kT, \
e | 0 (Tey) + — 204 <) . 38
(O‘B( )+€Ot) + Q33 (4t|z1|e) ( )

We use the doublea symbol to indicate a rough approximation, in this case bee#lbecomes invalid at smallNonetheless,
Eq. (38) shows that the temperatures of the critical poiatgttie ionic compensation case are suppressed by an addlition
thickness-dependent term not present in the electronipeasation case, Eqg. (13). Even if the effective screeningtleis
zero,\' = 0, theT, are changed by an amount

2/3
KT, ) . (39)

ATCTE cr_TozR'“_Q C2 x 1/3
c €0 (a33) 4t|21|6

Using the LGD parametetgor PbTiO; coherently strained to SrTiQ |z;| = 2, and a thickness of = 3.2 nm, one obtains
AT,, ~~ —115K.

Figure 19 shows the internal field (along with the phase batiad) as a function gfo, /pg;, andT for a 1.6 nm thick film.
Like the electronic compensation cases, Figs. 6 and 10nteenil electric field is inverted in the polar phases nearptiase
boundaries because of the incompletely neutralized depiolg field. While the electronic compensation model regsia non-
zero screening lengthto produce an inverted field, the ionic compensation modesdmt. The magnitude of the inverted field
at the phase boundary is much larger for ionic than for edeétrcompensation in the cases shown. In all cases the au/feld
regions extend above the critical point(s). The oxygeniggstessure corresponding to zero internal field can beimdxsby
setting the numerator in Eq. (28) to zero, giving

In Ein=0 __ _2nizie)\TP0 1 —AiPo/zie
p02 - EokT ‘ 1+ AiPO/zie
n; AG?°
! 40
kT (40)

where P, is the T-dependent zero-field spontaneous polarization of thevepity strained film given by the solution to Eq.
(2) with E;, = 0, andi = © or @ for positive or negative values dfy. As for electronic compensation, the conditions
for zero field are independent of film thickness, and theyréwtet at72. Rough values of the oxygen partial pressure at the
critical pointspg, can be obtained by assuming that the field is zero and neygettte first two terms in Eq. (40). This gives
KT, Inpg, ~~ n;AG:°, wherei = & for positive P (highpo,) andi = & for negativeP (low po,).

V. DISCUSSION

The new parameters in the model developed above for ionfagicompensation arg, z;, A;, andAG:° for i = & and
@, as well as\'. These can be related to the locations of the features onhtasepdiagram. Approximate expressions are
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given above that show how th&G:° determinepg;, and thepg, , which give the center and width of the phase diagram in
po, coordinates. These expressions are particularly simpinwhe phase diagram is symmetric in coordinatesf/p¢;,
versusT', i.e. whemg = —ng, zo = —zg, andAg = Ag. In this case one obtainis pg;, = ne(AGE — AGE)/(2kT),
In(pg, /py,) =~ £ne(AGE +AGE)/(2kT.,). The value of\’ affects the critical temperaturés,, which may be suppressed
or enhanced relative to the electronic compensation value.

Although the phase diagrams we have shown are symmetric plbttad inpo, /pg, versusl’ coordinates, the value of;,
is expected to be a function @f. Thus experimental phase diagrams obtained as a functian,ofersusl” are not expected to
be symmetric. Figure 20 shows the trajectories of congignon the samé’ vs. po, /pg;, axes used to plot the phase diagrams.
Note that we have neglected any temperature dependens€&gf in these calculations. Such temperature dependence might
be expected since the entropy of @ the environment may be different than that of the adsortwesl

While the Gibbs free energy expressions for the ionic anctlaic compensation cases are very similar, the phaseatieg
differ qualitatively because a different parameter is fixédve neglect the polarization dependence of h@? so that\’ = 0
and we considef; << 1 for bothi = & and®, then by using the mass action equilibria Egs. (22) one caw shat the Gibbs
free energy for ionic compensation, Eq. (30), reduces ta®qused for the fixed’, case. However, the fixed.,, and fixed
po, conditions lead to different equilibrium free energy sugs, Figs. 3 and 14, even in the case\o& 0 andd;, << 1. The
relationship between the fixdd, and fixedpo, conditions can be seen from Eq. (27). Heeg enters into the expression for
Ve, simply through the termtT In po, /(zin.€). In general, however, fixegp, does not correspond to fixdd, because there
are other terms and they depend upon polarization. In pdaticif the value ofAG?°/(z;¢) differs for positive and negative
surface ions, then there is an abrupt jumpiin when crossing? = 0. Thus fixedV,, and fixedpo, constraints produce
different equilibrium behavior even when the free energyression for both cases is the same.

The form of the phase diagrams in Fig. 17 in which a stable pmiar phase intervenes between the polar phases is due to
the appearance of a third local minimumgP) nearP = 0 as shown in Fig. 15. This is conceptually similar to the bébrav
of a ferroelectric with a first-order transition, for whidhet coefficient ofP* in the free energy expression is negafi¢é? For
example, Fig. 21 shows the phase diagram for controllediatéield E;,, (i.e. controlledV,, across ideal electrodes with= 0)
for unstressed bulk PbTiQfor which the free energy per unit volumeggt = oy P? + a1 P* + a1, P% + eFE2, /2 — Ei, P
with oy = (T — Tp)/2¢9C. Here the topology of the equilibrium phase boundariesislar to the ionic compensation case in
Fig. 17(a,b), with a triple point and two critical points. Wever the range of temperatures spanned by this structtekais/ely
small because the transition is only weakly first order irkiRBTiO;.

The appearance of a stable non-polar state between thespatias on theo, vs. T' phase diagram can affect the mechanism
of switching and the internal field at which switching occ(irs. the coercive field). During switching by rampipg,, the film
may first become unstable with respect to the non-polar b&ftae reachingo, values that stabilize the opposite polarization,
thus suppressing nucleation of oppositely polarized domain this case the internal field could reach the intrinsiercive
field and switching occur by a continuous, spinodal mecmamigthout nucleation. This could produce the recently obser
cross-over to a continuous mechanistirough an equilibrium pathway not requiring kinetic suggsion of nucleation.

The model developed here contains several assumptionedhft be relaxed in future extensions. We assume that the
effective screening lengthis not negative, so that electronic interfacial effectsltensuppress rather than enhance polarization
in ultrathin films. We also neglect any polarization deperadeof\. Ab initio calculation$*3indicate that in some systems
the interfaces enhance film polarization, which can be nestieith a negative,, and that\ depends orP. These effects could
be included by modifications to our electrostatic boundamyditions and free energy expressions. We constrain tleesfine
bound charge at each interface to reside in single plandgbasthere is no space charge. Such space charge could bdedcl
as has been done previously in models with semiconductmgefiectric films and/or electrodés’>*°Since the screening layer
of thickness\ is a conceptual construct rather than an actual dielectyierlin our model, we do not consider tunneling of
free charge across this layer, which has been recently aeres for systems with a dielectric separating the eleetfoain the
ferroelectric! These effects could be added for such systems. We also hi#gtquossibility of equilibrium 180stripe domain
formation-® in which nanoscale domain structures reduce the depaigriigld even when there is little or no electronic or ionic
compensation charge at one or both interfaces. A full treatrof equilibrium stripe domains for the ionic compensatase
would be valuable in future work.

VI. SUMMARY AND CONCLUSIONS

lonic compensation of a ferroelectric surface due to chahg@quilibrium with an environment introduces new featunts
the phase diagram, Fig. 17, not present in the standard pliegeims for a second-order transition in a film with elegito
compensation, Figs. 5 and 9. The chemical boundary conditrmwn in Fig. 13 is a hybrid between the constént and
constantr boundary conditions shown in Fig. 2. Because the surfaceeartrations of ionic specigs are limited to values
between zero and unity, constant surface charge regimess wben thed; are saturated. In the regimes where one oftthis
varying between these limits, the boundary condition isilainto a fixedV., condition. There are two independent relations
for the surface charge as a function opo,, depending upon whether positive or negative surface ioedgminate. In the
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po, region where there is insufficient surface charge of eitfger ® stabilize a polar state, the non-polar state becotaétes
between the positive and negative polar states, produeiagctitical points, a triple point, and a strong dependenic&®
onpo,. Large inverted internal fields occur at equilibrium in thelgy phases near the phase boundaries with the non-polar
phase. Manipulation of ultrathin ferroelectric films viantmlled ionic compensation may thus allow experimentakas to
exotic non-polar and high-field states such as those modeletentab initio calculationg**? that would not be stable under
electronic compensation conditions.
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FIG. 1: Schematic of polarization, displacement, eledteild, and electric potential in the bulk and at the interfaoga ferroelectric film of
thicknesst and polarizationP. Compensating planes of charge densitgan be considered to reside at a separati@yual to the effective
screening length in the electrodes.
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FIG. 2: (Color online) Polarization vs. internal field. Réuels show (a) fixed’... (att = 3.2 nm and\/t = 10~*) or (b) fixedo boundary
conditions from Eq. (2), for the three values of the fixed ditpgiven in the legend. In each case, the “S” shaped blueecigrthe constitutive
relation, Eqg. (3), for PbTi® coherently strained to SrTiOat 644 K. Marked intersections correspond to stable or rtedibesequilibrium
solutions.
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FIG. 3: (Color online) Gibbs free energy vs. P and V., for at = 3.2 nm PbTiQ film coherently strained to SrTiQat 644 K, with
A/t = 10~ Color scale gives values 6f.
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FIG. 4: (Color online) Equilibrium solutions for (a) polaation P, (b) strainzs, and (c) Gibbs free enerdy as a function o, calculated
for PbTiO; coherently strained to SrTiCat 644 K witht = 3.2 nm and)/t = 10~*. Red (blue) curves are positive (negative) polarization;
solid (dashed) segments are stable (metastable); cloped)(oircles show equilibrium transition (instability)ipts.
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FIG. 5: (Color online) Equilibrium polarization phase diam as a function o, andT for PbTiO; coherently strained to SrTiQwith
t = 3.2nmand)\/t = 10~*. Color scale gives polarization of stable phase. Solidkla® is phase boundary between positive and

negative polar ferroelectric (F+ and F-) phases, termigeaat7. Dashed red and blue curves are metastability limits of tharkl F- phases,
respectively.
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FIG. 6: (Color online) Internal field in region near the Cupieint, corresponding to Fig. 5. Color scale gives electetdfin stable phase.
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FIG. 7: (Color online) Helmholtz free energy vs. polarizationP and surface chargefor at = 3.2 nm PbTiQ film coherently strained to
SrTiOs at 644 K, with)/t = 10~*. Color scale gives values of. To emphasize the equilibrium solutions, only the regicarde = —o is
plotted sinceA is very large outside this region.
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FIG. 8: (Color online) Equilibrium solutions for (a) extedrvoltageV.., and (b) Helmholtz free energy as a function of surface charge
corresponding to Fig. 7. Red (blue) curves are positivedtieg) polarization; all values are stable with respecPtwariations wherv is
spatially uniform. Closed (open) circles show the equillibr transition (instability) points whes can be nonuniform.
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FIG. 9: (Color online) Equilibrium phase diagram as a fumctdf net surface charge and 7" when o can be nonuniform, for PbTi©
coherently strained to SrTiOwith ¢ = 3.2 nm and\/t = 10~*. Color scale gives polarization in single-phase regionidSmack line is
phase boundary between positive and negative polar feswi (F+ and F-) phases and a two-phase field, which tetesratTc (filled
circle). Dashed red and blue curves are metastabilitydiofithe F+ and F- phases, respectively.
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FIG. 10: (Color online) Internal field in the region near theri@ point, corresponding to Fig. 9. Color scale gives eieéield in single-phase
region. Dashed black curves show conditions for zero field.
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FIG. 11: (Color online) Concentrations of positi@g (red curves) and negatie, (blue curves) surface ions as a functioniQf,, calculated
for the values opo, (bar) given in the legend & = 644 K, ¢t = 3.2 nm. Parameter values used are given in Table II.
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FIG. 12: Surface charge densityas a function oV..., corresponding to the concentrations shown in Fig. 11.rRefer values used are given
in Table II.
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FIG. 13: (Color online) Polarization vs. internal field mdeships arising from the constitutive relation for theréelectric film (blue “S”
shaped curve) and from the chemical boundary conditiondwedes with plateau) fopo, values shown in legend (bar). Marked intersections
correspond to stable or metastable equilibrium soluti®asameter values used are given in Tables | and Il, With 644 K, ¢t = 3.2 nm.
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FIG. 14: (Color online) Free energy as a functiorofindpo, /pg,. Parameter values used are given in Tables | and Il, Wite 644 K,
t = 3.2 nm. Color scale gives values 6t
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FIG. 15: (Color online) Free energy as a functiorvaét three given values gfo, /pg,. Parameter values used are given in Tables | and I,
withT = 644 K, ¢t = 3.2 nm.
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FIG. 16: (Color online) Polarizatiof® and free energy of the (meta-)stable equilibrium solutions as a functiopef /py,. Blue, green,
and red curves are for negative, zero, and positive polasizzolutions; solid and dashed regions are stable andstabta, respectively.
Parameter values used are given in Tables | and II, With 644 K, andt = 3.2 nm for plots (a) and (b), = 1.6 nm for plots (c) and (d).
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FIG. 17: (Color online) Phase diagrams as a functiop®f/pgy, andT for three thicknesses of PbTi@oherently strained to SrTiQusing
parameters in Tables | and Il. Color scale gives polaripatiSolid and dash-dot black curves are stable and metagibbte boundaries,
respectively, between non-polar paraelectric (P) andipesind negative polar ferroelectric (F+ and F-) phaseshBd red, blue, and white
curves are metastability limits of the F+, F-, and P phassgpactively.
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FIG. 18: The temperatures of the critical poifits., the polar phase instabilities ab, = pg,, and the triple point, as a function of film

thickness.
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FIG. 19: (Color online) Internal field for = 1.6 nm, corresponding to Fig. 17(b). Color scale gives eledigid in stable phase. Dashed
black curves show conditions for zero field, which intergg@2 (open circle).
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FIG. 20: Curves show fixed values pb, (bar) given in the legend, plotted using same normalized ased for the phase diagrams, with
parameters corresponding to Table Il.
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FIG. 21: (Color online) Region near critical points on eduilim polarization phase diagram as a functiontgf, andT" for unstressed bulk
PbTiO; with ideal electrodesX = 0). Color scale gives polarization of stable phase. Soliddash-dot black curves are stable and metastable

phase boundaries, respectively, between non-polar jgatéel (P) and positive and negative polar ferroelectrie éiRd F-) phases. Dashed
red, blue, and white curves are metastability limits of the =, and P phases, respectively.
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TABLE I: Material parameters’>®3for PbTiO;.
To 752.0 (K) Qu 8.9 x 1072 (m*/C?)
] 1.5 x 10° (K) Q12 —2.6 x 1072 (m*/C?)
ai —7.25 x 107 (Vm3/C?) 511 8.0 x 1072 (m?/N)
a1l 2.61 x 108 (Vm®/Ch) S12 —2.5x 10712 (m?/N)




TABLE II: Values of ionic surface compensation coefficiented in displayed plots.
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1.00 (ev) AGY 0.00
—2 no 2
2 zZo —2
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